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ABSTRACT

In order to improve current efficiency and decrease energy consumption in the electrosynthesis of ammonium persulfate,

electrolytic properties of four cation exchange membranes, namely, the JCM-II® membrane, Nafion® 324 membrane CMI-

7000® membrane and a self-made perfluorosulfonic ion exchange membrane (PGN membrane) were investigated using a

sintered platinized titanium anode and a Pb-Sb-Sn alloy cathode in a self-made electrolytic cell. The effect of cell voltage

and electrolyte flow rate on the current efficiency and the energy consumption were investigated. The results indicated that

the PGN membrane could improve current efficiency to 94.85% and decrease energy consumption to 1119 kWh t-1 (energy

consumption per ton of the ammonium persulfate generated) under the optimal operating conditions and the highest current

efficiency of the JCM-II® membrane, Nafion® 324 membrane and CMI-7000® membrane were 80.73%, 77.76% and

73.22% with their lowest energy consumption of 1323 kWh t-1, 1539 kWh t-1 and 2256 kWh t-1, respectively. The PGN

membrane has the advantages of high current efficiency and energy power consumption and has sufficient mechanical

strength with the reinforced mesh. Therefore the PGN membrane will has good value in popularization in the industrial

electrosynthesis of ammonium persulfate in the future.
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1. Introduction

Ammonium persulfate ((NH4)2S2O8) exhibiting

strong oxidizing property is widely used as an initia-

tor agent in the organic synthesis industries, as oxi-

dizing and bleaching agents in the wastewater

treatment, detergents, electronics and chemical

industries [1-2]. Ammonium persulfate is mainly

manufactured electrochemically via ion exchange

membrane electrolysis of ammonium sulfate at the

industrial scale [3]:

Anode reaction: 
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SHE: standard hydrogen electrode.

Nowadays, improving current efficiency and

decreasing energy consumption of the electrosynthe-

sis of ammonium persulfate are important research

aspects mainly involving anode materials, cathode

materials, additives and ion exchange membranes [4-

7]. Pt electrode is excellent catalysts in many electro-

chemical reactions [8] and it is valuable to research

the sintered platinized titanium anode with much

lower cost. Over the past decades, ion exchange
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membranes have found large-scale application in

processes such as electrodialysis, electrodeionization,

and persulfuric acid production [9-12]. At present,

the application and the development of new ion

exchange membranes and the commercial ion

exchange membranes in different fields are important

aspects of research [13].

In recent years, ion exchange membranes have

played a significant role in improving current effi-

ciency and decreasing energy consumption of the

electrosynthesis of ammonium persulfate [14]. The

ion exchange membranes widely researched usually

involve the membranes widely-used in chemical

industries such as Nafion® 424 [15-16] and Nafion®

117 [17], newly developed membranes and other

commercial ion exchange membranes [18].

H. Nan et al. [18] developed several novel compos-

ite membranes that were applied to the research of

the electrosynthesis of ammonium persulfate in the

laboratory and improved current efficiency to 76.3%

and decreased the energy consumption to 1485 kWh t-1

(energy consumption per ton of the ammonium per-

sulfate generated) using a titanium anode with plati-

num welded and a Pb-Sb alloy cathode, the energy

consumption of which was still high. Y. Cong et al.

[19] improved current efficiency to 72.4% and

decreased the energy consumption to 1485 kWh t-1 at

an electrolytic cell voltage of 5.29 V using a polytet-

rafluoroethylene cation exchange membrane on a

platinum anode and a lead cathode but the mechani-

cal strength of the polytetrafluoroethylene was weak

so that it was not easy to install in an electrolytic cell

and it had a low ability to resist the bubble impact

during the electrolysis.

Therefore the application and the development of

new ion exchange membranes should not only reduce

the energy consumption but should also have a suffi-

cient mechanical strength. In this paper, The PGN

membrane in the experiments was the perfluorosul-

fonic ion exchange membrane made by solution

coasting technology combined with polytetrafluoro-

ethylene reinforced mesh. The experiments were car-

ried out to research the properties of the PGN

membrane, JCM-II®
 membrane, Nafion® 324 mem-

brane and CMI-7000® membrane in the electrolysis

process to find out the membranes that could be effi-

cient to improve the current efficiency and decrease

the energy consumption in the electrosynthesis of

ammonium persulfate.

2. Experimental

2.1. Materials and chemicals

Sulfuric acid (H2SO4) ,  ammonium sulfate

((NH4)2SO4), ammonium persulfate ((NH4)2S2O8)

and other chemicals for volumetric titration analysis

(ferrous sulfate (FeSO4) and potassium permanganate

(KMnO4)) used were of analytical grade and pur-

chased from Weisi (Beijing) Experimental Supplies

Co., Ltd. The PGN membrane is a self-made perfluo-

rosulfonic ion exchange membrane. The JCM-II®

membrane, Nafion® 324 membrane and CMI-7000®

membrane were purchased from Beijing Tingrun

Membrane Technology Development Co., Ltd,

Changzhou City Jianhui Trade and Business Co., Ltd

and RingSun Membrane Technology (Beijing) Co.,

Ltd, respectively.

The PGN membrane is made by solution coasting

technology combined with polytetrafluoroethylene

reinforced mesh with the equivalent weight of 0.8

(mmol g-1) , the water content of 20% at 25oC and the

density of 2.1 g cm-3 with the proper pH ranging from

1 to 14. And the physical properties of the four mem-

branes are shown in Table 1.

From the Table 1, it can be seen that the thickness

of CMI-7000 membrane is the highest with the low-

est ionic conductivity. And the ion exchange capacity

of JCM-II membrane is the highest with the highest

Table 1. The physical properties of the four membranes.

Membrane
Thickness

(µm)

Ionic 

conductivity

(S/cm)

Burst strength 

(MPa)

Ion exchange

 capacity 

(meq/g)

Thermal 

stability range 

(oC)

Water

Content

(%)

PGN 320 0.12 0.5 1.3 5-80 33

JCM-II 200 0.13 0.25 2 5-70 38

Nafion 324 175 0.11 0.52 0.92 5-90 31

CMI-7000 450 0.087 0.55 1.0 5-90 20
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ionic conductivity and the thermal stability ranges of

the four membranes are appropriate for the tempera-

ture required by the electrosynthesis of ammonium

persulfate ranging from 25oC to 45oC. Besides the

functional group of the four membranes is sulphonic

acid. Besides, the JCM-II membrane is the only one

without reinforced mesh.

2.2. Experimental apparatus

The diagram of the experimental apparatus for the

electrolysis of ammonium persulfate is shown in Fig.

1 that consists of a self-made frame-and-plate cell for

performing the reaction, a sintered platinized tita-

nium anode from Baoji Hengrui Titanium Anode and

Titanium Product Co., Ltd, a Pb-Sb-Sn alloy cathode

from Shanghai Huiyan Welding Material Co., Ltd, a

DC power supply (YB1721A) from Shanghai Huyue

Electric Technology Co., Ltd, two peristaltic pumps

(TP12DC24V) from Guangzhou Jiyou Plastic Pipe

Fittings Technology Co., Ltd for circulating anolyte

and catholyte, respectively, two self-made heat

exchangers for maintaining the temperature of elec-

trolytes, a DC ammeter (DP3-72A) from Zhejiang

Taiquan Electrical Appliances Co., Ltd. The elec-

trode dimensions are 40 mm × 60 mm × 2 mm, the

interelectrode gap of which is about 6 mm with two

silicone gaskets having an effective electrolytic area

of 7 cm2 between the membrane and the electrodes.

2.3. Experimental design

All experiments were conducted using constant

voltage method with the electrolytes continually

pumped between the electrolytic cell and the corre-

sponding electrolyte container. The reaction was

operated in batch recycle mode. The electrochemical

reaction in the electrolytic cell was operated for 30

min using 100 mL initial anolyte with a mixture of

90 g L-1 (NH4)2S2O8 and 460 g L-1 (NH4)2SO4 and

100 mL initial catholyte with a mixture of 49 g L-1

H2SO4 and 400 g L-1 (NH4)2SO4 at the temperature

ranging from 30oC to 35oC and the electrolyte flow

rate ranging from 20 mL min-1 to 70 mL min-1, the

temperature and composition of which were the same

as those in the industrial production of ammonium

persulfate. The initial experiments were performed at

the cell voltage of 4.5 V for 30 min with the electro-

lytes recirculating through the electrolysis cell at the

electrolyte flow of 60 mL min-1. Samples were

extracted at the anolyte outlet for analysis when each

experiment was finished.

2.4. Analytical methods

The amount of the ammonium persulfate generated

was determined using the potassium permanganate

method. Samples of solutions were treated by excess

0.2 mol L-1 standard FeSO4 solution, which generated

Fe2(SO4)3 with surplus FeSO4. The surplus FeSO4

was measured using 0.01 mol L-1 standard KMnO4

solution that could be used as an indicator to deter-

mine the end point of the titration.

The concentration of the ammonium persulfate (c,

mol L-1) was calculated using Eqn. (1): 

(1)

where c1 and c2 are the concentration of the FeSO4

solution and the KMnO4 solution, respectively, mol

L-1; V, V1 and V2 are the titration volume of samples,

FeSO4 solution and KMnO4 solution, respectively, L;

n is the number of electrons involved in the electrode

reaction.

The experimental current efficiency (η, %) was

calculated using Eqn. (2): 

(2)

where c3 and c4 are the concentration of ammonium

persulfate before electrolysis and after electrolysis,

respectively, mol L-1; V0 is the total volume of the

anolyte, L; I is the working current, A; t is the total

time of the constant cell voltage applied, s; F is the
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Fig. 1. Diagram of the experimental apparatus.
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Faraday constant, 96485 C mol-1.

The experimental energy consumption per ton of

the ammonium persulfate generated (W, kWh t-1) is

calculated using Eqn. (3):

(3)

where U is the constant cell voltage applied, V; M is

the molar mass of ammonium persulfate, g mol-1.

3. Results and Discussion

3.1. The effect of cell voltage on current efficiency

and energy consumption

Fig. 2 shows the effect of cell voltage on the cur-

rent efficiency of the PGN membrane, JCM-II®

membrane, Nafion® 324 membrane and CMI-7000®

membrane at an electrolyte flow rate of 60 mL min-1
.

The current efficiency of the PGN membrane, JCM-

II® membrane, Nafion® 324 membrane and CMI-

7000® membrane reached their maximum values,

94.35%, 79.94%, 76.82% and 72.74% at the cell

voltage of 4.5 V, 4.5 V, 5 V and 5.5 V, respectively,

which resulted from the promoted anode reaction

producing ammonium persulfate and the inhibited

oxygen evolution reaction with current density

increasing and the other operating conditions

unchanged. When cell voltage exceeded their optimal

values, the current efficiency of the PGN membrane,

JCM-II® membrane, Nafion® 324 membrane and

CMI-7000® membrane gradually declined with cell

voltage increasing, which was attributed to the

enhanced oxygen evolution reaction caused by the

increased anode potential when cell  voltage

increased.

From Table 1 and Fig. 2, It could been seen that the

cell voltage corresponding to the highest current effi-

ciency of the four membranes almost increased with

their ionic conductivity increasing because the higher

the ionic conductivity of the membrane, the higher

the membrane voltage loss when the other condi-

tions were the same.

As was shown in Fig. 3, the energy consumption of

the PGN membrane, JCM-II® membrane, Nafion®

324 membrane and CMI-7000® membrane reached

their minimum values, 1120 kWh t-1, 1357 kWh t-1,

1493 kWh t-1 and 1702 kWh t-1 at the cell voltage of

4.5 V, 4.5 V, 5 V and 5.5 V, respectively. As was

shown in Fig. 2 and Fig. 3, the current efficiency of

the PGN membrane was highest among the four

membranes with the lowest energy consumption.

With respect to the four membranes at the same cell

voltage, the higher the current efficiency was, the

lower energy consumption was, which corresponded

with Eqn. (3).

Although the ionic conductivity of JCM-II® mem-

brane was the highest among the four membranes, its

ion exchange capacity was much higher than that of

the other membranes resulting in the decline of its

selective permeability, which reduced its current effi-

ciency and increased its energy consumption.

Besides, because of the weak mechanical strength of

W
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6

⁄
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Fig. 2. Current efficiency of the four membranes at

different cell voltage at the electrolyte flow rate of 60 mL

min-1
.

Fig. 3. Energy consumption of the four membranes at

different cell voltage at the electrolyte flow rate of 60 mL

min-1
.
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the JCM-II® membrane, it was not easy to install in

an electrolytic cell and it had a low ability to resist

the pressure and bubble impact during the electroly-

sis. With regard to the Nafion® 324 membrane,

although its ionic conductivity was almost equal to

that of the PGN membrane, its ion exchange capacity

was much lower than that of the PGN membrane

causing its lower current efficiency and higher energy

consumption than those of the PGN membrane. As

for the CMI-7000® membrane with the lowest ionic

conductivity, its membrane voltage loss was the high-

est, which contributed to its lowest current efficiency

and its highest energy consumption under the same

cell voltage compared with the other three mem-

branes. With respect to the PGN membrane, its

proper ion exchange capacity made its selective per-

meability good and its ionic conductivity made its

membrane loss lower at the cell voltage than those of

the CMI-7000® membrane and the Nafion® 324

membrane, which contributed to its highest current

efficiency and its lowest energy consumption com-

pared with the other three membranes.

3.2. The effect of electrolyte flow rate on current

efficiency and energy consumption

Fig. 4 shows the current efficiency of the PGN

membrane, JCM-II® membrane, Nafion® 324 mem-

brane and CMI-7000® membrane as a function of

electrolyte flow rate at the cell voltage of 4.5 V, 4.5 V,

5 V and 5.5 V, respectively. The current efficiency of

the PGN membrane, JCM-II® membrane, Nafion®

324 membrane and CMI-7000® membrane increased

with the electrolyte flow rate increasing and reached

their maximum values, 94.85%, 80.73%, 77.76% and

73.22%, respectively, at the electrolyte flow of

70 mL min-1 and there was no significant increase in

the current efficiency of the four membranes at the

electrolyte flow rate from 60 mL min-1 to 70 mL min-1

suggesting that the mass transfer was not the reaction

rate determining step at the electrolyte flow rate

between 60 mL min-1 and 70 mL min-1 in the present

system apparatus [15].

Fig. 5 shows that the energy consumption of the

PGN membrane, JCM-II® membrane, Nafion® 324

membrane and CMI-7000® membrane reached their

minimum values, 1323 kWh t-1, 1770 kWh t-1 and

2256 kWh t-1 at the cell voltage of 4.5 V, 4.5 V, 5 V

and 5.5 V, respectively, at the electrolyte flow of

70 mL min-1. As was shown in Fig. 4 and Fig. 5, the

current efficiency of the PGN membrane was highest

with the lowest energy consumption among the four

membranes. 

Y. Wang zet al. [17] improved the current effi-

ciency to 84.13% adopting a Nafion 117 membrane

with ammonium polyphosphate as the anode additive

in the electrosynthesis of ammonium persulfate. But

the Nafion® 117 membrane was not easy to install in

an electrolytic cell because of its low mechanical

strength without reinforced mesh. J. Zhao et al. [15]

improved the current efficiency to 80% using a

Fig. 4. Current efficiency of the four membranes at

different electrolyte flow rate, PGN membrane, JCM-II

membrane, Nafion 324 membrane and CMI-7000

membrane at the cell voltage of 4.5 V, 4.5 V, 5 V and 5.5 V,

respectively.

Fig. 5. Energy consumption of the four membranes at

different electrolyte flow rate, PGN membrane, JCM-II

membrane, Nafion 324 membrane and CMI-7000

membrane at the cell voltage of 4.5 V, 4.5 V, 5 V and 5.5 V,

respectively.



42 Chao Wang et al. / J. Electrochem. Sci. Technol., 2018, 9(1), 37-43

Nafion® 427 membrane but the energy consumption

reached 2000 kWh t-1 due to the low electrolyte con-

ductivity caused by the low reaction temperature of

15oC. Besides, the low electrolyte temperature would

reduce the solubility of ammonium persulfate, which

would reduce the electrosynthesis rate of ammonium

persulfate. 

J. Zhu et al. [15] used the Nafion 424 cation

exchange membrane, with a mixture of 456 g L-1

(NH4)2SO4 in 196 g L-1 H2SO4 as electrolytes,

improved current efficiency to 93% in the electrosyn-

thesis of ammonium persulfate at the temperature

less than 15oC, whereas the strong electrolyte acid

made ammonium persulfate easy to decompose [20]

and required electrolysis equipments with high corro-

sion resistance. With regard to the composite membrane

of perfluorosulfonic acid and perfluorocarboxylic acid,

the carboxylic salt layer turns into carboxylic acid

layer when the pH of the anolyte is less than 2 in the

electrosynthesis of ammonium persulfate, which

results in serious reduction of conductive perfor-

mance, the increase of the cell voltage, even blisters

of the membrane and holes of the perfluorocarbox-

ylic acid layer. 

In addition, with the increase of the ion exchange

capacity of the membranes, their water content

increases, which can increase the possibility of co-

ions percolation through the membranes decreasing

the selective permeability of the membranes [21-22].

As can be seen from the Table 1, with respect to the

four membranes, although the ionic conductivity of

the JCM-II® membrane is the highest, its high water

content restricts the improvement of its current effi-

ciency. Compared with the PGN membrane, although

the water content of the CMI-7000® membrane and

the Nafion® 324 membrane is lower, their ion

exchange capacity and ionic conductivity are much

lower than those of the PGN membrane, which

increases their energy consumption in the electrosyn-

thesis of ammonium persulfate. Therefore, the proper

ion exchange capacity, ionic conductivity and water

content enable the PGN membrane to have high cur-

rent efficiency and low energy consumption in the

electrosynthesis of ammonium persulfate.

The temperature of the experiments was main-

tained from 30oC to 35oC, which not only prevented

the ammonium persulfate from decomposing but also

increased the electrolyte conductivity and the solubil-

ity of ammonium persulfate, which could increase

the current efficiency and reduce the energy con-

sumption of the membranes. The PGN membrane

has high current efficiency and low energy consump-

tion with high mechanical strength. With respect to

the JCM-II® membrane with lower mechanical

strength, further research can be continued in the

electrosynthesis of ammonium persulfate when it is

enhanced by reinforced mesh.

4. Conclusions

This research indicates that the current efficiency

of the PGN membrane is highest and its energy con-

sumption is lowest compared with the JCM-II® mem-

brane, the Nafion® 324 membrane and the CMI-

7000® membrane with 100 mL mixture of 90 g L-1

(NH4)2S2O8 and 460 g L-1 (NH4)2SO4 as anolyte and

100 mL mixture of 49 g L-1 H2SO4 and 400 g L-1

(NH4)2SO4 at as catholyte at the electrolyte flow rate

ranging from 20 mL min-1 to 70 mL min-1 and the

temperature ranging from 30oC to 35oC in the elec-

trosynthesis of ammonium persulfate. With its proper

ion exchange capacity and the ionc conductivity of

0.12 S/cm, the current efficiency of the PGN mem-

brane can reach 94.85% with energy consumption of

1119 kWh t-1 at the cell voltage of 4.5 V at the tem-

perature ranging from 30oC to 35oC and an electro-

lyte flow rate of 70 mL min-1. In addition, the PGN

membrane has good mechanical strength with rein-

forced mesh. Therefore we believe that the PGN

membrane will have a good application prospect in

the industrial practice of electrosynthesis of ammo-

nium persulfate. 
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