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oxide in 

Hypobromite and propylene oxide have been generated in an electrochemical pump cell and the pro- 
duction rates have been related to the space-time histories of the species within the cell. Production 
rates are typically 0-15 and 0-11 moth -1 dm -2 (depending on current density) and energy yields 1-4 and 
2-7 kWh kg-1 respectively. Other figures of merit are given. 
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concentration 
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volumetric flow rate 
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Nernst diffusion layer thickness 
kinematic viscosity 
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1. Introduction 

A schematic diagram of a simple form of electro- 
chemical pump cell [1] is shown in Fig. l(a). One 
electrode rotates relative to another producing 
very high mass transfer rates (kM ~ 0"4 cm s -1 in 
metal deposition) while pumping the solution 
radially outwards [2-5]. The measurement of the 
response evoked by a concentration pulse [6] has 
shown [7] that essentially the ce//behaves as a 

plug flow reactor with respect to the radial flow, 
but that within each radially expanding annular 
fluid element the degree of anolyte/catholyte 
mixing is determined by the rotational motion. 
Thus the space-time histories of the reactants, as 
well as the mass transfer rate, are controlled by 
two Reynolds numbers: 

(1) the channel Reynolds number, (Re) = Q/hv, 
which relates to the volumetric throughput 
and mean residence time in the cell; and 

(2) the rotational Reynolds number, (Re~) = 
cor2o/V, which has a dominating influence on 
the mixing during that residence time. 

At zero rotational speed the cell is identical to 
the geometrically similar capillary gap cell [8] and 
another parameter becomes important: 

(3) the local Reynolds number, (ReL) = Q/nrv, 
which is a measure of the local environment 
of the flow at any radius r. 

It has been shown [2, 9, 10] that there is a 
critical value of (ReL) at which an initially turbulent 
flow re-laminarizes, which has an important effect 
on mass transfer and cross-gap mixing. However 
when one electrode is rotating ( R % )  becomes 
controlling and (Ren) is unimportant. 

The pump ceil, therefore, is particularly suit- 
able for reactions which proceed via the mixing of 
electrogenerated species; its application to two such 
reactions is reported here, the formation ofhypo- 
bromite by the electrolysis of sodium bromide and 
the epoxydation of propylene, to which the first 
reaction is a precursor. 
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Fig. 1. Schematic diagram of cell (not to scale). 

U 
2. Reaction schemes portionation, 

2HOBr + OBr- ~ O3Br- + 2Br- + 2H+ (5) 
As the hypobromite/propylene oxide system has  
already received much attention [11, 12] it wilt only and further anodic oxidation of the hypobromite, 
be outlined here. The initial step for both is the 
anodic oxidation of bromide 

2 Br- ~ Br2 + 2e. (1) 

The corresponding cathodic reaction is 

2H20 + 2e ~ H2 + 20H- (2) 

so there is a natural tendency for the pH to increase 
during the reaction and further discussion will be 
limited to alkaline solutions. Hypobromite is 
formed in the bulk phase reaction 

Br2 + H20 ~ HOBr + Br- + H + (3) 

HOBr ~- H § + OBr-. (4) 

There are a variety of possible loss reactions, 
but the most significant are the bulk phase dispro- 

60Br- + 3H20 ~ 203Br- 

+ 4Br- + 6H § + 3/202 + 6e (6) 

both reactions being significant at high concen- 
tration of hypobromite. Reaction 6 is particularly 
damaging to current efficiency. However the short 
residence time in the cell [2, 4] (typically 10 ms) 
and the extremely good mixing [7], which reduces 
high local concentrations of OBr-, suggest that 
bromate formation due to Reactions 5 and 6 in 
a pump cell should be small. Of course, under 
good mixing conditions, the transfer of bromine to 
the cathode where it may be reduced provides 
another possible loss mechanism, so the overall 
performance of the cell for hypobromite produc- 
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tion depends on the balance between electro- 
chemical, chemical and transport rate processes. 

The formation of propylene oxide is thought 
[12] to take place through the formation of 
propylene bromhydrin in a bulk phase reaction: 

CH3 - CH = CH2 + HOBr ~ CH3CH(OH)CH2Br. 

(7) 

The bromhydrin is then thought to be hydrolysed 
in the locally very alkaline region close to the 
cathode [12]: 

CH3CH(OH)CH2Br + OH- 

CHaC.H -- ,CH2 + H20 + Br-. (8) 
\ /  

O 

Trial chemical experiments showed that the 
bromhydrin was readily formed, but was only 
slowly hydrolysed at the average pH in the recir- 
culating electrolyte loop (about 9-5), whereas in 
the pump cell hydrolysis was virtually complete at 
exit. 

Bromination of the propylene is also possible 

CH3 - -  CH = CH2 + Br2 ~ CH3CHBr CH2Br. 

(9) 

The overall success of the process, therefore, 
depends on the relative rates of hydrolysis of Br2 
and the bromhydfin, as well as on the local con- 
ditions of mixing, dispersion and reaction during 
the transit time of the cell, as in the hypobromite 
case. 

3. Experimental 

The cell used in this work was an adaptation [2-4] 
of a Premier colloid mill, the carborundum stones 
of which had been replaced by disc electrodes 
84 x 48 or 107 x 48ram o.d./i.d. [Fig. l(a)]. The 
anode was graphite and the cathode graphite or 
stainless steel. Polarization curves determined for 
2% NaBr solution showed an inflexion at 900 mV 
(SCE), which was adopted as the working poten- 
tial in the earlier experiments and maintained by 
a type 20/20A Chemical Electronics potentiostat. 
Above 900 mV oxygen was evolved but the poten- 
tial could be increased to 1200 mV (SCE) without 
significant loss of current efficiency. The cell 
voltage was in the range 2.3-2.9 V. 

Since, unavoidably, the rotor was in electrical 
contact with the structure of the mill through the 
beatings, the rotor was made cathodic and the 
electrically insulated stator anodic. All intemal 
surfaces of the mill (largely stainless steel) were 
coated with epoxy fdm. Partly as a result of this 
work a new cell has been produced [13] in which 
only ceramic, polypropylene and the electrode 
material contact the electrolyte. 

For most experiments the nominal gap setting 
was 0.15 mm and the flow rate was held at 
4-51 min -1 independently of rotational speed by 
use of a throttle valve. Under these conditions 
[2, 3] the pressure just inside the entry to the 
annular gap is sub-atmospheric [3], providing the 
ideal place for injection of propylene gas, which 
was subsequently highly dispersed by the rota- 
tional motion. Since propylene is only sparingly 
soluble in water, the presence of many small 
bubbles (with consequently large surface area) 
helps to re-establish saturation as dissolved 
propylene is consumed. Reaction at the phase 
boundary is also possible. Conversion of propylene 
was typically 40-70% during a single passage of 
the cell. 

The electrolyte was 2% NaBr, 301 of which was 
recirculated continuously and maintained at about 
15 ~ C to retain the propylene oxide in solution; 
the alternative of operating at a higher tempera- 
ture to increase the current density and distil off 
the low boiling propylene oxide could not be 
adopted because the mechanical design of the 
original colloid mill did not allow the effective 
collection of exhaust gases, although this would 
be possible in the new design of cell [13]. 

The concentration ofhypobromite was deter- 
mined by titration with thiosulphate [14] and by 
u.v. adsorption [15] at 330/am, the latter being 
the preferred method for continuous process 
control. Bromate was estimated by thiosulphate 
[14]. Propylene oxide was determined on a Pye 
104 GLC using an internal standard. 

4 .  R e s u l t s  

Fig. 2 shows the rate of production ofhypobro- 
mite for various rotational speeds using an 
84 x 48 mm graphite anode; dearly after the first 
few recycles the production rate at a given rota- 
tional speed is fairly constant. A local maximum 
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Fig. 2. Production rate of  hypobromite/bromate as a function of conditions. 
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Fig. 4. Production of propylene oxide and hypobromite intermediate - one part stator. 

exists at about 2000 rev min "~ , under which 
conditions the balance of formation and loss 
mechanisms outlined earlier is most favourable, 
but, as expected, the effect is not large. Under 
these conditions bromate is produced at about 
10% of the rate ofhypobromite.  A summary of 
the relevant figures of  merit is given in Table 1. 

In the case of propylene oxide, mixing, and 
hence rotational speed, is much more important. 
Fig. 3 shows a superposition of the curve for the 
relative rate of  formation of PO on top of the 
lines plotting Reynolds number versus rotational 
speed. Above 2000 rev min-1, where (Reck) 

becomes greater than (Re), which was kept con- 
stant in these experiments, the rate of formation 
of PO increases with (Rer i.e. mixing due to 
differential tangential motion. In these exper- 
iments the conversion of OBr- and propylene were 
both less than unity, so the extent of reaction was 
sensitive to changes in environment. Fig. 4 shows 
that the rate of  formation of PO could not keep 
pace with the rate of formation of OBr-; the 
current efficiency, based on PO, was of the order 
of 50%. However, by adopting a two part stator 
[Fig. l(b)] in which the outer annulus was insulat- 
ing (so that the electrochemical reaction was 
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Fig. 5. Production of  propylene oxide and hypobromite  intermediate - two part stator (reduced electrode area). 

suppressed but the electrochemically-generated 
conditions maintained) the residence time in the 
chemical zone was made twice as long as that in 
the electrochemical zone and the conversion of 
OBr- went virtually to completion during the 
mean transit time of the cell (Fig. 5). 

The dependence on cross gap mixing was 
further demonstrated by varying the gap while 
keeping other conditions approximately constant. 
Table 2 shows the maximum current efficiency at 
a nominal gap of 0.25 mm; at 0-15 mm the current 

efficiency is close to that found for the generation 
of HOBr alone (Table 1) showing that this, in fact, 
is not optimal, while at larger gaps presumably the 
intermediates are convected out of the cell before 
the reaction steps are compJete. At a gap of 
0.25 mm the conversion of OBr- during passage 
through the cell was 100%, and of propylene 
about 57%, in a single pass; conversion of more 
than 70% of the propylene is possible even in these 
small cells, but at a lower current efficiency, i.e. 
not all the OBr- is consumed. 

Table 1. Production of  sodium hypobromite from 2% NaBr, graphite anode, nominal gap 0.15 m m ,  900 mV (SCE) 

Rotational (Rer (Re) Current Production rate Energy yield Energy yield Production rate 
speed, n efficiency (molh-1  dm -2 ) (Wh tool -1) (kWh kg -x) ( gh  -1 drn-2 ) 
(10 3 rev rain -1) (%) 

0 0 5 • 10 s 77 0.136 206 1.73 16-2 
2 3.7 • 10 s 5 X 10 s 84 0-168 189 1-59 20-0 
3 5-5 • l 0  s 5 • 10 s 77 0-147 170 1.43 17.5 
4 7.4 • l 0  s 5 • 10 s 76 0-151 205 1-72 18.0 
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Table 2. Production o f  propylene oxide, two-part stator, 3000 rev min -1, graphite anode, 1200 mV (SCE) 

Gap (Reck) (Re) Cur- Production Energy Energy Production Mean Con- 
(mm) rent rate yield yield rate resi- version 

effi- (molh-ldm -~) (Whrno1-1) (kWhkg -1) (gh-~dm -2) dence o f  
ciency time propy- 
(%) (total) (%) 

(ms) 

0-15 9.0 X l0 s 6-7 X 10 s 79 0.089 196 3-38 5.16 10.9 44 
0.25 9.0 X l0 s 6-7 X l0 s 100 0-114 156 2-69 6-61 10-9 57 
0.635 9-0 Xl0 s N 6 Xl0 s 84 0-076 185 3-19 4-41 N 11 38 

In these experiments neither dibromopropane 
nor propylene glycol were detected. 

5. Discussion 

This work shows that in organosynthesis the space- 
time history of  electrogenerated species can be 
equally as important as the electrochemical reac- 
tion which initiates the sequence. Significantly, in 
the production o f  the intermediate HOBr, the best 
conditions (Table 1) are where there is enhanced 
bulk mixing [(Re~) > 0] but the anode-cathode 
transport is not  very efficient [(Re~) < (Re)]. 
However the formation of  PO, which relies on 
hydrolysis o f  the second intermediate in the 
alkaline catholyte layer, is enhanced in general 
by increasing (Rer  although at any given 
rotational speed there is an optimum gap size 
where the balance of  production and loss reac- 
tions is most advantageous. 

Although a full parametric survey was not  
carried out,  Table 2 shows that in a pump cell it is 
possible to produce propylene oxide at a rate o f  
at least 0 . 114molh  -1 dm -2 for an energy cost o f  
less than 2.7 kWh kg -1. (The disparity of  produc- 
tion rates in Tables 1 and 2 is due to the lower 
current  density obtained in the experiments o f  2, 
~attributable to an inferior graphite electrode 
material.) More catalytic anode materials would 
increase the rate o f  production by a factor o f  two 
to five without significantly increasing the energy 
cost,  while probably ten cells would be accom- 
moda ted  on a 10 cm length of  shaft; the space 
time yield would then be about 5 m o l h  -1 dm -3, 
0.29 kg h -j dm- 3 or 7 kg day -1 dm-  3. Since the 
cells used in this work were small, high rotational 
speeds had to be used to ensure turbulent con- 
ditions, however mass transfer, mixing and disper- 
sion depend on Reynolds number, not  rotational 

speed per se; an optimal choice for an industrial 
process would no doubt be larger and would rotate 
more slowly [3]. 

In reactions in which mixing is important and 
surface and bulk phase kinetic rates are different, 
the electrochemical pump cell offers a means of  
substantially de-coupling mean residence time 
and mixing history by independent control o f  
flow rate and rotational speed [7]. This feature is 
being exploited in other organosyntheses [16]. 
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