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ABSTRACT

A continuous electrodialysis metathesis (EDM) process for converting Na, SO, to high-value K SO,
fertilizer was proposed and investigated in this paper. After 6 h, a stable production could be
obtained. The concentration of K,.SO, output could be as high as 0.683 mol/L, with a purity of
93.4%-96.5%. The specific energy consumption was 166-300 kWh/ton K,SO,, and the current
efficiency was 74.7%-84.5%. Meanwhile, the concentration of by-product NaCl could also reach
2.226 mol/L. The results showed that the effects of stack voltage, feed flowrate, feed concentra-
tion, and temperature were similar to those occurring in the normal electrodialysis process. There
was a restriction relation between the ions from the two desalination compartments, due to the
Donnan equilibrium and electrostatic effect. Therefore, a mole ratio of 1:2 between Na,SO, and KCl
in feed solutions would be of benefit for the synthesis process. An EDM process combined with
reverse osmosis and vapor mechanical recompression was proposed and evaluated. The result of
the economic evaluation showed that gross profit by converting the Na,SO, wastewater to K,SO, is

nearly 475.13 CNY/ton.

Keywords: Electrodialysis metathesis; Na,SO,; K,SO,; Continuous operation

1. Introduction

K,SO, is the basic raw material for the preparation of
various potassium salts such as K,CO,, K,S,0,, etc. In agri-
culture, it is a common chlorine-free high-quality potas-
sium fertilizer, which has no harm to chloride-sensitive
crops and soil [1-3]. In medicine, it is a very valuable inor-
ganic salt and was used to test serum protein. Therefore,
the preparation of K,SO, is very important. The traditional
synthesis methods of K,SO, mainly include the Mannheim
method, mirabilite conversion method, ammonium sul-
fate conversion method, gypsum conversion method [4,5]
and membrane separation method [1]. However, these

* Corresponding authors.

methods have disadvantages such as high energy con-
sumption, low product purity, complex operation and
high production cost. Electrodialysis metathesis (EDM)
can recombine the ions from different solutions to synthe-
size new compounds [6], the generated solutions are also
concentrated. At present, the EDM technology is not only
applied to the zero-discharge desalination of groundwater
and brackets water [7-9] and the recovery of organic acids
[10-12], but also successfully applied to the production
and synthesis of inorganic salts [13], organic compounds
[14], ionic liquids [15] and explosives [16], providing a
new way for the synthesis of substances.
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EDM technology has great application prospects in the
preparation of inorganic salts, especially potassium salts,
due to its advantages of environmental-friendly, low cost,
and non-formation of double salt [17,18]. Sharma et al. [19]
converted KCI to KNO, by EDM with an energy consump-
tion of 0.82 kWh/kg and current efficiency of 83%. Jaroszek
et al. [20] investigated the KNO, synthesis process by EDM.
The highest concentration of KNO, could be 2.55 M and the
highest purity was 99%. These results indicate that EDM
technology is an alternative way to produce high-quality
potash fertilizer. In the process of synthesis of potassium
fertilizer by EDM, the main factors that affect the process of
electrodialysis are current density, concentration and type of
raw materials. Trivedi et al. [21] found when the molar ratio
of raw materials (Na,SO, and KCI) was 1:1, the applied volt-
age was 1.5 V/pair, the impurity content in K,SO, was 1.16%
and concentration and purity reached their maximum level.
Zhang et al. [22] found that when the molar ratio of (NH,),SO,
to KCI was slightly higher than the theoretical molar ratio,
the complete conversion of KCl to K,SO, could be ensured,
and the final concentration of K,SO, could be increased by
reducing the volume of the initial K,SO, solution. Han et al.
[23] investigated the effect of cation types on the synthesis
of K,SO,, the orders of energy consumption Ei and cations

impurity Wi in the product were E o, >Ey, o, > E(NH4)2 50,

and Wy, >W,, >W,,, while (NH,),SO, was regarded as

the suitable sulfate source. The economic evaluation result
showed that the production cost of synthetic K,SO, was
537.1 $/ton. The properties of the ion exchange membrane
also influence the process index and product quality of elec-
trodialysis metathesis. Pisarska [24] used Neosepta AMX
type anion membrane and Nafion 423 type anion mem-
brane to synthesize K,SO, through EDM. The results showed
that the current efficiency was up to 94% and the impurity
content in the product was only 0.2%.

Most of the above researches is carried out in batch
operation mode, which is unsuitable for industrial contin-
uous processes. Therefore, a continuous EDM process was
proposed in this paper. Various operating conditions, such
as membrane stack voltage, feeding flow rate, concentration,
were investigated in detail. Changes in water permeability
were also investigated because water permeability due to
transmembrane concentration differences dilutes product
concentration. Then, a possible EDM process combined
with reverse osmosis (RO) and MVR was proposed to real-
ize the conversion and reclamation of NaSO, and the
economic value was evaluated as well.

2. Materials and methods
2.1. Membrane stack and configuration

The stack configuration used to synthesize K,SO, by
EDM is shown in Fig. 1. KCl and Na,SO, solutions are fed
into the membrane stack. K* and Na* penetrate through the
cation exchange membrane, while SO}~ and CI- permeate
through the anion exchange membrane driven by the electric
field force. Then, K SO, and NaCl are synthesized in adjacent
compartments, respectively [Eq. (1)]. Commercial homoge-
neous ion exchange membranes (Type II, Fujifilm Co., Ltd.,
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Fig. 1. Stack configuration used for the study of K,SO, synthesis
by EDM process.

Japan) are used, and the membrane properties given by the
supplier are shown in Table 1.

Na,S0, +2KCl - K,S0, + 2NaCl (1)

2.2. Experimental conditions

The schematics of the continuous EDM experimental
setup are shown in Fig. 2. The Na,SO, and KCI solution
tanks are named as desalination compartments 1 (D,) and
2(D,), and the K, SO, and NaCl solution tanks are named as
concentration compartments 1 (C,) and 2 (C,), respectively.
A 30 g/L Na,SO, solution is used as the electrode solution.
The solutions in the five tanks were fed to the compart-
ments of the membrane stack at a fixed flow rate (D, D,,
C, and C, solution: 2 L/min, electrode solution: 1.5 L/min)
by pumps and back to the tanks. Na,SO, and KCI solu-
tions were fed to D, and D,, respectively, as raw materials,
whose concentration and the flow rate was investigated.
The production of K,SO, and NaCl solutions and desali-
nated Na,SO, and KClI solutions were obtained from the
overflow pipes of the four tanks, respectively. The deion-
ized water was pumped to the C, to avoid the formation
of K,SO, crystal, whose flow rate was investigated as well.
The temperature of the solution in this experiment is con-
trolled by coiled pipes immersed in the tanks, connected to
a water bath. All the reagents used in the experiments were
analytically pure.

2.3. Analysis and calculation methods

Materials from C,, C,, D,, D, were sampled and analyzed
per hour, and the current, voltage, and production volume
were recorded. SO was measured by EDTA complexo-
metric titration method (Standardization Administration of
P.R. China, GB/T 13025.8-2012, ‘General Test Methods for
Salt Industry — Determination of Sulfate”), Cl- was measured
by silver nitrate titration method (ASTM D512-12, ‘Standard
Test Methods for Chloride Ion In Water’), and K* was mea-
sured by sodium tetraphenylborate quaternary ammonium
salt capacity method (Standardization Administration of
PR. China, GB/T 6549-2011, ‘potassium chloride’), while



J. Liu et al. / Desalination and Water Treatment 238 (2021) 267-276 269

Table 1
Properties of the ion exchange membranes used in this work

Cation exchange membrane

Anion exchange membrane

Membrane type Homogeneous Homogeneous
Thickness, pm 160 160
Permselectivity, % (0.5 M NaCl) 96 95
Electrical resistance, Q3 cm? (0.5 M NaCl) 8 5
Burst strength, bar 4.7 5
Recommended pH range 4-12 2-10
Membrane effective area, dm? 2 2
Pic, X Ve, ~Vie x| cdtx174-V
— -1 1 1 1— 3
I 18X N xsxt ®
Membrane )
Stack Pic, XVie, = Vi, x| cdtx585
J w,C, T ; “)

C1
K,50, NacCl D
Solution Solution Na,.S0, KCl Solution
Solution

Fig. 2. Schematics of the continuous EDM experimental setup.

the concentration of Na* was calculated based on the charge
conservation principle.

The permeate flux of ions |, , water permeate flux ]w(
energy consumption W, current efficiency n, purity P are
important evaluation indicators, with formulas reported
hereinafter.

The permeate flux of ions (],

onc) 18 expressed in
mol/(m? h) and calculated as: '

J.;]cdt x(V,+V)+(C,—C_,)xV,
Nxsxt

]ion,Cl -

@

where ¢ is the time interval between two samplings, 1 h;
i is the sample serial number; V. is the volume of solution
that overflows from the concentration tank at No. i hour,
L; V is each sampling volume, 0.02 L; C, is the ion concen-
tration in the concentration tank at No. i hour, mol/L; V_
is the volume of the concentrated tank, 1.367 L; N is the
number of membrane group, 10; s is the active membrane
area, 0.0198 m?2.

The total water permeate flux (], .) is expressed in
mol/(pair m? h) and calculated as:

18X N Xxsxt

where |, . and ]W’C2 are the total water permeate fluxes
to C, and C, from both membranes forming the compart-
ment, respectively; Pic, and P, are the densities of the
overflow solution in No. i hour, g/L; Vi,Cl and Vi,CZ are the
volumes of overflow solutions, L; V is the mass of deion-
ized water replenished in C, per hour, g; 174 is the molar
mass of K,SO,, g/mol; 18 is the molar mass of water, g/mol;
58.5 is the molar mass of NaCl, g/mol.

The density of K,SO, and NaCl could be calculated
by Egs. (5) and (6), respectively, which were obtained by
fitting the experimental data of standard solutions and
their density:

Prso, = 07C, s, +995.1(35.4 g/L < C g, <1220g/L)  (5)

=0.7Cy,q +1,002.2(10.7 g/L < C, , <155.7 g/L) (6)

p NaCl NaCl NaCl

The specific energy consumption producing one ton of
solid (W) was calculated as:

3
W=LI><I><t><10 @
CxVxM

It is expressed in terms of the amount of salt dissolved
in the solution, kWh/ton; here, U is the stack voltage,
V; I is the current, A; t is the time, 1 h; C is the product
concentration of NaCl or K,SO,, mol/L; V is the overflow
production volume of NaCl or K,SO, in 1 h, L; M is the
molar mass of K SO, or NaCl, g/mol.

The current efficiency (n) of NaCl or K,SO,, %, was cal-
culated as:

_CxVxFxz

%100 (8)
NXxIxt

where C is the product concentration of NaCl or K,SO,
mol/L; V is the overflow production volume of NaCl or
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K,SO, in 1 h, L; F is the Faraday constant, 96,485 C/mol; z is
the ionization valence.

Finally, the purity of production (P) was expressed in %
and calculated as:

Pzﬂxloo
2C. xM,

€
where C is the concentration of the pure product, mol/L;
C, is the concentration of each component in the mixture,
mol/L; M is the molar mass of the pure product, g/mol;
M, is the molar mass of each component in the mixture, g/mol.

3. Results and discussion
3.1. Effect of the stack voltage

The effect of membrane stack voltage was investigated
under the following conditions: the flow rate of Na,SO,
and KCl feed to D, and D, tanks were 30 mL/min, the con-
centration of Na,SO, was 0.25 mol/L, the concentration of
KCI was 0.5 mol/L, the flow rate of deionized water feed to
C, tank was 7 mL/min, and the experimental temperature
was 25°C.

3.1.1. Permeate flux of ions and water

The electric potential is the main force driving the mass
transfer in the electrodialysis process, so all of the ions’ per-
meate flux increased as the voltage increased, as shown in
Fig. 3a. The increases of ]SOz s and] C slowed down at
high values of stack Voltage because the concentration of
K,SO, in C, was nearly close to saturation. The current also
showed a similar variation in Fig. 3b as a parameter reflect-
ing the number of charges carried by ions. It could also be
observed, in Fig. 3a, that | e,
T o and 1502 o Wwas almost twice of J .

However both Jo c and T , Wwere smaller than | .

The concentration ratio betwéen the concentrated and
dlluted compartment was calculated and is shown in Fig. 3b.

was approximately equal to

300

@ o
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It could be found that the molar ratio of Na* and CI- was
much larger than that of K* and SO?- due to the adding of
water to avoid the crystallization of K,SO,. The higher con-
centration difference could lead to more serious osmosis of
Na* and CI- to the desalination compartments, so the values
of J - o and J . o calculated as per Eq. (2) become smaller.

The water permeation through the ion exchange mem-
brane is based on two effects, that is, the osmosis effect
induced by concentration difference and the electricity
migration effect induced by the hydrated ion. Both the ions
permeation fluxes and ions concentration in concentrated
compartments increase following the increase of mem-
brane stack voltage, so J,, in both two compartments grad-
ually increased with the increase of the operating voltage as
shown in Fig. 3a.

3.1.2. lons concentration and energy consumption

The concentrations of ions in the two produced solu-
tions were increased with increasing voltage, as can be
seen in Fig. 4a. C__was slightly larger than C . in the same
compartment (C,). This is mainly related to a tiny amount
of other ions simultaneously present into C, [25], as the
selectivity of the ion exchange membrane is smaller than
100%. The same holds for C,, and Csoi, in C,. The primary
‘impurity” ions in C, and C, were CI- and K*, respectively,
as shown in Fig. 4b. But their concentrations were smaller
than 10% concerning the concentration of the primary ions.
The migration of impurity ions is mostly related to the prop-
erties of ions and membrane, so the increase of voltage has
little effect on the product purity: that of K,SO, was about
95% and that of NaCl was about 93%.

The current efficiency for K,SO, case was about 80%,
and the one for NaCl case was about 68%. Both of the
efficiencies were substantially not affected by voltage, as
shown in Fig. 5. Actually, the current efficiency slightly
increased with the increase of voltage, because the current
efficiency is related to the selective transmittance of the ion
exchange membrane. The higher the voltage, the greater
the driving force of ion migration across the membrane in

(b) 40 3.0
—=—80,5,C1 [ ]I, Cl ke
sLoe ka2 1250 sp o P
—acr, 2 = " T 1%
v N C2 ~ 30 EEsof .
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Fig. 3. The variation of permeate flux of ions and water under different voltages. (a) The permeate flux of ions and water under
different voltages and (b) The molar concentration ratio and current under different voltages.
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consumption and current efficiency

the desalination compartments, and the lower the concen-
tration of the desalination compartments. The selective
transmittance of the membrane increases with the decrease
of the concentration of the solution, so the current effi-
ciency slightly increases. The voltage applied on the stack
is the main source of energy consumption, so the specific
energy consumption increases with the increase in volt-
age. The energy consumption for K SO, case increased
from 167 to 304 kWh/ton, and the energy consumption for
NaCl case increased from 296 to 487 kWh/ton.

3.2. Effect of feed flow rate and concentration of the raw solution

The EDM process could be considered to be a kind
of metathesis reaction using ion-exchange membrane.
Therefore, the mole ratio of reactants will also affect its
process similar to the ordinary metathesis reaction. In the
continuous EDM process, the amount of reactants is the
product of flow rate and concentration of raw solution feed

to D, and D, (Na, SO, and KCI). Therefore, the effect of flow
rates of raw solution feed to D, and D,, with a constant ratio
of 1:1, was investigated under the following conditions:
voltage = 11 V, the concentration of Na,SO, = 0.25 mol/L,
the concentration of KCI = 0.5 mol/L. And the effect of feed
concentration was investigated under the following condi-
tions: Na,SO, and KCI concentration ratio kept at 1:2, the
flowrate of Na,SO, and KCl = 30 mL/min. In these exper-
iments, the flowrate of deionized water feed to C, was
7 mL/min, and the experimental temperature was 25°C.

3.2.1. Permeate flux of ions and water

The concentration difference across the membrane is
the resistance to the ion mass transfer in the electrodi-
alysis process. When the solution feed flowrate or con-
centration is increased, the ion concentrations in dilute
solution increase and the ion permeate flux under con-
stant stack voltage increases as well. As the flow rate
and concentration of the two raw solutions are increased
proportionally at the same time, the growth rates of the
coupled ions were almost similar, as shown in Fig. 6.
The increase of transmembrane ions migration also deter-
mines more hydrated water, which in turn leads to the
increase of water migration flux, as it can be seen when
the feed flow rate is increased. However, with the increase
of feed concentration, the water migration flux remains
unchanged. As the concentration in the desalination com-
partments increases, the concentration difference reduces,
and the water permeates flux reduces; meanwhile, ion
migration brings more hydrated water, and the interac-
tion between these effects causes that the water migration
flux in C, and C, to change to a little extent only.

3.2.2. Ion concentration and energy consumption

The increase of feed flowrate and concentration
decreases the concentration difference across the mem-
brane, so the ion permeates flux increases, and the ions
‘reverse diffusion’ decreases. All of these are beneficial
to the increase of ions concentration in C, and C, (Fig. 7).
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The relationship between ions concentration and feed
flow rate is approximately linear. However, improving the
flow rate and concentration has little effect on the purity of
the product. The purity of K,SO, was about 95%, and the
purity of NaCl was about 93%.

From Fig. 8a, increasing the feed flowrate has almost lit-
tle effect on both current efficiency and specific energy con-
sumption. The high concentration of output and the lower
mass transfer resistance also lead to a slight decline in the
specific energy consumption for NaCl and K SO, cases, as
shown in Fig. 8b.

3.3. Effect of operating temperature
3.3.1. Permeate flux of ions and water

The effect of temperature was investigated under the
following operating conditions: the flowrate of Na,SO,
and KCl feed to D, and D, was 30 mL/min, the concentra-
tion of Na,SO, was 0.25 mol/L, the concentration of KCI
was 0.5 mol/L, the flowrate of deionized water feed to C,

-], Cl
-], C2

——50,%, C1
—K', C1
——C1, C2
L —e—Na', (2

Fig. 6. The variation of permeate flux of ions and water under
feed flowrate and concentrations.
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was 7 mL/min. As the temperature rises, the solute diffusion
coefficient increases, and the solution viscosity decreases,
phenomena favoring ions migration [26]. As a result, the
permeate flux of ions shown in Fig. 9 increases with increas-
ing temperature. The temperature has also a positive impact
on the total water permeate flux, as shown in Fig. 9.

3.3.2. lon concentration and energy consumption

The increase of ion permeates flux was smaller compared
to the one of water when the temperature was increased, so
the concentration of Na* and CI" in C, decreased, as shown
in Fig. 10. As the concentration of osmotic water flux only
accounts for 14% of the replenishment of deionized water,
the concentration of K* and SO in C, was little affected
by temperature. The purity of NaCl slightly decreased
from 94.3% to 92.6%. This indicates that high temperatures
would increase the permeation of co-ions. The current
efficiency of the product is shown in Fig. 11 and slightly
increased with temperature. The current efficiency for
K,SO, case increased from 74.6% to 79.3%, and the cur-
rent efficiency for the NaCl case increased from 68.7% to
72.4%. Specific energy consumption slightly decreased
with temperature: for K SO, case, it decreased from 296.5
to 283.7 kWh/ton; for NaCl case, it decreased from 479.3 to
452.4 kWh/ton. This may be explained as the mass transfer
is enhanced at higher temperatures.

3.4. Process and economy analysis for EDM
industrial application

When high concentration K,SO, and NaCl solutions
are generated in the EDM process, diluted KCl and Na,SO,
solutions are also produced as a by-product. An integrated
process combining RO, EDM and MVR is proposed in this
paper to realize the industrial production from Na,SO, to
K,SO,. The diluted by-products from EDM could be con-
centrated by RO. The industrial EDM application is shown
in Fig. 12. The Na,SO, solution and the KCI solution are
fed to the EDM system. The high concentration K,SO, and
NaCl solutions are evaporated and crystallized through
MVR, respectively. The diluted Na,SO, and KCI solutions
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Fig. 7. The variation of ions concentration and product purity under different feed flowrate and concentrations. (a) The ions
concentration and purity under different feed flow rate and (b) the ions concentration and purity under different feed concentration.
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are concentrated to get the same concentrations as in the
feeding solution (Na,SO,: 0.25 mol/L, KCI: 0.5 mol/L).
The Na,SO, solution from 1* RO is mixed with Na,SO, raw
solution, then the mixed solution is fed to the EDM sys-
tem. Similarly, the KCI solution from the 2* RO is mixed
with KCI raw solution and then fed to the EDM system.
At the same time, desalinated water is generated from RO
and MVR.

A process yielding 1 ton/h K SO, is analyzed to evalu-
ate the economic value of this EDM-RO-MVR integrated
process, as shown in Table 2. The data of EDM was calcu-
lated based on a condition of the previous study (mem-
brane stack voltage: 11 V, freshwater feed to K,SO,: 7 mL/
min, the concentration of Na,SO,: 0.25 mol/L, concentration
of KCI: 0.5 mol/L, feeding flowrate of Na,SO,: 30 mL/min,
feeding flowrate of Na,SO,: 30 mL/min).

Based on these data, the economic value of this process
was estimated, and the results are shown in Table 3. The total
economic value could be calculated as follows:

Etot = Ep - Cm _Cp (10)
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’ - C}{*,Cl - Cc];cz —m— PNaCl - 80

[
=)

Concentration (mol/L)
5 &

o
[
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Fig. 10. The variation of concentration of ions and purity of
product under different temperatures.

where E _ is the gross profit, E is the profits from sales,
C, is the material consumption cost and C is the elec-
tricity consumption cost. The price of material, produc-
tion and electricity was inferred from the domestic mar-
ket of China in June 2020, and the values are expressed
in the Chinese Yuan. The electric consumption of EDM is
315 kWh, according to Fig. 5. The electric consumption of
RO was calculated by a design software of DuPont (WAVE,
version 1.77) [27]. The energy consumption for the evapo-
ration of 1-ton water was reported to be about 20-39 kWh/
ton [28], and 30 kWh/ton was therefore chosen in this
evaluation. The gross profit by converting the Na,SO,
wastewater to K,SO, is nearly 475.13 CNY/ton.

The energy consumption in the EDM system will be
obviously reduced when membrane stack with larger size
and more membrane pairs are used in the industrial pro-
cess, which will lead to higher profit. At the same time,
this estimation is only based on the simple connection of
EDM, RO and MVR to prove its possibility. Optimization
of the operation conditions of these three processes
should be carried out, which could also further reduce
the consumption costs of the whole integrated process.
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Fig. 11. The variation of specific energy consumption and
current efficiency under different temperatures.
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4. Conclusions

A continuous EDM process for high-value conversion
of Na,SO, was proposed in this paper, and the effects of
stack voltage, feed flowrate, feed concentration, deionized
water flow rate and temperature for the low concentration
Na,SO, EDM process were investigated. A stable produc-
tion could be obtained after 5-6 h in this continuous pro-
cess. The concentration of K,SO, in the produced stream
could be as high as 0.683 mol/L, and that of NaCl could
reach 2.226 mol/L. The purity of NaCl was 92.2%-94%,
and the current efficiency was 61.2%-73.6%. The purity
of K,SO, was 93.4%—96.5%, and the current efficiency was
74.7%—-84.5% in this case. The specific energy consumption
for NaCl and K SO, production are as low as 295.8 and
166.6 kWh/ton, respectively. Thank you for your careful
guidance. Compared with the reported synthesis of K,SO,
by EDM, this paper adopts continuous experiments and
proposes a process combining RO, EDM and MVR, which

H,0

@

Electric

H,0 ® Power
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Power
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Table 2

Properties data of each stream in the analyzed integrated process (stream number refers to Fig. 12)
No. Name Flowrate (m%/h) Concentration (mol/L) Solute (ton/h) H,O (ton/h)
1 Na,SO, solution 22.989 0.250 0.816 22.855
2 KCl solution 22.989 0.500 0.856 22.631
3 Na,SO, mixed solution 25.830 0.250 0.917 25.680
4 KCl mixed solution 25.830 0.500 0.962 25.427
5 Feeding water 3.446 / / 3.446
6 Concentrated K,SO, solution 10.263 0.560 1.000 10.023
7 Concentrated NaCl solution 6.180 1.860 0.672 5.953
8 Diluted Na,SO, solution 16.519 0.043 0.101 16.484
9 Diluted KCl solution 24.493 0.058 0.106 24919
10 Na,SO, solution from 1* RO 2.841 0.250 0.101 2.825
11 KCl solution from 2 RO 2.841 0.500 0.106 2.797
12 Freshwater from 17 RO 13.659 / / 13.659
13 Freshwater from 2* RO 22.122 / / 22.122
14 K,SO, solid production / / 1.00 /
15 NaCl solid production / / 0.672 /
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Table 3
Economic value of EDM + RO + MVR integrated process

Consumption Specific value (CNY/ton) Total value (CNY)
Na,SO, 0.816 ton/h 599 488.78
Material consumption KCl1 0.856 ton/h 1,900 1,627.01
H,O/preparing KClI solution 22.631 ton/h 5 113.15
H,O/feeding to K SO, 3.446 ton/h 5 17.23
EDM 315 kWh/h 0.7 210.00
1RO 9.6 kWh/h 0.7 6.69
Electric consumption 2* RO 15.5 kWh/h 0.7 10.84
1 MVR 308 kWh/h 0.7 215.52
2" MVR 185 kWh/h 0.7 129.77
K,SO, 1 ton/h 2,800 2,800
NaCl 0.672 ton/h 350 235.34
Proceeds of sale H,0/1* RO 13.659 ton/h 5 68.30
H,0/2* RO 22.122 ton/h 5 110.61
H,0/1* MVR 10.023 ton/h 5 50.12
H,0/2* MVR 5.953 ton/h 5 29.77
Gross profit 475.13

is more suitable for industrial production. Economic eval-
uation results show that the production cost of synthetic
K,SO, is 2818.99 CNY/ton, which is cheaper than 537.1 $/
ton [23]. Following your advice, these have been added to
the manuscript. More, in particular, it was observed that:

* The stack voltage is the main driving force of ions
migration during the electrodialysis metathesis pro-
cess; the higher the voltage, the higher the permeate
flux of ions and water, and the concentration of ions in
the product.

e The concentration and flow rate of the feed solution
and the deionized water flowrate could affect the elec-
trodialysis metathesis process by changing the concen-
tration of the desalination compartments. The optimal
molar ratio Na,SO,:KCl was 1:2, resulting in a satisfying
mass transfer process because the mass transfer of ions
was also restricted by ‘recombined” ions (Na* and CI,
K*and SOZ).

* The higher temperature could induce a greater permeate
flux of ions and water in the product, and a lower concen-
tration of NaCl. Increasing the temperature has a great
influence on the concentration of osmotic water flux.

® The product purity and current efficiency are mainly
determined by the migration of impurity ions, which are
greatly affected by the selectivity and permeability of the
ion exchange membrane. Therefore, these factors had lit-
tle influence in this case. The energy consumption was
positively affected by stack voltage, and little influenced
by other factors.

Acknowledgment

This work is supported by the Hebei Province Key R&D
Program Projects (18394008D) and Program for Changjiang
Scholars and Innovative Research Team in University

(IRT14R14). The authors would also like to express their
gratitude to EditSprings (https://www.editsprings.com/)
for the expert linguistic services provided.

References

[1] M. Tomaszewska, Preliminary studies on conversion of
potassium chloride into potassium sulfate using membrane
reactor, J. Membr. Sci., 317 (2008) 14-18.

[2] RH. Dave, PK. Ghosh, Efficient recovery of potassium
chloride from liquid effluent generated during preparation of
schoenite from kainite mixed salt and its reuse in production
of potassium sulfate, Ind. Eng. Chem. Res., 45 (2006) 1551-1556.

[3] R. Phinney, The Production of Potassium Sulphate, European
Patent EP19860103871, October 29, 1986.

[4] SI. Abu-Eishah, A.A. Bani-Kananeh, M.A. Allawzi, K,SO,
production via the double decomposition reaction of KCl and
phosphogypsum, Chem. Eng. J., 76 (2000) 197-207.

[5] A. Aagli, N. Tamer, A. Atbir, L. Boukbir, M. El Hadek,
Conversion of phosphogypsum to potassium sulfate: Part L.
The effect of temperature on the solubility of calcium sulfate
in concentrated aqueous chloride solutions, J. Therm. Anal.
Calorim., 82 (2005) 395-399.

[6] B. Pisarska, Studies on the electrodialysis coupled with a
metathetical reaction Na,SO, + 2KCl — K SO, + 2NaCl, Przem.
Chem., 85 (2006) 1500-1504.

[7] L.M. Camacho, AF. Jessica, O.A. Johnson, Optimization of
electrodialysis metathesis (EDM) desalination using factorial
design methodology, Desalination, 403 (2017) 136-143.

[8] A. Subramani, J.G. Jacangelo, Treatment technologies for
reverse osmosis concentrate volume minimization: a review,
Sep. Purif. Technol., 122 (2014) 472-489.

[9] R.Monica, V. César, G. Oriol, J.L. Cortina, Selectrodialysis and
bipolar membrane electrodialysis combination for industrial
process brines treatment: monovalent-divalent ions separation
and acid and base production, Desalination, 399 (2016) 88-95.

[10] M. Mauro, S. Fabiana, Economic feasibility study of citrate
recovery by electrodialysis, ]. Food Eng., 35 (1998) 75-90.

[11] Y.-J. Wee, J.-S. Yun, Y.-Y. Lee, A.-P. Zeng, H.-W. Ryu, Recovery
of lactic acid by repeated batch electrodialysis and lactic acid
production using electrodialysis wastewater, J. Biosci. Bioeng.,
99 (2005) 104-108.



276

[12]

[13]

[14]

[13]

[16]

[17]

[18]

[19]

[20]

J. Liu et al. / Desalination and Water Treatment 238 (2021) 267-276

L. Madzingaidzo, H. Danner, R. Braun, Process development
and optimisation of lactic acid purification using electro-
dialysis, J. Biotechnol., 96 (2002) 223-239.

S.K. Thampy, B.S. Joshi, KP. Govindan, Preparation of
potassium carbonate by electrodialysis technique, Indian J.
Chem. Technol., 23 (1985) 454-457.

C. Ping, J.Y. Wang, H.X. Lu, The cleaner production of
monosodium l-glutamate by resin-filled electro-membrane
reactor, J. Membr. Sci., 493 (2015) 549-556.

H. Li, H. Meng, CX. Li, L.S. Li, Competitive transport of
ionic liquids and co-ions during the electrodialysis process,
Desalination, 245 (2009) 349-356.

V. Forquet, CM. Sabaté, G. Jacob, Y. Guelou, H. Delalu,
C. Dawich, Energetic 2,2-dimethyltriazanium salts: a new
family of nitrogen-rich hydrazine derivatives, Chem. — Asian J.,
10 (2015) 1668-1675.

N. Boniardi, R. Rota, G. Nano, B. Mazza, Lactic acid
production by electrodialysis Part I: experimental tests, . Appl.
Electrochem., 27 (1997) 135-145.

G.J.R. Ochoa, G.J. Santa-Olalla, Z.A. de Diego, R.J.L. Martin,
Isolation and purification of iminodiacetic acid from its sodium
salt by electrodialysis, J. Appl. Electrochem., 23 (1993) 56-59.
P.P. Sharma, S. Gahlot, A. Rajput, R. Patidar, V. Kulshrestha,
Efficient and cost effective way for the conversion of potassium
nitrate from potassium chloride using electrodialysis, ACS
Sustainable Chem. Eng., 4 (2016) 3220-3227.

H. Jaroszek, A. Lis, P. Dydo, Transport of impurities and
water during potassium nitrate synthesis by electrodialysis
metathesis, Sep. Purif. Technol., 158 (2016) 87-93.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

J.S. Trivedi, V. Bhadja, B.S. Makwana, S.XK. Jewrajka,
U. Chatterjee, Sustainable process for the preparation of
potassium sulfate by electrodialysis and its concentration
and purification by a nanofiltration process, RSC Adv., 6 (2016)
71807-71817.

X. Zhang, X.Y. Wang, X.C. Liu, X.Z. Han, C.X. Jiang, Q.H. Lj,
T.W. Xu, Conversion of potassium chloride into potassium
sulfate by four-compartment electrodialysis: batch operation
process, Ind. Eng. Chem. Res., 54 (2015) 11937-11943.

X.Z.Han, X. Yan, X.Y. Wang, J. Ran, C. Wu, X. Zhang, Preparation
of chloride-free potash fertilizers by electrodialysis metathesis,
Sep. Purif. Technol., 191 (2018) 144-152.

B. Pisarska, Badania elektrodializy z podwoéjna wymiang
w procesie Na,SO, + 2KCl — K SO, + 2NaCl, Przem. Chem.,
85 (2006) 1500-1504.

B. Pisarska, Transport of co-ions across ion exchange membranes
in electrodialytic metathesis MgSO, + 2KCl — K,SO, + MgCl,,
Desalination, 230 (2008) 298-304.

L.-M. Zhao, Q.-B. Chen, Z.-Y. Ji, J. Liu, Y.-Y. Zhao, X.-F. Guo,
J.-S. Yuan, Separating and recovering lithium from brines using
selective-electrodialysis: sensitivity to temperature, Chem. Eng.
Res. Des., 140 (2018) 116-127.
https://www.dupont.com/water/resources/design-software.
html

T.Z. Tong, E. Menachem, The global rise of zero liquid discharge
for wastewater management: drivers, technologies, and future
directions, Environ. Sci. Technol., 50 (2016) 6846—6855.



	_Hlk76222182
	_Hlk66355974
	_Hlk66290361
	_Hlk66290432
	_Hlk66290498
	OLE_LINK31
	OLE_LINK32
	_Hlk66290608
	_Hlk66290671
	_Hlk40361452
	_Hlk75677651
	_Hlk76238803
	OLE_LINK14
	_Hlk75643580
	_Hlk62810878
	_Hlk34675465
	_Hlk34682373
	_Hlk34663969
	_Hlk38566436
	_Hlk35109817
	_Hlk38566458
	_Hlk43213192
	_Hlk76715896
	_Hlk34684801
	_Hlk39403483
	_Hlk34670656
	OLE_LINK3
	OLE_LINK4
	_Hlk38293322
	_Hlk34676772
	_Hlk34676168
	OLE_LINK1
	_Hlk34677025
	_Hlk44256531
	_Hlk34684933
	_Hlk34685347
	_Hlk34685467
	_Hlk34685576
	_Hlk34766577
	_Hlk34920425
	_Hlk34845386
	_Hlk35114527
	_Hlk39438542
	_Hlk34769572
	_Hlk39412424
	_Hlk34748441
	_Hlk34815895
	_Hlk39258823
	_Hlk62846880
	_Hlk34769361
	_Hlk34820397
	_Hlk34855981
	_Hlk55399568
	_Hlk35158291
	_Hlk34820326
	_Hlk39433170
	OLE_LINK5
	OLE_LINK6
	OLE_LINK7
	_Hlk54973122
	_Hlk54973931
	_Hlk54973509
	_Hlk54973492
	_Hlk54976696
	_Hlk34857708
	_Hlk34854933
	OLE_LINK11
	_Hlk54974788
	OLE_LINK12
	OLE_LINK13
	_Hlk55400944
	_Hlk54978361
	_Hlk38356395
	_Hlk54978059
	_Hlk34931157
	_Hlk44257288
	_Hlk76539307
	_Hlk44232771
	_Hlk76539388
	_Hlk76545453
	_Hlk76546842
	_Hlk76548020
	_Hlk66264059
	_Hlk39954050
	_Hlk38569427
	OLE_LINK10
	OLE_LINK19
	_Hlk75560014
	_Hlk67999844
	_Hlk33539418



