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A Gas Anadyss Method for Determining the Ferchlorate
Current Eficiency and Other Applications

Shao Zhigang~  Yi Baolian
(Ddian Ingitute of Chemica Physcs,Chinese Academy of Science ,Ddian 116023)

Abstract A method for determining the current efficiency by meansof mea
suring the flow capacity of the cell gasin a perchlorate cell has been proposed. The per-
chlorate cell system was equipped with an oxygen cathode or a Na* ion exchange mem-
brane. This method is 9mple and convenient as well as accurate in the evaluation of the
perchlorate current eficiency in the perchlorate cell as compared with the traditiona
methodsof andyds. It is usful in the investigation of eectrochemical problems with
high perchlorate concentration ,as well asfor the assessment of eectrocataytic perfor-
mance of anode materials. With an oxygen cathode in place of the mild stedl cathode in
the perchlorate cell ,the cell voltage can be reduced and the energy consumption can be
lowerde.
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1 Introdcuction

The perchlorate sdt is mainly used in the preparation of firecrackers fireworksand rocket fu-
els. With the development of the gace flight technologies,its worldwide production output in-
creases year by year. In acel unit for perchlorate production ,the procedure for the chemica analy-
gsof the perchlorate current eficiency is complicated and time-consuming ,making it difficult to
supervise the perchlorate production process in the industry. Moreover ,it is not convenient to
study the perchlorate processin a laboratory.

In this paper ,a gas anayds method for determining the perchlorate current efficiency was e
va uated. Comparing with the traditiona anayds methods,this method is Smple and convenient.

2 (@asanalysis method

2.1 Oxygen of air used asa depolarizing agent
In an industriad perchlorate cell process,mild sted if often used as the cathode and PbO,/ Ti
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or platinum as the anode. The overal chemica reaction in the traditional perchlorate cell process
can be written as:

dO; +H,O0 - dO; +Hy1 (1)
When oxygen or air is used as a depolarizing agent ,the evolution of hydrogen at the cathode sur-
face can be suppressed and the main reaction is oxygen reduction. Therefore: ine overdl chemical
reaction can be written as:

0, +2C0; - 2004 (2)

By employing an oxygen cathode instead of the steel cathode ,the cell voltage may be lowered

condderably ,rendering a posshility of saving 1. 23 v such an oxygen cathode approach can a-
2 diminate the risk of exploson.

2.2 Analysis of theloss of perchlorate current efficiency

Snce there are ome dde reactions in the cdl process,the current eficiency would suffer
ome losxs. Sde reactions at the anode may take place asfollows:

2H,O0 - O, +4H" +2e (3
E3=1.228V

40H™ - O, +2H,0 +4e (4)
E3=0.401V

The anodic lossof the current efficiency is mainly caused by the water oxidation reaction un-
der a regular condition. When the slution becomes too a kaline ;the oxidation of the OH™ ions(4)
at the anode surface may increase.

Sde reactions at the cathode surface may occur asfollows:

ClO0; +3H,0+6e — O~ +60H (5)
E2=0.620 V

CO; +2H +2e - dO; +H,0 (6)
E2=1.19V

As aresult ,we can draw a concluson that sde reactions evolving oxygen will result in aloss
of perchlorate current eficiency if the cathode dde reactions are neglected.

An asbestos digphragm may be used to suppress the cathode sde reactions(3 6)in the per-
chlorate cell usng an oxygen cathode ,and the current eficiency lossof the cathodeislessthan one
percent ,which is negligible.

2.3 The gasanalysis method for deter mining the perchlorate current eff iciency

Asit is difficult to determine the concentration of the perchlorate ,people usualy determine
the change of the concentration of the chlorate in the perchlorate process. The chemicad efficiency
may be formulated asfollows:

2F(VgCy- V
N.= ( ol(; G 7
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Wheren , is the overall current eficiency for perchlorate formation, F is the Faraday constant
(96485C/ mal) , | is a congant current , Vo is the initid volume of éectrolyte at room tempera
ture,and Visthefina volume of electrolyte at room temperature. Here Cais the initial concen
tration of the chlorate ,and Visthefina volume of the chlorate.

A dmple way to measure the ingantaneous current eficiency is by meansof the gasanalyss
method. Neglecting the current lossof the cathode ,the loss of current eficiency is mainly caused
by the sde reactions evolving oxygen gas. No matter which Sde reactions take place at constant
current ,evolution of n molesof oxygen needs4 nF coulombsin the timeinterva dt. If the volu-
metric flow rate of oxygen is expressed by ng at the standard state ,the loss of coulombs caused

by the evolution of oxygen(dQo,) may be written as:

4F VY dt
d Qo2 = Vo (8)
Where Vg isthe volume in the standard state.

Gas temperature in the bubble- meter isidentical to room temperature when the gas volumet-
ric flow rate is small. Consdering the difference in gas volume between room temperature and the
standard state ,we may write:
oY, (9)

Ts
Where Ty isthe temperature at standard state ,and Tsisthe room temperature.

0 _
Voz—

The overal coulomb consumption dQ may be expressed as:
dQ = Idt (10)
And the gas current efficiency N in the perchlorate cell system can be defined asfollows:

dQo
_q . —==
Combining Egs. (8 10)with equation(11) ,the expresson for gas current eficiency is:
_, 4E To Vo,
Np=1- I(.l.s)(v0 (12)

Owing to the fact that measurement of the flow capacity of the cell gas can be carried out
more directly and accurately ,Eq. (12)is eader to be treated than Eq. (7) when the current efi-
ciency hasto be determinedin the electrolyte system. It hastwo kindsof waysto measure the flow
rate of the oxygen gas:

1) By andyzing the O, content of the cell gas with a gas chromatograph ,which is commonly
used in an industrial perchlorate cell process.

2) By changing the construction of the cell ,usng an oxygen porous gas diff uson cathode or a
Na*ion membrane to separate the cathode and anode.

In this paper ,we used the second method to measure the flow rate of the oxygen gas.
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3 Experimental

The sketch of the perchlorate cell isshownin Fig. 1. Two different kindsof cellsviere usedin
the experiments. Fig. 1a shows that the cell was equipped with a Na* ion exchange membrane ,a
PbO,/ Ti anode and a mild steel cathode ,while Fig. 1b shows that the cdl wvas equipped with an
oxygen cathode and a platinum anode.
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Fig.1 Apparatusfor gas current eficiency determination in aperchlorate cdl

a) The dectrolyte cdl with an Na”ion cxchange membrane ,a PbO,/ Ti anode and a mild sted cath
ode

b) The eectrolyte cal with an oxygen cathode and a platinum anode
1. 0ap bubble meter 2. O; disoomposdng catalyst 3. drying tube 4. gasand liquid separator
5. heat exchanger 6. dectrolyte inlet or outlet 7. magnetic pump 8. voltammeter 9. am-
peremeter 10.DC power 11.ampere hour meter 12. PbO,/ Ti anode 13. Na'ion exchange
membrane 14. mild sted cathode 15.0xygen gas porous cathode 16. platinum anode
17.oxygen gasinlet 18.oxygen gasoutlet 19. gas collector

The experimenta apparatusis shown in Fig. 2.

Fig. 2a shows the laboratory cell which was equipped with alead dioxide anode ,a Nafion 901
Na"ion exchange membrane and a mild steel cathode. The eectrode area was 10 cnt ,and the flow
rate of the cell oxygen gas was measured by collecting the oxygen gasin afixed time.

Fig. 2b shows the laboratory cdl which was equipped with an oxygen cathode and a platinum
anode. The eectrolyte was recirculated through the cell with a magnetic pump (CXB-30) whose
outlet pressure was about 0.02 M Pa. Theflow rate of the electrolyte was6.61 x 10" °*m®s™ *. The
active area was 140 cm?. The oxygen cathode was made according to referencel?. At constant cur-
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rent ;the flow rate of the gas was measured by a ap bubble meter.

12851910l 2 g

Fig.2 Schematic construction of the dectrolyte cel

a) The dectrolyte cel with an Na*ion exchange membrane ,a PbO,/ Ti anode and a mild sted cath
ode

b) The eectrolyte cal with an oxygen cathode and a platinum anode
1.fixed plate 2. rubber plate 3. PbO,/ Ti anode 4.rubber frame 5.organic glassfrane

6. Na" ion exchange membrane 7. mild sted cathode 8. platinum anode 9. asbestos
digphragm 10.oxygen gas porous cathode 11. gtanless sted current collector

The two kinds of cells were generaly operated for two to four hours at a temperature of
45  until steady-state cdl gas was obtained.

The eectrolyte was periodically sampled during each experiment. The chloride concentration
was determined by titration with an AQNO; standard sl ution and the indicator K,CrO,4. The chlo-
rate concentration was determined by auto-oxidation to excesive FeSO, ,and back titrated with a
KM nO,4 lution. Here the FeSO, 9l ution was used as a reducing agent. The concentration of per-
chlorate was determined by measuring the total CI°~ concentration of the mixture and then sub-
tracting the concentrations of NaClO; and NaCl as determined above. The totd Cl~ concentration
was measured asfollows:CO, and ClOs; of the solution were reduced by a pulsng NaNO, ,and
then Cl~ was precipitated by the addition of excesive AgNO;3 ,and the the excessve AgNO3z was
determined by titration with a NHsCN'S olution ,usng N H;Fe(S0,) 2- 12H,0 as the indicator.

4 Results and discussion

4.1 Comparison of current efficiency between the chemical analysisand
gas analysis methods
The chemica current efficiency wasobtained by Eq. (7) and the gas efficiency by Eq. (12) .
The experimentd data are shown in Table 1. The comparative experi ments were operated for dif-
ferent timeintervds ,chlorate concentrations and current denstiesto verify the results between the
gas and the chemical eficiencies. Table 1 shows the results of the cell with an Na* ion exchange
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membrane ,in which[ NaClO3] =502.9 g/L ,T =45
formation is 82. 3 % for the current densty of 50 mA/ cm? ,88. 1 % for the current density of 100
mA/cm? ,89.3 % for the current density of 150 mA/cm? ,and 90. 4 % for the zurrent density of
200 mA/ cm?. Comparing these results with N, for the same conditioii,’t can be concluded that
both results agree well with each other.

From Table 1 ,we can see that the perchlurece current eficiency increased with increasng
NaCl O3 concentration. It ispossble that the CIO; adsorhed on the eectrode surface inhibited oxy-

,and the average eficiency for perchlorate

gen evolution from water discharge ,and thisinhibiting efect resulted in the increase of the current
eficiency. Table 1 a9 showsthat the perchlorate current efficiency increased with increadng cur-
rent densty. It isprobable that the gavanostatic polarization rate of the oxygen evolution and the
oxidation rate of chlorate to perchlorate ate different!®!. With the increase of the current dengty,
the increase of the oxidation rate of chlorate to perchlorate wasfaster than that of the oxygen evo-
lution rate. Moreover , Table 1 shows that the current densty decreased with the increase of the
dectrolyds time. The reason may be that the concentration of chlorate decreased with the increast
of the electrolysstime.

Tab.1 Perchlorate eficiency by the gas andyds and the chemica analyss methods

The cell NaCl0; =502.9 ¢/ L | =200 mA/ cm? | =200 mA/ cn? [ =200 mA/ cn?
with aNa* NaQl0s =502.9 g'L NaQl0s =500 gL
membrane

I/ mA-cm™ 2 [NaClOs]/gl ™t Timel h *dectricity/ Ah

50 100 150 200 200 400 500 743 2 6 8 108 30 9 120 210
Vo /miL/min 513 6.97 8.28 9.91 271 148 9.3 3.1 31 33 42 176 95 7.4 88 30.8
No % 80.1 86.5 87.5 89.0  73.7 85.7 9L.0 97.0  97.0 96.8 959 8.9  90.8 92.8 91.3 70.2
Nd % 82.3 88.1 89.3 90.4  74.7 86.9 921 99.2  99.2 98.2 97.4 8.2  92.6 947 93.1 7.6
B 1,027 1.018 1.021 1.016  1.014 1.014 1.021 1.023  1.023 1.014 1.016 1.040
The cell NaCl0;=643.4 ¢/ L 1 =400 mA/ cm? | =400 mA/ cm’ [ =400 mA/ e’
with an NaClOs =710 g'L NaQl0s =710 g/L
oxygen

I/ mA-cm™ 2 NaClOs]/d. " * Time/ h *dectricity/ Ah
cthode [ 3]/ g y

1.0 20 3.0 4.0 50 200 400 710 4 6 10 158 222 39.6 63.6 85
Vo /mL/imin 0.43 0.45 0.52 0.55 850 3.15 1.11 0.36  0.70 0.63 1.05 1.61  0.40 0.94 2.41 3.36
Ny % 88.6 94.0 95.4 96.3 351 759 92.6 97.6 953 95.8 93.8 89.2  97.3 93.6 83.7 77.0
Nd % 86.7 92.8 93.8 95.7  33.5 74.2 91.5 9.8  93.6 943 917 87.1 954 9.9 82.2 75.6
B 0.978 0.987 0.983 0.994  0.954 0.978 0.988 0.992  0.982 0.984 0.986 0.976

* The chenica eficiency N 4in the varied dectricity is cdculated by equation 14, T=318 KpH=6 9

4.2 FError analysisfor the two kinds of current efficiencies

The amount of water vgpor in the cell gas was small because experimental temperature was
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318K and the flow rate of the cell gas was low , that it could be neglected. The ratio of the
chemical eficiency to the gas current eficiency 3| may be defined asfollows:

Bz (i=1.2) (13)
No
Then 3 can be obtained from the following equation:

Blzjr; 3(@1);=1.020

B2 =Jr; (B2 ;=0.982

Where3 ; isthe ratio of the chemica efficiency to the gas current efficiency in the electrolyte
cell with a Na"ion exchange membrane ,a PbO,/ Ti anode and a mild sted cathode. Smilarly B,is
defined as the ratio of the chemical eficiency to the gas current eficiency in the eectrolyte cell
with an oxygen cathode and a platinum anode.

From Table 1 ,there is clearly a difference between the gas current eficiency N and the
chemica eficiency N o. When using the Na* ion exchange membrane in the perchlorate cell B =
1.020. The cause of error might be:1) The anode and the cathode was separated by the Na*ion
exchange membrane ,but the eectrolyte was a unified one ,and the hydrogen gas has some ol ubili-
ty in water. The disolved hydrogen in the slution evolved in the anode camber , the flow rate
of the oxygen gas was increased. 2) The hydrogen gas was brought by the flow of the eectrolyte
from the cathode camber to the anode camber. Therefore ,the chemicd eficiency (o) wasaways
higher than the gas current eficiency ().

By employing an oxygen cathode in the perchlorate cell B, =0.982. The exigting of the error
might due to :1) The organic substancesin the syssem might be oxidized;2) The eficiency loss of
the cathode was neglected. Therefore ,the chemical efficiency N o was an average efficiency over a
period of time ,and was lower than the stead state gas current eficiency I p.

Snce the valueBj which variesfrom 0. 987 to 1. 020 ,is goproximately 1.0 ,then the gas effi-
ciency may be consdered to be identicad with the chemica eficiency when it is desred to deter-
mine the current eficiency for perchlorate formation.

4.3 Current efficiency in concentrated perchlorate

When the perchlorate cell system isoperated for a short time or over severa hours,the error
of the chemical analyss was larger and the current eficiency might be distorted in concentrated
perchlorate ,because the formation of perchlorate was too smal to compare with the perchloratein
dilute solutions. These results suggest that the chemica efficiency may be evaluated by the gas
analyss method. In Eqg. (13) we can substitutelg,- for B; and obtain:

Na=BNs (j=1,2) (14)

Wheref3 ;1 =1.020 3, =0.982 ,and N, can be determined by Eq. (12) . Hence the chemical

eficiency in concentrated perchlorate can be determined by the gas anayss method.
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4.4 :;p;}l (l)(;atlon of gasanalysis 100 e anng, 1800 T
In the perchlorate cell equipped ¢ 80f {600 ~
with a Na" ion exchange membrane, E 60} N ,g,
an oxygen cathode and a PbO,/ Ti an- %: ) AN 1400 g
ode ,we can get the changesof the gas § 4o |} el 1200 Lz‘:
current efficiency and the chlorate  2p} _.:‘é:s emg]iemy
concentration from the eectricity 10
(Fig. 3). The initid concentration of 0 50 100 150 200 250 300 350

the chlorate in the cell was 743.9 ¢/ Electricity/Ah
L ,and the fina concentration of the
chlorate was 3. 98 g/L » the overall concentration of chlorate in the perchlorate cdl with the
mean gas current eficiency was dectricity
84.7 %. When the dectricity was 226

Ah ,the concentration of the chloratein the cel was g
107 ¢/ L ,and the instantaneous gas current efficien

cy dtarted to decrease. Thus,by means of the gas 8
current efficiency method ,we can observe in detail 2
the change of the gas current eficiency with thegf’ 6

Fg.3 The changes of the instantaneous gas dficiency and the

S le—
concentration of the chlorate in the cell. g
. . . 2 = 4 — 2

Typica current dendty is 250 mA/cm”. How- §
ever ,if the stainless cathode is replaced by an oxy-
gen cathode ,the cell voltage will be reduced by O.
7V (Fig. 4). Furthermore, by using the oxygen 0 ) ) , X
cathode the possbility of exploson can be €iminat- 0 200 400 600 800 1000
edl4l i/mA « ¢cm™?
5 Conclusions Fig.4 The change of cdl voltage usng the oxygen

The current eficiency in a perchlorate cell cathode instead of the steel cathode.
with a Na* exchange membrane or with an oxygen (Distance between the anode and the catir

ode=11 mm, NaClO; =576 ¢/L)
1. ded cathode 2. oxygen cathode

cathode can be determined by measuring the cell
gasin the recycling electrolyte. The result of the
gas method is condstent with those of the chemica analyss method. It congtitutes a smple and
convenient method to examine the perchlorate current eficiency. This method is usful for the as
sessment of electrocataytic performance of anode materials. When an oxygen cathode is used in-
sead of the steel cathode ,the perchiroate cell voltage can be reduced and energy saved.
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