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A continuous electrochemical process for bromine production from brine solutions was developed 
based on bromide oxidation and flow-through porous electrode technology. The bromide oxidation 
kinetics in a three-dimensional porous graphite electrode was determined using a small test flow 
cell. The data were analysed and combined into a process model to evaluate the electrode perfor- 
mance under many  different operating conditions. Bromide conversions against cell sizes for various 
brine throughputs were calculated using model equations and verified by experimental data collected 
from a 45 cm long pilot cell. 

Nomenclature 

Symbols 
a 

C°r 
CBr- 
C l r ,  C2r - 

CBrC1 

CBrCI 2 
ccl- 
Cc12 
Ccl; 

CHBrO 
C1Br 

C1CIO 
D 

F 

f 
f~xp 

Lst 

hl,h2,h3 

I 
v I 

vi  a _ 

V/Br- 

electrochemical reaction area per unit 
volume electrode (cm -1) 
total Br content in anolyte (M) 
bromide concentration (M) 
anode inlet and outlet bromide con- 
centrations (M) 
BrC1 concentration (M) 
BrCI2 concentration (M) 
chloride concentration (M) 
aqueous chlorine concentration (M) 
C13 concentration (M) 
anode inlet proton concentration (M) 
HBrO concentration (M) 
anode inlet HBrO concentration (M) 
anode inlet HCIO concentration (M) 
diffusion coefficient of bromide 
(cm 2 S- 1) 
Faraday's constant (96485 Cmo1-1) 
bromide conversion 
bromide conversion measured by 
experiments 
bromide conversions predicted from 
theory 
dimensionless terms representing, 
respectively, the effects contributed 
by incomplete chlorination, hydroly- 
sis, and formation of BrC1 
total cell current (mA) 
cell volume current density 
(mA cm -3) 
volume current density attributed to 
chloride oxidation (mA cm -3) 
volume current density attributed to 
bromide oxidation (mA cm -3) 

lo2 water oxidation current (mA) 
iBr- bromide oxidation current density 

(mA cm -2) 
icl- chloride oxidation current density 

(mAcm -2) 
io2 water oxidation current density 

(mA cm -2) 
KI equilibrium constant of Reaction 

--  (Ccl_)  2 CBrz 
R1, - Cc12(CBr _)2 

K2 equilibrium constant of Reaction 

R2, = CHBrO CH+ CBr- 
CBr~ 

K3 equilibrium constant of Reaction 

R3, --  CBrC1CBr-- 

CBrz Ccl-  

K4 equilibrium constant of Reaction 
R4, - CBra~ 

--  CBrCI Cc1 - 

/£5 equilibrium constant of Reaction 

R5,  CBr~C1- 
= CBr2 Ccl_ 

K6 equilibrium constant of Reaction 

R6, CBr~ 
--  CBr_ CBr2 

K 7 equilibrium constant of Reaction 

CHcIOCH+Cc1 - R7, = 
CC12 

/(8 equilibrium constant of Reaction 
R8. --  Cc13- 

Ca- Cc12 
k first order reaction rate constant based 

on electrode surface area (cm s -1) 
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km 
krl 

L 
(rBr)1 

(rBr-)3 

Vo 

Y 

Greek symbols 

C 

l /  

¢ 

~5 

(I~es t 

~exp 

Superscripts 

0 total 
1 inlet 
2 outlet 
v volume 

Subscripts 

1,2,3,4,5,6,7,8 

mass transfer coefficient (cm s -1) 
bromide oxidation rate constant 
(mA cm -3 M -1) 
chloride oxidation current density 
(mA cm -3) 
electrode length (cm) 
rate of bromide depletion by Reac- 
tion R1 (mmol s -1 cm -3) 
rate of bromide generation by Reac- 
tion R2 (mmol s -1 cm -3) 
rate of bromide generation by Reac- 
tion R3 (mmol s -1 cm -3) 
superficial flow velocity (cm s -i) 
electrode dimension in flow direction 
(cm) 

void fraction of porous electrode 
kinematic viscosity (cm 2 s -1) 
molar concentration of BrC1 as a 
function of bromide concentration 
overall current efficiency 
current efficiency estimated from 
theory 
current efficiency obtained from 
experiments 

Reactions R1 to R8, respectively 

I. Introduction 

Bromine and its compounds are widely utilized in the 
photography industry, as sanitation disinfectants, and 
in manufacturing fire retardants and distinguishing 
materials, etc. The major means to obtain bromine 
is its recovery either from natural brine solutions 
(including sea water, spring water, underground 
brine, or end liquor from salt manufacture) or from 
byproduct bromides such as those obtained in 
halogen displacement reactions. The first one, 
namely recovery of bromine from brine solutions, 
constitutes the primary source for bromine since the 
byproduct bromides originally also come from the 
brine solutions. Therefore, technologies for efficient 
bromide recovery have long been sought and many 
of them are still being explored. 

Most of the current commercial technologies are 
based on a chlorination process in which a bromide- 
containing brine is fed downward into a packed 
tower and chlorine gas is countercurrently blown 
through to drive the following reaction: 

2Br- + C12(aq) ~ Br2(aq) + 2C1- K1 ----- 3 x 101° 

(R1) 

where K 1 is the equilibrium constant at 25 °C. The 
elemental bromine, having its boiling point near 
60°C, can be readily stripped out by steam or blown 
out by air [1]. Partial or entire stripping can be staged 
within a same unit by feeding both steam and chlorine 
gas simultaneously. Alternatively, recovery of elemen- 
tal bromine can be accomplished by a direct electro- 
chemical route. The advantages of this approach 
have been outlined previously [2]. 

Implementation of the electrochemical technology 
is usually based on a divided cell configuration 
in which cathode and anode compartments are 
separated by a diaphragm to eliminate loss of current 
efficiency due to cathode reduction of bromine gener- 
ated at the anode. In such a cell, a bromide-rich brine 
solution flows upward through the anode compart- 
ment where the bromide is being oxidized. (Gener- 
ation of chlorine and oxygen also may occur at the 
anode when it is subjected to sufficiently positive 
potential. Whereas the in situ generated chlorine 
reacts instantaneously with bromide in accordance 
with Reaction R1 and actually enhances electrode 
utilization, the oxygen generation not only results in 
extra electricity consumption but also erodes the 
graphite anode and therefore should be minimized.) 
The bromine in the anode effluent can be collected 
by stripping and the spent brine can then be fed to 
the cathode where oxidized species are reduced and 
hydrogen is generated by water reduction. A possible 
process configuration based on this concept is given in 
Fig. 1. 

Problems encountered in developing a commercial 
electrochemical technology by early pioneering work- 
ers included poor performance of the cell separator 
and low current density owing to dilute bromide con- 
centration in natural brine solutions [1]. The separator 
performance has been drastically improved as 
advanced polymeric materials became available. The 
low current density limit can be overcome by utilizing 
a three-dimensional electrode. This type of electrode 
offers large surface area within a compact volume 
and therefore larger currents may be obtained from 
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Fig. 1. A flow-through cell stack configuration for bromide recovery 
from brine solutions. 
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a small unit despite actual low current density based 
on the real electrode area. The mass transfer of reac- 
tants from bulk electrolyte to the reaction sites also 
can be greatly enhanced by utilizing a flow-through 
electrode configuration. 

This paper describes recent work on development 
of such an electrochemical bromide process. In a 
previous paper [2] we developed a process model 
to identify the critical factors influencing the cell 
performance. That paper was aimed at achieving 
insight into the process characteristics so that the 
significance of each process variables could be under- 
stood. In this paper the feasibility of utilizing this 
technology under various scenarios are assessed 
from a more practical cell design point of view. 
Specifically, we focus on examining the dependence 
of bromide conversion on the anode length at various 
flow velocities and anode potentials (which is asso- 
ciated with the anode surface activity). The model 
reported in [2] serves as a foundation for such analy- 
sis. The only prerequisite for using the model to com- 
pute the anode length under various operating 
conditions is an expression for the anode electro- 
chemical kinetics. Consequently, experiments were 
designed and performed to obtain the kinetic data. 
The model calculations were then compared with 
experimental data collected from a pilot cell. 

2. Theory and model 

The electrolytic cell configuration was composed of 
graphite felt electrodes placed in two thin channels 
(about 0.2cm thick) separated by a permeable 
polymer membrane. In the laboratory study, two 
synthetic brine solutions were used separately as 
anolyte and catholyte, with only the anolyte contain- 
ing bromide. The direction of electric current was 
perpendicular to the vertical electrolyte flow. A 
simplified sketch of the cell is shown in Fig. 2. 

2.1. Model development 

The earlier model [2] was derived by establishing a 
mass balance equation for a particular species over a 

differential length of the anode (see Fig. 2). The 
mass balance took into account not only the electro- 
chemical reactions but also the homogeneous chemi- 
cal reactions in the electrolyte phase, which include 
Reaction R1 and the following: 

Br2(aq) + H20 ~ H + + Br- + HBrO K2 = 5.8 x 10 -9 

Br2(aq) + C1- ~ BrCl(aq) + Br- 

BrCl(aq) + C1- ~ BrCI2 

Br2(aq) + C1- ~ Br2C1- 

Br2(aq) + Br- ~ Br 3 

C12(aq) + H20 ~- H + + C1- + HC10 

C12(aq) + C1- ~ C13 

(R2) 

K 3 = 0.00012 (R3) 

/£4 = 5.3 (R4) 

Ks =- 1.42 (R5) 

K 6 = 20.2 (R6) 

K 7 = 4 . 8 x 1 0  -4 (R7) 

/£8 =- 0.13 (R8) 

where K2 to K 8 are the equilibrium constants at 25 °C. 
Instantaneous equilibrium can usually be assumed in 
these reactions [2]. 

The Br- mass balance can be written as: 

dCBr- a 
v° d y  - - f  iBr- + e [ - - ( rBr- ) l  + (rBr-)2 + (rBr-)3] 

(1) 

where v 0 is the superficial flow velocity obtained by 
dividing anolyte volumetric flow rate by the cross 
sectional area of the anode channel; a is the specific 
active surface area of the anode; iBr- is the current 
density of electrolytic oxidation of bromide based 
on the active surface area. Since iBr- is chosen to be 
positive, a negative sign appears on the right hand 
side of Equation 1 to indicate that Br- is actually con- 
sumed by the electrolysis. The terms, (r~r-)l, (rBr-)2, 
and (rBr-)3 , are the rates of bromide generation by 
Reactions R1, R2, and R3, respectively. A negative 
sign is also added to the term (rBr-)l to indicate that 
bromide is consumed when Reaction R1 proceeds 
from left to right. In establishing Equation 1 the bro- 
mide transport across the membrane cell separator is 
neglected. 

Similarly, separate mass balance equations for 
species C12, HBrO, BrC1, BrC12, HC10, and C13 
can be established. These equations, combined with 
Equation 1 and rearranged, produce 

dCBr _ a iBr- + icl- + 2 dCc12 dCHBrO 

dy v0 F ~ + d---~ 

+ dCBrc-----Jl + dCBrC1----------~ + 2 dCHcl~° -t- 2 d C a ~  

dy dy dy dy 

(2) 
where ia- is the current density attributed to chlorine 
generation. The assumptions used in deriving 
Equation 2 are: (i) transport of charge carriers, Na + 
and CI-, across the cell separator is the only mass 
transport between the anode and the cathode, and 
(ii) diffusion in the liquid flow direction is negligible. 

Based on the assumption that the homogeneous 
reactions involving the species shown in Equation 2 
are always near or at equilibrium, the concentrations 
of these species can be shown to be a function of 
Br- only. By using the equilibrium relationships, 
expressions for Cc12, CCt;, CHBrO, CHC10, CBrCI, and 
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CBrCI; as a function of  CBr- can be derived. Subse- 
quently, Equation 2 can be written as 

, . dCBr- _ a iBr- + icl- 
(1 + h 1 + h 2 +/13) ~yy '/)0 F (3) 

where hi, hE and h a represent the effects of  chlori- 
nation, hydration, and BrC1 formation, respectively; 
and are given by: 

h 1 = - 2 dCcl2 2 dCcl3 

dCBr- (4) 

2Cc,- [ ] 
= -  (1 + KsCcl-) K1K3CBr - ~bt-  ~b 

h 2 -- dCHBrO 2 d C n a o  
dCBr- dCBr- 

2K7Ccl- -] dCHBrO 2 K7Cc1- CHBrO 
= -  1 7 K1K2CBr-J ~ +  K1K2( CBr- ) 2 

(5) 
h3 =_- dCBrCi dCBrCl-------~2- (1 -~--K4Cc1-)¢' (6) 

dCBr- dCBr- 

In these equations, ¢ represents CBrCl obtained as 
a function of  CB~ by solving the following two 
equations: 

f 2 2Ks'~ 

LXX3 t-,Cl- (7) 
1] Cs,ca = C°r - CBr- -- CHBrO + K4 Cc1- + 
2 

K1K2 CBr- 
CHBrO = 2(K1K2CBr_ q-gTCc1- ) 

1 2 X {[(cl+ -C1Bro-C~iclo) 
(8) 

4CBrC1 /' /('2 /(7 x ]  1/2 
J 

( c l +  1 C1CIO) } __ __ CHBrO -- 

where the superscript 1 denotes the concentrations of 
the anode influent which are known quantities. CI~aro 
and dCnB~o/dCB~- can also be obtained from these 
two equations. Equation 3, coupled with Equations 
4 to 8, governs the anode behaviour and can be used 
to calculate current efficiency and the required anode 
length under various operating conditions. 

hi, h2, and h3 are functions of  Cm- only (chloride 
concentration can be considered constant through- 
out the system). The impact of  HBrO on the electro- 
chemical bromide process has been discussed in [2]. 
In an acidic solution, concentrations of  HBrO and 
HC10 are negligibly low and h2 ~ 0, whereas hi can 
be disregarded when bromide conversion is below 
95% [21. 

2.2. Current efficiency 

Energy efficiency is largely dictated by the current 
efficiency associated with producing a given amount 

of  bromine. When the anode potential is sufficiently 
positive, water oxidation occurs, in addition to 
generation of bromine and chlorine. The cell 
current efficiency based on bromide converted at the 
anode is 

[c r- 
Fvo Jeer_ dCBr- 

- eL (9) a 
[ ( i B r -  -[- iC1- + ioz)dy 
do 

or 

Clr  _ -- C2r _ 
,I~ = FvoSB I (1 O) 

where the numerator in this equation represents the 
theoretical equivalent current required for the anode 
to electrochemically convert bromide from the inlet 
concentration C~r- to the outlet concentration C2r-; 
the denominator is the total current actually con- 
sumed, measurable in experiments. Equation 10 is 
the working equation used to obtain the actual cur- 
rent efficiency after the total cell current and the inlet 
and outlet bromide concentrations are measured. 

Substituting Equation 3 into Equation 9 gives 
clr_ 

= JC~,- dCBr- 

IfBr- (1 + h  1 +h2+h3)dfBr- -]-~v 0 i02dy 
Jc~r- 

(11) 

Clearly the current efficiency is adversely affected by 
water oxidation (io2) as well as the homogeneous reac- 
tions represented by hl, h2, and h 3. Although oxygen 
evolution at the anode can be carefully avoided by 
controlling the anode potential, the current efficiency 
loss due to hi, h2, and h3 is controlled inherently by 
the chemical equilibrium. It is evident that a current 
efficiency of  100% is possible only under conditions 
where hb h2, and h 3 are zero. 

Since io2 should be independent of y, Equation 11 
can be integrated, after substituting hi to h 3 by Equa- 
tions 4 to 6, to yield 

/ 

= -- ACBr- ( -- ACBr- -~ ACBrC1 -t- ACBrC1 ~ ~5 

+ 2(ACo2 + ACcl 3 -t- ACHc10) + ACHBrO 

1 o 2 )  (12) 
Fro B 

where A denotes concentration change (outlet con- 
centration minus inlet concentration). 

The treatment here defines the current efficiency in 
terms of  bromide conversion instead of  bromine 
yield, because the latter also depends on the stripping 
efficiency for bromine collection as illustrated in 
Fig. 1. If  all bromine, as well as that present in BrC1 
and BrCI~, can be fully recovered and the loss of 
bromine due to such compounds as HBrO and BrC1 
is insignificant, the bromine yield is essentially identi- 
cal to the bromide conversion. 
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2.3. Anode design 

A major variable in feasibility studies or for design 
considerations is the cell dimension (in particular its 
length) needed for a given bromine production rate. 
The cell stacks make up a major capital investment 
and their dimensions affect the selection of materials 
of cell construction as well as the design of other 
peripheral units. For example, the anode-cathode 
separator must withstand any pressure difference 
between the two compartments and the entire cell 
backing plates have to endure the pressure exerted 
when electrolyte is forced through the porous media. 
Moreover, the electrolyte flow pattern depends on 
the cell geometry and the pressure. Therefore, the 
cell flow distributor design may be affected by 
pressure and flow velocity. These factors are all 
related to the cell dimensions, which in turn is 
governed by the target bromide conversion and the 
brine processing rate. 

Rearranging and integrating Equation 3 gives 

fC~r- 1 + hi + h2 + h3 
L/vo ~ F dCBr- (13) 

JC~r-I a(iBr_ + iCl_ ) 

Evidently, when the inlet and outlet bromide concen- 
trations are specified, integrating this equation 
will give values of the anode length at various flow 
velocities. The integration can also produce the con- 
centration profile of bromide and other species along 
the anode length, based on which the current distri- 
bution may be calculated. Equation 13 indicates that 
a larger surface area and a greater chlorine 
generation permit shorter electrodes for a given 
bromide conversion. On the other hand, the term, 
1 + hi + h2 + h3, is greater than unity and increases 
with bromide conversion [2]. Therefore, the anode 
length for a given bromide conversion is increased 
by the homogeneous reactions. 

When bromide oxidation is a first order reaction or 
is controlled by mass transfer, the cell current can be 
expressed as 

iBr- + icl- = FkmCBr- + icl (14) 

where km is either the first order reaction constant or 
the mass transfer coefficient for bromide ions. The 
mass transfer coefficient may be obtained by experi- 
ments or from established correlations. The value of 
icl- can be regarded as invariable at a fixed anode 
potential. With a known surface area, a, (which 
can be measured or estimated), Equation 13, in 
conjunction with Equation 14, can be integrated to 
yield the anode length required for various bromide 
conversions. 

If  bromide oxidation is controlled by surface 
kinetics, then iBr- as a function of bromide concen- 
tration and anode overpotential must be known. 
However, it is usually difficult to obtain the true 
current density as defined by iBr- and icl-, which are 
based on the actual electrochemically active surface 
area. Therefore, it is convenient to lump current 

density together with the specific surface area. That is, 

VlBr- = aiBr- (15) 

~Icl = aic1- (16) 

Then Equation 13 becomes 

[c~r- 1 + h 1 + h 2 + h 3 
L /vo  ~ F Jc~_ ~I dCBr- (17) 

where vI is the total volume cell current density based 
on unit volume of electrode, which is readily measur- 
able by experiments. 

3. Experimental details 

3.1. Kinetic measurements 

Equation 17 dictates the relationship among bromide 
conversion, cell current, flow velocity and anode 
length, and offers a guideline for selection of elec- 
trode materials and designing of cell stacks. But to 
integrate the equation, vI as a function of bromide 
concentration, as well as anode potential, must be 
known. Therefore, an experimental kinetic study 
was focused on determination of this relationship. 

Several types of carbon or graphite felts were 
received from two suppliers. Preliminary electro- 
chemical properties of unit volume of the felts were 
easily screened by linear voltage-sweep cyclic voltam- 
metry in NaBr/NaC1 and Na2SO 4 solutions. A testing 
electrode was prepared by dipping the mid section of a 
strip of felt material (about 6-7 cm long and 1 cm 
wide) into hot wax while both ends of 
this section were tightly compressed with clamps to 
prevent the liquid wax from creeping into the end 
sections by capillary motion. Once the wax at the 
mid section solidified by cooling, the void spaces 
between the felt fibres were filled with wax so that elec- 
trolyte in contact with one end of the strip could not 
creep through to the other end. The waxed section 
was about 2-3 cm long. One end of the felt strip, 
being free from any wax contamination, was cut 
into a tip to a desired size and shape and then 
immersed into electrolyte, while the other end served 
as an electrical lead to a potentiostat. The geometry 
of each testing electrode tip was made approximately 
the same so that the electrode volume was fixed 
and the voltammograms obtained could be readily 
compared with one another. A virgin electrode 
usually exhibited activity slightly different than an 
aged one. This change could be ascribed to trace 
contaminants initially present on the surface of the 
felt fibres. Therefore, a new working electrode was 
usually subjected to a number of voltammetric cycles 
before a steady state polarization curve was recorded. 

Selection of a flow-through porous electrode 
material for bromine applications was based on 
several considerations, namely, good electrochemical 
activity with respect to bromide and chloride oxi- 
dation, but high overpotential for water oxidation, 
large specific (electrochemically active) surface area, 
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strong mechanical strength, and last but not least, its 
cost. A large void fraction is a positive factor since it 
exerts less resistance to fluid flow. The graphite felt 
Grade GH 1/8 inch (3.2ram) (Fiber Materials, Inc.) 
exhibits overall good properties and therefore was 
chosen for further flow cell studies. Other materials 
either lacked mechanical integrity or exhibited high 
water oxidation currents. For example, although a 
carbon felt (Grade CH 1/8 inch, Fiber Materials, 
Inc.) gave slightly better bromide oxidation current 
than its graphite counterpart, it also exhibited low 
water oxidation overpotential. The polarization 
curves indicated that for the graphite felt, (i.e. Grade 
GH 1/8 inch) oxidations of bromide, chloride, and 
water began at approximately 0.85-0.9, 0.95-1.0, 
and 1.2-1.25V vs SCE, respectively. In spite of its 
relatively good electrochemical activity, this type of 
felt was not originally manufactured as electrode 
material, but was intended to be used as a high tem- 
perature thermal insulating material for industrial 
applications. Thus it also offered good mechanical 
integrity and was relatively inexpensive. 

A prototype bromide oxidation cell constructed of 
two flow-through porous electrodes divided by a 
permeable separator is reported in detail in [2]. That 
cell assembly was modified here so that the electro- 
chemical activity of a small piece of porous electrode 
sample could be evaluated (see Fig. 3). The present 
work was directed towards experiments with the 
graphite felt (Grade GH 1/8 inch). As shown in 
Fig. 3, the felt was cut into a 1 cm x 1 cm working 
anode and then sandwiched between a graphite plate 
and the cell separator. The thickness (0.2cm) and 
length (12cm) of the flow channel were defined by a 
Teflon spacer. Thus when placed in the channel, the 
felt was slightly compressed from its nominal thick- 
ness of 0.3 cm to assure good electrical contact. The 
working anode felt was situated in the middle part 
of the anode graphite plate. A probe (short thin 
plastic tubing) connected a reference electrode (SCE) 
to the anolyte entry point [2]. The area of the graphite 
plate that was not in contact with the felt was covered 
with a thin Teflon tape to prevent any electrode reac- 
tion from taking place and provided an inert section 
to eliminate effects from developing flow. The area 
of the graphite plate exposed to the electrolyte (i.e. 
the section in contact with the felt) was estimated to 
be very small compared to the surface area of the 
felt. Thus its contribution to the cell current was 
negligible. 

The cathode channel was essentially the same 
except that a 3.5cm long felt segment was housed 
there. The cathode was separated from the anode by 
a Daramic 0.038 cm thick microporous polyethylene 
membrane (W. C. Grace & Co.). For kinetic measure- 
ments, an RDE4 potentiostat (Pine Instruments) was 
used and the electrolyte flow system was similar to the 
one described in [2]. The anolyte was prepared by dis- 
solving NaBr of various amounts in 5 M NaC1/0.001 
HCI solutions, whereas the catholyte was just a 5 
NaC1/0.001 M HC1 solution. Both the anolyte and 

the catholyte were heated up to a temperature slightly 
over 80 °C (by heating the electrolyte reservoirs and 
the cell inlet tubings [2]). The cell itself was tightly 
wrapped with a thermal insulation material to mini- 
mize the temperature gradient between the inlet and 
the outlet streams. A thermometer situated at the 
anolyte outlet monitored its outlet temperature. In 
all the experiments, the catholyte flow velocity was 
always adjusted to be equal to the anolyte velocity. 
The anolyte outlet was constantly inspected to ensure 
that no oxygen gas bubbles were evolved. 

3.2. Experiments with a 45 cm long pilot cell 

The kinetic measurements described above provide 
the essential information for the integration of Equa- 
tion 17. However, it is desirable to verify model calcu- 
lations experimentally before the model can be used 
for industrial cell design. For this purpose, a pilot 
scale cell with long dimensions was constructed to 
test the model calculations. The cell structure was 
similar to that depicted in Fig. 3 except that the 
channels now could hold felt electrodes as long as 
45 cm. The anode and the cathode in this cell were 
of the same material, i.e. Grade GH l/8 inch, 
and each were 45 cm long and 1 cm wide. A model 
TPS-2000 d.c. power supply (Topward Electric 
Instruments) was used to provide currents as high as 
10A. Other experimental conditions were the same 
as before except that the electrolysis was carried out 
at a constant current mode with the anode potential 
monitored throughout each run. The experimental 
current efficiency was obtained using Equation 13 by 
measuring the cell current while the anolyte inlet 
and outlet were sampled for determination of 
bromide concentration. Bromide concentration was 
analyzed based on the hypochlorite oxidation 
method [2]. 

CATHOi-YTE ~ < 

TEFLON TAPE 

CATHOI_YTE IN 

I 

SEPARATOR SPACER 

~YTE OUT 

I cm 

2 5 
I 

REF 

Fig. 3. Schematic diagram of  a flow-through porous electrode cell 
for kinetic measurements.  
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4. Results and discussion 

4.1. Kinetic measurements 

Prior to the kinetic measurements, the experimental 
conditions under which the electrolysis is controlled 
by surface kinetics must be determined. Several 
experiments were first carried out using the cell 
arrangement illustrated in Fig. 3 (namely, the anode 
was 1 cm long x 1 cm wide graphite felt) to identify 
the velocity region where the effect of bromide mass 
transfer from bulk solution to the electrode surface 
becomes insignificant. This was accomplished by 
varying the anolyte superficial flow velocity - the 
catholyte flow velocity was always adjusted to the 
same value of the anolyte - and subsequently measur- 
ing the change in the cell current. Data obtained at a 
constant anode potential of  1.15 V vs SCE and at var- 
ious flow velocities ranging from below 0.5 cm s -1 to 
about 6.4cms -1 showed that the cell current first 
increased with the superficial flow velocity and then 
remained constant when the velocity approached 
4.5cms -1. Further increase of the velocity would 
not change the cell current. For  example, for an ano- 
lyte containing 0.01 M NaBr/5M NaC1/0.001 M HC1, 
the cell current at 1.15V vs SCE increased from 

80 to ~ 100mA when the velocity was increased 
from 1 to 4 .5cms -1, and then was unaffected by 
further increase in the velocity. If  the anolyte con- 
tained 0.03M NaBr/5M NaC1/0.001M HC1, the 
increase in the cell current was from 100 to 130mA 
for the same range of velocity but again became 

virtually unchanged at higher velocities. These results 
suggest that when the superficial flow velocity is 
greater than 4.5cm s -1, the mass transfer coefficient 
becomes sufficiently large and it no longer affects the 
surface kinetics. Therefore, most of the kinetic 
measurements were made with the anode potential 
below 1.15V vs SCE and a velocity greater than 
4.5cms -1 so that the current-concentration data 
reflected purely the characteristics of the surface 
kinetics. 

Table 1 summarizes the currents obtained at 
various anode potentials, as well as anolyte bromide 
concentrations, under a constant anolyte flow 
velocity of  4 .8cms -1. For  a virgin electrode, there 
usually existed an initial period during which the cell 
current drifted. The cell current then achieved a final 
steady state value which was subsequently recorded. 
In some experiments, after the cell current was 
recorded, the flow velocity was doubled to ensure 
that the current still stayed unchanged upon the 
increase of  the velocity. 

The fast flow rate and the short length of the testing 
electrode usually led to a very low bromide conversion 
and, for high inlet bromide concentrations, resulted in 
a nearly uniform bromide concentration profile 
throughout the anode. However, at low inlet bromide 
concentrations, variation of  concentration inside the 
cell might not be negligible. Nevertheless, the concen- 
tration difference between the inlet and outlet streams 
was estimated from the cell current and the anolyte 
flow rate by assuming 100% current efficiency. (This 
assumption is reasonable since in these experiments, 

Table 1. Steady state cell currents at different bromide concentrations obtained f rom Fibre Materials, Inc., GH 1/8 inch graphite fe l t  

Inlet Br-  
Concentration 
(M) 

Run Cell current at different anode potentials ( V  vs SCE)  mA 

0.95 1.00 1.05 1.10 1.15 1.20 

0 1 0 6 
2 7 12 
3 t 4 

0.010 1 20 31 

2 22 . 33 

3 15 30 

(Average CBr-)/M 0.0099 0.0098 

0.030 1 36 58 

2 38 60 

3 32 57 

(Average CBr )/M 0.030 0.030 

0.050 1 45 73 
1 54 82 

3 45 77 

(Average  CBr-)/M 0.050 0.050 

0.070 1 63 95 

2 66 98 
3 60 95 

(Average CBr)/M 0.070 0.070 

15 40 84 - 

20 40 85 130 

10 36 84 126 

47 70 103 - 

59 79 104 145 

49 68 102 148 

0.0097 0.0096 0.0094 0.0092 

80 102 132 - 

85 105 129 166 

86 115 140 175 

0.029 0.029 0.029 0.029 

105 135 163 - 

110 139 162 204 

108 145 175 216 

0.050 0.049 0.049 0.049 

125 150 190 - 

125 156 188 225 
133 170 210 245 

0.069 0.069 0.069 0.069 

R u n  1 and  run  2: dupl ica te  exper iments  

R u n  3: da t a  ob ta ined  us ing electrode mate r ia l  f rom a different sh ipment .  
Ano ly t e  f low veloci ty  = 4.8 cm s -1 

Electrolyte  concent ra t ion:  NaC1 = 5 M; HC1 = 0.001 M 
A n o d e  d imens ion:  1 cm long, 1 cm wide,  0.2 cm th ick  
Tempera tu re  = 80 °C. 
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Fig. 4. The linear relationship between the volume current density 
and bromide concentrations. 

bromide conversion at most was about 10%. As 
concluded in [2], the current efficiency should be 
near 100% at such a low level of  conversion.) The 
average of  the inlet and outlet bromide concen- 
trations was then obtained and the values are 
included in Table 1. Note that run 2 was simply a rep- 
etition of  run 1, to show the reproducibility of  the 
experiments. Run 3 was conducted using a graphite 
felt material of  the same type but from a different 
shipment. As can be clearly seen, the data in run 2 
coincided very closely with those from run 1, while 
run 3 gave slightly higher currents. This may be 
simply from the small difference between the surface 
area of these two electrode samples. (The dimensions 
of the graphite felt were 'soft' dimension whose 
precise determination was difficult to obtain because 
of its fuzzy edges.) When the volume current density 
obtained from the data in Table 1 is plotted against 
the average bromide concentration (Fig. 4), a linear 
relationship apparently exists: 

v I  = krlCBr q- kr2 (18) 

where krl is the reaction rate constant for bromide 
oxidation and kr2 is the chloride oxidation current 
density. The values of the constants regressed from 
the experimental data are listed in Table 2. It is inter- 
esting to note that the slope of  the line, i.e. the value of  
krl, did not increase further when the anode potential 
exceeded 1.05 V vs SCE. This was likely due to the 
decrease of  surface area available for bromide oxi- 
dation when a large chlorine generation current was 
present rather than a limiting current. It will be 
shown in the following paragraphs that this 
constancy in the slope is not attributable to the effect 
of  mass transfer limiting conditions. 

There are a number of publications devoted to 
measurement and correlation of  mass transfer 

Table 2. Reaction rate constants obtained from experiments 

Oa/V vs SCE krl × 10-3/mA ~f1-3 M - I  k~2/mAcm -3 

0.95 4.09 37 
1.00 6.16 71 
1.05 7.73 135 
1.10 8.48 242 
1.15 7.95 429 
1.20 7.70 644 

coefficients in a porous media [3, 4]. For  example, 
the correlation of  Fenton and Alkire [3] has the fol- 
lowing form: 

kme= 11.0( v° )0.3 (19) 
aD aeu 

The viscosity for a 5 M NaC1 solution at 80 °C is about 
0.7 centipoise and the density is 1.2 g cm -3 [5, 6]. The 
diffusion coefficient of  bromide ions in 5M NaC1 
solutions is not available but D = 1 x 10 -s cm 2 s -1 
should be a reasonable approximation for the analy- 
sis purpose here. Since the felt electrode had a void 
fraction greater than 0.8 and its specific surface area 
typically varied between 150 to 300cm -1 [4], e = 0.9 
and a = 2 0 0 c m  -1 were chosen as being represen- 
tative. Using these values and Equation 19, the mass 
transfer coefficient of bromide ions at a superficial 
velocity of  4 cm s  -1 was found to be about 
0.04 cm s -1 . Correlations from other sources (such as 
[4]) appear to give similar estimates. 

Ifkrt  = 8 x 103 mAcm -3 M -1 as in Table 2 and a = 
200 cm -1, the reaction rate constant based on the elec- 
trode surface area is k = k r t / a F = 4  x 10-4cms -1. 
This is more than two orders of magnitude lower 
than the estimated mass transfer coefficient, therefore 
suggesting that the process was not under mass 
transfer limiting conditions. 

Using Equation 18, Equation 17 can be written as 

fc~r- 1 + hi + h2 + h3 
L/vo ~ F dCar (20) 

jC~r _ !  kr 1CBr- + kr2 

Also, if the bromide conversion, f ,  is defined as 

Clr -- C2 r 
f =  Clr_ (21) 

Equation 20 can be integrated to produce L/v  o at 
different anode potentials and for various bromide 
conversions. Therefore, for a given set of conditions, 
the cell performance in terms of bromide conversion 
and brine throughput can be assessed. Or con- 
versely, if a desired bromide conversion and bromine 
production rate are specified, Equation 20 can be used 
to guide the designing and scaling up of cell stacks. 
Calculations for one case where the anolyte stream 
contains 0.07 M bromide and 5 M NaC1 are shown in 
Fig. 5. The figure clearly indicates that bromide con- 
version is enhanced by increasing L/vo and/or anode 
potential. If  the conversion and the flow velocity are 
fixed, higher anode potentials will reduce the required 
anode length. Furthermore, to scale up such a process 
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from a laboratory unit, the critical parameters to con- 
sider in order to achieve a comparable bromide con- 
version is L/vo and the anode potential. 

To demonstrate the effect of  the inlet bromide 
concentration, calculations for bromide concen- 
tration of 0.01 M are plotted in Fig. 6. Comparing 
Figs 5 and 6 suggests that decreasing inlet 
bromide concentration surprisingly will reduce the 
L/vo needed to achieve the same bromide conver- 
sion. The analysis in [2] indicates that in the absence 
of chlorine generation, achieving lower bromide con- 
centrations requires longer electrodes owing to the 
homogeneous reactions. However, this negative 
effect was overridden here by the presence of 
chlorine generation, which tended to enhance elec- 
trode utilization. The current efficiency, however, 
declines significantly with the inlet bromide concen- 
tration as shown in [2]. An optimum inlet bromide 
concentration should exist and should depend on a 
balance between these two factors (i.e. L/vo against 
current efficiency). 
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Fig. 6. Ratio of  anode length to anolyte flow velocity, L/vo, 
calculated as a function of  bromide conversion at several anode 
potentials for C~r = cOt =0 .01M;  Coy = 5M; C~+ = 10-7M; 

1 1 
ChBrO = Cnclo = O. 

4.2. Verification of predicted anode length 

It is evident that Equation 20 serves as a useful tool in 
designing and scaling up the electrochemical process 
for bromide recovery. The reliability of  the calculated 
L/vo depends largely on the accuracy of  the kinetic 
data as well as the validity of Equation 20. There- 
fore, experiments were conducted using a 45 cm long 
pilot cell to test the model predictions. 

A total of  twelve runs were conducted with the pilot 
cell, and the results are reported in Table 3, where 
the theoretical values of the current efficiency are 
calculated using Equation 12 with io~ = 0 and the 
estimated bromide conversions are obtained using 
Equation 20. The runs were all carried out galvano- 
statically and only the values at steady state were 
recorded. Note that the equilibrium constants for 
the homogeneous reactions at 25 °C were used in 
the calculations since their values at 80 °C were not 
available. Interestingly, in many of  these runs the 
actual bromide conversion appeared to be slightly 

Table 3. Experimental data obtained using a 45 cm cell compared to theoretically estimated values 

Run vo/em s -1 I/A (~a/V VS S C E  A V / V  f i  r /M C2r /M fexp fest  (l~exp (Ti)est 

L1 6.5 6.0 1.10 - 0.0706 0.0253 0.64 0.62 0.96 0.96 
L2 5.2 6.0 1.10 - 0.0706 0.0169 0.76 0.73 0.91 0.94 
L3 6.5 6.0 1.10 - 0.0706 0.0268 0.62 0.62 0.93 0.96 
L4 3.7 7.0 1.16 2.6 0.0637 0.0009 0.99 0.96 0.64 0.64 
L5 4.7 6.8 1.18 2.6 0.0637 0.0025 0.96 0.97 0.82 0.78 
L6 4.0 8.0 1.20 - 0.0670 0.0009 0.99 0.98 0.64 0.63 
L7 4.5 9.0 1.20 - 0.0670 0.0029 0.96 0.97 0.62 0.79 
L8 7.1 9.0 1.20 0.0670 0.0100 0.85 0.83 0.87 0.92 
L9 3.5 7.5 1.15 2.7 0.0705 0.0003 0.99 0.96 0.63 0.56 
L10 4.7 6.8 1.15 2.6 0.0705 0.0034 0.95 0.89 0.90 0.81 
L 11 4.6 7.2 1.15 2.6 0.0703 0.0034 0.95 0.90 0.82 0.82 
L12 4.8 8.0 1.19 2.7 0.0703 0.0036 0.95 0.92 0.78 0.82 

Anolyte inlet stream: NaBr/5 M NaCI/0.001 M HC1; anode compartment:  45 cm long, 1 cm wide, 0.2 cm thick. The cathode is identical to the 
anode; temperature: 80 °C. v0: anolyte flow velocity (the catholyte had the same flow rate as the anolyte); I: cell current; ~a: anode potential; 
c l r  - , C~r-: inlet and outlet bromide concentrations; A V: cell voltage; f~xp, fest: measured and estimated values of  bromide conversion; q?exp, 
ff~est: measured and estimated values of  current efficiency. 
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better than the predicted values. This perhaps resulted 
from variability in surface activity and/or electrode 
dimensions. An electrode felt cut slightly wider could 
still fit in the 1 cm spacer but would give a larger 
surface area available for the reactions. Also, the 
approximation introduced by using the equilibrium 
constants at 25 °C instead of 80 °C may result in 
some difference between the calculated and measured 
values. 

Some of the current efficiency data appears to 
deviate significantly from the predicted values. This 
can be attributed to the fact that when the bromide 
conversion exceeded 85%, the current efficiency 
dropped sharply with the bromide conversion [2]. 
Therefore, a small variation in the conversion leads 
to a large change in current efficiency. Also, errors 
associated with flow and concentration measure- 
ments may contribute to these deviations. However, 
in spite of these deviations, the agreement between 
actual and predicted performance overall appears to 
be good. 

5. Conclusion 

The process model established earlier [2] accounts for 
the homogeneous reactions and has suggested that 
lower current efficiency and longer electrodes are a 
result of these reactions and that the effects become 
more pronounced when the anolyte bromide level is 
reduced. This is, however, only partially true with 
regard to the electrode length since the analysis was 
made with the assumption of no chlorine generation. 
The effect of the homogeneous reactions on the cell 
dimensions can be both positive and negative, 
depending on the magnitude of chlorine generation. 
On one hand, bromide oxidation by in situ generated 
chlorine helps to greatly enhance the electrode utiliz- 
ation. But on the other hand, formation of BrC1 
tends to lower the electrode efficiency and increase 
the anode length needed for a given bromide feed 
conversion. For the graphite felt electrode studied, 
chlorine generation was shown to be abundant 
and its effect was dominant. Consequently, lower 
bromide feed concentration actually resulted in 

better anode performance in terms of higher bromide 
conversion. 

The cell current efficiency was impaired by two 
effects, namely, water oxidation and homogeneous 
reactions. While the effect of water oxidation can be 
minimized by careful selection of electrode material 
that exhibits high overpotential for water oxidation, 
acidifying the anolyte stream, and/or good control 
of the anode potential as has been done here, the 
adverse effect of the homogeneous reactions is not at 
all related to the electrode properties and can only 
be reduced by increasing bromide concentration in 
the feed brine, or lowering bromide conversion. 
Low chloride concentration reduces the adverse effect 
of homogeneous reactions, but diluting a natural 
brine would reduce bromide cell throughput. The 
homogeneous reaction equilibrium constants can be 
affected by system temperature and pressure, which, 
however, are usually fixed based on other process 
considerations. 

The model equation developed here is useful in 
highlighting key parameters and in guiding the selec- 
tion of electrode materials. Experimental kinetic 
data incorporated into the model allow evaluation 
of various operating scenarios and may assist in 
optimizing a bromide recovery process. 
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