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MOOR catalysts impregnated with MnMo04 are active for the selective oxidation of C4 hydrocar- 
bons to maleic anhydride. Presence of MnMoOI creates a significant “promoter” effect in catalytic 
behavior of MOO,. The pure phases and the impregnated catalysts have been characterized during 
various stages of their life history using characterization techniques such as X-ray diffraction, laser 
Raman spectroscopy, scanning electron microscopy, and BET surface area measurements, and 
their catalytic activity and selectivity in selective oxidation of I-butene and 1,3-butadiene to maleic 
anhydride have been studied. o 1989 Academic PKSS, IK. 

INTRODUCTION 

Simple molybdate catalysts containing 
nonstoichiometric ratios of molybdenum to 
metal have been the subject of several stud- 
ies (1-7). These catalysts were observed to 
exhibit pronounced changes in their cata- 
lytic behavior as selective oxidation cata- 
lysts when this ratio (e.g., MO/CO, Mo/Mg, 
etc.) was increased from that of the simple 
molybdate in its pure form. In a series of 
papers, Ozkan and Schrader have reported 
the catalytic activity of NiMo04 (8-10) and 
CoMo04 (II) catalysts with MO to metal 
ratios larger than 1 : 1 in selective oxidation 
of Cd hydrocarbons to maleic anhydride. 
Their characterization studies have re- 
vealed the two phase nature of these cata- 
lysts and identified Moo3 surfaces which 
were in intimate contact with the simple 
molybdate phase as the active component 
which determined the selectivity to maleic 
anhydride. 

In this study, the catalytic activity and 
selectivity of pure Moo3 have been the fo- 
cus of attention and its catalytic behavior 
has been modified by bringing its surfaces 
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into close contact with MnMo04 through an 
impregnation procedure. The pure phases 
and the impregnated catalysts have been 
characterized using complementary charac- 
terization techniques and their catalytic ac- 
tivity and selectivity in selective oxidation 
of 1-butene and 1,3-butadiene to maleic an- 
hydride have been studied. 

This paper presents the results of the 
characterization studies as well as the ac- 
tivity and selectivity measurements over 
the pure phases and the impregnated cata- 
lysts in I-butene and 1,3-butadiene oxida- 
tion. The second paper of this series will 
discuss the effect of temperature and oxy- 
gen partial pressure on product distribution 
and catalytic activity (22). The third paper 
(13) will present the results of transient re- 
sponse experiments on the same catalysts 
in the presence and absence of gas phase 
oxygen and will discuss oxygen insertion 
mechanisms and the catalytic job distribu- 
tion among different components of the ac- 
tive catalyst. 

EXPERIMENTAL 

Catalyst Preparation 

Precipitation of MnMo04. Manganese 
molybdate catalysts were prepared from 
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aqueous solutions of manganese chloride 
(J. T. Baker, MnC12 * 4H20) and ammonium 
heptamolybdate (Fisher, (NH&Mo70Z4 * 
4HzO). A 0.4 M solution of molybdenum, in 
the form of ammonium heptamolybdate, 
was added dropwise to a 0.4 M solution of 
manganese chloride. During the addition, 
precipitation, and aging stages, the mixture 
was stirred vigorously. The temperature 
was maintained at 80°C using a temperature 
controller (Omega, Model 4001JC). Since 
the composition of simple molybdates has 
been previously shown to be extremely sen- 
sitive to the pH of the precipitation medium 
(8), the pH of the reaction mixture was 
carefully controlled and maintained at 6.0 
by adding dilute HCl or NH40H as needed 
through a pH controller (Cole-Parmer, 
Model No. 5997-20). After aging for 3 h, the 
precipitation mixture was filtered. The pre- 
cipitate was then washed with water and 
dried at 115°C for 12 h. The dried catalyst 
precursor was calcined under O2 at 500°C 
for 4 h in quartz boats inside a tube furnace 
(Lindberg, Model 59544) equipped with a 
Eurotherm programmable temperature 
controller. 

Impregnation of Moo3 with MnMo04. 
Impregnated Moo3 catalysts were prepared 
using a stepwise “wet impregnation” pro- 
cedure. Molybdenum trioxide samples (Al- 
drich, Mo03) were soaked in an aqueous 
suspension of manganese molybdate. The 
mixture, which contained carefully mea- 
sured quantities of Moo3 and MnMo04, 
was continuously stirred for 4 h. The im- 
pregnation period was followed by drying 
at 115°C for 4 h. This process was repeated 
until the desired ratio of MnMo04 to Moo3 
was achieved. The samples were then 
calcined under O2 at 500°C for 4 h. 

Characterization Techniques 

Surface area. Surface areas of the cata- 
lyst samples were measured using a Micro- 
meritics 2100E Accusorb instrument. Ni- 
trogen was used as the adsorbate. Some 
measurements were repeated using krypton 
as the adsorbate. 

Energy dispersive X-ray analysis. Com- 
positional analyses of the catalyst samples 
were carried out using an energy dispersive 
X-ray analyzer (EDAX 9100). The charac- 
teristic X-ray lines used for the quantitative 
analysis were Kar and L for manganese and 
molybdenum, respectively. 

X-ray diffraction. X-ray powder diffrac- 
tion patterns were obtained using a Scintag 
PAD V diffractometer automated by an 
ATT computer system. CuKcx radiation 
(A = 1.5432 A) was used as the incident X- 
ray source. 

Laser Raman spectroscopy. Raman 
spectra were obtained using a Spex 1403 
laser Raman spectrometer equipped with a 
Datamate microprocessor for data collec- 
tion and processing. The 514.5-nm line of a 
5-W Ar ion laser (Spectra Physics) was 
used as the excitation source. The laser 
power was 30 mW, and a scanning time of 
0.7 set/cm-’ was used. The slits were set at 
3 cm-‘. 

Scanning electron microscopy. Scanning 
electron microscopy studies were con- 
ducted using a Hitachi S-510 scanning elec- 
tron microscope. Powdered samples were 
placed on cylindrical sample mounts which 
were coated with wet carbon black for ad- 
hesion. The samples were then sputter 
coated with approximately 200 A of gold to 
prevent charging under the electron beam. 
The micrographs were typically taken by 
using a 90-amp current at 25 kV and a work- 
ing distance of 24 mm. 

Catalytic Activity and Selectivity 
Measurements 

Selective oxidation reaction experiments 
were performed using a fixed-bed, integral 
reactor. The cylindrical reactor was made 
out of 304 stainless steel. Its length was 
13.5 in. and its diameter was 0.742 in. The 
reactor contained 11 thermocouples to 
monitor the internal temperature profile. 
The type K thermocouples (Omega Engi- 
neering), covered with 0.040-in.-diameter 
stainless-steel sheaths, were inserted 
through the wall of the reactor, allowing the 
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sensing tips to be placed at different axial 
and radial positions. The reactor and the 
feed preheater were immersed inside a flu- 
idized sand bath (Techne FB-08) for ther- 
mal stability. 

The top and bottom l&in. portions of the 
bed were filled with silicon carbide (Norton 
Co., size 8 crystalline Sic). The catalyst 
bed consisted of a homogeneous mixture of 
catalyst pellets and Sic particles. The reac- 
tion runs were performed using a constant 
total surface area of catalyst in the bed (30 
m2). In the reaction runs that were per- 
formed to assess the effect of conversion on 
selectivity, the total surface area was ad- 
justed to achieve the same conversion level 
for each catalyst. 

The composition and the flow rate of the 
feed gas mixture was controlled using mass 
flow controllers (Tylan FC260) which were 
calibrated specifically for each of the gases. 

The feed and reaction products were 
analyzed using an analytical system which 
consisted of two gas chromatographs 
(Hewlett-Packard 5890A) equipped with 
thermal conductivity and flame ionization 
detectors. The feed, the reactor, and the 
analytical systems have been previously 
described in detail by Gill (14). The operat- 
ing conditions which were kept constant for 
the studies reported in this article were as 
follows: reactor pressure, 5 psig; reaction 
temperature, 480°C; hydrocarbon concen- 
tration (by volume) in the feed mixture, 
2.40%; oxygen concentration, 19.52%; ni- 
trogen concentration, 78.08%; volumetric 
flow rate of hydrocarbon, 738 cm3(STP)/h; 
total molar flow rate, 1.37 gmol/h. 

The percentage conversion of the feed 
hydrocarbon is defined as 

where HC is either I-butene or 1,3-butadi- 
ene. 

The percentage selectivity to product A 
is defined as 

mol of A produced 
mol of HC consumed x + x 100%, 

where y is the ratio of number of C atoms in 
the reactant to the number of C atoms in the 
product. 

The yield of product A is defined as 

mol of A produced 
mol of HC in feed x 1 x 100%. y 

RESULTS 

Catalyst Characterization 

The surface area measurements for the 
pure phases and the impregnated catalysts 
with various compositions are presented in 
Table I. Compositional analysis of the Mn 
MOO* catalyst, obtained by energy disper- 
sive X-ray analysis technique, showed a 
1 : 1 ratio of Mn : MO, indicating that there 
were no detectable impurities in the com- 
pound. 

The d-spacings obtained from X-ray dif- 
fraction pattern of pure MOO, were found 
to agree with those reported earlier in the 
literature (15). The d-spacings of MnMo04 
were in agreement with the data reported in 
JCPDS files (16). The impregnated sample 
exhibited a pattern identical to that of 
Mo03. It was not possible to identify peaks 
corresponding to MnMo04 in this pattern 
since the most intense peaks of MnMoO,, 
(3.45 A) and Moo3 (3.46 A) almost coin- 
cided with each other. 

Laser Raman spectroscopy was used for 
characterization of the catalysts during var- 
ious stages of preparation. Figure I shows 
Raman spectra of MnMo04 as precursor 

TABLE 1 

Surface Areas of Pure MoOj , Pure 
MnMo04, and the Impregnated 

Catalysts 

Catalyst Surface area 
Wk) 

MOO, 2.1 
MnMo04 1.7 
MnMoOJMoO, = 0.08 1.9 
MnMo04/Mo0, = 0.15 2.4 
MnMoOJMoO, = 0.30 2.2 
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FIG. 1. Raman spectra of (a) MnMoOd precursor Scanning electron microscopy studies 
(before calcination) and (b) MnMo04 (after calcina- provided visual information about the na- 
tion). ture of impregnated Moo3 catalysts. Scan- 

(spectrum a) and as active catalyst (spec- 
trum b). Change in the spectra is due to loss 
of crystal water and ammonia during the 
calcination step and to crystallization of the 
catalyst to attain its final lattice structure. 

Figure 2 presents a comparison of the 
Raman spectra of Moo3 (a), impregnated 
Moo3 (b), and MnMo04 (c). The Raman 
bands that correspond to MnMo04 (880, 
930, 942 cm-‘), although weak in intensity, 
are clearly visible. The position and relative 
intensity of Moo3 Raman bands do not ex- 
hibit any changes. Table 2 lists the band 
positions for Mo03, MnMo04, and Moo3 
impregnated with MnMo04. 

Figure 3 shows Raman spectra of Moo3 
impregnated with different quantities of 
MnMo04, with MnMo04/MoOX molar ratio 
ranging from 5.6 to 30%. The bands at 880, 
930, and 942 cm-l increase in intensity with 
increasing molar ratios of MnMo04 to 
Mo03. 

TABLE 2 

Raman Bands of MoOj, MnMo04, and MOO, Impregnated with MnMoO, 

Catalyst O-200 200-400 400-600 600-800 8OC-1000 1000+ 
(cm-0 

MnMoOd 

MOO, impregnated with MnMo04 
(MnMoOJMoOj = 0.15) 

82 m 271 w 471 w 666 s 
93 w 245 w 

11.5 s 283 s 
128 m 291 m 
157 m 337 m 
198 w 364 w 

378 m 

94 VW 277 VW 743 vs 
144 VW 298 VW 

325 w 
331 w 
354 w 

81 w 215 VW 469 VW 665 w 
97 VW 243 VW 

114 s 282 s 
127 m 290 m 
156 m 336 VW 
196 VW 364 VW 

377 VW 

819 vs 
995 vs 

821 m 
879 m 
929 vs 
940 s 

818 vs 
881 VW 
930 VW 
942 VW 
994 vs 
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FIG. 2. Raman spectra of (a) Moos, (b) MOO, im- 
pregnated with MnMoO,, and (c) MnMoO, . 

ning electron micrographs obtained from 
pure Moo3 samples were similar to the 
ones reported in a previous study (8). 
Moo3 crystallites were observed to be 
characterized by well-defined hexagonal 
shapes, sharp edges and corners, and 
smooth crystal face surfaces (Fig. 4a). 
Scanning electron micrographs obtained 
from MnMo04 samples exhibited particles 
smaller in size and less regular in shape 
(Fig. 4b). They were also observed to form 
large clusters. Figures 5 and 6 show scan- 
ning electron micrographs taken from im- 
pregnated Moo3 catalyst with a MnMoOJ 
Moo3 molar ratio of 0. IS. Several in- 
teresting phenomena about the nature of 
the impregnated catalyst are observed in 
these micrographs. First, two distinct 
phases coexisting are clearly visible. Mn 
Moo4 crystallites are seen to be in a more 
dispersed state than the large agglomerates 

they formed in pure MnMo04. Second, the 
two phases are in intimate contact with 
each other. 

Activity and Selectivity Measurements 

Oxidation of I-butene. Selective oxida- 
tion experiments were conducted over pure 
phases (Moo3 and MnMo03 and impreg- 
nated catalysts with different MnMo04/ 
Moo3 mole ratios using l-butene as the 
starting material. The first phase of experi- 
ments was performed using equal surface 
areas of catalysts in the reactor. The spe- 
cies detected in the product stream in- 
cluded unconverted 1-butene, cis-Zbutene, 
trans-Zbutene, 1,3-butadiene, furan, acro- 
lein, maleic anhydride, carbon oxides, and 
small quantities of cracking products. 

The percentage selectivities to various 
reaction products and intermediates and 

200 400 600 800 1000 I, 
Wovenumber (cm-‘) 

FIG. 3. Raman spectra of MoOl impregnated with 
MnMoOa (a) MnMo04/Mo03 = 0.056, (b) MnMoOJ 
MOOR = 0.083, (c) MnMoO,/MoOx = 0.150, and (d) 
MnMoOJMoO, = 0.300. *MnMoO,. 
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per centage hydrocarbon consumed are pre- tween the maleic anhydride yields of the 
sen ted in Table 3. The most striking aspect pure phases and the impregnated cataly sts. 
oft :he conversion data is the difference be- The pure manganese molybdate cataly! jt is 

FIG. 4. Scanning electron micrographs of (a) pure Moo3 and (b) pure MnMoO,. 
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ohs< :rved to produce no maleic anhydride. to maleic anhydride in small quantities; but 
The pure molybdenum trioxide catalyst is substantial yields of maleic anhydride are 
cap; ible of converting the hydrocarbon feed achieved over the impregnated cat2 tlyst 

FIG. 5. Scanning electron micrographs of MOO, catalysts impregnated with MnMo04 (MnMoO,/ 
Moo3 = 0.15). 
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FIG. 6. Scanning electron micrographs of Moo3 catalyst impregnated with MnMo04 (MnMo041 
Moo3 = 0.15). 

(-38%). A comparison of the selectivities O.O%, respectively, whereas the impreg- 
exhibits the same phenomenon much more nated catalysts show selectivities around 
pronouncedly. The pure phases, Moo3 and 51-52%. 
MnMo04, have selectivities of 10.9 and Figure 7 shows the variation of selectiv- 
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TABLE 3 

Variation of Selectivities with Catalyst Composition in I-Butene Oxidation 

% Selectivity Moo9 MnMoOJMoO, = 0.08 MnMoOJMoOj = 0.30 MnMo04 

1,3-Butadiene 43.8 1.7 1.0 23.7 
Furan 3.3 0.2 0.1 1.8 
Maleic anhydride 10.9 50.8 51.7 0.0 
Acrolein 3.8 2.8 1.9 2.5 
Carbon oxides 26.8 41.6 42.0 67.4 
% Hydrocarbon consumed 10.5 73.6 73.6 45.9 

ity ratios (% selectivity to maleic anhy- 
dride/% selectivity to CO,) with catalyst 
composition in 1-butene oxidation. This ra- 
tio is much smaller than unity for the pure 
phases (0.0 and 0.4 for MnMo04 and 
Mo03, respectively), but it is larger than 
unity for all of the impregnated catalysts 
indicating that the impregnated catalysts 
are capable of producing more maleic anhy- 
dride than complete oxidation products, 
whereas this behavior is just the opposite 
for the pure components. 

To assess the effect of conversion on the 
selectivity levels, a series of experiments 
were performed where the overall conver- 
sion levels were kept constant by adjusting 
the amount of total surface area of the cata- 
lyst present in the reactor. Figure 8 shows a 

FIG. 7. Variation of selectivity ratios with catalyst 
composition for I-butene oxidation. 

comparison of selectivities to maleic anhy- 
dride and to complete oxidation products at 
constant conversion levels of 40 and 50%. 
It is shown that at both conversion levels, 
MnMo04 exhibits no selectivity for maleic 
anhydride and more than 90% of the con- 
version is to complete oxidation products. 
The Moo3 has a selectivity of - 12% to ma- 
leic anhydride, but its selectivity to com- 
plete oxidation products is about five times 
higher. The impregnated catalyst is more 
selective to maleic anhydride and less se- 
lective to complete oxidation products than 
either of the two pure phases at both con- 
version levels. 

Oxidation of 1,3-butadiene. 1,3-Butadi- 
ene is generally accepted as an intermediate 
in the reaction pathway from 1-butene to 
maleic anhydride. Selective oxidation ex- 
periments were repeated after switching to 
1,3-butadiene as the feed material. Compar- 
ison of percentage selectivities to various 
reaction products obtained by using equal 
total catalyst surface areas is presented in 
Table 4. The overall conversion of 1,3-buta- 
diene appears to be higher than that of l- 
butene for every catalyst sample. The ma- 
jor reaction product over both of the pure 
phases is seen to be CO,, whereas the im- 
pregnated catalysts are observed to pro- 
duce maleic anhydride as the major reac- 
tion product (-55% conversion). 

Figure 9 shows variation of selectivity ra- 
tios (% selectivity to maleic anhydride/% 
selectivity to CO,) with catalyst composi- 
tion for 1,3-butadiene oxidation. MnMo04 
shows no conversion to maleic anhydride 
and has a selectivity of -87% to CO,. Pure 
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FIG. 8. Comparison of selectivities at equal conversion levels in I-butene oxidation. 

Moo3 gives a considerable yield of maleic 
anhydride, but conversion to CO, is much 
more dominant. The selectivity ratios for 
the impregnated catalysts are all above one, 
exhibiting at least 50% more selectivity to 
maleic anhydride than they have for com- 
plete oxidation products. It is also observed 
that the ratio of MnMo04 to Moo3 in the 
impregnated catalyst does not have a strong 
effect on selectivities in the range which is 
used in this study. 

Stability of catalysts. To evaluate the sta- 
bility of catalysts over prolonged reaction 
times, the selective oxidation experiment of 

I-butene over an impregnated Moo3 cata- 
lyst (MnMo04/Mo04 = 0.15) was contin- 
ued for 2 days. No significant decay was 
observed in the catalytic behavior over this 
time period. Figure 10 shows variation of 
selectivities to maleic anhydride, CO,, 1,3- 
butadiene, and furan during the first 24 h of 
the reaction. 

DISCUSSION 

Although simple molybdate catalysts 
with “excess Mo03” have been the subject 
of various studies, Moo3 catalysts pro- 
moted by simple molybdates have not been 

TABLE 4 

Variation of Selectivities with Catalyst Composition in 1,3-Butadiene Oxidation 

% Selectivity MOO, MnMoOJMoO, = 0.08 MnMoOJMoOj = 0.30 MnMoOl 

Furan 15.2 0.1 0.1 2.3 
Acrolein 15.5 3.7 1.7 3.2 
Maleic anhydride 23.5 56.3 57.1 0.0 
Carbon oxides 31.5 36.5 38.4 87.2 
% Hydrocarbon consumed 33.2 96.9 95.4 68.5 
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FIG. 9. Variation of selectivity ratios with catalyst 
composition for 1,3-butadiene oxidation. 

studied extensively. Since Moo3 crystal 
surfaces were previously shown to catalyze 
both complete oxidation and selective oxi- 

dation reactions (t&11), this study has fo- 
cused on catalytic behavior of Moo3 modi- 
fied by being brought into close contact 
with MnMo04. 

A careful control of synthesis parameters 
was necessary to ensure the purity of the 
synthesized MnMo04 sample since earlier 
studies have shown the sensitivity of the 
composition of simple molybdates to the 
conditions during synthesis procedure and 
how, in turn, the composition of simple mo- 
lybdates could drastically change their cat- 
alytic behavior. The MnMo04 samples 
which were prepared at a pH of 6 and a 
temperature of 80°C were shown to be free 
of excess Mo03. The Moo3 samples im- 
pregnated with pure MnMo04 clearly 
showed the presence of two distinct phases 
through scanning electron microscopy and 
laser Raman spectroscopy. Scanning elec- 
tron microscopy provided visual evidence 
for the coexistence of Moo3 and MnMo04 
phases. MnMo04 was observed to be in a 
more dispersed state in the impregnated 
sample than it was in the pure MnMo04 
sample. Laser Raman spectra showed an 
increase in MnMo04 bands proportional to 
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FIG. IO. Variation of selectivity with time in I-butene oxidation over impregnated catalyst (Mn 
MoOJMoOz = 0.15). 
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their percentage in the impregnated sample. 
No change was observed in the lattice 
structure of Moo3 due to impregnation. 

A comparison of catalytic behavior of the 
pure phases (Moo3 and MnMo04) with that 
of the impregnated catalysts showed that 
presence of MnMo04 in close contact with 
Moo3 created a “promoter” effect on the 
catalytic performance of Mo03. The selec- 
tivity of MOOJ to maleic anhydride im- 
proved significantly as a result of impregna- 
tion with MnMo04 although MnMo04 
showed no selectivity to maleic anhydride 
in pure form. The same phenomenon was 
observed in all experiments carried out 
over a wide range of temperature, oxygen 
partial pressure, and conversion (12). This 
result differs significantly from those pub- 
lished previously by Trifiro et al. (17) who 
reported considerable selectivity to maleic 
anhydride over MnMo04 catalysts. Since 
presence of small quantities of excess 
MOO, is known to change the catalytic be- 
havior of simple molybdates dramatically 
(9, II), this difference may be due to pres- 
ence of Moo3 in their samples. It is not, 
however, possible to draw any definite con- 
clusions about the presence of Moo3 with- 
out data obtained from a detailed charac- 
terization of the catalyst with Raman 
spectroscopy, a technique which is very 
sensitive in detecting small quantities of 
Mo03. 

The reaction pathway appears to include 
1,3-butadiene and furan as possible reaction 
intermediates which is an observation that 
agrees with the findings previously pub- 
lished in the literature. Comparison of the 
yields in 1-butene and 1,3-butadiene oxida- 
tion shows that bypassing the oxidative de- 
hydrogenation step causes a much more 
pronounced increase in maleic anhydride 
yield over Moo3 (an -6.5fold increase) 
than it does over the impregnated catalyst 
(an -1.4-fold increase). This result seems 
to suggest that one of the important func- 
tions of MnMo04 in maleic anhydride for- 
mation is promotion of the oxidative dehy- 
drogenation of I-butene to 1,3-butadiene. 

This observation agrees with earlier reports 
where a similar catalytic role was attributed 
to nickel molybdate and cobalt molybdate 
(IO, II). The data also suggest that com- 
plete oxidation of the reactant and the inter- 
mediates takes place at significant levels. 
Presence of cracking products (Cl, C2, CJ) 
and acrolein in the product stream signals 
presence of cracking reactions in the reac- 
tion scheme followed by partial and possi- 
bly complete oxidation. 

The comparison of selectivities at equal 
conversion levels provides significant evi- 
dence about the promoter effect of Mn 
Moo4 on catalytic behavior of MOOS, since 
the pronounced increase in maleic anhy- 
dride yield which is accompanied by a con- 
siderable reduction in complete oxidation is 
clearly demonstrated through these sets of 
data. 

The relationship between the promoter 
effect observed in this study and the cata- 
lytic job distribution among different com- 
ponents of the active catalyst will be estab- 
lished in the next papers in this series. 
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