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ABSTRACT

The possibility of desalinated water production from hydraulic fracturing flowback by electrodialysis
reversal (EDR) was investigated. To simulate geochemical reactions of hydraulic fracturing fluid with
the formation rocks, fluid-gas-rock reaction was performed in autoclave. Next, an EDR of hydraulic
fracturing flowback was simulated and the composition of diluate and concentrate was calculated,
assuming that maximum possible Langelier Saturation Index (LSI) in a single-pass EDR unit equipped
with low residence time variance spacer was +2.3 and maximum gypsum saturation level was 520%.
Simulation suggested that the hydraulic fracturing flowback could be desalinated to total dissolved
salts (TDS) of 1,352 mg dm™ at water recovery of 89.8%, and it could be reused as a hydraulic frac-
turing fluid. High LSI and CaSO, supersaturation indicated that there was a possibility of calcium
carbonate and calcium sulfate precipitation from the obtained concentrate.
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1. Introduction

Hydpraulic fracturing is a gas extraction method, in which
gas-bearing rock formation is fractured by the injection of
pressurized fluid. The technology allows reaching shale gas
reserves, and it has already become an important method of
natural gas production. In Poland, territories extending from
the eastern Pomerania and northern Masovia, Podlasie, south-
wards to Lublin region, are expected to contain estimated gas
reserves of 347-768 billion m® [1]. Drilling as well as com-
pletion of wells requires large quantities of water. Drilling of
the vertical and horizontal components of a well may require
400-4,000 m?® of water for drilling fluids to maintain down-
hole hydrostatic pressure, cool the drillhead, and remove
drill cuttings. Then, 7,000-18,000 m® of water is needed for
hydraulic fracturing of each well [2]. Unfortunately, most of
shale gas areas in Poland have relatively low resources of
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fresh groundwater [3]. Around 75% of Poland suffers from
the periodic shortages of water, and the situation may get
worse. The water scarcity means shale gas industry should
reuse as much water as possible. Approximately 10% to
40% of the fracturing fluid returns to the surface during the
flowback period [4]. Flowbacks typically contain chemicals
naturally present in the rocks, together with some compo-
nents of the fracturing fluid. Table 1 presents the range of
selected parameters and ionic composition of the Barnett and
Marcellus Shale flowbacks [5]. Flowbacks from Polish shale
gas formations reveal similar characteristic [4]. They have
complex composition, high content of organics, hardness
and salinity, and as such are problematic for desalination and
reuse.

Although the flowback water can be injected back to the
gas-bearing formation, salts leached from the rocks accu-
mulate, eventually making the flowback too salinized for its
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Table 1
Selected parameters and composition of Barnett and Marcellus
Shale flowback water samples [5]

Parameter Range

pH 5.8-8.0
Alkalinity, mg dm™ as CaCO, 49-1,630

TDS, mg dm™ 23,600-238,000
TSS, mg dm™= 10.8-3,220
TOC, mg dm™= 3.7-388

BOD, mg dm™ 93-1,480

Oil and grease, mg dm™ 5-1,720

Na*, mg dm™ 10.7-65,100
Ca*, mg dm™ 1,440-23,500
Mg*, mg dm™ 135-1,550

Fe*, mg dm™ 10.8-180

Ba*, mg dm 21.4-13,900
Cl, mg dm? 26,400-148,000
HCO,, mg dm™ 29.8-162

NH,’, mg dm™ 15-242

SO*, mg dm™ 5-200

reuse. Ma et al. [6] have investigated the water management
in major U.S. shale plays; most of them do not reuse flowback
water, with the exception of Marcellus shale gas play, where
oil/water separation, filtration and dilution allow 90% of flow-
back water to be reused. Potentially limiting factors for reuse
are the chemical stability of the viscosity modifiers and other
constituents of hydraulic fracture water in the brine solu-
tion and the potential of precipitation of divalent cations in
the wellbore [2]. Hydraulic fracturing fluids contain friction
reducers, the effectiveness of which may be decreased at high
TDS [2,7]; this limits the possibility of reusing highly concen-
trated flowback. Hagshenas and Nasr-El-Din [8] have inves-
tigated the impact of salinity on the possibility of flowback
reuse. They found that magnesium and sodium ions contents
were the limiting factor, preventing direct flowback reuse and
creating the need for desalination. In case of guar-based frac-
turing fluid, the maximum acceptable concentrations of Ca*,
Mg?*, Na*, and K" were approximately 600, 750, 11,000, and
2,300 mg dm™, respectively; higher concentrations signifi-
cantly affected the fluid viscosity. The Petroleum Technology
Alliance Canada has laid a set of general guidelines for flow-
back reuse [9] — see Table 2 — in terms of total dissolved salts
(TDS) content, bicarbonate content and pH. The excessive
TDS may prevent the gelling agent from fully uncoiling and
hydrating, which in turn may result in the formation of “fish
eyes”, as well as cause the insolubility of the gelling agents
and/or potential precipitation within the water-based cross-
linked fluid. The excessive bicarbonate content may delay
cross-linking of some fluids, whereas too high pH impede
the rate and quality of hydration of the water-based cross-
linked fluid, while too low pH accelerates the rate of hydra-
tion of the water-based cross-linked fluid, creating gel balls,
lumping or fish eyes.

Various methods can be applied for flowback treatment.
Thiel et al. [10] have investigated several thermal desalination

Table 2
Water quality guidelines for flowback reuse [9]

Parameter Target
pH 6-8
Iron, mg dm™ <25
Total hardness, mg dm= as CaCO, <15,000
Oxidizing agents 0
Reducing agents 0
Carbonate, mg dm™ as CaCO, <600
Bicarbonate, mg dm™ as CaCO, <600
Silica, mg dm™ <35
Bacteria, CFU cm™ 0

TDS, mg dm™ <50,000
TSS, mg dm™= <50

methods, as well as reverse osmosis. Coday et al. [11,12] have
compared deep well disposal with forward osmosis, conclud-
ing the latter can be significantly cheaper. Miller et al. [13] have
operated a pilot ultrafiltration-reverse osmosis flowback treat-
ment plant and tried to modify membrane surface with poly-
meric coatings to decrease fouling. Michel et al. [14] have pro-
posed an integrated system, consisting in pretreatment and
pressure-driven method (nanofiltration and reverse osmosis),
which proved effective in a pilot scale. In the Marcellus basin,
in order to reuse the produced water, a mobile electrocoagula-
tion unit was used to remove iron and turbidity, oil emulsions
and biological activity from the flowbacks [15].

One of the possible methods of flowback desalination is
electrodialysis (ED). The process is based on the phenomenon
of ion migration in the electric field and exclusion of co-ions
by the charged group fixed in a polymeric matrix of an ion-
exchange membrane. A salt solution flows between the alter-
nately placed cation- and anion-exchange membranes. When
an electric field is applied in the direction perpendicular to
the solution flow, cations migrate through cation-exchange
membranes and are retained by anion-exchange membranes,
whereas anions migrate through anion-exchange membranes
and are retained by cation-exchange membranes. Thus, a salt
solution stream is split into desalinated stream (diluate) and
concentrated stream (concentrate). ED is widely recognized
as a method for brackish water desalination, but it is also
applied for the treatment of more concentrated solutions:
seawater or brines. McGovern et al. [16] have proposed a
10-stage ED system for treatment of high salinity flowbacks
and showed that ED treatment could generate lower costs
than the evaporation. Hao et al. [17] have proposed an inte-
grated coagulation-electrodialysis system for flowback treat-
ment; they reach water recovery of 85%. Previously, we have
proposed an integrated electrodialysis-reverse osmosis sys-
tem [18], which could desalinate flowback of conductivity of
123.4 mS em™ down to RO permeate level at water recovery
41%—69% and energy consumption of 25-35 kWh m~.

In this work, we present a concept of the application
of ED for desalination of hydraulic fracturing flowbacks.
Application of ED should decrease the volume of the haz-
ardous wastes generated by the shale gas industry. ED has
an important advantage over pressure-driven methods for
flowback treatment: it desalinates the hydraulic fracturing
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flowback without removal of uncharged, organic species
present in the fracturing fluids, which makes the reuse of
produced diluate possible. Moreover, ion-exchange mem-
branes are more resistant to fouling and biofouling than
NF/RO membranes, less sensitive to chlorine, able to operate
at higher feed SDI and are easier to clean up. Because they
are less prone to fouling, they require less sophisticated feed
stream pretreatment, which makes them a better choice for
flowback treatment. ED can sustain higher temperature than
NF/RO; in fact, temperature increase may be beneficial, as it
decreases the electric resistance and viscosity of the solution.

2. Experimental

The scheme of the proposed solution is presented in
Fig. 1. Traditionally (Fig. 1(a)), the flowback is recycled and
reused as the fracturing fluid; however, the flowback salinity
gradually increases up to a point where, it losses the required
rheological properties and has to be discharged. In the pro-
posed solution (Fig. 1(b)), the flowback is reused as long as
it meets the assumed criteria for fracturing fluid; when the
salinity build-up is too high, flowback is treated with electro-
dialysis reversal (EDR) and the diluate is reused. Such a treat-
ment should decrease the water consumption of the shale gas
drilling plant. EDR of hydraulic fracturing flowback was sim-
ulated and the composition of diluate and concentrate was
calculated under following assumptions:

® Theenergized hydraulic fracturing fluid was used to obtain
artificial flowback solution in a reaction with samples of
gas-bearing rock formation. To simulate geochemical
reactions of hydraulic fracturing fluid with the formation
rocks, fluid-gas-rock reaction was performed in autoclave.
¢ Flowback could only be reused if the following crite-
ria were met: TDS <50,000 mg dm=, bicarbonate con-
centration <600 mg dm=, pH 6-8, concentrations of
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Fig. 1. A scheme of flowback recycle (a) without EDR (b) with
EDR (proposed solution).

Ca?, Mg*, Na', and K lower than 600, 750, 11,000, and
2,300 mg dm™, respectively.

e Flowback flow rate was 1 m® h'; it was used as a feed for
both, diluate and concentrate compartments of an EDR
unit, working in a counter-current, single-pass mode.

* Membrane was perfectly selective: it completely rejected
co-ions, while the univalent counter-ions had the same
transport numbers as bivalent ones.

e Diffusion of large, organic species across the ion-exchange
membranes was very slow and therefore negligible in a
single-pass mode.

e Water flux was caused solely by electroosmosis, and
depended only on hydration numbers of sodium chlo-
ride in the membrane, calculated basing on previous
experiments [19].

e Maximum Langelier Saturation Index (LSI) of the concen-
trate was +2.3, as proven experimentally in a single-pass
EDR unit equipped with low residence time variance
spacer [20].

* The obtained pH stemmed from CO, bicarbonate-
carbonate  equilibrium  (dissolved ammonia was
neglected).

e Maximum gypsum saturation level was 520%, as proven
previously [20].

e Maximum ratio of diluate to concentrate feed flow rate
was 91:9, as it was impractical to have either very low
concentrate flow rate (very long residence time, high
concentration polarization) or very high diluate flow rate
(very high pressure drop).

EDR was chosen over conventional ED because of the scaling
risk: the treated flowbacks characterized with high calcium,
sulfate and bicarbonate ions concentrations. Two cases were
investigated: (1) regular operation, in which the flowback
was desalinated to the level allowing its reuse as a hydraulic
fracturing fluid; (2) final treatment, in which the fracturing
process stopped and the remaining flowback was deeply
desalinated by EDR. The deeply desalinated EDR diluate
could then be passed to an organics removal unit operation.

3. Results

The composition of energized hydraulic fracturing fluid
and the obtained flowback is presented in Table 3. Although,

Table 3
The composition of energized fracturing fluid and the flowback
obtained after the fluid-gas-rock reaction in the autoclave

Parameter Energized fracturing fluid Flowback
Cl;, mg dm™ 174 1,539
Br, mg dm™ 17.15 30.99
SO, mgdm= 388 558
Na*, mg dm~ 120.6 1,412
NH,, mg dm~  68.8 48.2
K*, mg dm™® 324 2494
Mg?*, mg dm™ 135 104
Ca”, mg dm™ 67.7 715
HCO,, mgdm= 515.8 3,622
pH 6.5
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Table 4
Estimated parameters of diluate and concentrate after EDR treatment compared with water quality guidelines for flowback reuse
Parameter Flowback Regular operation Final treatment Water quality
(feed water) Diluate Concentrate Diluate Concentrate guidelines
Cl;, mg dm™ 1,539 251 12,820 62.4 14,364 -
Br, mg dm™ 30.99 5.12 261 1.27 293 -
SO,*, mg dm= 558 91.1 4,648 22.6 5,208 -
Na’, mg dm= 1,412 230 11,762 57.3 13,179 <11,000 [8]
NH,', mg dm™ 482 7.87 402 1.96 450 -
K*, mg dm™ 2494 40.7 2,078 10.1 2,328 <2,300 [8]
Mg?*, mg dm™ 104 17.0 866 422 971 <750 [8]
Ca?, mg dm™ 715 117 5,956 29.0 6,673 <600 [8]
HCO,, mg dm™ 3,622 592 30,150 147 33,935 <600 [9]
pH 6.5 6.54 6.58 6.54 6.58 6-8 [9]
LSI +0.74 <0 +2.0 <0 +2.1 -
Relative gypsum - - 390 - 420 -
saturation, %
TDS, mg dm™= 8,279 1,352 68,954 336 77,412 <50,000

the obtained flowback was not highly salinized, and the
sodium, potassium, magnesium concentration, and pH crite-
ria were met, it did not meet the HCO,™ and Ca? concentra-
tion criteria, so it had to be treated to be reused. Acidification
could remove the excessive CaCQO,, but the flowback would
then require addition of base to meet the pH criterion.
Bicarbonate and calcium content increase could be explained
as a result of dissolving the limestone and other minerals
present in the gas-bearing rock formation and probably
sorption of CO, present in gas phase in case of HCO,". The
obtained flowback was supersaturated in respect to calcium
carbonate (LSI +0.74), but it did not show any signs of crys-
tallization. We were not able to prepare a model solution of
flowback of the same composition, what suggested that the
liquid obtained after rock-fluid-gas reaction in the autoclave
was stabilized by organic substances present in the energized
fracturing fluid.

The estimated results of ED are presented in Table 4.
During the regular treatment, the flowback could be
desalinated to TDS of 1,352 mg dm™, at initial flowback
TDS of 8,279 mg dm?, that is, it could be reused as a
hydraulic fracturing liquid, especially considering that
the majority of non-ionic, organic components of the flow-
back would be kept in the produced diluate. The obtained
diluate fulfilled the water quality guidelines for the flow-
back reuse in terms of bicarbonate content and salinity [9].
The obtained concentrate had a LSI of +2.1 and gypsum
saturation level of 390%. If the fracturing operation was
stopped, the final flowback could be desalinated to TDS
of 336 mg dm™ and passed to further treatment in order
to remove organic substances. The obtained concentrate
had a LSI of +2.1 and gypsum saturation level of 420%.
The results showed that the initial ratio of diluate to con-
centrate volumes had to be 91:9, which we assumed was
the maximum ratio from a practical point of view. Water
flux across the ion-exchange membranes, would increase
the concentrate flow rate by ca. 15% during the course of
the ED — see Table 5.

Table 5
Estimated changes in volumetric flow rate caused by water flux
across the ion-exchange membranes

Volumetric ~ Regular operation Final treatment
flow, m*h™  Diluate Concentrate Diluate ~Concentrate
Inlet 0.910 0.090 0.910 0.090
Outlet 0.898 0.102 0.897 0.103

4, Conclusions

Simulation suggests that the hydraulic fracturing flowback
can be desalinated to TDS of 1,352 ppm at water recovery of
89.8% and reused during regular operation of EDR plant. If
the hydraulic fracturing stops, the remaining flowback can be
deeply desalinated (down to TDS of 336 mg dm~) and passed
forward to organics removal. The obtained results are based on
the assumption that without antiscalants the maximum LSI is
+2.3 and maximum gypsum saturation is 520%, as in our previ-
ous work [20]. However, because the flowback already contains
alot of antiscalants (typically up to 0.043% v/v of ethylene glycol
[2,4]), we believe that even higher LSI and gypsum saturation is
possible to be achieved, which will improve water recovery.
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