
Feasibility study of flowback/produced water treatment using direct-contact
membrane distillation

Guiying Raoa, Ying Lib,c,*
aMechanical Engineering Department, University of Wisconsin-Milwaukee, 3200 N Cramer St, Milwaukee, WI 53211, USA,
Tel. +1 775 338 0433; email: raog@uwm.edu
bDepartment of Mechanical Engineering, Texas A&M University, 3123 TAMU, College Station, TX 77843, USA,
Tel. +1 979 862 4465; email: yingli@tamu.edu
cWater Technology Accelerator (WaTA), University of Wisconsin-Milwaukee, 247 W Freshwater Way, Milwaukee, WI 53204, USA

Received 28 May 2015; Accepted 4 November 2015

ABSTRACT

The feasibility of applying direct-contact membrane distillation (DCMD) for flowback/pro-
duced water treatment was comprehensively investigated under different hydrodynamic
and thermal conditions with various feedwater compositions. Results from a bench-scale
study suggest that DCMD has a great potential to treat synthetic flowback/produced
water. Membrane water flux increased with increasing feedwater temperature. At a
feedwater temperature of 80˚C, TDS of 133 g/L and liquid stream flow rates of 0.8 L/min,
DCMD showed a water flux as high as 43 L/m2 h, which is comparable to water fluxes of
reverse osmosis (RO) for seawater desalination. In addition, DCMD is capable of treating
flowback/produced water with TDS up to 280 g/L, leading to 46–88% reduction of
wastewater volume. Oil/grease, suspended solids, and volatile organics in the synthetic
flowback/produced water showed minimal effects on DCMD performance; thus, no
pretreatment process is necessary in DCMD. The high-quality distillate of DCMD may be
used for beneficial reuse or future hydraulic fracking jobs. However, it is not
recommended to treat low-TDS flowback/produced water that can be processed by RO.
Rather, DCMD has more technical advantages for treating medium- and high-TDS
flowback/produced water.

Keywords: Direct-contact membrane distillation; Flowback/produced water; Total dissolved
solids; Water reuse; Feasibility analysis

1. Introduction

Flowback and produced water are two important
water streams associated with oil and gas production.
Flowback water refers to the wastewater flowing back
to wellbores after the hydraulic fracturing process [1].
During hydraulic fracturing, large quantities of

fracking fluids—a mixture of sand, chemical additives,
and fresh water withdrawn from surface and ground-
water resources—are injected into wellbores under
high pressure [1], and a fraction of the fracking fluids
may flow back to the wellbore within a few weeks
after hydraulic fracturing [2]. Naturally occurring
water found in rock formations may also flow into the
wellbore throughout the oil and gas production
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process and this water is referred to as produced
water [3]. It was estimated that 10.5 billion gallons of
flowback/produced water were generated globally
each day [4]. Public concerns of flowback/produced
water are increasing due to its environmental impacts,
such as the depletion of freshwater supplies, ground-
water contamination, and air pollution. Flowback/pro-
duced water typically contains organics, suspended
solids, and dissolved inorganics. Among the inorgan-
ics, sodium and chloride have the highest concentra-
tions [3,5]; calcium, barium, strontium, bicarbonate,
sulfate, bromide, and radionuclides are also commonly
present [5,6]. Oil and grease may float on water sur-
face or disperse into the water and form oil-in-water
emulsions.

Due to the demand of large quantities of fracking
fluids and the water scarcity, reuse of flowback/pro-
duced water is becoming dominant [7]. A portion of
flowback/produced water may be reused directly as
long as it meets the water quality of the end use.
While reusing flowback/produced water for beneficial
purposes such as for agricultural activities (the largest
use of fresh water in USA [8]) requires TDS-reduction
treatment processes because of the much lower recom-
mended TDS for beneficial use (1,000–2,000 mg/L [9])
than the TDS of typical flowback/produced water.
The flowback/produced water can also be reused for
future hydraulic fracturing jobs if it contains low
concentrations of TDS and total suspended solids
(TSS) with low scaling tendency [10]. The water not
suitable for reuse is currently disposed of by under-
ground injection wells, which costs $1.5–2.0/bbl for
disposal and up to $4.0/bbl if including transporta-
tion [11]. Therefore, it is desirable to decrease the con-
centrations of TDS, TSS, and scaling ions to facilitate
the reuse of flowback/produced water. Removing
suspended solids and scaling ions can be achieved
through simple filtration and precipitation processes
[12], while removal of TDS is relatively difficult and
the coexistence of various contaminants necessitates
multiple treatment technologies consecutively [10].
Jiang et al. [13] developed a two-stage ceramic
microfiltration system coupled with a mixed bed ion-
exchange system and successfully reduced the TDS of
the flowback/produced water from 48 g/L to less
than 500 mg/L. Forward osmosis (FO) was also
applied in the laboratory and onsite for flowback/
produced water treatment [1,14–16] but membrane
fouling was reported even when the feedwater was
pretreated by ultrafiltration [14]. Also, an additional
system (e.g. vacuum membrane filtration [17]) for
regeneration of draw solution of FO is required [18],
resulting in a more complicated process and increased
capital cost.

Membrane distillation (MD) is also a potential
technology for flowback/produced water treatment.
MD is a thermally driven process in which phase
change of water from liquid to vapor occurs on the
membrane surface to separate water from contami-
nants and produce low-TDS distillate. The driving
force of MD is the vapor pressure gradient resulting
from the temperature gradient across the membrane.
MD can utilize solar energy, geothermal energy, and
industrial waste heat to heat up the feed solution thus
reduce energy cost [19–21]. MD has been successfully
used to treat high-TDS feed solutions, such as indus-
trial wastewater [22,23], water from salty lakes [24],
and reverse osmosis (RO) brines [25,26], and achieved
almost 100% salt and nonvolatile organic rejection
despite the fouling and scaling potentials of the feed
solutions [27]. A pilot plant combining ultrafiltration/
RO and air-gap MD has been applied to treat low
TDS (14.1 g/L) flowback/produced water [28]. The
capability of air-gap MD to treat high-TDS wastewater
has yet to be demonstrated. Although the treatment of
high-TDS (187 g/L) flowback/produced water was
reported in another study using air-gap MD, a water
flux of only 8 L/m2 h was reported [29], which is rela-
tively low in comparison with direct-contact mem-
brane distillation (DCMD) [30,31]. In DCMD, two
water streams at different bulk temperatures are circu-
lated on either side of a hydrophobic microporous
membrane. The temperature of the feed solution
ranges from 30 to 90˚C [27,32] and that of the distillate
ranges from 25 to 30˚C [33,34]. To date, few studies
have been performed using DCMD to treat flowback/
produced water. Singh and Sirkar [35] investigated the
effect of temperature on water flux and organic
removal using DCMD for the treatment of simulated
produced water, which had a relatively high tempera-
ture (95–125˚C), very low TDS (only 3,000 mg/L
NaCl), and 10–45 mg/L organics without the presence
of oil/grease, scaling ions, and suspended solids that
are commonly found in real produced water. Macedo-
nio et al. [36] investigated the effects of temperature
and flow rate on DCMD performance for produced
water treatment. The feedwater had a fixed composi-
tion with a total organic carbon of 18.1 mg/L (with
only 1,2-diethoxy ethane inside), TDS of 247.9 g/L,
and suspended solids of 300 mg/L. In addition, the
produced water was pretreated by microfiltration and
activated carbon filtration; thus, the effect of organics
on DCMD performance was unknown. The same
problem also occurred in the study with oily wastewa-
ter pretreated by the FO process before DCMD [37].
The above literature review indicates the lack of a sys-
tematical investigation of the effects of experimental
conditions and compositions of flowback/produced
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water (e.g. TDS, oil and grease, suspended solids,
volatile organics) on DCMD performance. Therefore,
the overall objective of this study was to conduct a
comprehensive investigation on the technical feasibili-
ties of using DCMD system for flowback/produced
water treatment. To achieve this, synthetic flowback/
produced water samples were prepared and the
effects of feed bulk temperature, flow rate, feedwater
TDS, oil/grease, suspended solids, and volatile
organic compounds (VOCs) on DCMD performance
were studied. Findings from this study are significant
to the research community in searching an effective
disposal or reuse method for flowback/produced
water.

2. Materials and methods

2.1. Chemicals and membranes

Petroleum (18% aromatics basis, Sigma-Aldrich)
was used to represent the oil/grease in the flowback/
produced water. Sodium chloride (NaCl; 99.9%,
Fishier Scientific) and calcium chloride dehydrate
(CaCl2·2H2O; >99%, Alfa Aesar) were used as the
precursors of dissolved solids. Methanol (>99.8%,
Fishier Scientific) was used to represent the VOCs. To
mimic the suspended solids, commercial titanium
oxide nanopowders (TiO2 P25, Evonik Degussa),
synthetic calcium carbonate (CaCO3), and synthetic
barium sulfate (BaSO4) particles were suspended in
the feed solution. CaCO3 was prepared by mixing
sodium carbonate (Na2CO3; >99.5%, Sigma-Aldrich)
with the feed solution containing calcium ions. BaSO4

was prepared by mixing barium nitrate (ACS grade,
Fishier Scientific) with sodium sulfate (≥99%,

Sigma-Aldrich). The synthetic flowback/produced
water was prepared by blending the aforementioned
chemicals in deionized (DI) water using a Waring™

laboratory blenders (Waring Products Division, USA)
for 10 min to form stable oil-in-water emulsions. Two
commercially available flat-sheet MD membranes
were tested, and the membrane properties are given
in Table 1.

2.2. Characterization of particle size distribution

Size distributions of oil/grease and suspended
solids (TiO2, BaSO4, and CaCO3) in the synthetic
flowback/produced water were characterized by a
Nano Series Zetasizer (ZEN3600, Malvern Instruments,
UK).

2.3. Experimental setup and procedures

The bench-scale DCMD configuration is given in
Fig. 1. The membrane module (CF042, Sterlitech,
USA) utilized a flat-sheet membrane with 42 cm2 sur-
face area. The feed reservoir contained 0.8 L synthetic
flowback/produced water with the water level/prop-
erties kept the same during each test by adding DI
water into the feed reservoir every 10 min. The feed-
water was under stirring at 350 rpm during the test
to ensure homogeneity of the solution. The distillate
reservoir contained 4 L DI water. Both reservoirs
were covered by alumina foils to minimize evapora-
tion. Temperature of the feed stream was controlled
by a rope heater (FGR-100, Omega Engineering,
INC., USA) coupled with a temperature controller
(CG-3207, Chemglass, USA). Temperature of the dis-
tillate stream was controlled by a recirculating chiller
(NESLAB ThermoFlex 1400, Thermo Fisher Scientific,
USA). Downstream the membrane module on both
feed and distillate sides, a needle valve was used to
maintain the same hydraulic pressure (10 ± 2 kPa) in
the module on both sides of the membrane (except
the tests with varying flow rates). A portable conduc-
tivity meter (Traceable™, VWR International, USA)
was used to measure the feed and distillate conduc-
tivities. Two spacers (Sterlitech, USA) were used, one
on the feed side and one on the distillate side of the
membrane, to generate turbulence and reduce polar-
ization effects. The feed and distillate streams were
circulated counter-currently on their respective sides
of the membrane. As water evaporated through the
membrane, the excess water from the distillate
reservoir overflowed into a beaker on an analytical
balance and the overflow rate was used to calculate
water flux.

Table 1
Properties of commercially available membranes used in
this study

Trade name QM038 GVHP

Manufacturer Sterlitech, USA EMD, Millipore
Corporation, USA

Material PTFEa PVDFa

Structure Single-layer Single-layer
Pore size (μm) 0.20 0.22
Thickness 25–50 125
Porosity (%) 64–82b 75
Tortuosity 1.70–2.89b 2.08b

aPTFE—polytetrafluoroethylene; PVDF—polyvinylidene fluoride.
bCharacterized using the method reported in [38]; other properties

were given by the manufacturers.
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2.3.1. Effects of temperature and flow rate

The effects of feed bulk temperature and feed-
and distillate-side flow rates on DCMD performance
were investigated. The feedwater contained 0.2 g/L
petroleum, 39.3 g/L sodium, 82 g/L chloride, and
12 g/L calcium (TDS at 133 g/L). A new piece of
membrane was used in each test. When investigat-
ing the effect of feed bulk temperature on DCMD
performance, the temperature of the feedwater var-
ied from 40, 60, and 80˚C and the distillate tempera-
ture was held at 20˚C. Flow rates of both the feed
and distillate streams were maintained at 0.8 L/min.
When investigating the effect of flow rate on DCMD
performance, flow rates of both streams varied from
0.4 to 2.0 L/min and the feed- and distillate-side
bulk temperatures were held at 60 and 20˚C,
respectively.

2.3.2. Effect of feedwater composition

The effects of TDS, oil/grease, suspended solids,
and volatile organics of the synthetic flowback/
produced water on DCMD performance were studied.
In each test, the feed temperature was kept at 60˚C
and the distillate temperature was held at 20˚C. Flow
rates of both streams were maintained at 0.8 L/min. A
new piece of membrane was used in each test. The
composition of the feedwater used in each study is
given in Table 2. For comparison, concentrations of
the water compositions reported in literature are also
given.

2.4. Membrane foulant identification

The membrane surfaces before and after DCMD
testing were analyzed using scanning electron
microscopy (SEM; S4800, HITACHI, Japan) to probe
the fouling potential. The property of foulants was
further identified by comparing the surface functional
groups of a virgin membrane, fouled membrane, and
petroleum using a Fourier transform infrared (FTIR)
spectrometer (Bruker Vector 22, Bruker, UK).

2.5. Effect of methanol

The concentration of methanol inside the distillate
was measured using the gas chromatography coupled
with a flame ionization detector (GC-FID; 7890A,
Agilent Technologies, USA). Methanol rejection was
calculated accordingly.

3. Results and discussion

3.1. Effect of feedwater temperature on DCMD performance

Water fluxes of DCMD at different feedwater tem-
peratures for synthetic flowback/produced water
treatment are given in Fig. 2. Stable water fluxes were
observed over the 5-h test at all the investigated tem-
peratures for both QM038 and GVHP membranes, and
more than 99.8% salt rejection was achieved in each
test. It can also be seen that the water flux increased
from 6 to 43 L/m2 h for the QM038 membrane and
from 3 to 19 L/m2 h for the GVHP membrane, when

Fig. 1. Schematic diagram of the bench-scale DCMD system.
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the feedwater temperature increased from 40 to 80˚C.
The increased water flux at a higher feedwater tem-
perature may be attributed to the greater vapor pres-
sure difference (driving force of DCMD) across the
membrane according to the Antoine equation [41]. The

reason that the QM038 membrane always showed
higher water fluxes than the GVHP membrane is
likely because of its much smaller membrane thickness
(Table 1) since both membranes have comparable
membrane pore size, porosity, and tortuosity (Table 1)
and were tested under the same experimental condi-
tions using the same feed solutions. As already
known, the experimental condition, feedwater chem-
istry, and the membrane structure were the factors
affecting water flux in DCMD [42]. Therefore, using a
highly porous membrane with relatively small pore
size and thickness and operated at high feedwater
temperatures may be desirable for DCMD to obtain
high water flux for the onsite treatment of flowback/
produced water.

3.2. Effect of liquid stream flow rate on DCMD
performance

Water fluxes of DCMD at different feed and dis-
tillate stream flow rates are given in Fig. 3. As can
be seen, the water flux increases almost linearly with
increasing flow rate for both membranes. One possi-
ble reason is that more dynamic flow conditions were
created inside the membrane module at higher flow

Table 2
Compositions of the synthetic flowback/produced water tested for DCMD

Effect of component
to be investigated

Concentration of target
component tested in the
synthetic water (g/L)

Concentration range of target
component found in real flowback/
produced water (g/L) Other components

in the synthetic
water (g/L)Low Median High

TDS NaCl + CaCl2: 35–335
a 66 [6] 150 [6] 261 [6] Petroleum: 0.2

1 [5] 32 [5] 400 [5]

Oil/grease Petroleum: 0.2 and 1.0 0.01 [6] 0.018 [6] 0.26 [6] TDS: 133b

2.0 [3]0.04 [3]
1.0 [39]0.1 [39]

Suspended solidsb CaCO3: 0.5 and 2.5 or
TiO2: 0.5 or BaSO4: 0.5

d
0.001 [5] 0.38 [6] 1.0 [5] Petroleum: 0.2

TDS: 133b3.2 [6]0.027 [6]

VOCs Methanol: 0.025 and 0.05 – – 0.035 [5] Petroleum: 0.2
≤0.039c [40] TDS: 133b

aVaried by adding 0–300 g/L NaCl while keeping Ca concentration constant at 12 g/L; the literature reported an average of 1.5 g/L Ca

in real flowback/produced water [5].
bNa: 39 g/L, Ca: 12 g/L, and Cl: 82 g/L, making the TDS 133 g/L, representing the medium-level TDS found in real flowback/produced

water.
cSum of methanol and ethanol.
dThe highest concentration of 0.85 g/L was reported in the literature [5].
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82 g/L chloride, and 0.2 g/L oil/grease).
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rates on both the feed and distillate sides of the
membrane, leading to more efficient heat transfer
from the bulk solution to the membrane surface;
thus, the temperature polarization effect was reduced
and water flux was increased [41]. To prove this,
heat transfer coefficients on both the feed and distil-
late sides of the membrane at each liquid stream
flow rate were determined (Appendix A) and the
results (solid lines in Fig. 3) are consistent with
the previous assumption. It should be noted that the
flow rates tested in the current bench-scale DCMD
system (0.4–2.0 L/min, or 95–476 L/min m2) are
much higher than the flow rates reported in pilot-
scale air-gap MD systems (5.4–7.1 L/min m2 [43,44]).
Hence, increasing the flow rate to increase water flux
may have limitations in field applications of DCMD.
Because the QM038 membrane showed much better
performance than the GVHP membrane (Figs. 2 and
3), only the QM038 membrane was used for further
testing.

3.3. Effect of feedwater TDS on DCMD performance

Water fluxes of DCMD for the treatment of flow-
back/produced water with different TDS are shown
in Fig. 4. As can be seen, water flux decreased with
increasing feedwater TDS, likely due to the reduction
of vapor pressure difference (solid line in Fig. 4; calcu-
lation given in Appendix B). At a feedwater TDS of
33 g/L, DCMD has a water flux of 25 L/m2 h, which

is relatively lower than the water flux of RO
(25–40 L/m2 h for seawater desalination [43,45]).
Although increasing feedwater temperature may
improve water flux as demonstrated in Fig. 2, DCMD
also suffers from higher specific energy consumption,
i.e., tens to thousands of kWh/m3 for DCMD [46]
while 10–20 kWh/m3 for a small-scale RO [47,48].
Therefore, DCMD may be less competitive than RO
for low-TDS flowback/produced water treatment.
However, DCMD has an excellent potential for treat-
ing medium-to-high TDS flowback/produced water
where RO treatment is no longer practical. As shown
in Fig. 4, only 14% water flux decline occurred when
the feedwater TDS increased from 33 to 150 g/L (me-
dian TDS of flowback/produced water reported in
[6]). In addition, DCMD is capable of treating flow-
back/produced water with a TDS as high as 280 g/L
and the water fluxes are always greater than 15 L/
m2 h. This corresponds to 46–88% reduction of
wastewater volume if the feedwater prior to DCMD
treatment has low (33 g/L)-to-medium (150 g/L) TDS
levels. Further concentrating the feedwater to 320 g/L,
however, led to a sharp flux decline, possibly because
the TDS is approaching the NaCl solubility in water.
A similar phenomenon was also observed in another
literature report treating the Great Salt Lake water
with DCMD; when the feedwater TDS exceeded
300 g/L, the homogeneous precipitation of NaCl
caused a rapid flux decline [49]. The tested membrane
was analyzed under SEM-EDS, and large quantities of
crystals with typical NaCl structure were observed on
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the membrane surface (Appendix C). EDS further
confirmed the crystal elements as mainly Na and Cl
(Appendix C). The distillate conductivity was
recorded during each test and less than 20 μS/cm was
measured in the current study.

3.4. Effect of oil/grease on DCMD performance

In these tests, the feedwater contains oil/grease,
39 g/L sodium, 12 g/L calcium, and 82 g/L chloride
(Table 2) to represent the medium-level TDS found
in real flowback/produced water. For feedwater con-
taining 0.2 and 1.0 g/L oil/grease, the particle size of
the oil-in-water emulsions was in the range of
140–300 nm (average of 220 nm) and 255–400 nm (av-
erage of 295 nm), respectively. Oil emulsions with
these small sizes in the flowback/produced water are
difficult to be removed by traditional methods [37].
However, the water flux results in Fig. 5 suggest that
DCMD is very effective to treat wastewater
containing small oil emulsions: no flux decline at an
oil/grease concentration of 0.2 g/L and only 11% flux
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rates of both water streams: 0.8 L/min; membrane:
QM038; feedwater composition: 39 g/L sodium, 12 g/L
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decline at an oil/grease concentration of 1.0 g/L
(highest concentration reported in real flowback/pro-
duced water [39]) at the end of the 5-h test. The flux
decline is likely due to membrane fouling caused by
the attachment of insoluble aromatics (component of
oil/grease) onto the membrane surface especially at
the edge areas (Appendix D). To verify the presence
of membrane foulant on these areas, membrane sur-
faces of a virgin membrane and the fouled mem-
brane areas were analyzed under SEM and different
membrane polymeric structures were observed
(Fig. 6). The foulant was further confirmed to be
from petroleum by comparing the functional groups
of the foulant, the virgin membrane, and the petro-
leum using FTIR (Fig. 6(c)), where typical functional
groups of petroleum at wave numbers of 1,500 and
3,000 cm−1 were observed on the fouled membrane
surface but not on the virgin membrane. The slight
decline in water flux in Fig. 5 suggests that only part
of the membrane surface was fouled with the 1.0 g/L
oil/grease feedwater.

The distillate conductivity was less than 20 μS/cm
at the end of the 5-h test for the 0.2 g/L oil/grease
feedwater treatment but almost 200 μS/cm for the
1.0 g/L oil/grease feedwater treatment. The compo-
nents of the high-conductivity distillate were further
analyzed to be 117.9 mg/L petroleum using a TOC
analyzer (TOC-5000A, Shimadzu, Japan), 47.6 mg/L
chloride using an ion chromatography system (ICS-
1000, Dionex), 23.7 mg/L sodium and 7.54 mg/L cal-
cium using Atomic Absorption Spectroscopy (iCE
3000, Thermo Scientific). The relatively high distillate
conductivity, 200 μS/cm, suggests membrane wetting
had occurred in the testing of 1.0 g/L oil/grease
feedwater. The high petroleum concentration of the
distillate may be attributed to both membrane wetting
caused by the chemical additives such as natural
surfactants inside the oil and grease [50] and the vola-
tile property of petroleum. It should be noted that an
oil/grease concentration as high as 1.0 g/L was used
here, which is at the maximum limit observed in some
real flowback/produced water (Table 2); therefore,
less severe membrane wetting phenomenon (thus low
petroleum and salt concentrations in distillate) is
expected for real flowback/produced water treatment
using DCMD.

3.5. Effect of suspended solids on DCMD performance

Membrane scaling caused by deposition of CaCO3

on membrane surface has been frequently reported in
DCMD [33,51]; suspended CaCO3 was also observed
in flowback/produced water [6]. Therefore, the effect
of CaCO3 on DCMD performance was investigated

here. Results are given in Fig. 7. As can be seen, the
water flux decreased gradually within the first 3 h
(10–17% flux decline for both tests; black and blue
solid squares in Fig. 7), likely due to membrane pore
blocking by the CaCO3 particles. A stable water flux
was observed in the next 6 h in each test, suggesting
that the pore blocking effect might have reached the
maximum after 3 h. Therefore, the suspended CaCO3

particles have a minimal effect on DCMD perfor-
mance. The overall particle size distribution of CaCO3

was not measured because of quick sedimentation of
large CaCO3 particles. After removing the CaCO3 sedi-
ments, the suspended particles were found to have
sizes in the range of 1–2 μm. The membrane after
testing was analyzed by SEM–EDS (Appendix E). Par-
ticles in the size of 1–3 μm were observed on the
membrane surface, in agreement with the particle size
measurement by the Zetasizer. The EDS result sug-
gested the particles were likely CaCO3 and NaCl. A
feedwater containing 2.5 g/L CaCO3 particles was fur-
ther tested at a higher flow rate (1.5 L/min; hollow
squares in Fig. 7) and similar to that at lower flow rate
(0.8 L/min), almost 10% flux decline occurred within
the first 2 h and after that, the flux kept almost
constant. This result suggests that increasing the shear
stress by elevating the water stream flow rate (to
1.5 L/min in the current study) is not sufficient to
remove the particles attached on the membrane
surface.
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Fig. 7. DCMD performance for treatment of flowback/
produced water with suspended CaCO3, BaSO4, and TiO2

particles (feed temperature: 60˚C; distillate temperature:
20˚C; flow rates of both streams: 0.8 L/min for solid sym-
bol tests and 1.5 L/min for hollow symbol test; membrane:
QM038; feedwater composition: 39 g/L sodium, 12 g/L
calcium, 82 g/L chloride, 0.2 g/L oil/grease, and varied
concentrations of suspended particles).
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Besides CaCO3, precipitation of barium sulfate
and strontium sulfate was also observed during the
flowback/produced water treatment process [6];
therefore, the effect of barium sulfate (BaSO4) on
DCMD performance was also investigated in this
work. Unlike CaCO3 where slight flux decline
occurred at the beginning of the test, almost no flux
decline was observed during the entire test (orange
squares in Fig. 7). Therefore, the suspended BaSO4

particles in the flowback/produced water also have a
minimal effect on DCMD. The particle size distribu-
tion of BaSO4 was measured as 250–650 nm with an
average of 460 nm.

To investigate the effect of particle size of sus-
pended solids on DCMD performance, another feed
solution containing 0.5 g/L TiO2 nanoparticles was
also studied (composition in Table 2). This solution
has particle sizes of 1,100–1,700 nm with an average
size of 1,281 nm, which are smaller than the particle
sizes of the CaCO3 solution but much greater than the
sizes of the BaSO4 particles and TiO2 nanoparticles
(~25 nm according to the manufacturer); therefore,
aggregation of TiO2 nanoparticles has occurred inside
the feed solution. Water flux results of the feed solu-
tion containing suspended TiO2 are given in Fig. 7
(green squares). As can be seen, 17% flux decline
occurred within the first hour; after that, the flux kept
almost constant. Similar to the flux phenomenon of
the CaCO3 solution, membrane scaling caused by the
TiO2 particles also occurred only at the beginning of
the test and no more membrane scaling occurred with
a longer test time. The current study suggests that
suspended solids inside the flowback/produced water
have a minimal effect on DCMD performance. This
result together with Fig. 5 indicates that pretreatment
processes for removal of suspended solids and
oil/grease may not be necessary in DCMD.

3.6. Effect of volatile organics on DCMD performance

Volatile organics in the flowback/produced water
may enter into drinking water sources (e.g. groundwa-
ter, surface water) or emit into air and cause adverse

health effect on human beings [40]. In this study,
methanol was used as a representative of volatile
organics because it is frequently dosed in fracking flu-
ids as a scale inhibitor, nonemulsifier, and corrosion
inhibitor [40], yet its effect on DCMD performance is
still unknown. Test results are given in Table 3. As
can be seen, the salt rejections are all greater than
99.95%, suggesting no membrane wetting caused by
methanol occurred. In addition, stable water fluxes
were observed during the 2-h test (results not shown),
indicating no membrane fouling occurred, which is
likely because of the very low concentration of metha-
nol. However, poor methanol rejections (53 and 63%)
were observed, likely due to its volatile property. The
current test results conducted at representing of VOC
levels (0.39–50 mg/L present in real flowback/
produced water [5]) suggest the presence of VOCs
such as methanol in fracking fluids may not affect the
performance of DCMD, although the distillate may
still contain VOCs.

4. Conclusion

This bench-scale study found DCMD technically
feasible to treat synthetic flowback/produced water
from the oil and gas field. Both feedwater temperature
and liquid stream flow rates significantly affected
water flux. Oil/grease, suspended solids, and volatile
organics showed minimal effects on DCMD membrane
fouling and scaling; therefore, no pretreatment process
is necessary for flowback/produced water treatment
in DCMD. This study also suggests that DCMD has a
water flux comparable to RO when treating low-TDS
flowback/produced water, but the high energy con-
sumption of DCMD makes it less attractive than RO
to be applied in the field. When treating medium-
to-high TDS flowback/produced water that cannot be
processed by RO, DCMD is technically feasible. The
high-quality distillate may be reused for industrial
and agricultural applications. Therefore, DCMD may
have potential to be applied onsite for real medium-
to-high TDS flowback/produced water treatment in
the oil and gas field.

Table 3
DCMD performance for treatment of flowback/produced water containing methanol (feedwater temperature: 60˚C;
distillate temperature: 20˚C; flow rates of both water streams: 0.8 L/min; membrane: QM038; feedwater composition:
39 g/L sodium, 12 g/L calcium, 82 g/L chloride, 0.2 g/L oil/grease, and varied methanol concentrations)

Initial methanol concentration (ppm) Water flux (L/m2 h) Methanol rejection (%) Salt rejection (%)

0 21.2 ± 0.4 – 99.95
25 21.3 ± 0.7 52.8 ± 2.9 99.99
50 21.4 ± 0.7 63.2 ± 3.5 99.98
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Appendix A

Heat transfer coefficients (h) were determined by:

h ¼ Nu kf
dh

(A1)

where kf is the thermal conductivity of the fluid
(0.646 W/m K for feed and 0.604 W/m K for distillate [52])
and dh is the hydraulic diameter of the flow channel on
the feed or distillate side (2.508 mm). Nu is the Nusselt
number, which for a spacer-filled channel was determined
by [53]:

Nu ¼ 0:664kdc Re
0:5 Pr0:33

2dh
lm

� �0:5

(A2)

where Re is the Reynolds number (690.4 at feed and 367.8
at distillate); Pr is the Prandtl number (4.49 at feed and
7.58 at distillate); and lm is the mesh size of the spacer
(7 mm). kdc was determined by [53]:

kdc ¼ 1:654
df
H

� ��0:039

e0:75s sin
hs
2

� �0:086

(A3)

where df is the spacer filament size (0.5 mm); H is the
channel height (0.105 cm); εs is the spacer porosity (96%);
and θs is the hydrodynamic angle of the spacer, which is
the angle formed by the grids of the spacer (60˚).

Appendix B

Vapor pressure difference (ΔP) at each TDS of the feed
solution was calculated by [53]:

DP ¼ Pf � Pd (B1)
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where Pf and Pd are the vapor pressures at the feed and
distillate sides, respectively. Pf and Pd were determined
by:

Pf ¼ exp 23:328� 3841

Tf � 45

� �
ð1� xÞð1� 0:5x� 10x2Þ

(B2)

Pd ¼ exp 23:328� 3841

Td � 45

� �
(B3)

where Tf and Td are the feed (60˚C) and distillate-side
(20˚C) temperatures and x is the molar fraction of the
dissolved salts inside the feed solution (function of TDS:
0.03077 × TDS).

Appendix C

SEM–EDS analysis of the membrane surface after tested at a feedwater TDS of 320 g/L: typical crystals observed on
membrane surface (a) and elementary analysis of the crystals (b).
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Appendix D

Photographs of membranes after the DCMD test in Section 3.4.

SEM–EDS analysis of the membrane tested in feedwater containing 1.0 g/L oil/grease.
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Appendix E

SEM–EDS analysis of the membrane tested in feedwater containing suspended CaCO3.
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