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o-Tolidine, obtained by the reduction of o-nitrotoluene, is used in the production of azo-dyestuffs. 
The electrochemical reduction of nitrotoluene has to take place in two steps. A continuous process 
is proposed for the first step, i.e., the electrochemical reduction of o-nitrotoluene to o,o-azoxytoluene 
in an alkaline ethanol-water solution. Azoxytoluene is separated from the catholyte by crystallization 
and filtration. The solution, obtained after the isolation of azoxytoluene is regenerated by distillation. 

A general method is outlined to calculate the overall production costs for the proposed process since 
it is representative of electroorganic processes with two consecutive separation processes. 

The method is illustrated by the calculation of the costs of  an azoxytoluene production of 5 kg h -1 
as a function of the catholyte composition and the chemical yield. An economic optimization is 
performed to design the process at the minimum costs. The calculations show that the optimum elec- 
trolysis conditions are strongly influenced by the additional processes. 

Nomenclature C' 

a relative decrease in xN in the electro- 
chemical reactor a = ~ X N , r / . ~ N ,  r d e 

a b constant in Equation 30 
a s constant in Equation 3 D 
Ae total electrode surface (m 2) 
Amin minimal total surface of cathodes (m 2) E b 

b s constant in Equation 3 Er 
c costs per m 2 surface (Dfl m -2) f 

subscripts: a anode F 
c cathode H 
m membrane Z~r-/A, c 

Cp specific heat (kJkg -1 K -1) 
subscripts: c catholyte i 

E washing ethanol 
C cost per kg azoxytoluene (Dfl kg -1) 

subscripts: b by-product removal k" 
en energy L 
inv investment M 
A, f total azoxytoluene 

formation 
p of pumps 
v of vessels n 
W water removal N 
A, i azoxytoluene isolation 

0021-891x/83 $03.00 + .12. �9 1983 Chapman and Hall Ltd. 

total costs (Dr)  
subscripts: inv investment 

r of the reactor 
distance between cathode and membrane 
(m) 
diffusion coefficient of nitrotoluene in 
the catholyte (m 2 s -1) 
cell voltage (V) 
reversible voltage (V) 
price of electric energy (Dr  kwh -I) 
Faraday constant 
cathode width (m) 
crystallization enthalpy of azoxytoluene 
(kJ kg -1) 
current density (A m -2) 
subscripts: 1 limiting 

opt optimum 
average mass transport coefficient (m s -1) 
length of cathode (m) 
molecular weight (kg kmo1-1) 
subscripts: A azoxytoluene 

N nitrotoluene 
W water 

number of electrolysis cells 
mass flow rate of solution (kg s -1) 
subscripts: A azoxytoluene 
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B by-products 
E ethanol 
N nRrotoluene 
W water 
br from by-product removal 

to reactor (Fig. 2) 
rr from outlet of reactor to 

inlet of reactor (Fig. 2) 
mass flow rate of ethanol-water solution 
(kg s -1) 
subscripts: df from distillation to 

filtration (Fig. 3) 
dr from distillation to 

reaction (Fig. 3) 
electrolysis power (kW) 
amount of heat (kW) 
subscripts: c removed from the solution 

E removed from the washing 
ethanol 

1 lost to the environment 
interest rate on the capital market 
(fraction/year) 
Reynolds number (-) 
Schmidt number (-) 
average Sherwood number (-) 
subscripts: 1 in laminar flow 

t in turbulent flow 
depreciation time (year) 
production time per year (s year -1) 
temperature (K) 
change in temperature (K) 
subscripts: c in the crystallizer 

E in the washing ethanol 
cooler 

concentration (weight fraction) 
subscripts: A azoxytoluene 

B by-products 
N nitrotoluene 
W water 
max maximum 

1,2.. .6 these numbers indicate 
on the location in the 
flow circuit (Figs. 2 
and 3) 

average concentration (weight fraction) 
subscripts: N nitrotoluene 

r in the reactor 
c in the crystallizer 

change in concentration (weight fraction) 
subscripts: A azoxytoluene 

N nitrotoluene 
r in the reactor 
c in the crystallizer 

z number of electrons involved 
(kmol eq. kmo1-1) 
subscripts: A at the formation of one 

molecule of azoxytotuene 
N at the reduction of one 

molecule of nitrotoluene 
/~e dynamic viscosity of the catholyte 

(Nsm -2) 
r h current efficiency (-) 
*/s chemical yield on mass basis (-) 
7/a anodic polarization CV) 
77 c cathodic polarization (V') 
r/a ohmic potential drop (V) 

subscripts: a between anode and 
membrane 

c between cathode and 
membrane 

m across the membrane 
Pc density of the catholyte (kg m -a) 

1. Introduction 

Electrochemical production of o-tolidine (tolidine) 
from o-nitrotoluene (nitrotoluene) has to take 
place in at least two separate steps, namely: the 
reduction of nitrotoluene to o,o-azoxytoluene 
(azoxytoluene) in alkaline solution and the reduc- 
tion of azoxytoluene to hydrazotoluene in acidic 
solution, which is then directly rearranged into 
tolidine [1 ]. Tolidine is used as an intermediate 
for the production of azo-dyestuffs, important 
pigments for textiles. 

Experiments have shown that the azoxytoluene 
can be produced electrochemically in a con- 
tinuously operating process involving electrolysis 
in a divided flow ceil, crystallization and filtra- 
tion to separate azoxytoluene from the catholyte. 
The process uses a water-ethanol catholyte and a 
distillation to remove excess water from the 
catholyte caused by water-formation in the 
cathode compartment and water transport from 
the anode into the cathode compartment (Fig. 1). 

It is well known that the overall costs of, in 
particular electro-organic processes are profoundly 
influenced by product separation costs [2] and by 
costs of anolyte and catholyte regeneration. The 
azoxytoluene process is typical of electro-organic 
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Fig. 1. Simplified flowscheme of the azoxytoluene production process. The numbers indicate the units for azoxytoluene 
formation (1), the azoxytoluene isolation (2), the water removal (3), and the by-product removal (4). 

processes where two different methods of separ- 
ationare applied simultaneously. 

In this study a method is outlined for calculat- 
ing the overall costs of  the azoxytoluene produc- 
tion in small quantities. This method is illustrated 
by the calculation of the costs of  an azoxytoluene 
production of 5 kg h -1 . 

This reduction has to be performed in a divided 
cell to prevent electrochemical oxidation of 
reduced organic material. The electrode compart- 
ments of the cell are separated by a cation-exchange 
membrane of the Nation type. 

2.2. Catholyte and anolyte 

2. Electrolytic conditions 
The process design is strongly affected by both the 
electrochemical process and the additional separ- 
ation processes. In particular, the electrolyte, the 
raw materials, the main product and, eventually, 
by-products are of great interest for selecting the 
type of electrochemical reactor and the additional 
processes. 

2.1. The electrolytic cell 

The electrochemical reduction of nitrotoluene to 
azoxytoluene takes place according to [3] 

2 R N O 2 + 6 H  + + 6 e ~ R - N  = N - - R + 3 H 2 0  

O 
where R = CH3C6H5. 

The catholyte is a one phase mixture of water and 
ethanol chosen because of a higher chemical yield 
of azoxytoluene in a water-ethanol solution than 
in a highly concentrated aqueous McKee-salt 
solution [1]. 

To prevent the formation of two immiscible 
liquid phases the concentration of water in the 
catholyte may not exceed a maximum. It has been 
found that at temperatures up to 313 K this 
maximum depends on the concentration of nitro- 
toluene (XN) and on the temperature. The logar- 
ithm of the maximum concentration of water in 
the catholyte (Xw, max) is found to be 

log Xw,max = -- 1.38 + 0.004 T - -  2.86 XN 

(1) 
The solubility of  azoxytoluene in the catholyte 
is determined as a function of the nitrotoluene 
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concentration at temperatures between 275 K and 
291 K for ethanol-water solutions (vol %/vol % = 
90 : 10) containing no NaOH, and 0.5 tool dm -3 
NaOH. 

It has been found that the relation between 
the maximum concentration of azoxytoluene 
(XA,max) , the concentration of nitrotoluene and 
the temperature is given by 

log XA'max = -- 14.74 + 0.0492 T 
1 - -  X A , r a a x  

xN (2) 
+ (0.094 T- -  21.52) 1 --XN 

The presence of Na0H has no influence upon the 
solubility of azoxytoluene in the catholyte. Since 
the solubility of azoxytoluene at temperatures 
below 273 K is much more influenced by the 
amount of nitrotoluene and the temperature than 
by the water-ethanol ratio, relation 2 is used to 
calculate XA,raax at all ratio's in the economic 
evaluation. A solution of 2 mol dm -3 H2SO4 
serves as the anolyte. 

2.3. Chemical y ie ld  and current efficiency 

As well as azoxytoluene, by-products are formed. 
These by-products are water and probably aro- 
matic amines. The chemical yield (r/s) of azoxy- 
toluene is defined by the ratio of the azoxytoluene 
production and the nitrotoluene consumption on 
a weight basis (this implies that the maximum 
theoretical yield is 0.82). The chemical yield 
depends on many factors, in particular, the nitro- 
toluene and azoxytoluene concentrations in the 
reactor [1]. 

From the experimental results [1] it follows 
that a chemical yield of 0.82 is attainable at low 
current densities (i ~ il), nitrotoluene concen- 
trations higher than 0.2 mol dm -3 and at azoxy- 
toluene concentrations lower than 0.1 mol din-3. 

No extensive research about the effect of these 
parameters on the azoxytoluene yield is performed. 
It has been found that % decreases with increasing 
XA/XN ratio, especially at XA[XN > 1 [1]. 

From the reaction scheme for the reduction of 
nitrotoluene [3] and assuming by-products are 
formed by reduction of azoxytoluene, it can be 
deduced that at constant electrolyte flow con- 
ditions and cathode potential, the azoxytoluene 

yield is: 

r/s = as - bs  X___fi_A ( 3 )  
XN 

This relation is supported by the experimental 
results if a s = 0.82 and bs = 0.04. 

It has been found that a current efficiency (r/i) 
for the azoxytoluene formation of about 85% can 
be attained at maximum chemical yield [1 ]. This 
means that 15% of the current is used for hydro- 
gen production. The formation of hydrogen is not 
included in the calculation of the process costs. 

Moreover, it is assumed, that the formation of 
one molecule of azoxytoluene needs two electrons 
and the molecular weight of the by-products is 
equal to the molecular weight of azoxytoluene. It 
can be shown that the current efficiency for the 
azoxytoluene formation is: 

r/i = 3 r/s/(3.28 - % )  (4) 

2.4. Cell voltage 

The cell voltage (Eb) depends on many factors, 
including the nature of the electrode materials, 
anolyte and catholyte compositions, type of 
membrane, the distances between membrane and 
the electrodes and the current density. Generally, 

~b = ~ + ~ . + r / c + r / a  (5) 

In the following, approximations are given for 
these contributions to the cell voltage. 

Taking into account a difference of about 14 
pH-units between anolyte and catholyte and con- 
sidering the current density/potential curve for the 
reduction of nitrotoluene at platinum [3 ], it is 
assumed that Er = 1.8 V. 

Only the reduction of nitrotoluene is taken into 
account at calculating the overpotential of the 
cathode. It can be deduced theoretically that r/e 
increases with log rci/Q1 -- i). From experimental 
data it can be derived that 

r/e = 0.5 + 0.1 log (ki[(i, -- i ))  

For oxygen evolution at the anode it is given 

r/a = 0.5 + 0.1 log i. 

The ohmic resistance of the catholyte depends 
strongly on the weight fraction of water in the 
catholyte (Xw). It has been found, that for an 
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alkaline water-ethanol solution and a distance 
between the membrane and the cathode of 2 mm, 
the ohmic potential drop across the catholyte is 

r/a,e = 3 i 10 -(1"4 xw+3). 

The ohmic potential drop across the anolyte, 
with a specific resistance of 110 g2m and a distance 
between membrane and anode of 4 mm, is given 
by r/a, a = 4.4 x 10 -s iV. The ohmic potential 
drop across the Nation 495-membrane is given by 
r/a, m = 1.2 x 10 -4 iV. Summation of these con- 
tributions gives the overall cell voltage: 

E b = 2.8 + 0.1 log.  + 0.1 log i 
tt - - i  

+ 3 i 10 -O'4xw+3) + 1.64 x 10 -4 i (6) 

2.5. The increase o f  the water content o f  the 
catholyte 

According to the electrode reaction for the reduc- 
tion of nitroluene, three molecules of water are 
formed per molecule of azoxytoluene. It is 
assumed that no water is formed during the for- 
mation of other by-products. 

The transport of H+-ions and water through the 
membrane are inter-connected. Based on literature 
data [4], it is assumed that 2.5 molecules of water 
per H+-ion are transported from the anolyte to the 
catholyte. It is also assumed that this transport is 
independent of the composition of both elec- 
trolytes. It can be derived that 

Mw NA 
N w = 1 8 - - - -  (7) 

MArls 

3. The e c o n o m i c  evaluation of the process 

The process scheme (Fig. 1) is divided into four 
parts which are evaluated separately. These parts 
concern the azoxytoluene formation, the azoxy- 
toluene isolation, the catholyte regeneration and 
some additional units. The parts are interconnected 
by the mass balance for the catholyte components. 

Integral optimization parameters, deduced from 
the mass balances, affecting each part of the 
process, are used to optimize the complete process. 
These parameters are: 

1. the average nitrotoluene concentration in the 

electrochemical reactor, 2N,r, in weight fraction; 
2. the relative decrease in nitrotoluene concen- 

tration in the electrochemical reactor, a = &XN,r/ 

)CN,r ; 
3. the decrease in azoxytoluene concentration 

due to the isolation, AXA, c, in weight fraction; 
4. the chemical yield of the azoxytoluene 

formation on a weight basis, ~Ts. 
The evaluation starts with the calculation of the 

mass flows and component concentration being 
essential for the size of each process part. Here- 
after, the total of investment costs and energy 
costs is calculated as a function of the optimiz- 
atio parameters, for each part of the process, at a 
fixed rate of azoxytoluene production OVA). 
Finally, these parameters are optimized to mini- 
mize the total process costs. It should be noted 
that the costs of raw-materials and labour are not 
included. 

3.1. The overall mass balance 

The mass balances of nitrotoluene, azoxytoluene 
and the by-products (Fig. 2) are used to calculate 
the size of all parts of the process that are involved 
with the reaction, the azoxytoluene isolation and 
the by-product removal. 

The mass balances of water and ethanol (Fig. 3) 
are used to determine the size of the water removal 
process. Therefore, these balances are evaluated 
separately. From the overall mass balances of 
nitrotoluene, azoxytoluene and by-products 
(Fig. 2) it follows that: 

N N = NA/rl s (8) 

and 

NB = NN -- NA. (9) 

Since a = AXN,r[2N, r it can be deduced that XN 
on location (1) at the liquid circuit (Fig. 2): 

xN,1 = 2N,r (1 -- �89 (10) 

From relation (3) and from the mass balances of 
nitrotoluene and azoxytoluene it is calculated that 

2N,r (as_rls)+�89 (11)  
XA,1 = bs 

with the condition 

xN,r (as _ ns) _ �89 rl~ a 2Na, > O; 
bs 
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Fig. 2. Scheme of the mass flow 
rates for nitrotoluene (NN) , 
azoxytoluene (NA) , the by- 
products (NB) and solutions. 
The index numbers indicate the 
locations in the process circuit. 

and 

and 

Nbr = N A (1 --XA, 1) --NB AXA,e (12) 

U . -  NN a~N,r NN --Nbr (13) 

These relations are sufficient to design the azoxy- 
toluene formation process. Additionally, the 
following parameters are necessary to calculate 
the azoxytoluene isolation and the by-products 
removal processes: 

XA, 2 = XA, 1 -- AXA, e (14) 

and 

Nb, + NN (15) 
xn,2 = N b , + N B  XN,1 

Assuming a complete removal of by-products 
(XB,3 = 0) it follows 

NB (16) 
XB'2 -- NB + Nb~ 

Before evaluating the mass balances of water and 
ethanol (Fig. 3) some assumptions have been 
made: 

(a) The mass flow of washing ethanol (N~f) is 
equal to the mass flow of solution into the filter: 

N~f = N ~  +Nw (17) 

(b) Because the amount of azoxytoluene and 
nitrotoluene in location (3) in Figs. 2 and 3 is low 
compared with the amount of ethanol and water, a 
good approximation is: 

N ~  = Nbr 

(c) The total input of water is given by 
Equation 7. 

(d) The allowed maximum water concentration 
is given by Equation 1. 

(e) To obtain a good separation between the 
water phase and the nitrotoluene phase of the 
bottom fraction of the distillation, it is assumed 
that Xw, s i> 0.975. From this assumption it 
follows that 

ArE ~< 0.025 Nw (18) 

From the mass balance of water and these assump- 
tions, it follows: 

Nbr + Nw 
Xw,4 = 2 Nbr + 2 Nw + ArE (XW,max + Xw,6) 

(19) 

and 

_ Nbr +Nw Nw +ArE 
Xw,6 Nb r Xw'max Nb r Xw's 

(20) 

3.2. The costs of  the azoxytoluene formation 

The costs of the azoxytoluene formation consist 
mainly of the investment costs of the reactor, 
current rectifier, electrolyte coolers, electrolyte 
recirculation pumps, and of the electrical energy 
costs. 

The overall cost of this part of the process is 
a function of the current density and the param- 
eters a, AXA, c, XN,r and ~/s. An optimization 
should be performed to determine for 0 < i <~ ia 

| 
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Fig. 3. Scheme of the mass flow rates for 
water (Nw), ethanol (ARE) and solutions. 
The numbers indicate the locations in the 
process circuit. 
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the optimal current density: 

iopt = MIN [C~nv (i) + Cen (i)] (21) 

First, information has to be gained concerning ix 
being the upper boundary of the current density 
range. 

3.2.1. The limiting current density. Current den- 
sities higher than the limiting current density (ix) 
of the nitrotoluene reduction will cause a consider- 
able decrease in chemical yield. Consequently, we 
only discuss the process for i < ix. The limiting 
current density can be calculated from the cell 
geometry, the mass flow rate relations and the 
nitrotoluene concentration. 

A filter press cell with electrodes of length L 
and width H and with a distance of d e between 
cathode and membrane is used. The cross-section 
of the cathode compartment is equal to dell. The 
reactor consists of n cells. 

For an infinitely wide electrode with fully 
developed flow and a rather small change in the 
average concentration along the reactor, [5] gives 
relations for the limiting current and the average 
Sherwood number for laminar and turbulent flow. 

In this paper we calculate the process costs for 
a small relative decrease in nitrotoluene concen- 
tration in an electrochemical reactor being equal 
to or less than 0.1. For determining the limiting 
current density il, the average concentration of 
nitrotoluene 2N,r is used. Taking into consideration 
the change in the dimension of concentrations, it 
follows from [5 ] that the limiting current density 
is given by: 

ix = zN F P_~e 2S,r ff~ D (22) 
MN 1 --2N,r 2 d  e 

The mass transfer rate of nitrotoluene to the 
cathode is given by [5]: 

S--if1= 1 . 8 5 ( R e s c 2 d c )  ~ L (23) 

in laminar flow (Re < 2500), and 

S--~ = 0.023 Re ~ Se ~ (24) 

in turbulent flow (Re > 2500). 
For the cathode compartment of a parallel 

plate reactor, the dimensionless numbers are 

Nrr +Nbr +NA 2 
Re = (25) 

H + d e Pc n 

where the mass flow rate through the cathode 
compartment is Nrr + Nbr -t- N A (Fig. 2), and 

and 

S c -  Pc (26) 
PeD 

~ ' ~ -  /~2de 
(27) 

D 

The minimum cathode area needed for a fixed 
azoxytoluene production rate is: 

zA F 'NA 
Ae,min - 7 ? i m A . i l  (28) 

For a fixed azoxytoluene production rate we 
calculate the total mass flow rate in the electro- 
chemical reactor as a function of the parameters, 
a, AXA, e, .~N,2 and r/s. 

To calculate the Reynolds number of the 
solution in one cell of the electrochemical reactor, 
the number of cells, n, should be known. By 
means of numerical iteration the electrode area, 
following from the number of cells (A e = L Hn),  
and the area following from the calculation of 
A e , m i  n (according to Equation 28) are equalized. 
With this electrode area the correct limiting cur- 
rent density is found from Equation 22. 

3.2.2. The electrical energy costs. From the elec- 
trical power relation Pe = Eb iAe, the current 
efficiency and the electricity costs it can be 
derived that the energy costs per kg azoxytoluene 
are 

Eb i A e f  
Cen = (29) 

3.6 x 106 r/iN A 

The applied cell voltage (Eb) is given by Equation 
6. 

3.2.3. The investment costs. The investment costs 
of the electrochemical reactor are proportional to 
the electrode area: 

c; = ab ( q  + ce + Cr.) Ao (30) 

The investment costs of the current rectifier are 
calculated with the method of [6]. 

During the electrolysis heat is generated. The 
heat production rate is 

Q = (Eb --Er) iAe (31) 



644 R .H.H.P .  JAEGER, L. J. J. JANSSEN, J. G. WIJERS, E. BARENDRECHT 

The costs of the heat exchangers, used for cooling 
both solutions, are calculated according to the 
method described by [7], with cost figures given 
by [8]. Water of 288 K is used as the cooling 
medium. The total investment costs (C'v)  of the 
complete electrolysis unit are the sum of the 
investment costs of the separate parts, multiplied 
by a factor of 1.75 [9], that includes all costs for 
piping, instrumentation, etc., that are related to 
this unit. 

Generally, to calculate investment costs per 
kg azoxytoluene (Cinv), the depreciation and 
capital costs are included. It can be derived [9], 
that: 

(1 + r) td 1 
Cinv = Cinv ( l + r)td _ 1 td NA tp rls 

(32) 

3.2.4. The total formation costs. (part 1 of Fig. 1). 
The investment and energy costs for recirculation 
pumps and specific vessels do not affect/opt. The 
pressure loss due to the reactor is much lower than 
the pressure loss in the rest of the circuits because 
of its larger cross section. Consequently, both the 
investment and the energy costs of the recircu- 
lation pumps (Cp) depend on the mass flow, which 
can be calculated from the mass balance and on 
the pressure loss in the circuit, excluded the 
reactor [8, 7]. The costs of vessels (Cv) have been 
calculated according to [8]. Cp and Cv also include 
piping and instrumentation costs, related to those 
pumps and vessels. By optimization with respect 
to the lowest costs of azoxytoluene formation, 
and with the limitation i < i1, the formation costs 
per kg azoxytoluene are found. Consequently, 

CA,e = Ci, v (/opt) + f en  (/opt) q- Cp q- C v 

(33) 

3.3. The costs o f  the azoxytoluene isolation 

A useful method of separation of the azoxytoluene 
from the catholyte is crystallization of the azoxy- 
toluene followed by filtration and washing of the 
crystals with ethanol. 

From a comparison of different types of 
crystallizers [7] it has been found that the scraped 
surface heat exchanger [10] is very useful in this 
case because it has the advantages of a high heat 
transfer coefficient and the non-occurrance of 
blocking of the heat exchanger by crystals: 

Evaporating freon-12 has been chosen as the 
cooling medium because of its appropriate physical 
properties [7]. The cooling system consists of a 
reciprocating compressor and an air cooled con- 
densor (Fig. 2). 

Before entering the crystallizer, the catholyte 
is cooled with water of 288 K to decrease its tem- 
perature to the crystallization temperature. This 
reduces the size of the cooling system. 

In a combined rotating drum filter-washing 
unit [7], the azoxytoluene crystals are separated 
from the mother liquor by filtration and are 
washed with ethanol to remove residual catholyte, 
in particular nitrotoluene, from the crystals. It has 
been found that a volume of washing ethanol 
equal to the volume of filtered solution is sufficient 
to obtain azoxytoluene crystals with a nitro- 
toluene content less than 0.5 wt %. 

The basis of the cost calculation of the crystal- 
lizer, the heat exchange for cooling the washing 
ethanol and the cooling system is the solubility 
relation of azoxytoluene given by Equation 2. 

The concentrations of azoxytoluene in the 
solution at the inlet and outlet of the crystallizer 
are calculated in Equations 11 and 14. The average 
nitrotoluene concentration in the crystallizer is 
"~N,c : (XN, 1 -~- x•,2)/2. The concentrations XN, 1 
and XN,2 are calculated in Equations 10 and 15. 
The loss of azoxytoluene caused by filtering and 
washing is neglected. 

Using Equation 2 the decrease in temperature 
of the solution to produce N A azoxytoluene, is 
calculated as a function of the optimization 
parameters a, AXA, c, XN,r and r/s. The quantity of 
heat, that has to be removed from the solution, to 
obtain a production of NA is: 

Qe = Cp, e (NN + Nbr) ATe -t- N A AHA, e + QI, c 
(34) 

The external heat loss and the heat produced 
by scraping are assumed to be Ql,e = 0.1 Qc. The 
crystallization enthalpy of azoxytoluene (AHA,c) 
and the specific heat of the solution (cp,e) are not 
given in the literature. The crystallization enthalpy 
of azotoluene from ethanol (namely 126 kJ kg -1 ; 
[11]) has been used. The specific heat of the 
solution has been estimated from the specific 
heat of its components at 273 K (namely 2.5 kJ 
kg -x K-a): 
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With the same cooling system, the washing 
ethanol is cooled from room temperature (293 K) 
to the temperature of the solution at the outlet 
of the crystallizer. 

The quantity of heat that has to be removed 
from the washing ethanol is 

QE = Cp, E (NN + Nbr) ATE + Q1,E (35) 

It is assumed that the external heat loss Q~,E = 
0.05 QE. 

With the method described in [7] the cooling 
system is fully designed as a function of QE + 
Qe and the used evaporation temperature of 
freon-12 in both heat exchangers. The evaporation 
temperature of freon-12 has a great influence on 
the size of both heat exchangers and the cooling 
system. Optimization of the investment and energy 
costs of the heat exchangers and the cooling 
system, with respect to the evaporation tempera- 
ture of freon-12 shows that the optimum tempera- 
ture is 1 K lower than the solution temperature 
at the outlet of the crystallizer. Prices from [8] 
are used in the calculations. The total costs for 
isolating the azoxytoluene are the sum of the 
optimized costs of the crystallization and washing, 
and the costs of precooling and filtration. 

The costs of the filtration-washing unit are 
fixed on Dfl* 40000 [8], and assumed to be 
independent of the crystal production, owing to 
the small production rates. 

The total costs for azoxytoluene isolation are a 
function of the optimization parameters a, AXA, e, 
25r,~ and ~s- In the last section of this paper the 
optimum parameters will be calculated. 

3.4. The costs of the removal of  water 

Water can be removed from the catholyte in 
various ways. Absorption of water on a selective 
absorbent has the problem of the regeneration of 
the absorbent. To separate the water by crystal- 
lization requires very low temperatures [ 11 ]. For 
these reasons distillation has been chosen. 

Distillation experiments have shown that the 
volatilities of nitrotoluene and azoxytoluene are 
much lower than those of ethanol and water. This 
implies that this multicomponent distillation can 

* Dfl:is the Dutch Guilder; at its December 1981 value. 

be regarded as a binary distillation of ethanol and 
water. 

Because the molar enthalpies of liquid and 
vapour mixtures of ethanol and water do not 
change with the composition [7], the number of 
equilibrium stages needed for separation are 
numerically calculated analogous to the McCabe- 
Thiele method [7] from the equilibrium data 
given in [12]. The mass flows and compositions 
of the distillation and of the bottom-product 
are calculated with Equations 17-20. 

A randomly packed distillation column, with 
a packing of Ceramic Intalox Saddles, is appro- 
priate for small separation processes [13, 14]. The 
packing size, packed-bed height per theoretical 
stage and the packed-bed diameter are calculated 
with the method described in [13]. The invest- 
ment costs of the column without packing are 
calculated from the column size [9]. The packing 
costs are given in [7]. The total costs for the 
column with piping, isolation, instrumentation, 
etc. is calculated from a correlation diagram [9]. 

The energy demand of the distillation is calcu- 
lated in the McCabe-Thiele procedure [7 ]. It is 
assumed that the reboiler is heated by steam of 
30 bar (663 K). The azoxytoluene process is con- 
sidered to be a part of a big plant with its own 
steam generation. In this case the steam price is 
known [8]. 

The investment costs of the following heat 
exchangers are calculated: reboiler, feed-heater, 
condenser, distillate cooler and bottom-product 
cooler (see Fig. 1). These heat exchangers are 
calculated by the method described in [7]. Their 
prices are given in [8]. 

The investment costs of the vessel for separation 
of the bottom-product in a nitrotoluene and a 
water phase are assumed to be fixed at D r  10 000 
for a 1 m 3 vessel [8]. 

Finally, the total dewatering costs are calcu- 
lated by summation of all costs, mentioned above. 
The total costs are a function of the optimization 
parameters a, AXA,e, "~N,r and ~s. 

3.5. The costs of  the removal of  by-products 
and additional process parts 

No extensive research has been done on determin- 
ing the nature of the by-products, probably 
aromatic.amines, arid the methods of  removing 
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them from the catholyte. Therefore, the following 
cost calculation is a fairly rough estimation. 

It is assumed that the by-products, which are 
in the nitrotoluene phase after the separator, can 
be easily washed out with acidified water. The 
price of  the washing column is estimated Dfl 
20 000 [8] and assumed to be independent of the 
optimization parameters. 

The polluted water, coming from the washing 
column and the phase separation vessel, is treated 
by a specialized finn. The cost of this treatment 
is Dfl 0.50 per kg of delivered waste water and is 
independent of the pollutant concentration. The 
amount of produced waste water is the sum of 
Nw + NE + NB (Equations 7, 9 and 18) and the 
amount of water from the washing column. The 
latter is assumed to be one-tenth of the nitro- 
toluene flow, Nbr (Equation 12). 

The costs of  the additional parts of the process, 
i.e. the nitrotoluene and ethanol storage vessels 
of  1 m 3 each, and four small pumps, are estimated 
Dfl 40 000 totally. 

4. An example of the economic evaluation 

The calculations, outlined in the previous sections, 
are used to evaluate the process costs of  an azoxy- 
toluene production rate of 5 kg h -1. Production 
rates of this magnitude are often used in the dye- 

2 .50  

2 .30  

Df/kg 
2.10 

1,90 

�9 0.04 

0.03 

1.70 0.01 

1.50 . . . . . . . . . . . . .  ' ' 
0 .4 0.6 0 .8  1.0 1.2 1.4 1,6 "t.8 2,0 

ID X 10 "1 

~ N , r  

Fig. 4. The azoxytoluene formation costs (CA,f) in 
Dfl kg -1 produced azoxytoluene versus ~N,r, with param- 
eter a. Conditions; ns = 0.80, a x a ,  e = 0.16. 

stuff industry. The constants used in the calcu- 
lations are given in Table I. 

4.1. The azoxytoluene formation 

The formation costs (CA,f), as a function of the 
optimization parameters a, 2N,r, AXA, c and r/s, 
are shown in Figs. 4-6. The figures only show 
the cost curves for xN,r >~ 0.04 (see section 2.3). 

Table 1. Important constants used in the calculations 

Symbol Value 

NA 
as 
bs 
MA 
MN 
H 
L 
de 
ZN 
ZA 
f 
Ca 
Cc 

Cm 

ab 
r 

td 
tp 

5 k g h  -1 
0.82 
0.04 
226 kg kmo1-1 
137 kg kmo1-1 
0.5 m 
0.5 m 
2 mm 
3 
6 
0.125 Dfl kWh -1 
500 Dfl m -2 
2500 Dflm -2 
1000 Dfl m -2 
1.75 
0.1 fraction year -~ 
5 year 
7000 h year -1 

2 .50  

CA,f l 
2.30 

D f / k g  

i i i i i i I I I I I l l l l  

2.10 

1.90 0.002 

O.OOS 

1.70 
0.2 

0 .4  0-(5 0.8 1,0 1.2 %4 1,6 1.8 2,0 
t, XlO "1 

X N , r  

Fig. 5. The azoxytoluene formation costs (C A f) in 
Dflkg -1 versus 2 N r with parameter AX A c" C~nditions; 
ns = 0 .81,a  = 0.0~. 
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2.40 , , , . . , , , , , , , , , 

2.20 

D f / k g  0 . 6 o  

2.00 

1.80 

0.813 

1.50 

1 . 4 0  I i I I i i i i i i . . . . .  
0.4 0.6 0-8 1.0 1.2 1.4 1.6 1.8 2.0 

_ _  I t  XlO "1 
XN, r  

Fig. 6. The azoxytoluene formation costs (CA j )  in 
Dflkg -1 versus xN,r with parameter %. Conditions; 
AXA, e = 0 .16,a  = 0.03. 

From Fig. 4 it follows that the lowest costs are 
almost independent of a. 

Figure 5 shows that the influence of AXA, e 
on CA, ~ is very small. The influence of the chemi- 
cal yield 075) on CA,f is high. The lowest for- 
mation costs will, of course, occur at the maxi- 
mum chemical yield of 0.813, determined by the 
restriction given in Equation 11. 
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Fig. 7. The azoxytoluene isolation costs (CA,i) in Dflkg -1 
produced azoxytoluene versus 2N, r with parameter AXA, e. 
Conditions; dot ted line, r/s = 0.81, a = 0.1; solid line, 
~s = 0.80, a = 0.01. 

1.00 

0 . 9 4  

0.92 

0.90 

0.88 

I I I I [ I 

).71 l0 ~1 8 0-805 0.81 

0.86 . ~ " T ' - -  

0.84 0.76 ; 
0;75 

0.82 

r i i i , , 
0"800.4 ' 0.6 ' 0 1 8  ' 1 . 0  ' 112 ' 1.4 1~6 1.8 2.0 

--  P XlO -I 
XN,r 

Fig. 8. The azoxytoluene isolation costs (CA,i) in Dflkg -1 
versus 2N~ c with parameter ~s. Conditions; 2XXA, e = 

0.05, a = 0.1. 

4.2. The azoxytoluene isolation 

Calculations show that the influence o f  a on the 
isolation costs (CA,i) is low. The isolation costs, 
as a function of  ~?N,r, r/5 and AXA, c are represented 
in Figs. 7-8 .  

4.3. The removal o f  water 

It has been found that the influence of  a on the 

3.65 ~ l ~  

CW! .45  O.lO 

D f / k g  

2,65 

/ / / / 0 . 0 8  J .,// 0.17 

1.65 

1.15 

t n t . . . .  , , . . , . 
0"65.4 016 0'.8 1.0 1.2 1.4 1.6 1.8 2.0 

XIO "1 --  k 
X N , r  

Fig. 9. The water removal costs (Cw) in D r  kg- 1 produced 
azoxytoluene versus xN,r with parameter 2XXA, e. Con- 
dit ions;a = 0.05, % = 0.813. 
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4.5o 

Cw] 4,00 - -  

350 

3.00 

2,50 

2,00 

1.50 I 

1.00 

0.50 
O.4 

0.75 ~ ~  

0.813 

i i i , i i i i t i 
0.6 0',8 1.0 1:2 11.4 11.6 1:8 2.0 

- -  I= X10-1 
XN,r 

Fig. 10. The water removal costs (C w) in Dflkg -1 versus 
xN,r with parameter %. Conditions; AXA, e = 0.05, 
a = 0.05. 

water removal costs (Cw) is low. Cw as a function 
of  2N, r, r/s and AXA,e is represented in Figs. 9 -10 .  

If  AXA, e and XN,r are low, Cw is high because 
a large flow of  solution has to be distilled. I f  
AXA, c and 2N,, are high, Cw is also high because 
a small flow of  solution needs a very good separa- 

tion. At very high values o f  AXA, e and 2N,r the 
flow of  solution is too small to remove enough 

water. At  low values of  r/s, much water has to be 
distilled. 

2.00 

Cb[ 1.90 

1.80 

D f / k g  

1.70 

1,60 

1.50 

1.40 

1.3(; O.4 

, , . . . . . . . . .  , , . . 

0.60 

0.65 

0.70 

0.75 

0.80 
0.813 

' 1~0 '112 10.16 i 0~8 i 11.4 1 1.6 118 2.0 
,= XlO "1 

XN,r 

Fig. 11. The by-product removal costs (Cb) in Dflkg-' 
versus-XN,r with parameter ~s. Conditions; AXA, e = 
0.16, a = 0.03. 

4.4. The removal o f  by-products 

The costs of  the by-product  removal (C)b are 
almost independent Of2N,~, AXA, c and a. Figure 
11 represents Cb as a function o f  the chemical 
yield. 

4.5. The total process costs at the optimal 
conditions 

Figures 7 -8  show that  the boundaries for AXA, c, 

r/6 and XN,r are determined by  the azoxytoluene 
isolation process. These boundaries are almost 
independent of  a. The opt imum parameters 

AXA, e, r/s and XN,r are determined by  summation 

of  CA,i, CA,e, Cw and Cb (Fig. 12). I t  has been 
found that  the opt imum parameters are r/s = 

0.81, AXA, e = 0.05 and 2N, r = 0.18. In practice 
it is more appropriate to use a broad minimum, 

because it can be controlled more easily. There- 
fore, a more convenient opt imum is r/s = 0.80, 

AXA, c = 0.06 and 2N, r = 0.13. Knowing these 
parameters, from Fig. 4 it follows that  a = 0.02. 

The total  process costs at the optimal values of  

r/s, a, 2rr,r and AXA, e are Dfl 6.39 per kg pro- 
duced azoxytoluene (specification in Table 2). 
The calculated price has only limited significance 
because the cost figures used in the calculations 
are estimations. The cost is much influenced by  
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Fig. 12. The total production costs (C w + C b + CA, i + 
CA,f) in Dflkg-' produced azoxytoluene versus.~N,r 
with parameter AXXA, c. Conditions; solid lines, % = 
0.80, a = 0.1; dotted lines; ns = 0.81, a = 0.1. 
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Table 2. The process costs specification at the optimum 
parameters; % = 0.80, a = 0.02, ~N,r = 0.13, AXA, e = 
0.06 

Process part Costs per kg azoxytoluene 
(Dfl) 

Azoxytoluene formation 1.70 
Azoxytoluene isolation 0.86 
Water removal 1.85 
By-product removal 1.38 
Additional 0.60 
Total process costs 6.39 

using methanol, instead of  ethanol as the organic 
solvent, has a positive influence on the distillation 
performance. Moreover, it has been found experi- 
mentally, that this change of  solvent has no 
negative effect on the isolation of  azoxytoluene. 
Investigations on the reduction o f  nitrotoluene in 
methanol-water mixtures will give a decisive 
answer on the usefulness of  methanol. The out- 
lined calculation method can also be applied to 
calculate the process costs at the use o f  methanol, 
using the same process scheme. 

external factors like integration of  this process 
in a larger factory, the possibilities o f  treatment 
or regeneration o f  the waste water within the 
factor and local energy prices. 

5. Final remarks 

The calculations have shown that the economically 
optimum electrolysis conditions (current density, 
electrolyte composition) are strongly influenced 
by the additional processes, needed for isolation 
of  the product and regeneration of  the solution. 

Consequently, the additional processes also 
have to be taken into account when designing the 
electrolysis process. The outlined cost calculation 
gives a general method to determine the influence 
of  the process parameters on the total costs for the 
process scheme o f  Fig. 1. 

The calculation has been done with ethanol-  
water mixtures as the catholyte solvent. From a 
brief literature study, it has been concluded that 
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