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Electrodialytic utilization of coal-mine brines
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ABSTRACT

In order to decrease the environmental footprint of the coal mining industry, which produces vast
amounts of saline wastewaters, desalination is required. In this work, a batch-mode electrodialysis of
two coal-mine waters, having total dissolved salt content of 56.3 and 97 g/L, was performed using a
module (MEGA EDR-Z) equipped with 10 pairs of Ralex CMH/AMH membranes and 0.8 mm thick
spacers. The influence of the applied current density (100-400 A/m?) on the energy consumption and
the ionic composition of the diluate and concentrate was investigated. Based on the results, an inte-
grated system for coal-mine water treatment was designed.
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1. Introduction

The coal mining industry in Poland produces vast
amounts of waters, often highly saline, which generates the
necessity of coal-mine water utilization [1]. High salinity of
coal-mine waters occurs because the seams of the coalfield lie
in predominantly sandstone strata in which waters within this
aquifer gradually increase in salinity with increasing depth [2].
Various methods have been proposed for the coal-mine water
treatment: application of nanofiltration as a thermal method
pretreatment [3], electrodialysis and electrodialysis reversal
for simultaneous desalination and production of concentrated
brine [4-7], integrated reverse osmosis—forward osmosis sys-
tem for treatment of low-salinity coal-mine water [8], and
capacitive deionization [9].

Because some more concentrated coal-mine waters resem-
ble seawater or seawater reverse osmosis (SWRO) brines, one
could apply the same treatment methods. One of the pos-
sible methods for seawater and SWRO brines utilization is
the production of evaporated salt. Application of membrane
processes in evaporated salt production from seawater has
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been thoroughly studied, and various integrated designs
have been proposed, such as integration of ultrafiltration,
nanofiltration, reverse osmosis, distillation, and crystalliza-
tion [10,11]; integration of nanofiltration, reverse osmosis,
and membrane crystallization [12]; integration of reverse
osmosis, electrodialysis, and crystallization [13,14], some-
times with additional nanofiltration [15,16]; and many oth-
ers. Production of evaporated salt or concentrated brine is
therefore a convenient method of the utilization of highly
concentrated coal-mine waters, which resemble seawater.
In Czerwionka-Leszczyny, Poland, the thermal desalination
plant, formerly known as “Debiensko”, treats waters from
nearby coal mines, simultaneously producing evaporated
salt. The plant consists of two evaporators (brine concentra-
tors) designed by the Resources Conservation Company in
Seattle (RCC). Coal-mine water is concentrated using vapor
compression (VC) method; then the evaporated salt and gyp-
sum are crystallized [1,17]. The evaporators are powered by
electric energy, which makes them expensive; the energy con-
sumption of brine concentrator (VC) is 44 kWh/m?® of distil-
late, while the energy consumption of the brine crystallizer
(RCC) is 66 kWh/m?® of distillate [4,5,18].
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In this paper, we have investigated the electrodialy-
sis as a method for the treatment of coal-mine waters. Two
kinds of water were investigated — marked “A” and “B”. The
waters were collected in two coal mines located in Silesian
Voivodeship, Poland. The water composition is presented in
Table 1. The investigated coal-mine waters are particularly
challenging for desalination, as they have high salinity and
high amount of calcium and sulfate ions. On the other hand,
the organic content is quite low and was never reported as a
problem when the waters were subjected to a thermal treat-
ment and crystallization despite no sophisticated pretreat-
ment. If electrodialysis was to be applied for coal-mine water
treatment, we expect microfiltration or even ultrafiltration
pretreatment to be installed, which should remove most of
the largest organic substances. Moreover, in the case of elec-
trodialysis, the organic particles are either unaffected by the
electric field if they are undissociated or, because of their
size, have very low diffusion coefficient in the membrane.
Thus, the organic content will not accumulate in the concen-
trate, contrary to what happens in pressure-driven methods.

2. Experimental

Coal-mine waters “A” and “B” were subjected to micro-
filtration (pore size of the membrane: 0.45 um) prior to the
experiments. Ionic composition of coal-mine waters and the
samples collected during the experiments was determined
using ICS-5000 ion chromatograph (ThermoDionex, USA).

The batch-mode, constant current experiments were per-
formed in a plate-and-frame electrodialyzer (MEGA EDR-Z)
equipped with 10 pairs of Ralex CMH/AMH membranes and
0.8 mm thick spacers. The properties of the applied mem-
branes are presented in Table 2. The membrane effective area
was 64 cm?. The linear flow velocity of both diluate and con-
centrate was 2 cm/s. Initially, both diluate and concentrate
tanks were filled by either “A” or “B” water. The applied
current density range was 100-400 A/m?. During the exper-
iments, samples of diluate and concentrate were collected,
and the volume change in both diluate and concentrate tank
was measured.

3. Results

The results are presented in Tables 3 and 4. The results
show that the water flux across the membranes is quite high,
especially at higher current densities. This may limit the
application of electrodialysis in production of concentrated
brine. In previous experiments [19], we were able to reach
sodium chloride saturation in the concentrate, although we
used thin, homogenous membranes and very high current
densities. Casas et al. [20] have modeled a pilot electrodi-
alysis plant for SWRO brine concentrations. Based on the

Table 1
Main components of the investigated coal-mine waters
Brine Concentration (g/dm?) TDS (g/dm?3)
Cl- SO Mg* Ca* Na'
A 339 0973 0978 0773 19.7  56.3
B 57.8 2.85 2.33 2.03 32.0 97.0

Nernst-Planck equation and mass balance equations, they
have developed a model describing the plant performance
with respect to the transport of sodium chloride; however,
calcium and magnesium transport was neglected. Although
the desired chlor-alkali feed concentration of 300 g/L as
NaCl was not reached in the experiments because current
density was not high enough, the model predicted that such
concentrations should be reached in the investigated plant at
ca. 600-700 A/m? after 25-28 h of operation (inlet concentra-
tion ca. 65 g/L as NaCl). Based on experimental results pre-
sented in Tables 3 and 4, we predict that the water flux across
Ralex CMH/AMH membranes will be too high to achieve
sodium chloride saturation. The water flux measured in [19]
was in the range of 5.9-8.7 x 107 m/s (current density range
of 368-617 A/m?), whereas the water flux measured during
the experiments with Ralex CMH/AMH membranes was in
the range of 2.1-11.2 x 10° m/s (calculated as AV/(At), where
AV is the mean change in diluate and concentrate volume; A
is the effective membrane area, 64 cm? and t is the time of
the experiment). The maximum concentrate total dissolved
salt (TDS) can be calculated knowing the ratio of ion flux to
water flux (in other words, ratio of ions passing through the
membrane to water passing through the membrane can be
treated as the concentration of the stream being added to the
concentrate).

The energy consumption during the experiments was
very high, as presented in Table 5. To compare electrodialysis
directly with the VC utilized in “Debiensko” plant, we have
calculated equivalent energy of the thermal method as fol-
lows: (1) calculate the amount of water that would have to be
evaporated to obtained water of the same TDS as the electro-
dialysis diluate using the evaporative method; (2) multiply it
by 44 kWh/m? to obtain the energy consumption of the ther-
mal method; and (3) divide it by mass of salt transported in
electrodialysis to get the comparable value. The results show
that to produce electrodialysis concentrate by the thermal
method one would need to spend more energy, which means
electrodialysis can be a good replacement in this case.

Table 2
Selected properties of the applied membranes
Membrane Ralex CMH  Ralex AMH
Type Cation Anion
exchange exchange
Electrical resistance in0.5M 9.0+ 0.5 75+05
NaCl (W/cm?)
Transport number >0.98 >0.97
Ion-exchange capacity 22 1.8
(meq/g)
Thickness ~ Dry 430+10 430+ 10
inmedium  Demineralized 610+ 10 580+ 10
(nm) water
10 g/dm?® NaCl 600 + 10 570 10
100 g/dm?® 550 + 10 530+ 10
NaCl
300 g/dm? 49010 510 +10
NaCl
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Table 3

365

The experimental conditions (current density, I; time, ¢; initial volumes, V, and V), ionic composition of the obtained diluate and
concentrate, and the mean change in diluate and concentrate volume, AV, during the experiments with coal-mine water “A”

i t C, (g/dm’) C_(g/dm’) v, V. AV
(A/m) (min) "o TTTe0r Mgr Car Naw TDS G SO Mgt Ca*  Nar TDs Om) (dm) (dm)
102 15 196 0945 0332 0221 123 334 373 108 0998 0773 219 62 015 015 002
102 30 918 0723 0124 0045 600 161 39 109 105 0818 228 648 015 015 0041
202 15 148 0822 0256 0137 933 253 408 0923 0934 073 242 673 0202 0194 0.028
202 30 0335 0092 0005 0006 0245 0683 488 117 112 0887 290 81 0202 0194 0055
299 10 139 0823 0252 0162 873 239 408 11 111 0876 238 677 0198 0202 0.027
299 18 189 0275 0028 0014 129 349 471 126 129 103 275 781 0198 0202 0.054
403 10 732 0603 0153 0077 465 128 492 133 141 115 285 816 02 0198 0043
Table 4

The experimental conditions (current density, I; time, ¢; initial volumes, V, and V), ionic composition of the obtained diluate and
concentrate, and the mean change in diluate and concentrate volume, AV, during the experiments with coal-mine water “B”

i t C, (g/dm?) C, (g/dm’) v, 1’4 AV

(A/m9 - min) "5 TS0 Mgt Ca* Nar TDS G SOF Mgt Ca* Naw TDs  (Om) (dm) - (dm)
102 10 58 323 236 188 324 979 705 336 197 203 412 119 0.198 0.198 0.008
102 20 58.7 363 254 18 328 995 769 324 195 196 454 129 0198 0.198 0.016
102 30 51.7 374 222 154 293 885 79.1 331 209 197 466 133 0.198 0.198 0.024
203 10 46.4 29 123 124 277 794 603 252 204 197 341 101 0202 0202 0.019
203 20 331 265 135 0909 191 571 636 241 204 172 365 106 0202 0.202 0.037
203 30 13 147 0539 0303 775 231 679 237 21 1.79 390 113 0.202 0.202 0.056

Table 5 system without electrodialysis unit has been designed as well

Comparison of energy consumption in electrodialysis and

thermal method

Coal-mine i Energy consumption Equivalent energy

water (A/m?) in electrodialysis consumption in

(kWh/kg) thermal method
(kWh/kg)

A 102 0.308 1.75

A 202 0.661 1.34

A 299 0.864 1.40

A 403 0.987 1.60

B 102 0.188 1.50

B 203 0.606 1.51

Based on the ionic composition of the diluates and con-
centrates obtained at various applied current densities, we
have designed an integrated system for coal-mine water
treatment. In the designed system, the electrodialysis treats
the coal-mine water, producing desalinated water and con-
centrated brine. The brine is then further concentrated by
a VC unit and passed to a crystallizer (RCC), similar to the
“Debiensko” plant [1,4,5,17,18]. For comparison, a VC-RCC

(Fig. 1). The design of a VC and RCC units has been described
elsewhere [21] — a following set of assumptions has been
made:

e The maximum concentration of bivalent ions in the post-
crystallization lyes is 8% (w/w) as MgCl, + CaCl, — this
is the actual limit of the crystallizer in the existing plant.

e The maximum chloride concentration in the postcrystal-
lization lyes is 200 g/L.

e The solubility product of calcium sulfate is 4.302 x 10
mol*/dm' - value calculated based on the composition of
postcrystallization lyes from the plant and corresponding
to the temperature and ionic strength of the liquid in the
existing crystallizer.

The simulation procedure was as follows:

e Take the composition and volume of concentrate obtained
during the laboratory tests of the electrodialysis.

e Calculate the composition of the VC unit output using mass
balances, assuming the limiting condition is the chloride
content <176 g/dm? — the same as in the existing plant.

e Calculate the composition of the crystallizer using mass
balances, taking into account three boundary conditions
(Ca + Mg limit, NaCl limit, gypsum solubility limit).
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post-crystallization lyes

Brine "A" 3 2
1m3 0.193 m 0.0512m
I VC _ RCC
339 g/dm*Cl 176.0 g/dm?* Cl 200.0 g/dm? CI~
0.773 g/dm?® Ca2* 4.01 g/dm* Ca z: 7.61 gldm?® Caz;
0.978 g/dm® Mg 2+ 5.08 g/dm’ Mg’ 19.1 gldm® Mg
0.973 g/dm® SO Z 5.05 g/dm* SO 1.03 gldm? SO %
19.7 g/dm*Na™* 102.1 g/dm® Na* evaporated salt 84.7 g/dm® Na*
] 39.0 kg
Salt recovery: 69.8% gypsum
1.65 kg
Brine "B" s post-crygtallization lyes
1md Ve 0.193 m ReC 0.121m
-
57.8 g/dm*Cl 176.0 g/dm* CI~ 200.0 g/dm® Cl~
2.03 g/dm? Ca?* 6.19 g/dm? Ca?* 7.43 g/dm? ca?2++
2.33 g/dm® Mg2* 7.09 g/dm? Mg>* 19.2 g/dm* Mg
2.85 g/dm® SO 8.66 g/dm? SO j 1.07 g/dm* SOZ
32.0 g/dm® Na* 97.5 g/dm*® Na evaporated salt 84.7 g/dm® Na*
i 55.3 kg
Salt recovery: 58.1% gypsum
4.87 kg

Fig. 1. A scheme of thermal desalination plant treating waters “A” and “B”.

Table 6
The overall salt recovery calculated for each applied current
density investigated

Coal-mine water i (A/m?) Salt recovery (%)
A 102 76.7
A 202 77.9
A 299 71.2
A 403 59.3
B 102 47.3
B 203 50.6

e Calculate the overall salt recovery as the ratio of the
amount of chlorides in the evaporated salt to the amount
of chlorides in the electrodialysis feed water.

The results of the process design, presented in Table 6,
shows that in case of water “A”, the presented system reaches
highest overall salt recovery (defined as the mass of the crys-
tallized sodium chloride per amount of sodium chloride
carried by 1 m® of the feed brine) at relatively low current
density applied in the electrodialysis. The electrodialysis
increased the overall salt recovery thanks to changes in ion
composition of the concentrate. This is because the current
density strongly influences the selectivity of ion-exchange
membranes, thus influencing the ratio of sulfate to calcium
ions in the produced concentrate and the amount of gypsum
precipitated in the RCC. When the amount of the crystallized
gypsum is high, more salt can be produced before reaching
the 8% bivalent ions content limit. In case of water “B”, how-
ever, the overall salt recovery has been decreased.

4. Conclusions

Electrodialysis was applied as a coal-mine water treat-
ment method. Based on the laboratory results, the integration
of electrodialysis into a thermal plant producing evaporated

salt was investigated. The results show that electrodialysis
can increase the overall salt recovery if the less concentrated
water (TDS of 56.3 g/dm®) is to be treated at low current
densities.
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