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Electrochemical generation of  elemental bromine f rom bromide-containing brine solutions using a 
f low-through porous  electrode system was modelled and studied. Bromine yield was undermined  by 
the homogeneous  reactions taking place in the liquid phase which converted bromine back to 
bromide as well as other undesirable compounds .  The effects of  these reactions were characterized 
and accounted for in a mathemat ical  description of  a f low-through porous  electrode system. The 
resulting model  was used to analyse and estimate the effects of  these reactions on the cell size and 
the current  efficiency. Experimental  data  obtained suppor t  the model  predictions. 

Nomenclature 

Symbols 

a 

B 

Ci 
c°r 

CBr- 

CBrCl 
1 2 

CBrCI, CBrC1 

CBrCI~ 
CBr2 
CBr2C1- 
CBr~- 
ca- 
Cc~ 
Cc~ 
CH+ 
c1+ 

CHBrO 

CHCIO 
1 

CHCIO 
Di 

F 
f 
hi, h2, h3 

I electrochemically active surface area 
per unit volume of electrode (cm -1) lo2 
width of flow-through electrode (cm) ii 
concentration of species i (M) 
total Br (in various valence states) iBr- 
content in analyte (M) 
bromide concentration (M) icr 
anode inlet and outlet bromide con- 
centrations (M) io2 
BrC1 concentration (M) KL 
anode inlet and outlet BrCI concen- 
trations (M) 
BrCI~- concentration (M) 
bromine concentration (M) K2 
Br2C1- concentration (M) 
Br~- concentration (M) 
chloride concentration (M) 
aqueous chlorine concentration (M) /£3 
C13 concentration (M) 
proton concentration (M) 
anode outlet proton concentration K4 
(M) 
HBrO concentration (M) 
anode inlet HBrO concentration (M) 
HC10 concentration (M) /(5 
anode inlet Hclo concentration (M) 
sum of diffusion and dispersion 
coefficients of species i (cm 2 s-l) 
Faraday's constant (96 485 C mol -l) K6 
bromide conversion 
dimensionless terms representing, 

respectively, the effects contributed by 
incomplete chlorination, hydrolysis, and 
formation of BrC1 (Equations 16-18) 
total cell current (mA) 
water oxidation current (mA) 
current density of electrochemical reac- 
tion of species i (mA cm -2) 
bromide oxidation current density 
(mAcm -2) 
chloride oxidation current density 
(mAcm -2) 
water oxidation current density 
(mAcm -2) 
equilibrium constant of Reaction R1, 

(Ccr)2cB~ 
Cc12 (CBr-) 2 

equilibrium constant of Reaction R2, 

CHB,oCH+ CB,- 
CBr2 

equilibrium constant of Reaction R3, 

CBrCI CBr- 

CBr2 Cc1- 
equilibrium constant of Reaction R4, 

CBrCI~- 

CBrC1Ccl- 
equilibrium constant of Reaction R5, 

CBr2C1- 
CBr~ Ca- 

equilibrium constant of Reaction R6, 
_ _  CBr~ 

CBr- CBr2 
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K8 

K9 

k 

L 
Lr 

Ni 

n 

(r& 

(r r-h 

(r r-h 

(rBrc1)3 

(rBrc1)4 

(rBrCl)9 

(rBrC12)4 

(rc12)l 

(rc12)7 

(ra )s 

(rc12)9 

(ra;)8 

(rnBrO)2 

(rHC10)7 

S 

ui 

v 

Vo 

equilibrium constant of Reaction R7, 

CHCIO CH+ Cc1- 
Cc12 

equilibrium constant of Reaction R8, 

Ca 3 
C& Ca2 

equilibrium constant of Reaction R9, 

CBr2 Cc12 
CBrC1 

mass transfer coefficient or first order 
reaction constant for bromide 
(cm s -1) 
electrode length (cm) 
ratio of electrode length considering 
homogeneous reactions to electrode 
length without homogeneous reac- 
tions 
superficial vector flux of species i 
(mmol s -1 cm -2) 
number of electrons transferred when 
one species i is formed or depleted 
rate of homogeneous chemical reac- 
tion j that generates species i, nega- 
tive when i is consumed (mmols -1 
cm -3) 
rate of bromide depletion by Reac- 
tion R1 (mmols -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 -l  cm -3) 
rate of BrC1 generation by Reaction 
R3 (mmol s -1 cm -3) 
rate of BrC1 depletion by Reaction 
R4 (mmol S -1 cm -3) 
rate of BrC1 depletion by Reaction 
R9 (mmol s -1 cm -3) 
rate of BrC12 generation by Reaction 
R4 (mmol s -l  cm -3) 
rate of chlorine depletion by Reac- 
tion R1 (mmol s -1 cm -3) ' 
rate of chlorine depletion by Reac- 
tion R7 (mmol s -1 cm -3) 
rate of chlorine depeletion by Reac- 
tion R8 (mmol s -1 cm -3) 
rate of chlorine generation by Reac- 
tion R9 (mmol s -1 cm -3) 
rate of  CI~ generation by Reaction 
R8 (mmol s -1 cm -3) 
rate of HBrO generation by Reaction 
R2 (retool s - t  cm -3) 
rate of HC10 generation by Reaction 
R7 (mmol S -1 cm -3) 
porous electrode channel thickness 
(cm) 
mobility of species i 
(mmol cm -2 j - l  s-l) 
velocity vector (cm s -1) 
superficial flow velocity (cm s -1) 

vy 

X 

zi 

Greek symbols 

¢ 

qo 

tI)es t 

~exp 

Superscripts 

0 total 
1 inlet 
2 outlet 

Subscripts 

i species i 
j reaction j 

superficial flow velocity in y direction 
(cm S -1) 
electrode dimension in current flow 
direction (cm) 
electrode dimension in electrolyte 
flow direction (cm) 
electrode dimension perpendicular to 
x and y (cm) 
valence of species i 

void fraction of porous electrode 
molar concentration of BrC1 as a 
function of bromide concentration 
electrostatic potential in liquid phase 
(v) 
local current efficiency 
overall current efficiency 
current efficiency estimated from 
theory 
current efficiency obtained from 
experiments 

1. Introduction 

Commercial bromine manufacture from bromide- 
containing brine is generally based on methods of 
brine chlorination where bromide is oxidized by chlor- 
ine to bromine which can be subsequently stripped 
out, using air or steam, from the brine solution [1- 
3]. However, it is well known that bromine gener- 
ation via bromide oxidation can also be achieved 
electrochemically. The electrochemical route appears 
to be advantageous because the sodium chloride in 
brine solutions offers a natural supporting electrolyte 
and bromide oxidation can be effected at a potential 
of 1.09 V vs SCE; this is 0.27 V lower than the poten- 
tial for chloride oxidation (1.36 V). The lower oxida- 
tion potential should lead to less energy 
consumption than for generation of equivalent 
chlorine. Additional advantages of the electrochemi- 
cal process are that the electrochemical method elim- 
inates the intermediate processes such as chlorine 
transportation and handling and thus offers a less 
hazardous and much cleaner technology. Moreover, 
because the electrochemical cell stacks are often 
movable and can be readily transported to different 
locations, on-site recovery of byproduct bromide gen- 
erated by bromine users becomes possible. The on-site 
recovery of bromine alleviates bromine transporta- 
tion and the consequent benefits may be consider- 
able. Another notable feature of the electrochemical 
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process is its flexibility in terms of production capa- 
city, which can be adjusted by simply assembling a dif- 
ferent number of cells and/or stacks without altering 
the single cell design. 

Natural brine solutions often contain impurities 
such as ammonium, iodide and sulphur compounds 
and their oxidation liberates protons and acidifies 
the brine stream. This, plus the unstripped chlorine 
and bromine as well as other compounds of the two, 
often increases the corrosivity of the spent brine, 
which must be specially neutralized or treated before 
disposal. In an electrochemical process, it is possible 
to feed a low pH, spent brine to the cathode so that 
the oxidizing species is reduced and the solution 
neutralized by water reduction at the cathode. When 
proper configuration and control are implemented, 
the corrosivity of the spent brine is minimized. This 
additional environmental benefit should not be over- 
looked since chemically treating the corrosive brine 
solution is very costly. Early research on developing 
the electrochemical technology encountered several 
difficulties, one of them being low current density 
owing to the dilute bromide concentration in natural 
brine solutions. The low current efficiency achieved 
(reported was less than 70% [1]) further disfavoured 
the direct electrochemical approach. 

The problem of low current density may be over- 
come by using porous electrodes which offer large 
reactive surface area within a compact volume. A 
flow-through cell configuration of porous electrodes 
also greatly enhances the mass transfer coefficient. 
The theory and applications of flow-through 
electrode cells have been discussed extensively in 
numerous publications (e.g. [4-7]). In this work, a 
cell system consisting of graphite felt electrodes 
placed in two channels divided by a microporous 
polymer membrane was evaluated for bromine 
production. A bromide-containing brine solution 
was fed into the anode compartment, whereas a 
bromide-depleted stream of brine was passed 
through the cathode compartment. The direction of 
the electric current supplied was perpendicular to 
the electrolyte flow. (See Fig. 1). At the anode, 
bromide was oxidized to bromine, while water and 
proton reduction took place at the cathode. If the 
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Fig. 1. Schematic diagram of  a flow-through porous electrode cell. 

anode potential is sufficiently positive, chlorine and 
oxygen are also generated. Despite the fact that 
the in situ generated chlorine oxidizes bromide to 
bromine almost instantaneously, the reaction is not 
irreversible or 100% complete. As a result, there is 
always a small loss in current efficiency due to the 
unreacted chlorine. Oxygen generation not only 
reduces current efficiency but also erodes the graphite 
anode and should be minimized. 

A substantial loss of bromine yield may occur as a 
result of several liquid phase homogeneous reactions 
involving formation of BrC1, via which bromine mole- 
cules are decomposed and bromide ions are regener- 
ated. The bromine yield can be further lowered by 
bromine hydrolysis to produce Br-containing species 
that are difficult to recover. The extent to which these 
homogeneous reactions affect the cell current 
efficiency, as well as the cell size required for a large 
scale bromine production, needs to be understood 
before a feasible electrochemical bromine process 
can be developed. In this paper, a process model eluci- 
dating the effects of these reactions on bromine 
production has been developed. Based on the model, 
the cell performance was evaluated under various 
operating conditions. Experiments were then carried 
out to verify the model predictions. 

2. Theoretical model 

2.1. Mass  balance 

The mass balance for a porous electrode system, 
adopting the treatment and the nomenclature of 
Newman and Tiedemann [7], can be written as 

a 
V ' N i  = - ~  i i + ~s Z (ri) j (1) 

J 

where the superficial vector flux, Ni, based on the 
combined area of solid and void can be expressed as 

N i : - c D i V C  i - z iu iFcCiV~2  q- v C  i (2) 

where the terms herein are specified in the listed 
nomenclature. 

Referring to Fig. 1, since there is neither a net flow 
of current nor a flow of fluid in the z-direction, their 
variations along that direction are statistically zero. 
Therefore, all the partial derivatives with respect to 
z are zero if quantities averaged over z are used. 
Other assumptions include the following: the electro- 
lyte flow driven by pressure difference through the 
microporous membrane separator is negligible; the 
longitudinal diffusion term can be ignored since it is 
much smaller than convection; the liquid phase 
electrostatic potential gradient in the y-direction is 
small. Equations 1 and 2 now can be simplified to 

o Z c i  02(~2 _~ O(Vy Ci) 
- e D i  ~ - ziuiFeCi Ox 2 Oy 

a (3) 
---- i, + c  Z ( r i ) j  

J 
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Integrating with respect to x yields 

[- Di OG 0¢2] s+ O(vyG) s 
--O-~x - z,u,FeC, -~X j o 

(4) 
= S a i i+ e S E ( r i ) j  

nF J 
In this equation quantities averaged over the x - z  
plane should be used. If  no reaction occurs at the 
current collector located at x = S, then the net flux 
in the x-direction at x = S must be zero. Also, for a 
brine solution, the current across the microporous 
cell separator is mainly carried by Na + and C1- 
because of their high concentrations, and the inter- 
compartmental transport of  species other than Na + 
and C1- is attributed to the diffusion across the 
separator, which is usually negligible compared to 
electrolysis or homogeneous reactions terms. Thus 
the bracketed term of Equation 4 disappears. With 
the assumption of  flow continuity (this may not be 
true if a significant amount  of  gas bubbles are present 
in the flow channel as in the catholyte where large 
amounts of  hydrogen evolution take place) Equation 
4 is reduced to 

O C i _  a 
i i + e E ( r i ) j  (5) Vo Oy nF 

J 

in which v0 is the averaged Vy, i.e. the superficial 
velocity. This equation should be applicable to all 
species for which inter-compartmental transport (by 
migration or diffusion) is negligible. Note that Ci in 
Equation 5 represents the concentration of  species i 
averaged over the cross section of  the flow channel. 

2.2. Mass balance of  Br-  

Electrochemical oxidation of bromide is often accom- 
panied by chlorine generation because of  the large 
overpotential usually needed for achieving bromide 
oxidation current at low concentrations. The in situ 
generated chlorine reacts rapidly with bromide in 
the electrolyte: 

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

(R1) 

But the yield of bromine is hampered by hydrolysis: 

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

(R2) 

as well as by formation of  BrCI: 

Br2(aq) + C1- ~ BrCl(aq) + Br-  K 3 = 0.00012 

(R3) 

Reaction R1 is believed to proceed in two steps 
[3]: (i) Br-  +Cl2(aq) ~ BrCl(aq) +C1-  and (ii) 
Br-  + BrCl(aq) ~- Br2(aq) + C1-. Since the overall 
reaction, R1, has already been written, only one of  
these reactions needs to be given here. Other homo- 
geneous reactions in a B r - -Br2 (aq ) -C1- -H20  system 

that affect the above reactions are [1, 8-13]: 

BrCl(aq) + C1- ~- BrCI2 K4 = 5.3 (R4) 
Br2(aq) + C1- ~- Br2C1- K 5 = 1.42 (R5) 
Br2(aq) + Br- ~ Br~ K 6 = 20.2 (R6) 
Cl2(aq)+H20 ~ H  ++CI-+HC10 K7=4.8x10 -4 (R7) 
C12(aq) + C1- ~ Clf K8 = 0.13 (R8) 
2BrCl(aq) ~Br2(aq) + C12(aq) K9 (R9) 

where K1 to K 9 are the equilibrium constants based on 
molar concentrations. 

The values for/£1, K4, Ks, K6, and K 8 are reported 
in [10] for aqueous solutions of  NaC1 and NaBr at 
25 °C with ionic strength of  4 M, while K3 at 25 °C is 
reported in [13]. For  K2 and K7, only the values for 
hydrolysis in pure water (25 °C) are available [1]. It 
will be shown later that K9 is not needed. 

The effect of  the activity of  each species on the equi- 
librium constants is not considered here and the 
formation of  pentabromide ion Br~ and the slight 
ionization of HBrO (only about 0.1% HBrO is 
ionized) have been neglected [1].  The reaction 
between HC10 and Br-  or HBrO is also negligible. 
Reactions R1 to R9 occur rapidly and instantaneous 
attainment of  equilibrium is usually assumed [3, 12]. 
Because Reaction R6 does not change the valence of  
Br-  or Br2, it is not considered to deplete bromide 
or bromine, although the existence of  Br-3 affects 
equilibrium involving bromide or bromine. On the 
other hand, Reactions R1, R2 and R3 should be 
accounted for in ~j(ri) j when applying Equation 5 
to Br-:  

dCBr- a 
v0 ~ - F iBr- Jr" ~[--(rBr-)l -{'- (rBr-)2 q- (rBr-)3] 

(6) 

A negative sign is added before iBr- since bromide is 
consumed by the electrolysis. 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. Usually, solving Equation 9 requires knowl- 
edge of  the chemical reaction rate expressions. In 
our approach, these reaction rates are related to the 
gradient of  the various dissolved species in the flow 
direction by applying Equation 5 to each species: 

dCc12 _ a 
Vo dy 2F icr  

+ - - + (ra )9] 

(7) 

v0 m 

dCHB O =  (raBro)2 (8) 
v0 dy 

dCBrc1 
dy  -- e[(rBrCl)3 -- (rBrC1)4 -- (rBrCl)9 ] (9) 

dCBrCl~- 
V0 dy - e(rBrCl~- )4 (10) 
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dCnoo _ e(rHC10) 7 (1 1) By letting 
v0 dy 

hi = - 2  dCc12 
dCBr- 

dCc13 
Vo dy - e(ra;)8 (12) h 2 -  

Note that the magnitudes of the rates are related 
by 2(rc12)1 =(rsr-) l ;  (rHBrO)2=(rar-)2; (rBrcl)3 = 
(rBr-)3; (rBrcl~)4 = (rBrCl)4; (rHc10)7 = (rc12)7; (rc1;)8 = 
(rc12)s; and (rBrCl)9--= 2(rc12) 9. Using these relation- 
ships to combine Equation 7 through Equation 12 
results in 

iCl- ( dd@ dCHBrO + dcBrc, 
- a ~ - + v  o 2 - ~ - ~  - - ~ y  + 

dCBrC1; dCHcIO dCcl~ 
dy  2-dT--y rE dy / 

---- e[--(rBr-)l + (rBr-)2 -4- (rBr-)3 ] 

Therefore Equation 6 becomes 

dCBr- _ a iBr- + iCI- ~- 2 dCc~2 dCHBrO q- dCBrC1 
dy v 0 F - - ~ y  + d-"'-~ - -  

dCBrCl~ dCHclO dec1; 
+ ~2 - - + 2  

dy dy dy 

The void fraction shown in Equation 6 disappeared in 
this equation. It is noteworthy that although reaction 
B r - +  BrC1 ~ Br2C1- also exists [9], it is only an 
intermediate step of Reactions R3 and R5 and 
can be shown not to affect the final expression of 
Equation 14 by similar derivations. Also, it can be 
shown that Equation 14 remains the same even if 
B r - +  C12 ~ BrC1 + C1- is included, which is the 
first step of Reaction R1, since only the independent 
reactions matter. 

Equation 14 reveals that formation of Br2C1- does 
not affect bromide conversion. In fact, Reaction R5, 
similar to R6, merely forms a bromine complex and 
does not change the bromine valence. Therefore it 
only affects the bromine equilibrium. In the absence 
of water oxidation, iBr-q-iC1- becomes the total 
current density. 

If the concentrations of the species involved in 
Equation 14 are all functions of CBr- only, as will be 
shown later, the following manipulation is valid: 

dCcl2 dCHBrO q- dCBrcl + dCBrC12- q- 2 dCHcI° 
2 --~-y + --d~--y dy ~ d-----~ 

+ 2 dCa;  
dy 

dCc12 dCcl~ dCHBrO 
= 2 ~ + 2 dCBr - 4 _ dCBr - 

+ 2 dCHclO . dCBrC1 . dCBrCI~-'~ dCsr- 
dCBr - t - ~ - t -  dCBr - ] dy 

h 3 -  

2 dCa;  (16) 
dCBr- 

dCHBrO 2 dCHc10 (17) 
dCBr dCBr- 

dCBrcl dCBrCl ] (18) 
dCBr- dCBr- 

where the terms, hi, h2, and h3, represent the effects of 
chlorination, hydration, and BrC1 formation, respec- 
tively, Equation 14 can be written as 

, , dCBr- _ a iBr- -t- iCl- (19) 
( l+h l+h2+n3)  -d-fy v o F 

(13) Note that when @l-, hi, h2, and h 3 = 0, Equation 19 is 
reduced to the conventional equation for porous 
electrode. 

In order to solve Equation 19, hi, h2, and h3 need to 
be first related to CBr-. In this approach, the relation- 
ship is derived using the equilibrium equations for the 
homogeneous reactions, because these reactions are 
rapid and establishment of their equilibria is usually 

dy considered virtually instantaneous. Thus, the concen- 
trations of each species involved should be at, or at 

(14) least close to, the equilibrium concentrations, espe- 
cially for a process where the electrolysis step is 
much slower than the homogeneous reactions. 

(15) 

2.3. Liquid phase equilibria 

If no water oxidation takes place at the anode and the 
change in CH+ by ionization of water, HBrO, or HC10 
can be neglected, then, for a closed system, the follow- 
ing mass balance holds: 

1 1 CH+ = Cl+ + CHBrO -~- CHCIO -- C~iBr O -- C~ic10 
(20) 

where superscript 1 denotes anode inlet conditions. 
According to Equation 20, the pH of the anolyte 
should decrease as bromide conversion and chlorine 
generation increase. Using the equilibrium equations 
one obtains, 

KI K2 Cs~- 
CHBrO = 2(K1K2CBr_ + K7Cc1-) 

chs o - c clof 

4CBra / K2 K7 "X ] 1/2 

(C1+ 1 CIclo) } 
_ _ CHBrO - -  

(21) 

The detailed derivation of this expression is given in 
the Appendix. This equation suggests that bromine 
hydrolysis can be reduced by lowering the solution 
pH. 
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For a closed system, 

cB~- + 2CB~ + 3cB~; + CBrCl + CB~C~ 
(22) 

-~- 2 C B r 2 C  1 + C H B r O  -~- CBOr 

where C°r is the sum of all Br in Br-containing species. 
After substituting CB~, CB~;, CBrCl;, and CBr2Cl- using 
the expressions for K3, K4, /(5, and/(6,  rearranging 
gives 

3K f 2 2K5~ C 
K ~ C I _  ( C B r - ) 2  -}- ~ K - - - 7 - ~ l  -{-" -~ - -3  ) Br-  

(23) 
"1 

+ K 4 C c I -  a t- lJ cB,c,  = - CB,- - CHBrO 

where CHBrO can be replaced by Equation 21. Usually, 
Cc> and C°r remain unaffected by the small intercom- 
partmental transport and are basically constant 
throughout the anode compartment. Therefore, 
Equation 23 can be solved to give CBrO as a function 
of CBr-, which decreases as the anolyte approaches the 
anode outlet. Let ~ represent the CBrCl obtained 
from Equation 23. The expressions for hi, h2, and h 3 
can be derived (see the Appendix for the details of 
the derivation): 

h~ = - 2 dCch 2 d c c h  
dCBr- dCBr- 

h 2 -  

h 3 -  

(24) 

dCFIarO 2 dCHclO 
dCBr- dCBr- 

2K 7 Ccl- .] dCHBrO 2 K7 CCI- CHBrO 
= -  1 d K1K2CBr_ j d C B r ~  - + K1K2(CBr_) 2 

(25) 

dCBrc1 dCBrCl~- -- (1 + K4Cc1-)~)t (26) 
dCBr- dCBr 

1.0 

O 0.8 

cr 

C 0.6 
o 

q-J 

C- 0.4 
(1) 
c- 
o 
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Fig. 2. Distribution of each species at various bromide conversions: 

1 0 1 -7  1 CRr- = CBr = 0.001 N, Ccl- = 3 M, Ch+ = 10 N, CHB~O = 
r . o o 

C~clO = 0.oLegend. ( ) CBrC1/C~r , ( . . . .  ) CBrC12/CBr; ( "  ") 
o , o 

2CBr2C1-/CBr, ( . . . .  ) 2CI- IBro /  CBr.  

1.o 

C) o.8 

C 0.6 
o 

~3 
k- 

4--' 
¢- OA 
o 
o 

o 
0 o2 

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

..,.' 

. . .  
..,-' 

. . "  
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f 

Fig. 3. Distribution of each species at various bromide conversions: 
1 0 1 -7 1 C~r- = C~r = 0.05 M; Ccl-= 3 M; C m = 10 M; Crmro = 

Cho o = 0. Legend: ( - - )  CBrCl/CB0r; ( . . . .  ) CBrcI~/C°r; (...) 
2CBr2C-/C~r, ( . . . .  ) 2CrIBro/C~r. 

where ~ '  is the derivative of ~b with respect to CB~ ; 
and Cnaro and dCHBrO/dCBr- can be obtained from 
Equations 21 and 23 as functions of CBr- and ~b 
(which in turn, is a function of Car-)- These equations 
reveal that Reaction R9 does not affect bromide mass 
balance even though the reaction may appear to affect 
BrC1 concentration. In fact, Reaction R9 can be 
obtained by combining Reactiofis R1 and R3 and 
hence K9 can be derived from K1 and K3. 

3. Model analysis 

3.1. Signi f icance o f  each react ion 

To assess the relative significance of each reaction, 
CB~cl/C°r,  CBrCl~ IcOn, 2Car2Cl-/C°r, and CHBro/COr 
are examined at various bromide conversions using 
the equilibrium relationships for anolytes initially 
composed of NaC1 and NaBr (i.e. C°r = C~r-). The 
bromide conversion is defined as 

s= - C~_ (27) 

where CB2r- is the outlet bromide molar concentration. 
Figures 2 and 3 display the calculation results at 
CB0r = 0.001 M and 0.05 M, respectively. An industrial 
bromide oxidation process is usually operated under 
acidic conditions and thereby the effect of HBrO is 
minimal. Hence, specifying C1+ at 10-7M in both 
figures gives the upper bound of the HBrO effect. 

These figures indicate that the bromine produced is 
mostly either in the forms of ionic complexes of Br2 
with C1- (i.e. Br2C1-) or converted to BrCI~- (a com- 
plex of BrC1 and C1-) and that HBrO is appreciable 
only for brine with a low bromide level. Formation 
of BrC12 becomes highest at large bromide conver- 
sion. Since Br2 is consumed and Br- is regenerated 
during the formation of BrC1 and HBrO (see 
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Reactions R2 and R3), the high percentage presence 1.o 
of BrC1 and HBrO means that a significant amount 
of Br2 generated electrochemically is converted, by 

O . f l  the homogeneous reactions, back to Br- and a spe- 
cies difficult to recover, thereby reducing the effi- 03 c- 
ciency of the electrochemical process. This is true, + 0.6 
even if 100% recovery of Br present in BrC1/BrC12 _c + 
and HBrO can be assumed (since C1 in BrC1/BrC12 ,-- 

c- 
would still be wasted). The efficiency, however, can + 0.4 
be improved if the C1 present in BrC1/BrC12 can be 
recovered and used to oxidize additional Br-. 

This analysis also suggests that the bromide level is o~ 
critical to the feasibility of the recovery process. For 
example, for ocean water where bromide content is 

O . 0  
typically below 0.001 M, these effects are very pro- 
nounced and must be minimized before an efficient 
recovery becomes possible. 

3.2. Anode size 

h3 / 

/ 

....... h 2  h l  ..... 

. . . . . . .  i . . . . . . . .  1 . . . . . . . . .  , . . . . . . . . .  t i 

0.0 0.2 0.4 0.6 0.8 1.0 

Fig. 5. Relative values of hi, h2, and h 3 for different bromide conver- 
sions: C~r = CB0r = 0.05 M; CCI = 3 M; c l +  = 1 0  - 7  M ;  CHBr O 1  = 

C l a o  = 0. 

If  expressions for ibm- and icl- as functions of bromide 
concentration (or electrode position) are known, 
Equation 19 can be integrated numerically to give 
the concentration profile of bromide and other 
species along the anolyte flow channel. Using Equa- 
tion 23, ~b' can be shown to be negative, indicating 
that BrC1 concentration increases with bromide con- 
version. A larger bromide conversion can be achieved 
by increasing the anode length. Bromide oxidation 
controlled by mass transfer of bromide ions can be 
written as 

iBr- = FkCBr- (28) 

where k is the mass transfer coefficient. If  the process 
is controlled by the surface kinetics, Equation 28 is 
still valid for a first order reaction if the anode poten- 
tial is uniformly distributed, except that k in this 
case will be the reaction constant instead of the mass 
transfer coefficient. Because of the high chloride con- 
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03 
c- 
+ 
C~ 0.6 (- 
+ 
~r-- 
_c 
Jr 0.4 
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. . . -  

h 3  ............ 

~,x~..... . . . .  . ' ~  

.... . . . - . ' "  
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h 2  h l  

0.0 0.2 0.4 0.6 0.8 1.0 

Fig. 4. Relative values of h], h2, and h3 for different bromide conver- 
sions: C ~ r - =  C°r = 0.001 M; C c l - =  3M; C1H + = 10-7M; C1BrO = 
C1clO = O. 

centration in brine solution, ic1- can be considered 
constant in the cell. Using Equation 19, one obtains 

aLk/vo  = - [C]r- 1 + h 1 + h 2 + h 3 
3C~r- CBr_ + iCl_/Fk dCB~- 

(29) 

where L is the anode length. Since hl, h2, and h 3 are 
functions of CBr- only, the above equation can be 
solved for a known k to give the anode length needed 
for various bromide conversions. 

Equation 29 clearly shows that anode length is 
shortened by chlorine generation current. Since 
h 1 > 0, h2 > 0, and h 3 > 0, the term 1 + h 1 + h 2 + h 3 

is greater than unity and increases with bromide con- 
version. Therefore, a longer anode is required for a 
given bromide conversion as a result of the homoge- 
neous reactions. The terms hi, h2, and h3, can 
be viewed as contribution to the overall effect 
of the homogeneous reactions by incomplete 
chlorination (R1, R8), hydrolysis (R2, R7), and 
formation of BrC1 and BrCI~ (R3, R4), respect- 
ively. To show the relative significance of each 
effect, hi/(1 + h i  + h 2 + h 3 ) ,  h2/(1 + h i  + h 2 + h 3 ) ,  
and h3/(1 + h 1 + h 2 + h3) against f are displayed 
graphically in Figs 4 and 5 for two different values 
of C°r. Figure 4 reiterates that the effect of hydrolysis 
(h2) is appreciable only for low C°r at a low conver- 
sion. The contribution by h] is nearly zero when 
f <  90% (therefore, Reaction R1 can be considered 
irreversible, i.e. /£1 --+ ~ for a small f ,  and chlorine 
generated at the anode in this case is equivalent to 
direct generation of bromine) and rises rapidly when 
bromide conversion exceeds 90% and becomes most 
significant at even higher bromide conversion (see 
Fig. 4). On the other hand, Fig. 5 suggests that for 
high C°r, the effects of hi and h2 almost disappear 
and h 3 becomes dominant over almost the entire 
range off .  

For a case where all the homogeneous reactions can 
be neglected, i.e. hi + h 2 + h 3  = 0, Equation 29 
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Fig. 6. Anode length ratio, Lr, required for various bromide conver- 
sions at  different inlet bromide concentrations: C~-  = C~;  Ccl- = 

1 - 7  1 1 u ) 3M; CH+ = 10 M; CHacO = Cnclo = 0 .  Legend, Cn~: ( 
0 . 0 5  M, ( - -  - -  - )  0 . 0 1  M, ( . . . . . .  ) 0 . 0 0 5  M, ( - -  - - ) 0 . 0 0 1  M 

reduces to 

akL/vo = -  [c~- 1 (30) 
J C ~ -  CBr-  Jr- i C 1 - / F k  d C B r -  

In the absence of  iC1- , the anode length for a given 
bromide conversion calculated from Equation 30 is 
independent of the inlet bromide concentration. 
But this is not true when the homogeneous reactions 
are considered. To compute the effect of  the homo- 
geneous reactions on anode length, the following is 
defined: 

anode length with homogeneous reactions 
Zr = 

anode length without homogeneous reactions 

(31) 

where Lr is unity when the homogeneous reactions 
can be ignored and becomes larger when the effects 
of the homogeneous reactions increase. Using Equa- 
tions 29 and 30 and letting ia-  = 0, Clr = C°r, Lr 
at various bromide conversions are computed for 
several different inlet bromide concentrations. The 
computed results (Fig. 6) suggest that the homo- 
geneous reaction increases the necessary anode 
length for a desired bromide conversion, especially 
when a brine containing a low level of  bromide is 
processed. For  a brine solution with a bromide level 
less than 0.01 M, the anode length has to be twice 
(Lr > 2) more than for a process free of  the homo- 
geneous reactions in order to achieve 90% conversion. 

The characteristic that Lr increases with decrease in 
C°r does not appear to be true at high bromide con- 
versions, as shown in Fig. 6. In effect, the curve for 
C°r = 0.01 M crosses all other curves in the region 
beyond 90% conversion and does not continue to 
rise w i t h f a s  sharply as the others. This can be under- 
stood by examining Equation 23, which indicates 
that when C°r ~ 0, CBrC1 ~ C°rf/(K4Cc1 - + 1) (let 
Clr - = C°~ and CHB~O = 0). This means that for a 

fixed f ,  CBrC1 actually decreases with decrease in C°r 
in low range of C°r . 

3.3. Local current efficiency 

When the anode potential is sufficiently positive, 
water oxidation may occur at the anode in addition 
to generation of bromine and chlorine. The local 
current efficiency based on bromide converted over a 
differential length of anode can be defined as 

FvodCBr- 
= - a(iBr- + ic1- + io2)dy (32) 

where the negative sign is included to yield a positive 
value. The numerator in this equation represents 
the theoretical current required for electrode length dy 
to electrochemically convert dCBr- amount of  bro- 
mide to bromine. The denominator is the total cur- 
rent actually consumed over the electrode length dy. 
Since the produced bromine subsequently partici- 
pates in the homogeneous reactions and generates 
other Br containing compounds, the oxidized bro- 
mide is present not only in the form of  bromine but 
also in the forms of BrC1, BrCI~, HBrO etc. In an 
industrial process, a separation scheme following the 
electrochemical process is required to collect bromine 
from Br2CI-, Br~, BrC1, etc. in the liquid stream. 
Although Br2C1- and Br3 are readily recoverable, 
BrC1 is more difficult to strip out. Therefore the final 
efficiency based on bromine yield greatly depends on 
the separation process and the efficiency for bromine 
production may be enhanced significantly by improv- 
ing the downstream separation efficiency. 

From Equations 19 and 32, one obtains 

ai°2( dy ) (33) l =  l + hl + h2 + h3 -"~Vo qo 

When there is no water oxidation, Equation 32 
becomes 

dCj_ L _ a~ iBr- + iC1- (34) 
dy v0 F 
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Fig. 7. Local current efficiency as a function of bromide conversion 
at different inlet bromide concentrations: C~r = C°r; Co = 3 M; 
C~+ 10 -TM;C1HBro= l = Cnao  = 0. Legend: as in Fig. 6. 
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This equation is equivalent to Equation 29. It 
becomes clear that the anode length is directly associ- 
ated with the local current efficiency. Improving 
current efficiency reduces not only the energy con- 
sumption but also decreases the necessary anode 
length. 

Using Equation 29 and assuming no oxygen gener- 
ation, the local current efficiency at various bromide 
conversions is plotted in Fig. 7 for inlet brine streams 
of different bromide concentrations. The small 
increase in local current efficiency with f when f is 
below 5% is due to the decrease in h2. This increase 
is more pronounced at a lower total bromide inlet 
concentration. In the region o f f >  10%, the local 
current efficiency drops as the bromide conversion 
increases. It falls almost to zero when the bromide 
conversion exceeds 98%. Since higher bromide con- 
version is at the downstream end of the anode, the 
local current efficiency is lowest near the anolyte out- 
let. Therefore, simply increasing the electrode length 
to improve the bromide conversion is not only ineffec- 
tive but also energy inefficient. 

3.4. Cell current efficiency 

The overall cell current efficiency, @, can be defined as 

= ~[ qO(iBr- + icF + io~)dY (35) 
f(iBr- + ic1- + io2)dy 

or, after using Equation 32, 

_ Fvo ~ dCBr- = FvoSB chr -- c2r 
a f(iBr- if- iC1- q- io2)dY I 

(36) 

where I is the total current passing through the cell. 
Using Equation 32, Equation 35 can be also written as 

(I) - -  f dCBr- 
f (1/ ~))dCBr- (37) 

1.O 
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Fig. 8. Overall current efficiency for various bromide conversions 

several different inlet bromide concentrations: C~r-= C°r; at 
Gel- 3M; Cl+ 10-7M; ClBro 1 = = = CIqaO = 0. Legend: as in 
Fig. 6. 

Replacing ~ using Equation 33 and h 1 to ha using 
Equations 16 to 18 and then integrating gives 

{@ = --ACBr-/-- ACBro; ACB~ + ACBrC1 + 

+2(ACcl~ + ACc~; + ACnclo) 

I°2 } (38) -~- m CHBrO -t- 

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

Equation 38 reveals that the current efficiency is 
decreased by generation of the oxidized species other 
than bromine. Since any chlorine generation in the 
system consumes electricity, a net increase in its 
concentration translates to an extra consumption of 
electricity put into the system. Therefore, the denomi- 
nator in Equation 38 includes the net change of 
C12, C13, and HC10. (Excess chlorine must be used in 
the conventional brine chlorination process due to the 
homogeneous reactions. The chlorination efficiency 
can also be estimated by Equation 38 without the 
oxygen term.) The formation of HBrO and BrC1 
regenerates Br- and therefore a net increase in their 
concentrations also accounts for efficiency loss. 

When the inlet and outlet bromide concentrations, 
C~r- and C~r-, are fixed, the other concentrations 
can be calculated from the equilibrium relationships 
(see Appendix). For example, C~rcl and C~ra can be 
obtained using C l r  - a n d  C2r - and Equations 21 and 
23. Therefore, Equation 38 can be used for theoreti- 
cal evaluation of the cell current efficiency at various 
bromide conversions. Figure 8 is a plot of Equation 
38 for brine solutions containing several different 
initial bromide concentrations. The overall current 
efficiency again is shown to be adversely affected by 
decreasing inlet bromide concentration. If oxygen 
evolution is avoided and hi, h2 = 0, the cell current 
efficiency becomes 

1I) = - -ACBr-  
- -mCBr-  --}- ACBrC1 -]- mCBrCly 

(39) 
--/XCBr 

~-- --z2kCBr- q- (1 + K4CcI-)ACBrC1 

If a feed brine contains only Br- (namely CB0r = Clr) 
and no BrC1, then 

--ACBr- (40) 
K5 =- --ACBr- q- (1 + K4Ccl-)C2rc1 

Equation 23 shows that when the bromide conversion 
approaches 100%, i.e. C2r - --~ 0, then C2rc1 
approaches COBr/(I+K4CcF). Consequently, the 
current efficiency approaches 50% and is indepen- 
dent of C°r or chloride concentration. 

It must he kept in mind that the treatment presented 
in this paper is based on the bromide conversion, 
which may be different from the bromine yield since 
the loss of elemental bromine due to such compounds 
as HBrO and BrC1 can be significant. Nevertheless, 
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Fig. 9. A flow-through porous electrode cell assembly. 
after the concentrations of these species for a given 
bromide conversion are calculated from the equili- 
brium constants as shown earlier and in the 
Appendix, the bromine yield can be estimated. 
Furthermore, BrC1 may be recovered to produce addi- 
tional bromine if a good separation scheme is devised. 
Therefore, the final yield of elemental bromine 
depends on the separation stages following the elec- 
trochemical process. 

The effect of:::ghloride is very straightforward in all 
t h e  derived equations. The homogeneous reactions 
become more significant at higher chloride concen- 
tration. When no chloride is present, hi and h 3 are 
equal to zero. Since chloride concentrations generally 
do not vary over a wide range in the natural brine 
solutions, detailed discussions are omitted here. 

4. E x p e r i m e n t a l  veri f icat ion o f  m o d e l  

4.1. Experimental details 

The assembly of a flow-through porous electrode cell 
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used for the experimental study is illustrated 
schematically in Fig. 9. The cell was comprised of 
two identical half cells divided by a separator. Two 
flow channels, defined respectively by two identical 
Teflon spacers, housed the porous anode and cathode 
whose length might differ. A 0.038cm thick 
microporous polyethylene membrane cell separator 
(Daramic, W. R. Grace & Co.) separates the anode 
from the cathode and prevents mixing of the anolyte 
and catholyte. The outer side of each spacer was 
pressed against the inner side of a dense graphite 
prate, which served as a current collector. A copper 
sheet was attached to the outer side of each graphite 
plate to provide an equipotential surface and to serve 
as an electrode lead to the electrical circuit. Finally, 
the entire cell was clamped tightly between two poly- 
mer supporting plates. 

Two similar cell assemblies but with significantly 
different channel lengths were used. One allowed the 
placement of a porous electrode (in both the anode 
and cathode channels) of only 12 cm long, while the 
other could hold electrodes as long as 45 cm. The 
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Fig. 10. Schematic diagram of the electrolyte flow system. 
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porous electrode used in this study was a GH 1/8 inch 
(3.2mm) graphite felt (Fiber Materials, Inc.). The 
nominal thickness of this felt was measured to be 
about 0.3cm. Because the channels defined by the 
Teflon spacers were machined to about 0.2 cm thick 
and 1 cm wide, the felt was cut into 1 cm wide and 
the thickness was slightly compressed when placed 
within the channels. The compression assured good 
electric contact. An RDE4 potentiostat (Pine Instru- 
ments) was used for low current experiments, 
whereas an Electrosynthesis Model 415 high power 
potentiostatic controller (Electrosynthesis, Inc.) was 
used when more than 400mA was required. Since 
the 45 cm cell required large currents to operate, a 
Model TPS-2000 d.c. power supply (Topward Elec- 
tric Instruments) was used to provide a current as 
high as 10 A for galvanostatic operations. 

A schematic of the electrolyte flow system is shown 
in Fig. 10, where the reference electrode probe was 
situated at the anode inlet. The reference electrode 
system consisted of  an SCE electrode held in an elec- 
trode reservoir filled with the anolyte solution. Both 
the anolyte and the catholyte were maintained at a 
constant temperature of 80 °C within the cell by heat- 
ing the sumps and the electrolyte feed lines. (Industrial 
bromide recovery by chlorination generally is oper- 
ated at 80 °C or above.) In addition, the entire cell 
was covered with insulation material to reduce heat 
dissipation so that temperature differences between 
inlet and outlet streams were minimal (< 3 °C). For 
the 45 cm cell, mild heating was provided to the cell 
through heating tapes wrapped around the cell. 

The experimental current efficiency was obtained by 
measuring the cell current while the inlet and outlet 
anolyte streams were sampled for determination of 
bromide concentration. The current efficiency was 
then calculated using Equation 36. In all the experi- 
mental runs, the solution pH was adjusted below 4 
to minimize bromine hydrolysis. The anolyte outlet 
was constantly checked to ensure that no oxygen gas 
bubbles were generated. In addition, polarization 
curves of sodium sulphate electrolyte were run using 
the same electrode to identify the onset potential of 
water oxidation so that the anode potential was con- 
trolled below that potential. 

The concentration of bromide was determined 

based on the hypochlorite oxidation method given 
in [1]. The method is a well established titration 
method and is accurate for determination of traces 
of bromide in the presence of high concentration of 
chloride. Because bromine was found to interfere 
with the accuracy of this method, sample aliquots 
that contained bromine were first crystallized by 
evaporation under a mild temperature to expel 
the bromine before analysis. This method gave an 
accuracy greater than 98% when used to analyze 
standard samples with various concentration ratios 
of Br/Br-. The standards were prepared by dissol- 
ving known quantities of NaBr and liquid bromine 
in water or a NaC1 solution. The pH of the solution 
was adjusted with HC1 to below 4. The total amount 
of dissolved bromine and BrC! could be titrated 
iodimetrically. 

The size of sample aliquot used for each bromide 
analysis depended on its concentration, i.e. large 
aliquots for low concentration samples. Usually two 
or three titrations were made and an: average was 
taken. The difference among the titrations generally 
was less than 1%. 

4.2. Experimental results against model predictions 

Experimentally, it is difficult to measure the local 
current efficiency since this requires well defined dif- 
ferential electrode dimension, sensitive measure- 
ments of current, and extremely accurate analytical 
method of bromide ions. Nonetheless, for a finite bro- 
mide conversion Equation 38 can be used to give an 
averaged local current efficiency (i.e. the cell current 
efficiency). When the outlet bromide concentration 
approaches the inlet concentration, the conversion 
approaches zero and the cell current efficiency 
approaches the local current efficiency. Therefore, 
the local current efficiency at various bromide conver- 
sions can be approximated by the cell efficiency 
measured over a small conversion but with various 
compositions of Br-, Bra, BrC1 etc. 

To obtain an anolyte inlet stream with such a 
feature, the anolyte outlet stream was recirculated 
back to the anolyte sump during electrolysis. Conse- 
quently, if a brine solution initially contains only 

Table 1. Current efficiencies obtained at a constant anode potential (1.10 V vs SCE)  in an anolyte recirculation experiment 

Run Time/ram ~mA Out&t p n  C~r- / M C~r- /M ~exp ~est 

1 0 - 2.5 0 .0500 - - - 

10 190 - 0 .0414 0 .0325 0.98 0 .982 

70 146 - 0.0111 0 .0063 0.69 0 .734  

100 95 - 0 .00368 0 .00194  0.38 0 .267 

160 50 1.8 0 .00042  0 .00034  0.03 0 .030 

v0 = 1 . 0 8 c m s - l ;  e~st is c a l cu l a t ed  us ing  C c l - =  3M, C~+ = 10-3 M, C°r  = 0.05M. 
A n o l y t e  ini t ia l  cond i t ion :  3 M NaC1/0 .05  M N a B r / 0 . 0 0 1  M HC1 ( p H  2.5), 200 ml. 

C a t h o l y t e  ini t ial  cond i t ions :  3 M NaC1/0 .03  M HC1, 200 ml. 

A n o d e :  L = 2 c m ,  B = l c m ,  S = 0 . 2 c m .  

C a t h o d e :  L = 1 0 c m ,  B = 1 cm,  S = 0 . 2 c m .  

T e m p .  = 80 °C. 
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Table 2. Overall experimental current effieiencies compared with the theoretically estimated values 

Run Vo/ Cm s -1 I/mA Clr -/n C2~- /M f ~exp ~X~est 

2 1.08 90 0.00473 0.00135 0.71 0.78 0.770 
1.08 90 0.00473 0.00155 0.67 0.74 0.787 

3 1.08 86 0.00511 0.00182 0.64 0.80 0.807 
1.08 70 0.00511 0.00223 0.55 0.84 0.831 

4 1.08 500 0.0500 0.0280 0.44 0.92 0.983 
1.08 500 0.0500 0.0275 0.45 0.94 0.982 

5 1.08 300 0.0495 0.0360 0.27 0.94 0.987 
0.44 160 0.0495 0.0322 0.35 0.92 0.985 

Single pass of anolyte. Anode potential < 1.10 V vs SCE. 
Anolyte inlet stream: NaBr/3 M NaC1/0.001 M HC1. C°r = C~r-. 
Other conditions were the same as in Table 1. 

NaBr,  the inlet  s tream will con ta in  different amoun t s  

of  b romide  and  b romine  as well as other  b r o m i n e -  
chlorine species after a n u m b e r  of passes or a period 
of recirculation.  In  the experiments,  the anolyte 

sump was closed to the a tmosphere  so that  little 
b romine  could escape to the a tmosphere  and  the 

entire system was considered closed. Both the anolyte  

inlet  and  outlet  streams of  the cell were periodically 
sampled for b romide  ion de terminat ions  while the 

cell current  was recorded. The difference between 
the init ial  b romide  concen t ra t ion  and  the measured  
inlet  concen t ra t ion  gave the bromide  convers ion at 
which the anolyte  entered the cell. Since it is indicated 

in Fig. 7 that  the local current  efficiency should drop 
substant ia l ly  in the range of  high bromide  convers ion 
and  will eventual ly drop to zero when the convers ion 
is 100%, the current  efficiency measured  in a recircu- 
lat ing experiment  should decrease as the recirculat ing 

t ime progresses. Indeed,  such a t rend has been 

observed (Table 1). Predictions from Equa t ion  38 
are listed in Table  1 to compare  with the experimental  
results. Clearly, the values are in good agreement.  It  
should also be poin ted  out  that  the p H  of the anolyte 
dropped as predicted by Equa t ion  20. In  the model  
calculations,  the equi l ibr ium constants  at 80 °C and  

in concent ra ted  br ine solut ions should be used. 
Unfor tuna te ly ,  these values are no t  available in the 

literature. Instead,  the values at 25 °C given earlier 
are used as an  approximat ion .  

Several addi t ional  experiments were run  in which 
the anolyte inlet  stream conta ined  bromide  bu t  no 
b romine  and  was passed through the cell only once. 

The data  ob ta ined  at several different anode  inlet  
bromide  concent ra t ions  for various conversions are 
presented in Table  2. As can be seen, the measured 
values agree closely with predict ions of  Equa t ion  38. 

To demonst ra te  the validity of model  calculat ions 
applied to na tu ra l  br ine  solutions,  experiments 

Table 3. Overall current efficiencies obtained using natural brine solutions 

Run ~a/V vs SCE vo/cms -1 I/mA Clr-/M C2~-/M f ~exp ~est 

G1 0.95 0.99 137 0.0676 0.0608 0.10 0.95 0.985 
1.00 0.99 196 0.0676 0.0577 0.15 0.97 0.984 
1.05 0.99 265 0.0676 0.0544 0.20 0.95 0.983 

G2 0.95 0.77 240 0.0714 0.0556 0.22 0.98 0.984 
1.00 0.75 403 0.0714 0.0449 0.37 0.95 0.979 
1.05 0.75 538 0.0714 0.0365 0.49 0.94 0.974 

G3 1.17 0.63 860 0.0714 0.0060 0.91 0.92 0.865 
1.16 0.67 850 0.0714 0.0093 0.87 0.95 0.905 
1.14 1.53 1820 0.0714 0.0119 0.83 0.97 0.923 

G4 0.95 1.04 500 0.0665 0.0426 0.36 0.96 0.978 
1.02 0.75 750 0.0665 0.0195 0.71 0.91 0.951 
1.09 0.41 750 0.0665 0.0012 0.98 0.69 0.674 
1.25 0.81 1820 0.0665 0.0009 0.99 0.56 0.643 
1.20 1.65 2400 0.0665 0.0034 0.95 0.84 0.802 

(I)es t is calculated using Ca = 5M, C~r- = C°r, C~+ = 10 -2 M. 
Anode: L = 11 cm, B = 1 cm, S = 0.2 cm. 
Cathode: L = 10cm, B = 1 cm, S = 0.2cm. 
Temp. = 80 °C. Runs G3 and G4 were run galvanostatically. The others were run potentiostatically. The brine solutions had a density of 
1.2gcm -3 and contained about 5.5M chloride, pH < 2. 
Other components in the brine: 70 000 p.p.m. Na +, 30 000-40 000 p.p.m. Ca 2+, 3000 p.p.m. Mg 2+, 2000 p.p.m. Sr 2+, 1300 boron, 120 NH +, 
75 p.p.m, sulphate, 60 p.p.m, phosphate, 20 p.p.m, barium, 10 p.p.m, manganous, 5-10 p.p.m. H2S, 4-5 p.p.m. I-. 
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Table 4. Experimental results using a tail brine from a chlorine process as the anolyte inlet 

Run g?a / V vs SCE vo/em s- 1 I/mA C2r -/M f ebexp ¢est 

GT1 0.95 3.15 22 0.00160 0.13 0.67 0.716 
1.00 3.10 54 0.00120 0.37 0.71 0.681 
1.00 1.85 55 0.00080 0.56 0.68 0.636 

0.95 0.43 17 0.00054 0.71 0.63 0.599 
1.00 0.40 23 0.00033 0.82 0.51 0.564 
1.03 1.15 63 0.00029 0.84 0.55 0.556 
1.00 0.43 34 0.00011 0.94 0.42 0.519 

GT2 

The tail brine contained a small amount of bromine due to incomplete stripping in the chlorination process, pH 0.3, CCI = 5 M. Total Br 
content was analysed to be 0.001 91 g and the analysis after crystallization gave 0.001 84 M of bromide. Other components were essentially the 
same as the raw brine except that most of the oxidizable species had already been oxidized in the chlorination process. Experimental con- 
ditions were the same as in Table 3. ~est is calculated using Cc1- = 5 M, CB0r = 0.00191 M, f i r  - = 0.00184 M, C~+ = 10 -2 M. 

were conduc ted  using raw na tu ra l  br ine  solut ions  
(p rov ided  by  G r e a t  Lakes  Chemical  Co rpo ra t i on ,  E1 
D o r a d o ,  Arkansas ) .  The overal l  cur ren t  efficiency 
ob ta ined  in these s ingle-pass exper iments  is given in 
Table  3. Similar  exper iments  were also conduc ted  
using a tai l  br ine  so lu t ion  d ischarged f rom a chlor in-  
a t ion  process  at  G r e a t  Lakes  Chemica l  C o r p o r a t i o n  
as the feed to the cell. (The tai l  br ine  was a br ine 
whose b romide  h a d  largely been recovered by  the 
chlor ine  and  s team s t r ipping process.)  The results  
are given in Tab le  4. Dur ing  the exper iments  shown 
in Table  3, a small  a m o u n t  o f  oxygen evolu t ion  was 
observed  when the a n o d e  po ten t ia l  was above  1.25 V 
vs SCE. The oxygen genera t ion  ra te  was roughly  esti- 
m a t e d  to be be low 50 m A  by measur ing  the vo lume o f  
the bubbles  in the anoly te  out le t  s t ream. Since the cell 
cur ren t  in those  exper iments  was qui te  large,  the er ror  
i n t roduced  by  neglect ing the genera t ion  o f  the oxygen 

was small .  
The  exper imenta l  results  given in Tables  3 and  4 

again  agree wi th  the theore t ica l  predic t ions ,  a l though  
slight d iscrepancies  f rom theore t ica l  es t imat ions  are 
observed  for  some o f  the exper imenta l  data .  The  
na tu ra l  r aw br ine  con ta ined  a m m o n i a  and  a small  
a m o u n t  o f  o ther  oxid izable  species which could  react  
under  cer ta in  po ten t ia l s  to lower  cur ren t  efficiency. In  
add i t ion ,  exper imenta l  e r ror  also cont r ibu tes  to the 
difference observed  at  low b r o m i d e  convers ions  

since at  low concen t ra t ion  a n d / o r  cell current ,  the 
ca lcula t ion  o f  exper imenta l  cur ren t  efficiency is 
sensitive to the measurements  o f  bo th  cur ren t  and  
concent ra t ions .  A t  a small  cell current ,  even a tr ivial  
a m o u n t  o f  ox ida t ion  o f  a m m o n i a  and  wate r  or  o ther  
oxidizable  species in the br ine  solu t ions  con t r ibu tes  
apprec iab ly  to the er ror  in cur rent  efficiency. The  
theoret ica l  values r epor t ed  also con ta in  e r ror  due to 
the u n k n o w n  t empera tu re  effects on  the equi l ib r ium 
constants .  

To fur ther  subs tan t ia te  Equa t ion  38, which sug- 
gests tha t  the cur ren t  efficiency is indeed independen t  
o f  the anode  d imens ion  in the absence o f  water  oxi- 
da t ion ,  cur rent  efficiency was measu red  using the 
45 cm cell. The  anode  length  in this cell was 45 cm, 
bu t  the wid th  and  thickness  were kep t  as before.  
The  exper imenta l  values,  p resented  in Table  5, aga in  
agree with the mode l  predict ions .  

5. Conclusions 

Elect rochemical  p roduc t i on  f rom br ine  solut ions  has 
been analysed  to account  for  the effects o f  l iquid 
phase  homogeneous  chemical  react ions.  Since these 
reac t ions  are  cons idered  ins tan taneous ,  the chemical  
reac t ion  rates were expressed in terms o f  the k n o w n  
chemical  equi l ibr ia  and  were i nco rpo ra t ed  into the 
mass  ba lance  equat ions .  The  final mode l  a l lowed 

Table 5. Experimental data obtained using a 45 cm long cell showing good agreement between the model estimates and the experimental 
measurements 

Run Vo/Cms 1 1/A Clr /~  CJ~ /~  f ~:~exp d~est 

L1 6.5 6.0 0.0706 0.0253 0.64 0.96 0.96 
L2 5.2 6.0 0.0706 0.0169 0.76 0.91 0.94 
L3 6.6 6.0 0.0706 0.0268 0.62 0.93 0.96 
L4 3.7 7.0 0.0637 0.0009 0.99 0.64 0.64 
L5 4.7 6.8 0.0637 0.0025 0.96 0.82 0.78 
L6 3.5 7.5 0.0705 0.0003 0.996 0.63 0.56 
L7 4.7 6.8 0.0705 0.0034 0.95 0.90 0.81 

Cest is calculated using Cc,- = 5M, C~+ = 10 -3 M, COr = C~r-. 
Anolyte contains 5 g NaCI and 0.001 m NaBr. 
Catholyte contains 5 M NaC1 and 0.03 M HC1. 
Anode: L = 45 cm, B = 1 cm, S = 0.2 cm. 
Cathode: L = 45 cm, B = 1 cm, S = 0.2 cm. 
Temp. = 80 °C; The anode potential is below 1.15V vs SCE for all runs. 
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quantitative characterization of the effects of these 
homogeneous reactions on current efficiency and the 
electrode utilization. Experimental results have sub- 
stantiated the model predictions. 

It is not uncommon that an electrochemical process 
is accompanied by rapid homogeneous chemical 
reactions with rates that are difficult to measure or 
estimate. However, very frequently, the equilibrium 
constants for these reactions are available. There- 
fore, the method of treatment demonstrated here 
can be conveniently adopted to those processes 
which otherwise could not be modeled. Even if the 
homogeneous reactions may not be instantaneous, 
this treatment still could provide a reasonable 
approximation in many cases. 
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Appendix 

Derivations of equilibrium relationships 

Combining definitions of K1 and/(3, one obtains 

CCI- CBrC1 (A1) 
Cc12 = K1K3 CS~- 

For HBrO, according to definitions of/£2 and/£3 gives 

CHBrOCH + --  K2CBrc1 (A2) 
KsCa- 

For HC10, using definition of K 7 gives 

CHcIoCH + = K 7 CC12 (A3) 
CCI- 

So, from Equations A1 to A3, 

K7 Ca- CHBrO (A4) 
CHC10 --  K1K2 CBr- 

Substituting CiJao given above into Equation 20 
and then combining with Equation A2 produces 
Equation 21. 

Employing definitions of K3 to K 8 gives, respec- 
tively, 

CBrClfBr- (A5)  
C ~ -  g3Ccr 

C~rcl~ = K4Ccl- Carcl (A6) 

CBr2C I- = K5CBr 2 Cc1- (A7) 

CBr- 3 = K6CBr-CBr 2 ( n 8 )  

Ccl;= K8 CCl- Cc12 (n9) 

Substituting Equations A6 to A8 into Equation 22 
gives 

CBr- + 2CBr2 + 3K6CB~- CBr2 -F- CBrC1 -~- K4Cc1- CBrCI 

+ 2KsCcl- Cnr2 = C°r - CHBrO (AIO) 

Replacing CBr2 using Equation A5 yields Equation 
23. 

If ~p represents the CBra obtained from Equation 
23, then differentiating ~b with respect to Car- is 

dCBrcl _ ~b' (A11) 
dCt3r- 

Subsequently, differentiating Equations A1, A4, A6, 
and A9 produces 

d C c l 2 -  Ccl-  [ C----~r_ ] (A12) 
dCar- K1K3CBr_ ~b'-- ~b 

d C H c I o K 7 C c 1 - [  1 dfHBrO CHBrO'] (A13) 
dCBr- K1K2 CBr- dCBr- (CB~-)2J 

dCBrcl~ _ K4 Cc1- C t (A 14) 
dCBr- 

dCa;  _ K8Ccr dCa2 (A15) 
dCBr- dCBr- 

The expressions for hx, h2, and h3 (i.e. Equations 24 to 
26) can be obtained using the above equations. 


