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Abstract

Vanadium phosphorus oxide (VPO) catalyst precursors were prepared in organic phase by using isobutanol as the reducing
agent. They were doped by combined components+2m 4+ Mo, Zr + Zn and Zr+ Mo—through impregnation. In order
to increase the catalyst surface areas, the catalyst precursors were ball milled in different solvents for a certain period of time.
X-ray diffraction (XRD), X-ray fluorescence spectrometer (XFS), DTA/TGA, X-ray photoelectron spectrometer (XPS) and
BET were used to examine the bulk and surface properties of the final catalysts and their precursors. Catalytic performances
were measured in the selective oxidatiomdfutane into maleic anhydride (MA). The results revealed that ball milling could
improve the performances of these VPO catalysts, without destroying the active physico-chemical structure and without
exerting great influence on the surface characteristics of the catalysts. Interaction between the combined moderators was alsc
preliminarily discussed. The Mo component was found to have some kind of stabilizing effect on the catalyst surface of this
system. © 2002 Published by Elsevier Science B.V.
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1. Introduction is also consensus that (V&Fp07 is the active phase
or major component of active VPO catalysts [2]. But
Vanadium phosphorus oxide (VPO) catalysts are different phase components are also announced in
widely used in selective oxidation af-butane into papers or patents [3,4]. Some catalysts achieved high
maleic anhydride (MA). Although laboratory and conversion and fair selectivity at high temperature,
industry efforts have been exerted on this catalyst sys- which was attributed to the low surface areas of the
tems, lots of details are still not thoroughly elaborated, catalysts [5]. In recent years the environmental aspect
especially the aspects concerning active sites, surfacein catalysis becomes more and more important, which
vanadium oxidation states, catalytic mechanism and is typically represented by industrial production of
so on, which are maybe ascribed to both the compli- MA using n-butane as a feedstock in place of benzene
cated interaction between surface and bulk elements,[6,7]. It will be desirable to improve the butane con-
and the difficulty in detecting the intermediate prod- version while to maintain the MA selectivity at rel-
ucts in catalytic reactions [1]. After years of work, re- atively low reaction temperature. As the surface area
searchers have it in common that preparation methodsis tightly connected with the butane conversion and
play an important role in the structure of VPO cata- some definite phase composition is also essential for
lysts and, accordingly, in the catalytic activity. There good MA selectivity [8], it will be interesting if some
methods are adopted to increase the surface area with
* Corresponding author. retaining active phase composition. Although standard
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preparations of VPO catalysts show no deliberate con-

trol of catalyst particle size, organic phase reduction
in preparation, for example, using isobutanol as the
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1:0.03. After that, the impregnated precursors were
calcined in N at 400°C for 6h. DTA/TGA tech-
nigues were used to help to determine the calcination

reducing agent, can give smaller size of particles than temperatures for these precursors.

other methods [5,9]. And ball milling is some kind of

mechanical process that is able to increase surface are@.2. Ball milling process

by reducing particle size without destructing or alter-

ing the chemical nature of phase composition. Some

additives, including Zr, Zn or Mo, can increase the bu-
tane conversion and/or MA selectivity in the selective
oxidation ofn-butane to MA over the VPO catalysts

[5,10]. In this work, the above beneficial aspects were

The doped precursors were ball milled in the agate
pots with the solvent of cyclohexane or alcohol for 5,
10 and 20 h, respectively. The controlled mass ratio of
agate beads to sample was 8:1 and each pot contained
2.5g sample and 10 ml solvent. Ball milling was per-

integrated to prepare the VPO catalysts moderated byformed in a rotated chassis at the speed of 175 rota-

combined components, which was a special prepara-

tion routine by employing both the impregnation with
combined moderators and the following ball milling
procedure in the specific solvents. The characteri-

tions per minute. Once the ball milling was finished,
the agate pots were dried in air at TZDto remove
the solvent.

zation and evaluation results of these catalysts gave 2.3, Activation and catalytic reaction

here some insights into the effects of the ball milling

process on the physico-chemical properties and the The ball milled catalyst precursors were activated

catalytic performances of the resulting VPO systems.

2. Experimental

2.1. Preparation of the doped VPO catalyst
precursors

The VPO precursors were prepared in organic
phase by employing the reaction of vanadium pen-
toxide (32.9 g) with isobutanol (120 ml) in the solvent
of benzyl alcohol (120 ml). After the reaction mix-
ture was refluxed for 6 h, the phosphoric acid (29.3 g,
85wt.%) was, with controlled phosphorus/vanadium
(P/V) atomic ratio of 1.2/1.0, added into the hot black
mixture at a rate of 0.6 ml per minute, and the mixture
was further refluxed for another 6 h. The turbid reac-
tion mixture was filtered and the obtained blue—green
precipitate, which was typically defined as VPO cat-
alyst precursor (symbolized as “Y"), was dried in air
at 120°C. The precursor then was incipient wetness
impregnated with a solution containing combined
promoters such as 2rZn, Zr+ Mo + Zn or Zr+ Mo
in the form of zirconium nitrate, zinc acetate and am-
monium molybdate. The samples were symbolized
as Yzmz, Yzz and Yzm for the precursors containing
Zr+Mo+2Zn, Zr+Zn and Zr+ Mo, respectively. The
controlled atomic ratio for the vanadium/promoter is

in the reaction mixture of 1.5%»-butane/air (gas
hour space velocity (GHSV), 1200H) at 400°C

for 6h, at a rate of 2K per minute from room tem-
perature. The obtained catalysts were symbolized as
Yzmz/6h, Yzz/6h and Yzm/6h for the according
precursors mentioned above. All of these VPO cata-
lysts showed almost identical (V&B,O7 or B-phase
after activation. Served as the contrasting samples,
several non-ball milled precursors were also activated
under the same conditions. As for the catalytic activ-
ity measurements, a quartz micro-reactor was loaded
with 0.5 g granulated catalyst; and 1.5%butane/air
mixture was introduced at the GHSV of 1200
On-line gas chromatography systems were used to
analyze the outlet mixture, and the carbon balance
was generally better than 95%.

2.4. Characterization

BET surface areas were measured by nitrogen ad-
sorption at 77K in a Micromeritics ASAP2000 ad-
sorption apparatus. DTA/TGA was performed on a
Rigaku-TG-DTA thermo-analyzer at a heating rate of
10K per minute. XRD was conducted on a Shimadzu
XD-3A diffraction meter with graphite-filtered Cu&
radiation. The X-ray tube was operated at 35—40 kV
and 100-120 mA. The X-ray fluorescence spectrom-
eter (XFS) was measured through a home-assembled
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XFS. X-ray photoelectron spectrometer (XPS) was
performed on an XPS—VG ESCALAB MKII, with
the X-ray (Mg Ka) energy of 1253.6 eV and the set
vacuum less than 2 10-8mbar. The binding ener-
gies were normalized according to the Cls value of
284.6eV.

Intensity/ a. u.

3. Results and discussion

3.1. Characterization of the catalyst precursors 10 20 30 20 50 0 20
Angle/ degree

The quantitative control in preparation was satisfac-
tory because the XFS results proved that the ratio of Fig. 1. XRD patterns of the precursors and the Yzmz final catalyst:
P/V was, in a range of.240.03, well controlled and (a) precursor Y; (b) precursor Yzmz; (c) ball milled precursor
|,’1 i0 of V/ ) : ’I . I d Yzmz; (d) catalyst Yzmz/6 h (activitated “c”). Ball milling solvent,
so was the r_atlo of V/promoter. It is generally asserte cyclohexane; milling time, 5h.
that the active phase of VPO catalyst is transformed
from the precursor of VOHP£O0.5H,0 [10,11].
Therefore, the DTA/TGA and XRD techniques were
employed to examine all the obtained precursors in
different preparation procedures, which showed that

the obtained blue—green precipitate was a typical 10—t ‘ . , , , b
VOHPO-0.5H,0 phase. The detailed information o b {o4
was listed in Table 1and also showed in Figs. 1 and 2. 3

For the impregnated precursor, the DTA curve § % 192
showed an endothermic peak centered at°4D@hile g a N
the TGA curve also presented the maximum weight & ool 1% %
loss at around 400C, indicati.ng that the impregnated g X0 les §
VPO precursor Yzmz experienced the phase transfor- sk T b
mation at about 400C. XRD also revealed that the & ENDO 136
impregnated precursor had a typical VOHP@5H,O E a

phase and this phase can be almost completely trans-~ -1.0 = = —— = &
formed into a new phase by a 6h of activation at
400°C. It was found that two hours of calcination in

N2 at 400°C only decomposed the additive precursors Fig. 2. DTA/TGA curves for the precursor Y: (a) DTA; (b) TGA.

Temperature/ "C

Table 1
X-ray diffraction results of the various precursors

Precursors Moderators Principal XRDvalues (A) Predominant phase
Y None 2.94, 3.29, 4.53, 3.68 VOHR®.5H,0
Yzmz Zr + Mo + Zn 2.94, 3.29, 4.52, 3.66 VOHR@.5H,0
Yzz Zr +Zn 2.94, 3.30, 4.53, 3.66 VOHR®.5H,0
Yzm Zr + Mo 2.94, 3.29, 453, 3.67 VOHR@®.5H,0
Yzmz-ball millect Zr + Mo + Zn 2.94, 3.29, 451, 3.67 VOHR®.5H,0
Yzz-ball milled® Zr +Zn 2.94, 3.29, 4.52, 3.69 VOHR@.5H,0
Yzm-ball millec® Zr + Mo 2.94, 3.29, 453, 3.67 VOHR@.5H,0

aBall milling conditions: ball milling time, 5h; solvent, cyclohexane.
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of nitrates but did not change the main phase of =Er—
VOHPO,.0.5H,0. Based on these observations, all B~ Zr+Mo+Zn
the precursors prepared in this study were activated at - -2t
400°C for 6 h or longer. By the XRD results, it seems & 2 *— L Zrive
that the introduced additives inflicted little influence < 40¢ # @
on the major phase composition of the precursor. In é"-’ 35+ o

fact, the impregnated precursors gave almost identical g 5,| o

phases no matter what combination of moderators was € .___—'——"'“.
adopted, and additionally, the ball milling process did & By -

not alter the phases of precursors, either. It was noted g 20r

that, however, the ball milling changed the half width = 15} ‘ ‘ : . .

of the peaks in the XRD patterns, clearly indicating 0 5 10 15 20

a decrease in the particle sizes. After activation, the Ball Milling Time/ h

moderated and ball milled precursors were trans-
formed into a kind of phase which was essentia"y Fig. 3. Effects of the milling time on the surface areas of the
identical to the (VO)P,O7 or B phase, seen in Fig. 1 moderated precursors (using cyclohexane as the solvent).

3.2. Effects of ball milling on the surface area
and the phase composition same conditions. The differences became irregular if
the samples were all milled for 20 h. The polar alcohol
The VPO catalyst precursor usually had a small sur- could have a stronger impact on the VPO precursors
face area that will increase somewhat after calcination than the non-polar cyclohexane. Given the fact that
[12]. The obtained precursor Y in this study, however, the alcohol was even used as a reducing agent in the
had a BET surface area of 14.2fy, which was larger ~ preparation, cyclohexane was likely more desirable as
than some reported values [12], and the according cat-a solvent media. Since the ball milled precursors all
alyst Y/6 h had a larger surface area of 20gn The retained the VOHP@0.5H,0 phase composition, the
controlled speed of adding phosphorus might have an ball milling process seems not to change the phase
effect on this increment. On the other hand, the ball composition, but the particle size.
milling procedure can enlarge the surface areas to a After ball milling the precursors were activated in
certain degree, and the effects were dependent on thea 1.5%n-butane/air mixture for 6 h. The surface areas
characteristics of catalysts, such as the combination all decreased to a certain extent except that the sample
of moderators and the ball milling conditions, which doped by Zr+ Mo maintained or even enlarged the
were showed in Table 2. surface areas when the according precursor was ball
Before ball milling, the doped precursors subjected milled in cyclohexane for 5 or 10h (seen in Figs. 3
their surface areas to the additive combinations. For in- and 4). The time scale of ball milling exerted an inter-
stance, the doped precursor “Yzz” showed the largest esting impact on the catalysts containingtZiio and
surface area of 30y, which was almost twice the  Zr 4 Zn additives. The final samples showed identical
surface area of “Yzm” sample. Different doped pre- surface areas when their precursors were ball milled
cursors also gave different responses to the length ofin cyclohexane for longer than 10 h. Considering the
ball milling time. If ball milled in cyclohexane for 5h,  notable difference between the surface areas of their
only the precursor “Yzz"” increased the surface area precursors and the changes in surface areas after acti-
obviously. With ball milling up to 10h, the “Yzmz”  vation, it was apparent that, when combined with the
precursor enlarged its surface area by ca. 13% while Zr, the Mo component had somewhat stabilizing the
the precursor “Yzm” had no enlargement in surface surface area of the catalysts and the Zn component had
area until ball milled for 20 h (Fig. 3). When the al- the reverse function. In the case of the catalyst con-
cohol was used as the solvent and a 5 h-milling was taining Zr+ Mo + Zn, the surface areas less changed
employed, the precursors showed a bit larger surface after activation, which is possibly due to the offsetting
areas than those ball milled in cyclohexane under the effects of coexisting Mo and Zn components. The
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Effects of ball milling on the surface areas and phase compositions

105

Catalysts and precursors Promofters Ball milling condition® BET surface Predominant phase
Solvents Time (h) area (f/g)
Yzmz Zr + Mo + Zn None 0 23 VOHP®0.5H,0
Yzz Zr +Zn None 0 30 VOHP®0.5H,0
Yzm Zr + Mo None 0 16 VOHPQ@0.5H,0
Yzmz (after ball milling Zr + Mo + Zn Cyclohexane 5 23 VOHP0.5H,0
&before activation) Zr + Mo + Zn Cyclohexane 10 26 VOHP@.5H,0
Zr + Mo + Zn Cyclohexane 20 29 VOHP@®.5H,0
Zr + Mo + Zn Alcohol 5 28 VOHPQ-0.5H,0
Zr + Mo + Zn Alcohol 20 30 VOHPQ-0.5H,0
Yzz (after ball milling Zr +2Zn Cyclohexane 5 35 VOHPED.5H,0
& before activation) Zr +2Zn Cyclohexane 10 44 VOHP@®.5H,0
Zr +2Zn Cyclohexane 20 40 VOHP@.5H,0
Zr +2Zn Alcohol 5 47 VOHPQ-0.5H,0
Zr +Zn Alcohol 20 38 VOHPQ-0.5H,0
Yzm (after ball milling Zr + Mo Cyclohexane 5 16 VOHP£0.5H,0
& before activation) Zr + Mo Cyclohexane 10 15 VOHP0.5H,0
Zr + Mo Cyclohexane 20 19 VOHP{D.5H,0
Zr + Mo Alcohol 5 17 VOHPQ-0.5H,0
Zr + Mo Alcohol 20 18 VOHPQ-0.5H,0
Yzmz/6 tf Zr + Mo + Zn None 0 22 (VO)P,07-0r B-phase
Yzz/6h Zr+Zn None 0 14 (VO)P,0O7-0or B-phase
Yzm/6h Zr + Mo None 0 13 (VO)P,07-0r B-phase
Yzmz/6 H Zr + Mo + Zn Cyclohexane 5 24 (VQP,07-or B-phase
Yzmz/6 h Zr+ Mo + Zn Cyclohexane 10 23 (VQP,07-or B-phase
Yzmz/6h Zr+ Mo + Zn Cyclohexane 20 21 (VQP,07-or B-phase
Yzmz/6 h Zr+ Mo + Zn Alcohol 5 23 (VO»P,07-0or B-phase
Yzz/6h Zr+Zn Cyclohexane 5 17 (VQP,07-or B-phase
Yzz/6 h Zr+ Zn Cyclohexane 10 18 (VQP,07-0r B-phase
Yzz/6h Zr+Zn Cyclohexane 20 18 (VQP,07-or B-phase
Yzz/6 h Zr+ Zn Alcohol 5 17 (VO»P,07-0or B-phase
Yzm/6h Zr + Mo Cyclohexane 5 16 (V@P,0O7-or B-phase
Yzm/6h Zr + Mo Cyclohexane 10 18 (VQP,07-or B-phase
Yzm/6 h Zr+ Mo Cyclohexane 20 18 (VQP207-0r B-phase
Yzm/6h Zr + Mo Alcohol 5 19 (VOYP,0O7-0r B-phase

2The atomic ratio of V to Zn (or Zr, or Mo) is 1:0.03.

b Ball milling conditions referred to the ball milling process of the moderated precursors such as Yzmz.
CThese catalysts were obtained by direct activation of the moderated but non-ball milled precursors.
dThese catalysts were obtained by activating the moderated and ball milled precursors.

differences in the surface areas of the precursors werecould also be covered by the following activation
also reduced by the following activation step, seen procedure.

in Fig. 4. It might be in part ascribed to the fact that With a short period of milling (less than 10h), it
the phase of VOHP©0.5 H,O was converted into  was clear that the surface areas were increased notably
the (VORP.O7 or the B-phase or a combination of as compared to those without ball milling, especially
the two during the activation step. It was also found for the samples containing Zr Mo or Zr 4+ Zn com-

that either cyclohexane or alcohol was used, the cata- ponents, shown in Fig. 4. If the ball milling lasted for
lysts containing the same additives showed the close 20 h, however, the produced smaller particles could
BET surface areas and the identical phases, suggesthave some kind of constriction effect during the fol-
ing that the effect of solvent in the milling process lowing activation procedure because of the very fine
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Fig. 4. Effects of the milling time on the surface areas of the final
moderated catalysts (using cyclohexane as the solvent).

particle size and their relatively high surface free en-
ergies. This constriction effect could account for the
decrease in the final surface areas of the catalysts as i
was subjected to a longer period of milling. The op-
timal time scale for the ball milling apparently falls
into the range of 5-10h.

In terms of the XRD results, seen in Fig. 5, again it
was found that the ball milling process inflicted little
influence on the phase composition but the changes in
the half width of the peaks of the final catalysts.

3.3. Effects of ball milling on the surface
physico-chemical properties

The catalytic activity was directly related to sur-
face properties of catalysts [13]. The valence state of

a: Yzmz/6h

=- b: Yzz/6h
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Fig. 5. The XRD patterns of the non-moderated, the moderated
and ball milled VPO catalysts.

t
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surface vanadium, the ratio of phosphorus to vana-
dium and the contents of surface promoters were
emphasized for their relations with the catalytic per-
formance. XPS is a suitable approach to monitor the
surface physico-chemical properties of these mod-
erated and ball milled catalysts. Since the milling
process might alter the surface state of the samples, it
would be necessary to find out possible changes after
the ball milling. And some data were presented in
Table 3.

It is well known that the valence state of surface
vanadium played an important role in the selective ox-
idation ofn-butane to MA [14]. For the catalysts acti-
vated in then-butane/air mixture, the binding energy
of surface vanadium was ca. 517.2 eV, which was very
close to that of fully characterized (VeB.O7 [15].
Thus the surface vanadium in the moderated and ball
milled samples may have its valence state of approx-
imate+4. According to the data listed in Table 3, the
surface vanadium in the final catalysts showed almost
identical binding energies no matter whether their pre-
cursors were ball milled or not. Whereas, between the
milled and the non-milled precursors, there were only
slight differences in the binding energy of the surface
vanadium. The small difference would disappear af-
ter the activation. It seems that the activation step in
the n-butane/air mixture could level the surface vana-
dium valence state by smoothing the local structural
changes caused by the milling process. Similar trends
were observed for the other elements presented on the
sample surfaces after ball milling and activation. Over
all, the milling procedure exerted little influence on the
valence state of elements on the surfaces of the moder-
ated VPO catalysts. The first synthesis step should be
more critical in determining the surface valence state
of vanadium.

Surface P/V is another key point in catalytic reac-
tion of butane oxidation [3]. XPS analysis has yielded
surface P/V ratios ranging typically from 1.5 to 2.0,
suggesting surface phosphorus enrichment, which is
also in agreement with the other observations [16,17].
The introduced moderators did not lead to an unusual
distribution of surface V and P components. The
samples moderated by Zr Mo + Zn and Zr+ Zn
combinations showed the P/V ratios were slightly
increased after ball milling, but the values become al-
most identical after activation. Activation step showed
little impact on the surface P/V ratios of the catalysts.
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Table 3
Effects of ball milling on the surface physico-chemical characteristics
Catalysts and precursors Vanadium/phosphorus/promoters (atomic) Binding energly (eV)
Vap P2p Mo3sg Zr3g Zngg \Y P Mo Zr Zn
Yzmz 1.0 18 0.073 0.15 0.030 517.2 1340 233.0 1835 1023.6
Yzz 1.0 15 - 0.11 0.042 517.0 1337 - 183.3 1022.3
Yzm 1.0 1.7 0.078 0.11 - 517.2 1340 233.0 1833 -
Ball milled Yzm2 1.0 21 0.10 0.14 0.042 516.9 133.7 2327 1832 10225
Ball milled Yz2° 1.0 2.0 - 0.14 0.030 516.8 133.7 - 183.1 1021.8
Ball milled YznP 1.0 1.7 0.086 0.10 - 517.0 1338 233.0 1833 -
Catalyst without ball millin§ 1.0 1.7 0.057 0.15 0.002 517.3 133.8 2329 183.0 10224
1.0 1.6 - 0.13 0.008 517.2 1337 - 183.2 1022.2
1.0 1.7 0.085 0.13 - 517.3 1340 2332 1831 -
Catalyst with ball millind 1.0 1.4 0.071 0.10 0.008 517.2 1339 233.0 183.0 10224
1.0 2.0 - 0.16 0.074 517.1 1338 - 183.0 1022.6
1.0 1.7 0.083 0.10 - 517.2 1341 2333 1834 -

aBinding energy was corrected according to C 1s at the peak of 284.6eV.

b Precursors were ball milled in cyclohexane for 5h before activation.

¢These catalysts were obtained by direct activation of the precursors “Yzmz”, “Yzz" and “Yzm” without ball milling process.
dThese catalysts were obtained by direct activation of the ball milled precursors “Yzmz”, “Yzz" and “Yzm".

Note that, however, both Mo and Zr components a certain exposed surface planes. For some catalysts,
segregated on the surfaces while the Zn componentthe butane conversions were almost increased by 40%
did not. For the Yzm sample, the P/V ratio keeps al- through the ball milling process. It was also noted that
most constant regardless of ball milling and activation the MA selectivity was basically maintained. Given
procedures, which further supported a hypothesis thatthe fact that the ball milling process inflicted little
the co-existence of Zr and Mo may have a stabilizing influence on the phase composition and the surface
effect on the catalyst surface. It was found that the ball physico-chemical properties of the final catalysts, it
milling process also caused some redistribution of the was not surprising since the selectivity was more cor-
moderators over the catalyst surface, which may have related with these properties [18]. On the other hand, it

an impact on the catalytic behavior. implies that the fractured faces created by ball milling
should have the similar structural features to those of

3.4. Effects of ball milling on the catalytic original planes that were believed to be responsible for

performances MA formation [19]. Compared to the SCFD method,

although it generated the ultra fine particles, the phase

The promoted precursors, milled or not, were in composition had changed after the procedure [20],
situ activated for the selective oxidation nfbutane which explained the dramatic alteration of catalytic
to MA. The relevant reaction conditions and catalytic behavior after SCFD procedure. The solvents adopted
performances were summarized in Table 4. Note that in the ball milling process showed little effects on the
the data were collected at relatively lower reaction catalytic activities. To summary, the milling process
temperatures. adopted in preparation can improve the catalytic per-

By comparing these data, it could be found that the formance, and different combinations of moderators
milling process adopted in the preparation of VPO cat- also affected this sort of enhancement, seen in Figs. 6
alysts had an impact on the catalytic performances, es-and 7.
pecially the conversion af-butane. This phenomenon For the catalysts moderated by-2Zn or Zr+ Mo,
was consistent with the increment of active surface ar- when milled in cyclohexane for longer than 5h, the
eas, as aresult of ball milling. Since the available num- samples showed more notably increasdulitane con-
ber of active sites was closely related to surface area onversion than the catalyst moderated bytZ¥io + Zn.
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Table 4
Effects of ball milling on the catalytic performances

Catalysts Promotets Ball milling conditions Catalytic activity (mol%)
Solvents Time (h) Temp°C) Conversion Selectivity Yield
Catalyst without ball milling  Zr + Mo + Zn None 0 385 60 53 32
the precursof Zr + Mo + Zn None 0 400 73 47 34
Zr +Zn None 0 385 22 70 15
Zr + Zn None 0 400 28 56 16
Zr + Mo None 0 385 36 66 24
Zr + Mo None 0 400 42 54 23
Catalyst with ball milling Zr + Mo + Zn Cyclohexane 5 385 73 63 46
the precursof Zr + Mo + Zn Cyclohexane 10 385 74 65 48
Zr + Mo + Zn Cyclohexane 20 385 74 65 48
Zr + Mo + Zn Cyclohexane 5 400 85 54 46
Zr + Mo + Zn Cyclohexane 10 400 84 57 48
Zr + Mo + Zn Cyclohexane 20 400 84 56 47
Zr + Mo + 2Zn Alcohol 5 385 63 70 44
Zr + Mo + Zn Alcohol 5 400 78 59 46
Catalyst with ball milling Zr 4+ Zn Cyclohexane 5 385 52 66 34
the precursor Zr + Zn Cyclohexane 10 385 54 64 34
Zr + Zn Cyclohexane 20 385 56 65 36
Zr + Zn Cyclohexane 5 400 65 57 37
Zr + Zn Cyclohexane 10 400 69 57 39
Zr + Zn Cyclohexane 20 400 68 58 39
Zr +2Zn Alcohol 5 385 54 69 38
Zr +Zn Alcohol 5 400 67 62 41
Catalyst with ball milling Zr + Mo Cyclohexane 5 385 57 66 37
the precursor Zr + Mo Cyclohexane 10 385 60 68 41
Zr + Mo Cyclohexane 20 385 57 71 41
Zr + Mo Cyclohexane 5 400 67 56 38
Zr + Mo Cyclohexane 10 400 72 60 43
Zr + Mo Cyclohexane 20 400 69 61 42
Zr + Mo Alcohol 5 385 56 67 38
Zr + Mo Alcohol 5 400 68 64 43

aThe atomic ratio of V to Zn (or Zr, or Mo) was 1:0.03.

bThe GHSV was 12001,

¢These catalysts were obtained by direct activation of the precursors “Yzmz", “Yzz" and “Yzm" without ball milling process.
dThese catalysts were obtained by direct activation of the ball milled precursor “Yzmz”, “Yzz" and “Yzm".

Similar conversions will be obtained if their precur- was obtained with the milling time, seen in Fig. 7. As
sors were ball milled beyond 10 h, which accorded to mentioned before, the phase composition and the sur-
the effects of ball milling on the surface areas of VPO face features of this sample retained with respect to
catalysts discussed before. With regard to the catalystthe milling process, so the observed unchanged MA
containing Z# Mo+ Zn, although the surface content selectivity was expectant. For the other two sets of
of Zn was rather low, it gave higher butane conversion the catalysts, if a long period of ball milling was em-
than the catalyst moderated by ZMo, which im- ployed, the selectivity becomes almost the same, and
plies that the Zn component, though in small amount the milling time would exert less influence on the cat-
on the surface, could still be important for the butane alytic performances when it was beyond 5h (Figs. 6
conversion. Actually, the milling process could also and 7). This trend could be explained by the fact that
change the selectivity of MA somewhat on this cata- the longer period of milling resulted in the more simi-
lyst. On the Yzm sample, a constant MA selectivity lar surface features of the precursors and the following
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Fig. 8. Changes of specific activities with milling time over dif-
ferent moderated and ball milled catalysts: ball milling time, 5h;
milling solvent, cyclohexane; reaction temperature, 385

Fig. 6. Effects of the ball milling time on the-butane conversion:
GHSV, 1200 h!; reaction temperature, 388; solvent for ball
milling, cyclohexane.

improve not only the overall butane conversion on the
basis of unit mass sample but also the specific activi-
ties, i.e. the conversion over the unit surface area, no
matter what kind of combined moderators were intro-

duced. It was also found that the prolonged milling
MA selectivity. process had different impact on the specific activities
It seems as if the increased conversions-bfitane of the various moderated catalysts. For the catalyst
moderated with Zr, Mo and Zn elements, although the

over those milled catalysts should be merely ascribed SA ) dq] tabl d to that of
to the enlargement of the surface areas. When the spe- was increased less notably as compared {o hat 0

cific activity (SA) was taken into account to deduct the tth € othbe ' modt_erated lcgtalysts 'réth?tg'rSt t5 h dr'n"“rt]r?,
influences of the enlargements in surface area, seen in’. can be continuously increased with extending the

. ) . . . milling up to 20h.
Fig. 8, it was obvious that the ball milling process did In Table 4, the catalytic data were collected either at

385 or 400°C. Conversion ofi-butane can be further

activation step further smoothed the differences in the
milled precursors. It can be concluded that 5 h of ball
milling was generally enough to generate a sufficient
improvement of the final catalyst—increasing the bu-
tane conversion notably while retaining the fairly good

80 increased at higher reaction temperatures. Although
increasing the reaction temperature was an alternative

2 L - §—— =) way to achieve the same level conversiomdjutane
= 60} /- over the non-ball milled catalysts, the MA selectivity
g u would be sacrificed inevitably. It was rather difficult
B 1 to retard the complete oxidation @fbutane or the
2 40l — M- Zr+Mo+Zn product MA at higher reaction temperatures. By ball
%‘3 @ Zr+7n milling, however, a higher butane conversion can be
@ 30f Zr+Mo achieved at relatively low temperatures, meanwhile the

i selectivity can also be maintained.

(l) ; 12) 1]5 2l0
Ball Milling Time/ h 4. Conclusions

Fig. 7. Effects of the ball milling time on the MA selectivity: . . L.
GHSV, 1200h?; reaction temperature, 388; solvent for ball The introduction of moderators and the application

milling, cyclohexane. of ball milling process adopted in this study to the VPO
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base did not change the principal phase composition, We also appreciate the kind assistance of Profes-
but decreased the particle sizes and accordingly thesor Ding Weiping and Ms. Jiang Xiaohui in our
precursor surface areas that led to an increment of ac-experiments.

tive faces in the final catalysts. The ball milling process

also caused somewhat redistribution of the moderators

over the catalyst surface, which apparently impacted References
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