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A nitro-alcohol electrochemical reduction process for the industrial production of  amino-alcohols is 
described. The reaction takes place according to the scheme: 

RNO2 ~ R N H O H  ~ RNH2 

The hydroxylamine forms on a copper cathode on which a zinc deposit forms during electrolysis and 
this catalyzes the formation of  the amine. Electro-electrodialysis is used to separate the amino-alcohol 
obtained as a concentrated solution from the sulphuric acid. The electrolysis cell is coupled with a 
recycling tank and production is discontinuous. The model proposed integrates in the cathodic 
process: the consecutive electrochemical reactions described above, electrodeposition of zinc and 
evolution of  hydrogen. The calculation takes into account the limitation of  the reactions by the mass 
transfer together with the increase in volume of  the catholyte during electrolysis. The model enables 
anticipation of  the variation in the concentrat ion of  the various species with time and the durat ion 
of  the electrolysis in the galvanostatic mode; it also enables assessment of  thermal release due to 
irreversibilities. The influence of  operating conditions such as initial reagent concentration, program- 
ming current density, ratio of  the electrode surface with reagent quantity and electrolyte flow is 
presented. It is shown that for the operating conditions used in practice quasi-full conversion of  the 
amino-alcohols may be achieved without reaching the stage where hydroxylamine is exhausted as 
characterized by the limitation through mass transfer. 
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electrode area (m 2) 
width of the electrode (m) 
concentration of species i (molm 3) Re 
diffusion coefficient (m 2 s 1) S 
equivalent diameter of the cell = 2bh/(b + h) Sc 
(m) t 
Faraday's constant tm 
distance between cathode and membrane (m) 
current (A) tci 
partial current for reaction i (A) U 
limiting current for reaction i (A) v 
current density (A m -2) 
heterogeneous rate constant (m s -~) V 
average mass transfer coefficient (m s -~) Vm,i 
= 1 - exp ( -k iA /N)  z i 
mole number of species i 
rate of reaction i (molm -2 s 1) AH i 
electrical power supplied to the reactor AQi, z 
(kJm -2 s l) At 
heat power to be removed for isothermal A V 
operation (kJ m 2 s- l ) 
volumic flow rate (m 3 s x) Av 

Qt 
Qi,, 
R, Rt 

total charge at time t (C) 
charge in relation with reaction i at time t (C) 
accumulated current yield, instantaneous 
current yield 
Reynolds number = vDe/v 
reduction stage (Equation 11) 
Schmidt number = v/D i 
time (s) 
time after which hydrogen evolution reaction 
starts (s) 
critical time for reaction i (s) 
cell voltage (V) 
liquid velocity in the cathodic compartment 
(ms 1) 
catholyte vOlume (m 3) 
molar volume of species i (m 3 mol -~) 
electron number transferred in the electrode 
reaction i 
enthalpy of reaction i (kJ mol ~) 
charge variation for reaction i (C) 
time increment (s) 
catholyte volume variation for a At variation 
(m 3 ) 
catholyte volume variation for 1 F (m 3) 
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Greek symbols 

4) 

0 
"C 

V 

(I) 

Additional scripts 

associating factor for the solvent in the Wilke 0 
and Chang correlation f 
temperature (~ C) t 
residence time in the reservoir (s) i 
kinematic viscosity (m 2 s-l)  i = 1 
rotating rate of the electrode (rd s 1) i = 2 
specific constant for the rotating electrode i = 3 
hemisphere: 7 = 0.451 rd-~(rd -j)  i = 4 

starting time 
final time 
time 
reaction or product number 
NMPD or RNOz 
HAMPD or RNHOH 
Z n  2+ 

AMPD or RNH 2 

1. Introduction 

Amino-alcohols make up a family of products widely 
used in the manufacture of cosmetics and detergents, 
or as synthesis intermediates for antiseptics and 
pharmaceutical products. They are prepared through 
reduction of nitro-alcohols obtained by condensation 
of nitro-paraffins (CH3NOz, C2HsNO2 �9 �9 .) with for- 
maldehyde. The reduction of nitro-alcohols may be 
obtained by using the Fe/Fe 2+ couple in a sulphuric 
or acetic acid medium. If  this process is used, large 
quantities of solid residue must be eliminated. It is 
necessary to separate the amine by distillation; yield is 
in the order of 80% [1, 2]. In the case of catalytic 
hydrogenation, for example using Raney nickel in 
methanolic medium under 60 bar pressure between 40 
and 45 ~ C, yield does not exceed 80%. Furthermore, 
side reactions leading to the formation of shorter 
amines, heavy residues and N-methylated derivatives 
that are difficult to separate, make it not a very profit- 
able method [1, 2]. 

Electrochemical processes, operating in favourable 
conditions, avoid the formation of side products. 
Although numerous studies of the reduction of nitro- 
derivatives by electrochemical means have been 
undertaken [3-5], few studies have led to industrial 
application where nitro-alcohols are concerned. How- 
ever, a patent [6] describes a process in which the 
electrochemical reduction of nitro-alcohols is per- 
formed in a sulphuric or hydrochloric aqueous sol- 
ution. The amine is separated once the ammonium salt 
solution has been neutralized. 

L 'AIR LIQUIDE recently improved [1, 2] a reduc- 
tion process by electrochemical means in a sulphuric 
aqueous medium for obtaining a solution with a high 
concentration of pure amino-alcohol that is then 
separated from H2SO 4 using electro-electrodialysis 
(EED). The nitro-alcohols are converted to their 
corresponding amines with yields of over 80%, and 
furthermore, the sulphuric acid solutions can be 
reused. Examples of the amino-alcohols envisaged 
include: tris-(hydroxymethyl)aminomethane, amino- 
2-methyl-2-propanediol- 1.3, amino-2-propanediol- 
1.3, and amino-2-butanol-1. 

This manufacturing process has been studied at 
pilot scale in filter-press type electrolysis cells, with an 
area of up to 1.6m 2. In this type of installation the 
electrolysis reactor is associated with a recycling tank 
and production is discontinuous. Duration of elec- 

trolysis is a critical parameter when such installations 
are used. Consequently, a modelling study was devel- 
oped with the aim of simulating the galvanostatic oper- 
ation of the electrolysis device [7, 8]. The present study 
is concerned with electrosynthesis of amino-2-methyl-2- 
propanediol-l.3 (AMPD) using nitro-2-methyl-2- 
propanediol-l.3 (NMPD) as feedstock; however, the 
results can easily be extrapolated to the reduction of the 
other nitro-alcohols mentioned above or even to elec- 
trolysis of other less soluble nitrated derivatives. Oper- 
ating conditions and results of the preparative elec- 
trolyses for these products are described in reference [2]. 

The amino-alcohol electrosynthesis process described 
in [2] is based on the use of a cathode modified in situ, 
whose principle has been defined and studied else- 
where [9-12]. The electrochemical reduction mechan- 
ism is established through the voltamperometric 
study of the NMPD reduction and the corresponding 
hydroxylamine (HAMPD). The modelling of the elec- 
trolysis reactor operation depends on this reaction 
mechanism and calculations are developed from 
physico-chemical data measured experimentally (rate 
of the hydrogen evolution reaction, viscosity, dif- 
fusion coefficients) or approximately estimated (reac- 
tion enthalpies). 

The aim of the calculation is to describe the vari- 
ations of the concentrations of the various species with 
time during a manufacturing process. The influence of 
operating parameters on the required duration of an 
operation in order to obtain a given conversion is 
examined; particular attention is paid to the effect of 
hydrodynamic conditions and to the initial quantity of 
nitro-alcohol. The thermal power dissipated by pro- 
cess irreversibilities is estimated during electrolysis. 

2. Experimental details 

Preparative AMPD electrolyses were performed in the 
galvanostatic mode in two filter-press type cells with 
cathodic areas of 75 and 440 cm 2, respectively. The 
first cell was built in the laboratory and has a 15 by 
5 cm cathode. The quantity of electrolyte processed 
ranged between 150 and 200 cm 3. Electrolysis oper- 
ations lasted between 2 and 3 h. The second reactor 
consisted of an Electrocell AB (Sweden) ElectroSyn 
Cell Module. 

The cathodes were copper plates each associated 
with a plastic grid used as a turbulence promoter. The 
anodes were made of platinum plated titanium. The 
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anodic and cathodic compartments were separated by 
a cation exchange membrane (IONAC | 3470). Each 
electrolyte circulated in a loop consisting of  a pump, 
a heat exchanger and a regulated temperature reser- 
voir allowing introduction of  the electrolyte or sam- 
pling. Catholyte temperature was maintained at 60 ~ C. 

During the first electrolysis operation a nitro- 
alcohol sulphuric aqueous solution to which a small 
quantity of zinc sulphate had been added was intro- 
duced into the cathodic compartment. During elec- 
trolysis the Zn 2+ cation was reduced to a metallic 
zinc deposit that inhibited hydrogen reduction to the 
advantage of  the hydroxylamine reduction. Once the 
amine reduction was terminated following current cut 
off, the electrolyte was emptied out for EED process- 
ing and it was replaced with a new quantity of nitro- 
derivative sulphuric solution. Prior to the start of the 
next operation zinc first flowed in Zn 2+ form to pre- 
cipitate once more when the cathode potential reached 
a value that was more negative than the Zn/Zn 2+ 
equilibrium potential. 

Use of a Cu-Zn cathode with a high hydrogen 
overvoltage did not completely inhibit the proton 
reduction. By operating with such a cathode and 
with a catholyte with an acidity ratio H+/RX (with 
RX = RNO 2 + R N H O H  + RNH2)in  the order of  
1.1 it was found that hydrogen evolution began once 
nitro-alcohol conversion reached 67%. 

Gas evolution at the cathode was measured during 
certain preparatory electrolyses by using a classic gas 
counter on an airtight cathodic circuit. The volume of 
hydrogen measured was brought back to normal tem- 
perature and pressure conditions following correction 
of the water vapour pressure. 

Reaction progress was followed, during some elec- 
trolysis tests, by potentiometric analysis of  the catho- 
lyte. The proportions of sulphuric acid, hydroxylamine 
and amine were obtained; nitro was deduced by differ- 
ence. The mass balance established on the catholyte 
at the end of  electrolysis showed up a slight loss in 
organic matter because of the membrane's residual 
permeability. Furthermore, density, viscosity and 
resistivity were measured, for several temperatures, on 
samples of  catholyte taken during electrolysis. 

Polarization curves were plotted on a rotating copper 
hemisphere (A = 0.67 cm 2) in a 150 c m  3 isotherm cell 
using a classical three electrodes installation. Before 
plotting each intensity-potential curve, this electrode 
was polished using very fine emery cloth, then care- 
fully rinsed with distilled water. The cathode potential 
was measured with respect to a saturated calomel 
electrode (SCE). The counter-electrode made of a 
platinum wire was housed in a compartment separated 
by sintered glass. The viscosity of  the solutions was 
measured using an Ubbelohde viscosimeter. 

3. Results and discussion 

3.1. The reaction model  

The voltamperometric curve 2 of Fig. 1 shows that the 
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Fig. 1. Current density-potential curves on rotating electrodes. 
a) = 2000r.p.m.; v = 3 0 0 m V m i n  1; 0 = 20~ [KC1] = 0.1M. 
Copper hemisphere (A = 0.67cm2): (t)  ground current; (2) 
[NMPD] = 5.87 x 10 3M; (3) [ZnC12] = 10.5 x 10 -3 M, zinc 
disc (A = 0.19cm2); (4) ground current; (5) [HAMPD] = 5.9 x 
I0 -3 M. 

reduction on copper of a 5.87 x l0 3 M NMPD sol- 
ution starts at around - 0 . S V .  The results of the 
preparative electrolyses in a sulphuric acid medium 
show that with H+/RX = 1.1, reduction of  the nitro- 
alcohol with 4 electrons using the massive copper 
electrode produces hydroxylamine [1, 2]. This reac- 
tion may be schematically described by the equation: 

First stage: 

RNO2 + 4H + + 4e e=-0.sv/scE R N H O H  + H 2 0  

(1) 

Solubility of the nitro-alcohols in aqueous medium 
may be very high: 2 to 3 tool kg -~ of  solvent. At these 
concentrations the Reaction 1 is limited by the rate of  
charge transfer and consequently current densities 
higher than 3000Am -2 may be applied during this 
phase. The concentration of  RNO2 decreased, reach- 
ing the value at which the Reaction 1 is limited by the 
mass transfer [13, 14] after a critical time tcl. The 
limiting current I~.j is then below the imposed current 
/~; there follows a decrease in electrode potential that 
triggers the deposit of  a layer of zinc on the copper 
through reduction of the zinc sulphate added to the 
catholyte during the first operation. The cathode, thus 
modified in situ, then acquires electrocatalytic proper- 
ties that favour the electrochemical reduction of the 
hydroxylamine and the second stage of the electrolysis 
begins. Curve 5 of  Fig. 1 shows that the reduction of  
the H A M P D  on the zinc or zinc-plated copper elec- 
trode starts at around - 1.6 V. 

2nd stage: 

R N H O H  + 2H + + 2e- e=-l.6v/scE> RNH2 + H20 

(2) 

Curve 3 in Fig. 1 is relative to the reduction of the 
Zn 2+ ion on the copper electrode. The metallic zinc 
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Fig. 2. Variation of the current yield for the hydrogen evolving 
reaction as a function of  the reduction stage S of NMPD.  Case of a 
deposit ofzinc on copper during electrolysis. C~,t=0 = 2400molto-3; 
H+/RX = 1.1; 0 = 60~ Other conditions: see Table 3. 

deposit on copper starts at around - 1.1 V and indi- 
cates the transition between the two electrolysis 
stages: 

a n  2+ § 2e- , Zn (3) 

During the second stage the experiment shows that 
hydrogen is released in significant quantities: 

2H20 § 2e ~ H 2 § 2OH (4) 

Figure 2 shows the variation of the current efficiency 
for the co-evolution of hydrogen as a function of the 
reduction stage S. This current efficiency is defined by 
the ratio of the partial current /4 producing H2 to 
the total current L The reduction stage S defined 
by Equation 11 characterizes the progress of the 
electrolysis. 

Under certain operating conditions the concen- 
tration of hydroxylamine may reach the critical value 
C2sc2, at critical time to2, for which the Reaction 2 
becomes limited by the mass transfer. As the solution 
becomes exhausted of hydroxylamine (end of the 2nd 
stage), all the zinc then remains attached to the 
cathode on condition current density is maintained at 
a sufficiently high value. Current density is controlled 
during electrolysis according to a clearly defined pro- 
gramme and its average value is about 2700 A m 2. 

During the next operation the zinc deposit is firstly 
dissolved in the new catholyte and then reconstitutes 
itself during the second phase of electrolysis and so on; 
between two operations the extra zinc required is very 
low. 

It should be noted that, under the selected operating 
conditions, starting with the beginning of the second 
stage, the hydroxylamine reacts chemically on the zinc 
according to the global equation: 

RNHOH + Zn + 2H + > RNH2 + Z n  2+ § H 2 0  

(5) 

Thus, the zinc deposit constitutes a cathode with a 
high hydrogen overvoltage and this favours Reaction 2 
at the expense of hydrogen evolution (Reaction 4), 
during the second stage, that would otherwise be 
easier with the initial copper electrode [15]. Further- 
more, because of the continuous cycle of Reactions 3 
and 5 the zinc surface is continually renewed and this 
prevents any de-activation during the operation. The 
fraction 13 of current due to the zinc deposit is very 
modest because of the low concentration of zinc sul- 
phate (/3 ~< 120 A m-2). Moreover, the passage of the 
current through the cationic membrane is due essen- 
tially to the transfer of solvated protons. The resulting 
transport of water leads to an increase in the volume, 
V, of the catholyte, which progressively reduces the 
amine concentration. In the case of a cationic mem- 
brane IONAC | 3470 used for laboratory cells the 
quantity of water migrating towards the cathodic 
compartment was measured to be approximately 
30 g Faraday -~. Duration of the exhaustion that ter- 
minates the second stage must thus be the shortest 
possible in order to favour amine concentration later 
Oil. 

At the end of the electrolysis the catholyte is intro- 
duced in the EED cell made up of elements identical 
to those of the electrochemical reactor. This cell is 
equipped with an anionic membrane and the following 
reactions take place within the cathodic compartment: 

(RNH3)2SO,. �9 2RNHf + SOl" (6) 

2RNH~ , " 2RNH2 + 2H + (7) 

Cathode: 2H + + 2e- ~ H2 (8) 

Anode: H20 , 1 0  2 -1- 2H + + 2e- (9) 

In the catholyte, the sulphuric acid is separated 
from the amine through electrochemical reduction of 
the proton (Equation 8), and simultaneously by the 
migration of the sulphate ion through the membrane. 
The acid is reconstituted in the anolyte through water 
oxidation (Equation 9) that produces the protons 
necessary to balance the sulphate ion charges. The 
modelling study does not deal with the problem of the 
electro-electrodialysis. 

For the two operations chemical yields are higher 
than 80% and current yields higher than 70% [1, 2]. 

3.2. Diffusion coefficients 

The diffusion coefficients of the electroactive species 
were assessed using the rotating electrode method 
where the NMPD is concerned, and through appli- 
cation of semi-empirical correlations [t6, 17] for the 
NMPD and the HAMPD. 

In a sulphuric acid medium, identical to that used in 
preparative electrolysis, it is not possible to measure 
the diffusion coefficient of the RNO2 and RNHOH 
reacting species even when the acid concentration is 
very low (I0 -2 M) because of the co-evolution of 
hydrogen. Consequently, the kinetic characteristics of 
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the electrochemical reaction (1) were determined for 
the case of  an aqueous solution of  NMPD 5.87 x 
10 -3 M in KC1 0.1 M. 

For a reaction limited simultaneously by the charge 
transfer and the diffusion of the active species the 
current at the rotating electrode is given by [18]: 

i -1 = Ik  I + I1-1 = Ik I + (~zFACD2/3v-I/6)-lco -1/2 

(10) 

where Ik represents the part of the current under kinetic 
control: I k = zFAk(E)C.  

The values of Ik are deduced from the graph show- 
ing I ~ as a function of co -1/2 and from the intercept of  
the straight lines on the I-~ axis for various potential 
values. The slope of  the Tafel line deduced from these 
curves is 78 mVdecade -I. The density of  the corre- 
sponding exchange current is 3.73 x 10 -3 A m  -2. 

The NMP D diffusion coefficient is calculated from 
the slope of  the straight lines of  I-1 against co-~/2. At 
20 ~ measurement of the kinetic viscosity of  the 
solution provides: v = 0,927 x 10-6m2s -1. Using 
Equation 10 it is possible to deduce the value of the 
diffusion coefficient of the NMPD for these conditions: 
D~ = 3.6 x 10 10m2s ~ by t ak ingz  = 4 ands/  = 
0.451 rd -~ [19]. It was not possible to determine the 
HAMP D diffusion coefficient experimentally as at the 
potential where this species reduces on zinc ( -  1.6 V) 
the co-evolution of hydrogen is sufficiently substantial 
to disturb measurement of the current on the rotating 
electrode, even in a neutral medium (KC1 0.1 M); 
no plateau was discernible for the diffusion current (cf  
curves 4 and 5, Fig. 1). Consequently, an attempt was 
made to estimate this diffusion coefficient from semi- 
empirical correlations. 

Wilke and Chang's correlation [16], applied in the 
case of  water with an association factor q~ = 2.6 and an 
NMPD molar volume: Vm,~ = 0.1401 m 3 kmo1-1 [20], 
leads t o a v a l u e D i  = 8.2 x 10 - l~  2s 1, very close 
to that provided by Lusis and RatclilTs correlation 
[17]: D1 = 7.8 x 10 -I~ m 2 s -I. Values of  DI measured 
and calculated for the same viscosity only agree as to 
size. However, in the absence of any experimental data 
on the HAMP D we used Wilke and Chang's corre- 
lation to estimate its coefficient D2 by using as a molar 
volume the value: Vm,2 = 0.1363m3kmol -~. The 
value found is slightly higher than D~: D2 = 8.4 x 
10 -1~ m 2 s 2. 

Table 1. Experimental values o f  volumic mass and kinematic viscosity 
o f  the catholyte for  different values o f  the reduction stage o f  the 
sulphuric aqueous solution o f  NMPD.  Initial N M P D  molality = 
2 .92molkg l; H+/RX = 1.1 

Reduction Volumic mass Kinematic viscosity 10% 
stage (S) ( kgm  -3) (m 2 s -I ) 

0 = 45 ~  0 = 60 ~  0 = 45 ~  0 = 60 ~  

0.00 1225 1215 2.724 1,888 
1.07 II9t  II80 2.I81 1.530 
2.87 1166 1156 2.135 1.540 
6.00 1097 1089 1.393 1.031 

Calculations of electrolysis simulation were per- 
formed using Wilke and Chang's equation to calculate 
mass transfer coefficients. The kinematic viscosities 
used in these calculations are given in Table l. 

4. Representing the model 

The calculation technique is based on the reaction 
mechanism described previously. It enables simu- 
lation of an electrolysis operation performed in gal- 
vanostatic mode (/, constant current), or otherwise in 
the galvanostatic regime with intensity programmed 
in time (I = f ( t ) )  as is the case with electrolyses per- 
formed in the two cells with cathodic areas equal to 
0.044 and 1.6m 2, respectively. The model makes it 
possible to foresee variations in RX compound con- 
centrations with time. It is practical to define a par- 
ameter called the reduction stage in order to charac- 
terize the reaction progress: 

St = Vt[zl C2,, + (zl + z2)C4,,]/n,.,=o (11) 

where S, V, C2 and C4 vary as functions of time t. 
z l - - 4  and (z~ + z 2 ) =  6 are the total electron 
numbers transferred for Reactions 1 and 1 + 2, 
respectively. The term nl.,=o represents the initial 
amount of NMPD dissolved in the initial catholyte 
volume V~= 0. Cz, and C4., are the concentrations of 
NMPD and AMPD at time t. 

The installation includes a recycling tank con ta in -  
ing a volume V, ofcatholyte that is assumed to be large 
with relation to the volume of  the cell. Furthermore, 
it is assumed that flow within the filter-press reactor is 
of piston type. The known models [13, 21] describing 
the temporal variation of an electroactive species 
in this type of installation were developed on the 
assumption that the electrolyte volume does not vary. 
In the present case, because of the importance of the 
increase of the catholyte volume with time, RX species 
concentrations were calculated by assuming that V~ 
increases by an increment A V between the successive 
time intervals At. 

This increment A Vwas calculated using the measure- 
ment of  the increase in catholyte volume in the lab- 
oratory cell, operating with the same solutions and 
the IONAC | 3470 membrane. Calculations were as 
follows: 

AV = 

with 

Q, Av/F with Av = 3Ocm 3 Faraday z (12) 

Q, = f~'/~dt 

4.1. Calculations for the first stage 

(13) 

Q, is calculated as follows: 

Q, = ~ I, At = ~ AQ~,~= Q~,, (14) 
t=O t-O 

The At calculation step is selected as very small with 
respect to the duration of the electrolysis. The calcu- 
lations during this first electrolysis phase are done 
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assuming that the current efficiency for Reaction 1 is 
100%. In fact, in some experiments the analyses reveal 
the formation of a slight amount of amine a little 
before the maximum of the RNHOH concentration 
(Fig. 4). But in the absence of a kinetic law for the 
formation of amine in the first stage, it is assumed that 
only the Reaction 1 takes place on the cathode as long 
as the limiting current IL,I for RNO~ reduction, cal- 
culated by means of Equation 19, remains higher than 
the operating intensity L; the current relative to the 
Reaction 1 is then limited by the charge transfer (the 
value of CI,, is high). The variation in the number of 
RNO2 moles is provided by 

nl,~=0 - nl,, = Q , / ( z , F )  (15) 

The concentrations C~,, of RNO2 and C2,, of 
RNHOH at time t are deduced: 

c , , ,  = n~, , /v ,  (16 )  

G . ,  = (nl,,=o -- n, , , ) /V,  (17) 

with 

v, = v,=0 + )2 A v  (18) 
t = 0  

When the concentration C~,, of RNO2 has decreased 
sufficiently, its reduction rate then becomes limited by 
mass transfer. The RNOz reduction limiting current, 
calculated using the equation [13]: 

I~, 1 = & F N Q , M ~  (19) 

(with i = 1) is compared, for each step of the calcu- 
lation, with the operating current I,. When the con- 
centration C1,, of RNO2 reaches a value such that 
11,~ ~< I, (with critical time t~; c f  Figs 3 and 5) it is 
assumed that the zinc electrodeposition, and the 
second stage both begin simultaneously. From the 
critical time t~l the concentration C~,, of RNO 2 decreases 
exponentially with time and may be calculated for an 
interval At using the following equation (i = 1): 

C~,, = C,.~, A,~ exp ( - A t M ~ / ~ , )  (20) 

The At calculation step for the first stage is chosen 
by determining an approximate value t~ of the critical 
time relative to the Reaction 1. This value is calculated 
by assuming that the catholyte volume remains con- 
stant and equal to the initial volume V,-0 and that the 
current also remains constant: 

t'~l = (zlFV~=oC~,~=o/I) - r,=o/M1 (21) 

The value chosen for At is a small fraction of t~1 
(At = (~/200 for example); the volume of catholyte is 
then calculated for each step using Equation 18. The 
mass transfer coefficient k~ used to calculate the term 
M~ is given by Carlsson [22]: 

ki = 5 . 5 7 ( D J D e ) R e  2/5 Sc  ~13 (22) 

for the ElectroSyn cell. 

4.2. Calcu la t ions  f o r  the s e c o n d  s tage  

For an electrode reaction whose rate is limited by the 

mass transfer (case of Reaction 1 during stage 2, and 
of Reaction 2 at the end of stage 2), the decrease of the 
concentration of the reactive species i is exponential in 
the At interval (Equation 20 with i = 1 and 2). 

The quantities of electricity in Reactions 2 and 3 
during the second stage, and in Reaction 2 at the end 
of the second stage, are calculated by integrating the 
currents/~, ~ as a function of t for each At interval, that 
is: 

AQ,,t  = ziFNCi,(~_Ao~[1 - exp (-AtMi/r~)] (23) 

The experiment shows that hydrogen evolution 
occurs at the beginning of the second stage. During 
this phase the current 12 concerned with Reaction 2 is 
provided by: 

12, ' = It - (I~.~ + I3,1 + /4,,) (24) 

in which [1,1 and I3,~ are calculated by Equation 19. 
In the computations it is assumed that the rate of 
Reaction 5 may be neglected compared to that of 
Reaction 3, therefore the deposition current 13 is taken 
equal to the limiting current as soon as the critical time 
to1 is reached. The current/4,, is provided by a corre- 
lation that is experimental in origin, as a function of 
the reduction stage S, (cf. Fig. 2): 

/4,, = 0.01I,(870Y26 - 7923.22S, + 2677.34S 2 

- 398.24S~ + 22.04S, 4) (25) 

The concentration C2,, of RNHOH during the 
second phase is calculated from the total quantity of 
electricity: 

C2,, = [C2,,dV, ol + ~ A Q ~ , , / ( z l F )  - Q2,d(z2F)]/V~ 
tel 

(26) 

where C~,,cl V,d represents the number of RNHOH 
moles formed at the critical instant td; Y4ct AQ1,~ is the 

quant i ty  of electricity used since td for Reaction 1; and 
with 

t t t 

Q2, t = Q t -  2 m Q l , t -  Z AQ3, t - ~ AQ4,t (27) 
tcl td IH2 

where s AQ3,~ and s AQ4,t are the quantities of 
electricity used respectively for Reactions 3 and 4 and 
tm represents the instant when hydrogen evolution 
begins. 

The amine concentration is deduced from 

C4,, = Q2, , / ( zzFV,)  (28) 

At the critical time tc2 , the concentration of RNHOH 
had sufficiently diminished for condition Izl ~< 12 to 
be satisfied. This instant marks the start of the period 
where the hydroxylamine is exhausted; its concen- 
tration then varies as an exponential function of the 
time during each At interval (cf. Equation 20 for 

= 2).  
Accumulated current yield is calculated from the 

start of the hydrogen evolution (S = 3.9) by the 
equation 

R = (Q,,~ + Q2, ,) /Q,  (29) 
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and instantaneous current yield is provided by 

R, = (I~,, + I2,t)/I, (30) 

In practice, the electrolysis is considered to be 
terminated once S >~ 5.95. 

4.3. Calculation o f  thermal effects 

Electrochemical reactions performed at finite rates 
lead to irreversibilities linked on the one hand to ionic 
transport phenomena through the electrolytes and the 
separator, and on the other hand, to overvoltage at 
the electrodes. These irreversibilities become apparent 
as heat is released. This heat release should be deter- 
mined in order to calculate the area of the necessary 
heat exchangers. The thermal energy Pth to be extracted 
at each instant is the difference between the total 
electric power UI consumed at the cell terminals and 
the enthalpy of  the chemical transformations caused 
by the passage of  the current: 

P~ = Pe~e~ - Y.,~,AH~ (31) 

where hi is the rate of the ith reaction: 

ni = I~/(ziFA) (32) 

The chemical reactions taken into account are the 
cathodic Reactions 1, 2 and 4 each associated with the 
anode Reaction 9. Reaction 3 is not taken into account 
because of the very low value of  the current 13. AHi 
enthalpies of the global reactions: 

RNO2 + H20 ~ R N H O H  + O2 (l ' )  

R N H O H  , RNH2 + 102 (2') 

were evaluated using combustion enthalpies of com- 
pounds of the same family (nitropropane, propyl- 
amine) assuming that the thermal effects relative to the 
two successive stages (Reactions 1' and 2') are within 
the same ratio for nitrobenzene and its derivatives on 
the one hand, and NMPD and its derivatives, on the 
other hand (c f  Table 2). In these calculations mixture 
and protonation enthalpies are not taken into account. 

2500 k / ~ . - [  S 

z0oo oz 

- -  N H O  m 

1000 2 

2 

O f  , ~ J D O  
0 2 5 0 0  5 0 0 0  7 5 0 0  1 0 0 0 0  

t (s )  

Fig. 3, Calculated variations of the H A M P D  and A M P D  concen- 
trations and of  the reduction stage as functions of time during elec- 
trolysis of an NMPD solution. Cathode: initially copper; after tol: 
zinc on copper. ElectroSyn Cell with a cathode of 0.044m 2 (see 
Table 3). CIj= 0 = 2400molto-3; H+/RX = 1.1; N = 1000din 3 h-I ;  
VIA = 0,017m; V = 0,75dm3; tc~ = 4280s; for t = t~t:S = 3.78. 

5. Discussion 

The geometrical characteristics of the ElectroSyn Cell 
(Electrocell AB) for which calculations were made, 
together with some of the operating conditions are 
summed up in Table 3. The calculation technique 
can be easily adapted to the ElectroprodCell with a 
cathodic area of  1.6 m 2. 

Figure 3 shows the variation in concentrations of  
the various species calculated during a current pro- 
gramming time such as the values of the initial and 
terminal current density were respectively 4000 and 
2000 A m 2 (cf. Table 3), and for an initial concen- 
tration of  NMPD equal to 2400 tool m -3. The critical 
time to1 was 4280 s which corresponds to the condition 
I1,1 = I at which the zinc electrocrystallization occurs 
(c f  Fig. 5). This instant also corresponds to the maxi- 
mum H A MP D  concentration (I 760 mol m -  3). For  a 
reduction stage of 5.95 the concentration of NMPD 

Table 2. Reaction enthalpy (kJmol-l) for Reactions (1'), (2') and (4) + (9). Data from combustion enthalpy [23] 

CHsCH2CH2NO2(liq) + H20(liq) ----+ CH3CH2CH2NH2(liq) + }O 2 AH(a) = 364.91 

CsHsNO2(liq) + H 2 0 ( l i q ) ~  C6HsNHz(liq) + ~O2 

C6HsNO 2 (liq) + H20(liq) ----, C6HsNHOH(Iiq) + 02 

C6HsNHOH(Iiq) ~ C6HsNH2(Iiq) + �89 

AH(b) = 303.05 

AH(b, 1) = 269.6 

AH(b, 1) = 0.89*AH(b) 
AH(b, 2) = 33.44 

AH(b, 2) = 0.1 I*AH(b) 

NMPD + H20 ~ HAMPD § O z 

HAMPD -----, AMPD + �89 

AH(I ' )  = 0.89*AH(a) 

AH(I ' )  = 325 
AH(2') = 0.1l*A~q(a) 
AH(2') = 40 

H 2 + }02 .. , H20 AH(4) + (9) = 285.6 
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Table 3. Electrochemical reduction of nitro-alcohols. Characteristics of the ElectroSyn Cell (cathode area: 0.044 m2), and parameters used for 
the preparation of AMPD under galvanostatic conditions 

Parameter Symbol Value Unit 

Electrode width b 0.148 m 
Electrode length l 0.297 m 
Cathode-membrane distance h 0.009 m 
Volumic flow N (8.33-41.7) • 10 -5 m 3 s - l  
Linear fluid velocity v (6.26-31.3) x [0 -2 m s - I  

Mass transfer coefficients kl,  k 2 (4.5-8.6) x 10 _5 m s -  
Initial concentration of  RNO2 Cl,t=0 800-2400 m o l m  -3 
Initial current density i,_ 0 4000 A m 2 
Final current density ir 2000 A m -2 
Cell voltage U 3.5-5.4 V 
Temperature 0 60 ~ C 

An example of current density and voltage variations 
S < 2 : i ( A m  -2) = it_0; S > 4 : i  = if; 2 < S < 
S < 2.8: U(V) = 3.5 + 0.458S; S > 5.4: U =  4.8 

used in the present computations: 
4: i = 3if - 0.5itS 
+ (s - 5.4) 

remaining is then less than 10-4molm -3, that of 
HAMP D has dropped to 4 .17molm 3, whereas the 
concentration of AMPD is of 1520molto -3. This 
value, noticeably lower than the initial concentration 
of RNO2, is due to dilution of the catholyte. The 
accumulated current yield is 87%, and the instan- 
taneous current yield is only 16% because of the high 
level of hydrogen evolution in contrast with the low 
concentration of hydroxylamine. The HAMPD par- 
tial reduction current is still 14 A for a total current of 
88A. 

Figure 4 shown in dimensionless coordinates pre- 
sents the comparison of the calculation results with 
those of  an experiment where NMPD,  HAMPD  and 
AMPD concentrations were followed by potentio- 
metric analysis. The concentration variation curves 
agree rather well. Discrepancies in the concentration 
variation curves of the reagent and the products may 
in part be attributed to the inaccuracy of the method 
for determining the equivalent point for these com- 
pounds. The highest discrepancy between the model 

0 . 7 5  ~ 0 2  

~ . ,  .., ~ .  RNH2 

0 . 5 .  ',,<" " ,/ 

0.25 

0 I 
0 2 4 6 

S 
Fig. 4. Calculated (full lines) and experimental (dashed lines) values 
of  the dimensionless concentrations of NMPD,  H A M P D  and 
A M P D  as functions of the reduction stage. ElectroSyn Cell (see 
Table 3). A M P D  starts to appear at S = 2.4. Calculations for: 
Sr = 5.99; N = 500dm 3 h - l ;  VIA = 0.0144m. 

and the experiment where AMPD was concerned lies 
between the values 2.5 and 4 in the reduction stage. 
Indeed, the model only takes hydroxylamine reduction 
into account from the moment where the theoretical 
conditions for the zinc electrodeposition were achieved 
(S = 3.8 in the case of Fig. 4), whereas the analysis 
proves its appearance at around S = 2.5. However, 
the discrepancy between forecast and the experiment 
is relatively low in the interval: 3 < S < 4.2 because 
of the slow rate of amine formation on copper for 
these conditions; it only shows itself as a difference in 
concentration of the order of 5 to 7% on the maxi- 
mum hydroxylamine concentration. A more compli- 
cated model, requiring more numerous kinetic data 
and a calculation mode based on a voltage balance, is 
not necessary for fulfilling the objective of a forecast 
study of the behaviour of a pilot scale installation. 

Figure 5 shows variations of partial currents with 
time for Reactions 1 to 4 and of the total current, the 

2 0 0 -  

150 - 

I 

.<~ 100- I \ 

0 I t 
0 2500 5000 7500 10000 

t (s)  

Fig. 5. Variations of the partial currents calculated for the electroly- 
sis of a N M P D  solution under galvanostatic conditions. ElectroSyn 
Cell (see Table 3). CLt= 0 = 2400molto  3; H+ /RX = 1.1; N = 
1000dm 3 h - l ;  V / A =  0,017m; Calculated: tel = 4280s; 11, 2 > I 2 
for S = 5.95. ll,t and 112 are the diffusion limiting currents for 
N M P D  and AMPD.  Reduction of NMPD:  It; HMPD:  12; Zn2+ : 13; 
hydrogen evolution: I 4. Total current: I (I = I l for t < tel ). 
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Fig. 6. Calculated values of  the critical time t d and of  the total 
duratin t[ o f  the electrolysis as functions of  the volumic flow rate N 
to reach S = 5.99 in the case of  an N M P D  solution, C~,t_ o = 
8 0 0 m o l m - ] :  (1) tel; (2) tf. Cl~=0 = 2400mol to-3:  (3) tr (4) tf. 
ElectroSyn Cell with a 0,044 m ~ cathode; VIA = 0.0 l 7 m; for other 
conditions see Table 3. 
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Fig. 8. Calculated electrolysis duration as a function of the initial 
quantity of  solution (NMPD: Cij_0 = 2400molto-3) ,  and as a 
function of  the initial N M P D  concentration CI,,= 0. ElectroSyn Cell 
(A = 0.044 m 2) and industrial conditions of  A M P D  production: 
VIA = 0.6m. N = 1000dm 3 h-~; S = 5.99; for other conditions 
see Table 3. 

m'-" 

'E 

1 5 o o  E 

current /4 being calculated by the correlation using 
Equation 25. The instantaneous values of the reduction 
limiting currents for RNO2 (I~,1) and R N H O H  (12,0 
are also shown. Figure 5 represents the results of the 
calculation corresponding to typical conditions for a 
preparative electrolysis. At the beginning of electrolysis 
the current I~ is identical with the total current I 
(100% current yield), then when the curves respectively 
providing I and I~,~ meet again, the values of the 
intensities/1 and 11,1 a r e  equal again. However, for the 
planned conditions, the I2,1 current does not meet with 
the /2 current, and in consequence, the limitation 
through mass transfer does not have an influence on 
electrolysis duration (cf curve 4, Fig. 6); this result 
matches the experimental observations. 

The influence of the mass transfer on the duration 
of  the electrolysis is sensitive when catholyte flow is 

5 . 9 9  

5.98 

co 

5.97 

5.96 

5 . 9 5  i 
3 6 0 0 0 0  3 7 5 0 0 0  390000  

t ( s )  

Fig. 7. Calculated values of  the electrolysis duration o f  an  N M P D  
solution (C~,t_ o = 2400mol to  -3) against the reduction stage S 
under industrial conditions for A M P D  production. VIA = 0.6m; 
N = 400 to 1000dm 3 h - l ;  for other conditions see TaMe 3. 

less than 800dm3h -I (v < 0.17ms 1; k2 < 7.3 x 
10 -5 ms - l )  as shown by curve 2 of Fig. 6 in the case 
of a low initial concentration of NMPD.  This exten- 
sion of the duration of the electrolysis is the result of 
the fall in the mass transfer coefficient (k2 varies from 
8.6 x 10 -5 to 4.5 x 10-Sms -~ when N falls from 
1500 dm 3 h-~ to 300 dm 3 h-~). In accordance with 
Equation 21 critical time tr increases as a function of  
flow (curves 1 and 3 of Fig. 6). 

Electrolysis duration is sensitive to the required 
reduction stage as shown in Fig. 7 for conditions 
close to those planned for industrial electrolysis. The 
increase of  conversion takes place at the cost of  a 
slight drop in accumulated current yield, for example 
it drops from 87 to 83%, when the conversion increases 
from 5.95 to 5.99. This improvement of conversion 
implies an increase in the duration of electrolysis of 
about 7% (cf. Fig. 7) for an AMPD dilution effect of  
less than 1%. 

The duration of the electrolysis also depends on the 
initial quantity of N MP D  to reduce. With the aim of 
discontinuous mode manufacture, on an industrial 
scale, it is important to know the initial volume V~_ 0 of  
solution to electrolyse over a period of  4 days for an 
installation whose cathodic area is A. Figure 8 shows 
the variation of the operating duration to reach a 
reduction stage of 5.99 with standard operating con- 
ditions (C1,,=0 = 2400molm-3;  N = 1000dm 3 h-~). 
This curve allows prediction of the quantity of NMPD 
likely to be processed in 96 h up to the reduction stage 
where S = 5.99 is 173 kg (1285 tool) per m 2 of cathodic 
area of  an ElectroSyn Cell type. It may be contained 
in an initial catholyte volume of 0.535 m 3. In order to 
reach this reduction stage electrolysis leads to a rel- 
atively high increase in catholyte volume as the final 
volume calculated is 0.824 m 3. The final concentration 
of AMPD is then 1540 molm 3. 

The curve showing the variation in the thermal 
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Fig. 9. Variation of the thermal power dissipated as a function of 
the reduction stage S. Case of the ElectroSyn Cell: see Tables 2 
and 3 for the calculation conditions. NMPD: H+/RX = 1.1; 
C l , t _  0 = 2400 mol m -3 .  

energy, Pth, to be removed in order to maintain the 
system at a constant temperature as a function of the 
transformation progress is shown in Fig. 9. The maxi- 
mum is situated at around S = 2; its value is in the 
order of 14.3kWm -2 of cathodic area. The initial 
increase in the thermal energy mainly results from 
the increase in voltage at the terminals due to the 
increase in the resistivity of the catholyte resulting 
from reduction of the AMPD (cf. Table 4). Indeed, the 
initial reagent of molecular nature, is then replaced by 
the HAMPD that captures sulphuric acid free protons 
to provide the corresponding hydroxylammonium ion 
which has very low mobility when compared to that of 
the H +. Up to S = 2, the kinetic viscosity of the 
solution falls by 44% (Table 1), but the decrease in 
conductivity (cf. Table 4) through substitution of H + 
by RNH2OH § has a dominant effect. The thermal 
energy becomes stable with values of S higher than 4 
because of the relative stabilization of the resistivity; 
indeed, the RNH2OH + and R N H /  species have 
mobilities of a similar order. 

6. Conclusion 

Using voltamperometric techniques has made it poss- 
ible to describe the operating mechanism for a copper 

Table 4. Values o f  the conductivity o f  the catholyte for  different 
reduction stages o f  N M P D  in H 2 S04 aqueous solution. Initial N M P D  
molality: 2 m o l k g - l  ; H + / R X  = 1.I 

Reduction 
stage 

Resistivity: p x 102(Dm) 

0 = 30 ~  0 = 50 ~  0 = 80 ~  

0.00 3.65 2.90 2.50 
0.58 4.25 3.40 2.90 
3.74 16.1 12.5 9.60 
4.22 17.9 13.2 9.70 
4.50 18.2 13.5 9.90 
5.50 16.3 12.1 8.85 
6.00 15.7 11~5 8.45 

cathode modified in situ by an electrochemical zinc 
deposit. At the beginning of the electrolysis the nitro- 
alcohol can be easily reduced on copper, and once its 
concentration has decreased sufficiently the polariz- 
ation acquired in galvanostatic mode by the cathode 
triggers the modification of its electrocatalytic activity 
by the formation of a layer of zinc that lowers the 
hydrogen evolution potential. An initial very low con- 
centration of zinc salt is sufficient to induce this pro- 
found change in the cathode activity and, further- 
more, this element can be fully recovered at the begin- 
ning of the next operation. 

Definition of the series of reaction stages led to a 
simple model making it possible to simulate the elec- 
trolysis process in discontinuous mode in the practical 
case of a filter-press reactor coupled to a recycling 
tank. The model, satisfactorily tested through oper- 
ation of a small pilot installation (A = 0.044m2), 
confirmed the absence of mass transfer limitation 
during a manufacturing process performed under 
commercial operating conditions. 

The model is a useful aid in estimating the influence 
of any modification to the time scale with relation to 
the variation of the ratio of the quantity of reagent to 
the area of the electrode used. 
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