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Catalysts used in industry represent, in many cases, multicomponent compounds
and/or their mixtures therefore. The catalytic properties depend not only on a
suitable selection of elements but also on the way of preparation. To optimize
this chemical process, a great many different parameters have to be taken into
account. It is very useful to utilize the methods of mathematical statistics for
effective research. This paper shows the use of the Plackett-Burman statistical
block in exploring the significant variable parameters of preparing
multicomponent oxide catalysts for the oxidation of propene and acrolein.

Introduction

At present the catalytic oxidation of propene with atmospheric oxygen in the
gaseous phase represents a most prospective method of the preparation of acrylic
acid and its esters. The process is performed in two stages. In the first reactor,
acrolein and/or a mixture of acrolein and acrylic acid is obtained. The optimum
temperature of oxidation is 570 to 600 K, and the gas phase of volume
composition 5 - 8 % propene, 20 - 40 % water vapour in air is treated. In the
second reactor, acrolein is oxidized at 510 - 540 K to acrylic acid. In both cases,
multicomponent oxide catalysts are employed of which the first is based on
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molybdenum and bismuth and the second on molybdenum and vanadium. 1t is
economically advantageous to realize the process without isolating the
intermediate products after the first oxidation. By condensing the products of the
second reactor, a dilute solution (about 30 %) of acrylic acid is obtained from
which the acid is separated by combined extraction and distillation. The
esterification is carried out in the presence of strong acid catalysts most often
p-methylbenzenesulfonic acid and cation exchange resins, Methyl, ethyl, n-butyl,
and 2-ethylhexyl acrylates are produced industrially in ton amounts. :

With respect to the complete dependence of the whole ester production
on the oxidation catalysts, great attention has been paid to their development and
resecarch. Excellent activity ande selectivity cannot be attain for these
polycomponent catalysts only by finding the optimoum molar ratios of individual
metals, but it is also necessary to choose the corresponding conditions of
preparation which ensure the formagion of active crystallographic modifications
and texture properties. Further it is necessary to realize that before transferring
newly developed catalyst from laboratory to industrial scale, the different
conditions in the two arrangements must usually be verified in a pilot plant,
especial the problems of product quality, safety of operation, formation of
pollutants, and the like. The economic point of view, on the other hand, requires
a rational preparation of the catalyst with respect to energy and raw material
consumption. Consequently it is necessary, even on a laboratory scale, to
investigate the effect of some variable parameters of the catalyst preparation, to
determine their significance and the way in which they may influence the overall
catalyst quality. The solution of this problem in the classical way, ie., by
changing one variable while the others remain constant, would require much
experimental time and effort. The Plackett-Burman statistical method' is a
method allowing investigation of great many variable parameters of the
preparation in a relatively small number of experiments and at the same time
selection of the quantities which have the greatest effect.

The Plackett-Burman Statistical Block

The Plackett-Burman statistical method makes it possible to study N variables
in (N + 1) experiments. The authors set several pattems for various numbers
of variables. The construction of the entire statistical block is simple. The first
row of the basic cyclic pattem is given against the number of variables N.

N=7 + o+ + - F+ - -

N=11 + 4+ - 4+ ot e = =+ -

N=15 + + 4+ + - o+ -+ + - -+ - - -

N=19 + + = - + 4+ * + - e T -

N=23 + + + + + - + - + + - - + + - - + - + - - - -
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The basic row is selected and written as first for the respective value of
N. The remainder of the whole block is made up by shifting this line cyclically
by one place to the left (N + 1) times and adding the last line with sign (-).
This results in a statistical block of N columns and (N + 1) rows.

As an example, Table I for fifteen variables and Table II for eleven
variables are presented, which were utilized in this work. The tables comprise (N + 1)
experiments, i.e., (N + 1) prepared catalysts which investigate N variables
showing the effect on their properties. Each of the variables is included-in the
block in its limiting values which we consider in preparation, (+) denoting the
maximum value and (-} the minimum value. Each variable appears
[(N + 1)/2] times in the block at its minimum value and [(N + 1)/2] times at
its maximum value. The effect of each variable is given by the difference of
average results at the maximum and minimum values

B}= ER("') _ ER(") (1)
(N+1)]2 (N+1)/2

where E; is the effect of variable,
R is the result of the experiment

Table I Plackett-Burman statistical block for N = 15

Catalyst Variables
designa-
tion A B © D E F (GG H I J K L M (N (O

1 + + + - + - 4+ + - - + - - -
2 + e T e
3 + - + - + o+ - - + - - - +
4 + - + - + - - + - - - + o+ +
5 -+ -+ e e . . .
6 + - + o+ . - + - - -+ + o+ + -
f) - - -+ - -+ o+ o+ o+ -+
8 - -+ - - -+ 4+ o+ o+ -+ -
9 + - -+ - - + 4+ o+ o+ -+ . +
10 T . A . o+
i1 -+ - - -+ + + + - 0+ + o+ -
12 + - - - + + + o+ - + - + 4+ - -
13 - - -+ + + + - 4+ - 4+ o+ . - +
14 - - + + + + - + - + + - - + -
15 - o+ 4+ o+ o+ -+ -+ o+ - -+ - -
16 T T -
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Table T Plackett-Burman statistical block for N = 11

Catalyst Variables

designation A B C D E F G H 1 () (K
1 + + - + + + - - - i}
2 + - + + + - - - + - +
3 - + + + - - - + - * *
4 + + + - - - * - * * )
5 + + - - - + - * * ) *
) . ) i ) . ) + + - + +
7 } . g + - + + - + + *
3 . . + - + + - + + + -
9 . + - + + - + + + - -
10 . . - . + + + - - -
11 o
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&

]

1

'

1

1

1

]

1

[

1

)

If, e.g., quantity A is in its maximum values, variable B occurs in
(N + 1)/4 cases in the maximum and in (N + 1)/4 cases in the minimum
value. In calculating E, , the effect of variable B is the cancelled, which holds
also for the other vanablcs So it is possible to calculate, in a simple way, the
effects of single variables at simultaneous changes of the other process variables.

The variables denoted in Tables I and II by letters in parentheses are the
so-called “false”, "dummy” or also “empty” variables and serve for estimating
the experimental deviation. Their effect is calculated in the same way as for
actual variables. From the found values of effects of “empty” variables E; it is
possible to calculate the variance of effect V

V= -J-g-i 2)

Ny

whete N, is number of “empty” variables. Equation (2) shows that the variance
is equal to the average of squares of effects of “empty” variables.
The effect of single variables on the resultant catalyst properties is
determined by the #-test.
B @
Vll!
The values of relative significance of variables can be obtained from the critical

values of the Student ¢-distribution®. The level of significance is obtained from
the graph of dependence of £, on o. The number of degrees of freedom v is
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calculated from the relation

v =N,-1 _ (4
The relation between o and relative significance RV reads as follows

RV =(1-a)100 (%) (5)

The value for a = 0.35 and for RV = 65 % was chosen in this work as the
critical limiting value.

Catalyst for Propenc Oxidation

An oxide catalyst of general formula Mo ,Bi Co,Ni Fe K, .0, was prepared
from aqueous solutions of hexaammonium heptamolybdate, potassium
hydroxide, cobalt (II), nickel(1I), ferrun (III), and bismuth (III) nitrates, tartaric
acid and ammonium hydroxide®. The resulting solution of pH 7.5 to 8 was, on
continuous stirring thickened to a thin paste which was dred, calcinated
{exothermic decomposition of ammonium nitrate) and, in the end, annealed. The
annealing regime was chosen on the basis of the DTA results and after
analysing the literature data on molybdates of the metals chosen.

Table I Name and magnitude of variable parameters of catalyst preparation for propene
oxidation

Designation  Variable name Variable Value

¢ +

A amount of tartaric acid, g 16 32
B volume of initial solution, cm’ 250 500
C ternperature of solution thickening, K 343 373
D drying time, h 4 12
E temperature of first calcination - 4 hours, K 433 453
F time of second calcination at 493 K, h 0 4
G empty variable

H time of 1™ annealing at 553 K, h 0 4
T time of 2" annealing at 603 K, h 0 4
J time of 3! anncaling at 653 K, h 0 4
K time of 4" annealing at 693 K, h 6 24
L time of 5t™ annealing at 723 K, h 0 6
M drying temperature, K 393 413
N empty variable

o empty variable
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To study the cffect of conditions of preparation on the catalyst properties
altogether twelve variables were chosen which are given in Table III along with
three "empty” variables. The maximum and minimum values were assigned to

.them on the basis of experimental experience. According to Table I, the
procedures of preparation of the individual catalyst were then elaborated and are
given in Table IV.

The catalysts prepared were tested in a flow apparatus with integral
reactor” at the following set of conditions: catalyst amount - 2 g, catalyst grain
size 0.4 to 0.6 mm, reaction gas mixture flow rate - 5 dm* STP h', reaction
mixture composition (volume %) -5 % C,H,, 12 % 0,,20 % H,0,63 % N,,
reaction temperature - 593 K.

The propene conversion X , was found chromatographically and calculated
from the relation

% %00 (@) ©
CO

P

‘X.p=

here q,” is the initial propenc concentration, mol %
C'p is the stationary concentration, mol %

Table IV  Conditions of preparation of catalysts for propene oxidation

Variable

Caalyst 4 3 ¢ p E F H I J K L M
g ¢cm’ K h K H h h h h h K

1 32 500 373 12 433 4 4 4 0 6 6 393
2 32 50 373 4 45 0 4 0 0 24 0 393
3 32 500 %3 12 43 4 0 0 4 6 0 393
4 32 250 373 4 453 4 0 4 0 6 0 413
5 16 S00 343 12 453 0 4 0O 0 6 413
6 322250 373 12 43 0 0 0 0 24 6 413
7 16 500 373 4 433 4 0 0 4 24 6 413
8 320500 M3 4 453 0 0 4 4 24 6 393
9 320250 343 12 43 0 4 4 4 4 0 413
10 16 250 373 4 433 0 4 4 4 6 6 393
11 16 500 343 4 433 4 4 4 0 24 0 413
12 32 250 343 4 453 4 4 0 4 6 6 413
13 16 250 343 12 453 4 0 4 0 24 6 393
14 16 250 373 12 453 4 4 0 4 24 0 393
15 16 500 373 12 453 0 0 4 4 6 0 413
16 16 250 373 4 43 0 0 0 0O 6 0 393
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The amount of acrolein was determined polarographically according to Moshier®,
that of acrylic acid by the titration with 0.01 M NaOH using phenolphthalein as
indicator, and that of carbon dioxide by gas chromatography. The yields of
individual products were calculated from the relation

Y= 100 (%) )
v.C :

i

where C; is the stationary concentration of acrolein, acrylic acid and/for carbon
dioxide (where v, = 1 for acrolein and acrylic acid and v, = 3 for CO,).
The specific surface of the catalysts was determined by the method of
thermal desorption of nitrogen. : '
The results of the catalyst testing are given in Tdble V. All the catalyst
give high yields of useful products, i.e., of acrolein and acrylic acid, however,
they differ in their activity and magnitude of specific surface. Therefore, the
propene conversion and magnitude of specific surface were chosen on the basis
of experiment and, in terms of these quantities, the effects of single variables
and their significance wete calculated. The result is given in Table VI. The sign

Table ¥V Results of testing catalysts for propene oxidation

CH, CH,0 C,H,0, co, Specific
Catalyst conversion yield yield yield surface
% % % % m2g-i
1 74.5 69.6 22 1.5 5.28
2 35.5 355 0 0 1.37
3 91 85.1 5 1 8.83
4 89 84 39 1 7.95
5 64.1 61.5 1.4 1 5.53
6 68.7 66.3 15 1 422
7 60 58.9 0.5 0 4.68
8 13.7 69.6 2.6 1 5.25
9 94 874 55 1 11.23
i0 49.2 47.3 1.1 1 3.68
11 69.4 65.4 22 l 574
12 73 69.1 2.7 1 5.17
13 70.1 68.4 1.1 1 4.04
14 74.2 71.2 22 1 6.3
15 72 68 23 1 6.09
16 75 ra\ 27 1 6.96
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of effect of the given variable determines how its chosen value influences the
result of the experiment, i.e., the propene conversion and the specific surface.
If the sign is positive, then the maximum value increases the result of the
experiment, if the sign is negative, then a better result is obtained at the
minimum value of the variable. It follows from Table VI that the temperature
of thickening of solution and time of drying have the greatest effect on the
catalyst activity. A greater catalyst activity can be attained at the thickening
temperature of 343 K and drying time of 12 hours. Another factor significantly
influencing the catalyst properties is the amount of tartaric acid whose effect is
positive. The significant variables in the thermal treatment of catalyst mass
involve time of calcination at 493 K which increase the catalyst activity, and the
time of first annealing at 553 K and fifth annealing at 723 K which decrease
the catalyst activity. The volume of initial solution which influences the
thickening time also has a partial effect. The other variables have no perceptible
effect on the catalyst activity. The annealing time at 723 K (negative),
temperature of solution thickening (negative), drying time at 393 K (positive)
and annealing time at 653 K (positive) have the greatest effect on the magnitude
of the catalyst specific surface.

Table VI Evaluation of Plackett-Burman statistical block for N = 15

Effect on specific

Effect on activity Effect on yield
surface
Variable :
E t RV E t RV E ! RV
% % %

A 8.18 134 70 823 14 70 078 075
B - 6.63 1.09 65 -6.7 .14 65 -085 081
C -10.90 179 80 -1083 184 80 -165 154 75
D 10.50 .73 80 10.23 174 80 134 128 70
E -3.78 0.56 -340 058 - 11z 107
F 8.63 1.42 70 8.30 1.41 70 046 044
G - 945 ‘ -9.23 - 1.76
H - 8.20 1.35 70 - 8.50 1.44 70 -0.47 045
I 6.30 1.04 6.00 1.02 0.78 0.74
J 5.10 0.84 535 091 122 116
K - 5.28 0.87 -4.83 082 -0.84 0.80
L - 8.35 137 70 -833 142 70 -207 198 85
M 5.88 0.97 568 0.96 .12 107
N 315 3.18 0.34
0

-345 -295 : 0.28
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Catalyst for Acrolein Oxidation

The effect of preparation conditions on the properties of a polycomponent oxide
catalyst of general formula Mo,,V,Cu,Fe, O, was studied. The catalyst
preparation started from aqueous solutions of hexaammonium heptamolybdate,
ammonium vanadate (V), ferric and cupric nitrates and tartaric acid. The
resulting solution whose pH was adjusted by means of ammonia hydroxide to
the value of 7.5 to 8™ was thickened to a paste. This was dried, calcined, and
annealed. Nine variables were chosen for the investigation appearing in the
catalyst preparation which are given in Table VII along with their maximum and
minimum values and two “empty” variables.According to Table II, the
procedures of preparing the single catalyst specimens were elaborated as shown
in Table VIIL

The catalyst specific surface was determined by the method of thermal
desorption of N, and testing was carricd out in a flow apparatus with an integral
reactor” under the constant conditions: reaction temperature 503 K, catalyst
amount was 1 g, catalyst grain size 0.4 to 0.6 mm, reaction gas mixture flow
. rate 5 dm® STP h™!, reaction mixture composition (volume %) 4 % C;H,0,7 %
0,,17 % H0,72 % N,. -

The acrolein oxidation to acrylic acid took place with high selectivity. In
the whole range of measurement, the yield of by-products, i.e., carbon dioxide
and acetic acid, did not exceed, in total, 3 relative %. The yield of acrylic acid
was chosen as efficiency criterion, i.e., the result of the experiment, defined by
the relation

Ci

o
A

Yiu =

160 (%) (8)

Where € A" is the initial acrolein concentration, mol %
C, is the stationary acrylic acid concentration, mol %.

The results of this series of measurements are given in Table IX.

The relative significance of individual variable parameters of the catalyst
preparation on its specific surface and on the acrylic acid yield was calculated
by the Plackett-Burman procedure, and the result is given in Table X. On using
the statistical calculation, the following order of effect of variable factors of
preparation on the yield of acrylic acid was found: amount of tartaric acid,
temperature of solution thickening, annealing time at 573 K, and calcination
temperature. The acrylic acid yield increases with decreasing amount of tartaric
acid, with increasing temperature of thickening the initial solution, by omitting
the annealing at 573 K and by choosing a lower calcination temperature. With
respect to the high selectivity of oxidation on the chosen catalyst, the measured
values of the acrylic acid yields may be considered comparable to the values of
acrolein conversion and consequently identical conclusions may be drawn about
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Table VII MName and magnitude of variable parameters of catalyst preparation for acrolein

oxidation
Designation  Variable name Variable Value
A volume of initial solution, cm® 200 300
B amount of tartaric acid, g 8 16
C temperature of solution thickening, K 343 373
D drying temperatute, K 403 423
E drying time, h _ 3 14
F calcination temperature, K 433 463
G time of calcination, h 3 6
H time of annealing at 573 K, h 0 6
i time of annealing at 623 K, h 6 12
J empty variable '
K empty variable

Table VIII Conditions of preparation of catalysts for acrolein oxidation

Variable
Catalyst A B cC D E F G H I}
em? g K K h K h h h
1 300 16 343 423 14 463 3 0 6
2 300 & 373 423 14 433 3 0 12
3 200 16 373 423 3 433 3 6 6
4 300 16 373 403 3 433 6 0 12
5 300 16 343 403 3 463 3 6 12
6 300 8§ 343 403 14 433 6 6 6
7 2000 8 343 423 3 463 6 0 12
8 200 8 373 403 14 463 3 6 12
9 200 16 - 343 423 14 433 6 6 12°
10 300 8 373 423 3 463 6 6 6
1 200 16 373 403 14 463 6 0 6
12 200 O 343 403 3 433 O 0 6

the effect of the parameters of preparation on the catalyst activity.

The amount of tartaric acid (negative), annealing time at 623 K (positive),
temperature of solution thickening (negative), annealing time at 573 K (positive),
and volume of initial solution (negative} have the greatest effect on the
magnitude of specific surface.
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Table IX Results of testing catalysts for acrolein oxidation

CH,0, Specific CH,0, Specific
Catalyst No. yield surface Catalyst No. yield surface
% mig-l % m?g-
1 5 4.4 7 25.5 8.3
2 24 6.1 8 39 8.3
3 16 55 4 6.7
4 8 5.6 10 37.5 57
5 135 6.5 il 3 4
6 15 7.4 12 16.5 72
Table X Evaluation of Plackett-Burman statistical block for N = 11
C,H,0, yield Specific surface
Quantity Effect g Rel. Effect L Rel.
E, significance E, significance
% %
A -0.16 0.08 -0.72 1.8 65
B -18.00 9.33 93 - 1.74 4.35 85
C 8.17 4,23 84.5 -0.90 2.25 73
D 2.84 1.47 -0.38 0.95
E - 4.50 2.33 -030 075
F - 6.66 3.45 65 - 0.18 0.45
G .- 3.50 1.81 -006 015
H. -17.16 3N 67 0.76 1.90 67
I 3.50 1.81 1.20 3.00 B0
/) 1.66 0.86 0.56 1.40
(K) -2.16 1.12 0 0
Conclusion

The utilization .of tartaric acid in combination with ammonium hydroxide
ensures the perfect homogeneity of catalysts and reproducibility of their
preparation. As is apparent from the results of the investigation performed, this
procedure proved very advantageous for controlling the catalyst activity over a
wide range of conditions on keeping the high selectivity of both oxidations. The
combination of tartaric acid, ammonium hydroxide along with nitric acid can
also be employed in regenerating the catalysts used'*'' or when isolating the
128
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metals from them'>'4,
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