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The fuzzy experimental multiobjective optimization (FEMO) of the electrochemical reduction

of maleic acid(I) to succinic acid is presented.

As partial criteria the yield of succinic acid (II) were taken and the amount of wastes obtained.

The objective function was presented in the form the ideal points. The values of weights of the
partial criteria form the ideal points. The values of weights and ideal points were presented in
a fuzzy form. As polyoptimal such a solution was assumed for which the yield of succinic acid
(II) was 87% and the amount of wastes was 0.14 kg H3SOu/kg product.

Introduction

Succinic acid (IT) is an important intermediate product in
pharmaceutical, pesticides and cosmetic industries. In
commercial production it is produced by reduction of
maleic anhydride or maleic acid (I) with hydrogen in the
presence of catalysts [1]. In literature there are some
publications concerning investigations on electrochemi-
cal reduction of I or other electrochemical methods of I
synthesis [2-5]. It was proved that this compound could
be obtained in electrochemical elimination of Br from
bromoacetic acid and next, dimerization of the inter-
mediate product [6].

The aim of the present paper is to determine the op-
timum conditions for conducting the electrochemical re-
duction of I to H in a pilot-plant scale. The optimal
process conditions may be determined in two ways:
when the model of the process is known or without
using the model of the process.

The first optimization method is recommended
mainly when a good model reflecting strictly the process
considered is available. In our case the mathematical
model of the process should include a system of equa-
tions describing, among other things, the chemical kine-
tics of the process, mass fransfer and hydrodynamics.

In these equations such constants would appear {e.g.
kinetic constants, diffusion coefficients) which could be
determined on the basis of a number of experiments.
Having this in mind it was decided to carry out the op-
timization without using the model of the process, i.e. to
employ an experimental optimization.

The aim of the experiment was to find such values
of independent variables x; , i = 1,...,5, for which the de-
gree of I to II inversion, that is y; , attains the highest
possible value and the amount of wastes produced in the
process, that is y2, is possibly the lowest. As it is not
possible to satisfy the condition that y; = max y; and y2
=min yy, in a given range of changes fory;, i= 1.3,
the solution we are searching for, will not be an optimat
but a compromise one. A problem posed in this way
should be solved by multiobjective experimental optimi-
zation (MEQ). Due to the form of objective function the
application of MEQ requircs the knowledge of utopia
points and weights determining the significance of both
criteria, The selection of weights and utopia points has
been discussed in paper {71. This problem needs the ap-
plication of a fuzzy set theory. Therefore in the present
work a fuzzy mulificbjective experimental optimization
is employed (FEMO). A more detailed description of
this optimization method was given in papers [8-12}.
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Table 1. Experimental conditions and results

Concentration Current Temperature, Electric vi Amount of
. . jeld,  wastes per 1 kg
Sample 1,x1, H2S04, 12, intensity, x4, charge, xs, y1,[%]  of product, y2
[mol/dm’] (%] x3, [A] (] [F/mol] ’ kel
1 0.50 3.55 0.91 2972 1.87 42 1.43
2 1.50 3.55 091 297.2 1.87 58 0.35
3 1.00 7.89 0.91 297.2 1.87 62 1.08
4 1.00 5.00 1.65 297.2 1.87 82 0.52
5 1.00 5.00 1.10 301.2 1.87 81 0.52
6 1.00 5.00 1.10 298.0 - 2.64 89 0.48
7 1.00 2.50 1.35 299.1 2.18 85 0.25
8 1.00 2.80 1.27 301.0 2.30 59 040
9 1.00 2.50 0.57 299.8 247 85 0.25
10 1.00 2.50 091 302.0 2.00 81 0.26
il 1.70 245 1.09 3024 2.40 87 0.14
Experimental Current intensity 0.2 < x3 < 2.0 [A]
Temperature 293 <x4 <303 [K]
Equipment Electric charge 1 <x5 <3 [F/mol]

Experiments were carried out in a typical electrolyser of
H type with a sintered glass diaphragm G-4.
Volume of cathode compartmeit - 0.05 dm
Volume of anode compariment - 0.03 dm®
Cathode: acid-proof sheet IH18N9T 0.04 dm?
Anode: platinum grid - 1 0dm®
Anolyte: 10% Hz804
The composition of catholyte and process condi-
tions are given in Table 1. Feeder cable, type 5353M
{UNITRA-UNIMA), thermostat U-2 (ML W), magnetic
stirrer, type 318 (UNIPAN) were applied.
The degrea of inversion of 1 into II was defermined
by analysis of "1 NMR for an investigated sample and a
standard sample with a given amount of I (internal stan-
dard Hs0, Tesla 80 Mhz, comparison with integration of
methylene groups H). The error of the method is less
than 5 %.

Chemicals used

Maleic acid (I} purom POCH - Gliwice
Sulphuric acid poram 98% POCH - Gliwice

Resulis and Calculations

On the basis of preliminary investigations the following
ranges of variables x;, i = L,....5 were selected.
Efﬁmentramn of maleicacid (D025 220
{mol/dm’]
Concentration of H2804 025 x2 2 10 %]

The optimization criteria were the functions y1, y2,
where y; is degree of inversion I to IT , y; is the amount
of wastes produced during the process. The value of y;
was determined as an amount of H2S804 (in kg) which
should be used in an electrochemical process to obtain 1
kg of I1.

The values of x, , i = 1,....5 were standardized ac-
cording to Eg. 1

.
X=pi+ X% 4 ¢))
where :

maxy; + minx;
Pi "’*—2““'

max x; + min x;

A= 5

i=1,..5

xi = the standardized value of independent variables
max x, { = L..,5. The experimental optimization was
performed using a simplex method {13}

In the first step coordinates of six vertexes of the
basic siraplex were determined. These coordinates and
the values of functions ¥; and y; of the vertexes are
presenied in Table 1 (samples 1 throngh 6). In every
puint of the experiment the valus of objective function
was calculated

F=#®@iy-n10Mmehn-y] 2



Table 2. Values of fuzzy weights and utopia points

a b [0} g
W1 075 075 005 005
W2 025 025 005 0.1
n 1 1 0.2 0
B 2 2 0 11
AV L

YAAVaava ar

1 concentration maleic acid [mol-dm?]

concentration H,S0, {%)
~

y1 =

y‘__—

Fig.1. Geometrical interpretation of a following simplex
method in X10X7 plane x) - concentration of maleic acid,
x2 - concentration of HaSO4

where:
w1 = the fuzzy weight of objective y1
W2 = the fuzzy weight of objective y2
y"? , ?} = fuzzy and utopia points of optimization
criteria, respectively
y1, y2 = the values of optimization criteria.

The values of fuzzy weights and utopia points are
illustrated in Table 2.

The form of the objective function is a result of the
multiobjective optimization method called the utopia
point method [14].

In the next step, from six vertexes of the simplex a
vertex in which the value of function F was a maximum
one, was rejected. The coordinates of a new simplex ver-
tex were calculated according to the following equation:

2
xi=;(x1 + Xot ...xj_l +Xj+1 + ...,+xn+1)—xj=

ntl . 3
2 2
;Zxr(;'* 1)"3
=1 '

i=1,..5

where # is the number of independent variables, j is the
number of the simplex vertex for which the value of
function {2} is a maximum one.

The vertex determined by Eg. (3) is symmetrical to
the vertex rejected in relation to hypersurface containing
the other vertexes. After the procedure was repeated 4
times, it was observed that values of function (2) in sub-
sequenily determined simplex vertexes differ slightly
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Fig 3. Geometrical interpretation of a following simplex
method in X40Xs plane
xp-concentration of HoSO4, x3 - current density

from one another. This was the reason why the proce-
dure was stopped in the 11th vertex. A geometrical in-
terpretation of the simplex following method is
presented in Fig. 1-4,

Using the fuzzy experimental multiobjective op-
timization methods such values of independent variables
X, = 1,..,5 were found, for which the yield of y; re-
duction and the amount of wastés 2 attain a com-
promise solution achieve the values:

x1 - concentration of maleic acid(f): 1.70 mol/dm”
x2 - concentration of H2804; 245 %
x3 - current density = {current intensity)/{geometric
surface): 27.25 Ajdm®
x4 - temperature 3024 K
x5 - electric charge 2.4 F/mol
The yield of I reduction to I in those conditions is
87% and the amount of wastes is 0.14 kg per 1 kg of
product.
On the basis of the above investigations a pilot-
plant installation for a continuous production of I was
designed [15].
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Fig 4. Geometrical interpretation of a following simplex
method in X40Xs plane
x4 - temperature , 5 - electric charge

Conclusions

In the paper the applicability of the fuzzy experimental
multiobjective optimization method to the electrochemi-
¢al reduction of maleic acid (T) to succinic acid (1) has
been presented. The method enables omitting of the
stage of building a2 mathematical model of the process
and ensures flexibility in the optimization by employing
the fuzzy numbers theory. The application of multiopti-
mality allows various aspects of the process investigated
to be treated in a more detailed way.
The following optimal values of the independent
variables were obtained:
xt - concentration of maleic acid (I) 1.7 mol/dm3
x2 - concentration of HoS804 2.45 %
x3 - cuzrent density 27.25 Adm?
x4 - temperature 3024 K
x5 - electric charge 2.4 Ffmol
For the above variables the vield of succinic acid
was 879 and the quantity of wastes was 0.14 kg/1 kg of
product.

On the basis of the investigation a unit for produc-
tion of II from I in a continuous operation has been de-
signed.
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