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ABSTRACT

Although shale gas has become an important source of natural gas, it has problems associ-
ated with water pollution by producing high salinity wastewater (i.e. TDS > 100,000 mg/L).
Membrane distillation (MD) can be applied to treat such wastewater but may suffer from
fouling due to scale formation. Accordingly, this study focused on the use of antiscalants
to retard scale formation in MD process for the treatment of high salinity wastewater.
Experiments were performed using a laboratory-scale direct contact MD (DCMD) system.
Seven different antiscalants were applied to the simplified synthetic wastewater. The
results were analyzed using a simple theoretical model. It was found that the abilities to
retard scale formation were different for different antiscalants. The difference in chemical
structures of the antiscalants was attributed to the changes in their effect on scale preven-
tion. Moreover, the mechanisms of flux decline seem to be different in the presence of
antiscalants. Not only surface blockage but also internal pore blocking occurred during the
MD operation, and the dominant fouling mechanism changed by the addition of the
antiscalants.

Keywords: Membrane distillation; Flat sheep membrane; Shale gas; Flowback water;
Produced water; Scale formation

1. Introduction

Recently, shale gas has become increasingly impor-
tant as a viable alternative to conventional gas
resources. The production of shale gas has been
enabled by the development of horizontal drilling and
hydraulic fracturing technologies. The USEIA esti-
mated that annual shale gas production in the United

States will increase from 5.0 TCF (trillion cubic feet) in
2010 to 13.6 TCF in 2035 [1,2]. Not only the United
States but also other countries such as China and
Australia are developing shale gas resources.

However, one of the critical issues in the develop-
ment of shale gas is the water contamination by the
generation of wastewater. During the hydraulic frac-
turing, a huge quantity of wastewater is produced,
including flowback and produced water. In particular,
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produced water may contain high concentration of
ionic compounds, which is over 100,000 mg/L. Rev-
erse osmosis, although it is a standard technology for
desalination, cannot be applied to treat such wastewa-
ter due to its high osmotic pressure (over 65 bar).
Novel technologies have been suggested and evalu-
ated for the treatment of shale gas wastewater [3],
including multieffect distillation, mechanical vapor
compression, forward osmosis [4,5], and membrane
distillation (MD).

Among such treatment options, MD is particularly
promising due to its ability to treat feed water with
high salinity [6]. MD is a thermally driven separation
technology using hydrophobic membranes [7]. MD
possesses many advantages over other desalination
technologies [8]: minimum use of electrical energy,
operation under relatively low-pressure conditions,
capability of using low grade heat such as waste heat
and solar heat, small footprint, and low fouling
propensity [9]. In theory, complete separation of the
high-quality freshwater production is possible (ions,
polymers, colloids, etc.) [6,10].

However, fouling of the membrane is also an issue
in MD [9]. When the wastewater containing high con-
centration of salt is treated, the solubility limits of salt
in the feed water exceed saturation levels leading to
crystallization on membrane surfaces. The surface
blockage of the scale results in permeate flux decline,
reducing the efficiency of the process, and increasing
operation costs [11]. Accordingly, it is important to
overcome the problem of MD fouling due to scale for-
mation during the treatment of shale gas wastewater.

There are some methods of scale control such as
acidification, ion exchange softening, and antiscalant
addiction [11–13]. In particular, antiscalants are sur-
face active materials that interfere with precipitation
reactions. First, dispersion is the ability of some antis-
calants to adsorb on crystals or colloidal particles and
impart a high anionic charge, which tends to keep the
crystals separated. Second, crystal modification is the
property of an antiscalants to distort crystal shapes,
resulting in soft nonadherent scale [12,14,15]. As a
crystal begin to form at the submicroscopic level, neg-
ative groups located on the antiscalant molecule attack
the positive charges on scale nuclei interrupting the
electronic balance necessary to propagate the crystal
growth. When treated with crystal modifiers, scale
crystals appear distorted, generally more oval in shape
and less compact. Finally, threshold inhibition is the
ability of an antiscalant to keep supersaturated solu-
tions of soluble salt [9].

This study intended to explore the use of
antiscalants to control scale formation in MD operation
for the treatment of high salinity wastewater. Using a

laboratory-scale direct contact MD (DCMD) system, a
set of experiments was carried out. Commercially
available antiscalants were added to the simplified
synthetic wastewater. A simple theoretical model
based on surface blockage mechanism was suggested
and applied to investigate the effect of antiscalants.

2. Theory

In this study, a simple model was applied to
understand the effect of antiscalants on scale preven-
tion in MD systems [16–20]. When no fouling occurs,
the flux in MD can be generally given by 6:

J0 ¼ BDp (1)

where J0 is the water flux without fouling (kg/m2 h);
B is the MD membrane permeability (kg/m2 h Pa);
and Δp is the difference in effective vapor pressure
across the MD membrane (Pa).

If scale formation occurs, the flux is reduced due
to the decrease in effective membrane surface area.
Accordingly, the following equation can be used:

J ¼ BDp 1� /bð Þ ¼ J0 1� /bð Þ (2)

where / is the surface blockage ratio; β is the correc-
tion factor. Here, / is a crucial parameter to quantify
the extent of fouling due to surface crystallization. On
the other hand, β is related to the properties of the
surface crystals.

The surface crystallization results in an increase in
surface blockage [20]. In fact, the rate of surface crys-
tallization is proportional to crystallization kinetics
and 1−/. Moreover, assuming that the changes in salt
concentration during the operation are negligible, the
term for the crystallization kinetics is constant. This
leads to the following equation:

d/
dt

¼ kc c� c�ð Þn 1� /ð Þ � k 1� /ð Þ (3)

where kc is the kinetic constant for the surface crystal-
lization; c is the salt concentration in the feed solution;
c* is the saturated concentration; n is the reaction con-
stant; and k is the apparent kinetic constant.

The Eq. (3) is rearranged to obtain the relationship
between MD operation time and the surface blockage
ratio.

Z /

0

d/
1� /

¼ kt (4)
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/ ¼ 1� e�kt (5)

Combining Eqs. (2) and (5), the following equation is
obtained:

J ¼ J0 1� b 1� e�kt
� �� �

(6)

To determine k and β, a non-linear regression should
be carried out using t and 1 – J/J0:

1� J

J0

� �
¼ b 1� e�kt

� �
(7)

3. Materials and methods

3.1. Membranes

Flat-sheet PVDF membranes (GVHP, Millipore)
were used for the high-concentration feed experi-
ments. The membrane pore size and thickness were
0.22–125 μm, respectively, and the porosity of the
membrane was 75%. A laboratory-scale membrane
module with an effective membrane area of 12.2 cm2

was prepared prior to the experiments.

3.2. Experimental setup

Laboratory-scale MD system was developed and
used for measuring flux and rejection in MD operation,
as illustrated in Fig. 1 [21,22]. The system consisted of

MD, two gear pumps, a feed tank in a water bath, flat-
sheet membrane module, a condenser, an electronic
balance connected to a personal computer, and a
cooler. The feed conductivity and turbidity were regu-
larly measured to confirm scale formation in process.
The feed water was heated by the water bath, and the
water vapor was passed through the membrane and
condensed in the condenser. Sodium chloride solution
of 350 g/L with the temperature of 60˚C was used as
the synthetic wastewater. Gear pumps (Micro-pump,
Vancouver, WA) were used to pump water. Feed side
was operated in the flow rate of 400 mL/min. Per-
meate side was operated in the flow rate of 260 mL/
min. According to our previous works, it was found
that the flow rate (or flow velocity) on the permeate
side does not affect the MD membrane performance.
Thus, the flow rate on the permeate side was adjusted
to be a reasonable value for the DCMD experiments.
The permeate side was collected as an overflow and
continuously monitored by an electronic balance con-
nected to a personal computer. Table 1 shows the sum-
mary of experiment conditions.

3.3. Antiscalant

Commercially available antiscalants were added
prior to the DCMD experiments. The information on
the antiscalants is summarized in Table 2. A stock
solution for each antiscalant (1,000 mg/L) was pre-
pared and used for the experiments. The dosage of
the antiscalant was 10 m/L.

Fig. 1. Schematic diagram for a laboratory-scale DCMD system.
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3.4. Analytical methods

A field-enhanced scanning electron microscope
(FE-SEM, Hitachi S-4700) was used to examine the
membrane surface of the scale phenomena on the
membrane structure after the experiments. Membrane
samples were completely dried at 50˚C for 12 h in a
dry oven. Also, membrane samples were coated with
platinum. After the experiments, the surfaces of the
membranes were analyzed.

FTIR spectroscopy is a highly diverse molecular
spectroscopy technique and chemical analysis method.
While FTIR is frequently used for polymer testing and
pharmaceutical analysis, the application of the tech-
nique is virtually limitless offering both qualitative
and quantitative analyses of a wide range of organic
and inorganic samples. FTIR spectrometer (Vertex,
Bruker) was used for antiscalants’ ingredient of orga-
nizing, and variable antiscalants were compared.

4. Results and discussions

4.1. Fouling due to scale formation in DCMD system

To begin, experiments were carried out to examine
the flux decline during DCMD operation of synthetic
wastewater. As shown in Fig. 2(a), the flux through

the MD membrane rapidly decreases with time from
the beginning. Initial water flux was 12 kg/m2 h but
the flux after 600 min was less than 0.4 kg/m2 h.
During the operation, the formation of crystals could
be visually observed. It is evident that crystals formed
by crystallization reduced flux through the MD
membrane.

The progress of fouling by scale formation was
analyzed using the Eq. (7). If the recovery of the distil-
late is high, the Eq. (7) cannot be used because the salt
concentration (c) changes with time. However, the
recovery rate of 10 h in most of the experiments was
only 3%, and thus, kc c� c�ð Þn can be assumed to be
constant. The correlation between 1 – J/J0 and time (t)
was obtained using the nonlinear regression tech-
nique. The apparent rate constant (k) and correction
factor (β) were determined to be 0.0166 m−1 and 0.897,
respectively. This implies that the flux decreased to
50% of initial flux within 49 min (= –ln(1 – 0.5/0.897)/
0.0166). The salt rejection was measured before and
after the MD operation. Although the flux was signifi-
cantly reduced, the salt rejection was maintained
above 99.9%, indicating there was no pore wetting
associated with scale formation.

4.2. Effect of antiscalant addition on scale formation in
DCMD system

To alleviate fouling due to scale formation, antis-
calants were added to the synthetic wastewater for
MD operation. It should be noted that these antis-
calants are not designed to be used with MD. More-
over, the salt concentration in the feed water is
beyond the recommended conditions for these antis-
calants. Nevertheless, the effect of antiscalants was
investigated to provide insight into the development
of antiscalants optimized for MD systems.

However, the flux was slightly higher than that
without any antiscalant. Although the antiscalant
could not completely prevent scale formation, the rate

Table 1
Summary of experiment conditions

Item Condition

Operation type DCMD
Membrane PVDF 0.22 μm
Effective membrane area 12.2 cm2

Cross-flow velocity Feed 0.4 L/min
Permeate 0.26 L/min

Solution Feed NaCl 350 g/l
Permeate D.I. water

Temperature Feed side 60˚C
Permeate side 20˚C

Table 2
Summary of antiscalants

Antiscalant Description Manufacturer

Antiscalant A Information not available Nalco (PC-1850)
Antiscalant B Blend of antiscalants and dispersants,

developed specifically for high silica feed water
Nalco (PC-510T)

Antiscalant C Phosphorous-free antiscalant Nalco (PC-1611T)
Antiscalant D Organophosphonate (90%) and polycarboxylic acid (~9%) Nalco (PC-191T)
Antiscalant E Mixture of organic phosphate and polymers GE (MDC 220)
Antiscalant F Mixture of organophosphonate and polycarboxylic acid BWA water additives (Flocon 260)
Antiscalant G Neutralized carboxylic acid (Phosphorous-free antiscalant) Genesys (SW)
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of scale formation seems to be lowered. In this case,
the flux after 30 min was much higher (11 kg/m2 h)
than that without antiscalants (11 kg/m2 h). This
suggests that the initial flux decline was properly
controlled by this antiscalant. As the time passed, the
flux decreased but was still higher than that without
antiscalants.

The effect of antiscalants on MD flux is important
for antiscalants B, C, D, and G as shown in Figs. 3(a),
4(a), 5(a), and 6(a). In particular, the antiscalant C was
found to be the most effective to increase the flux and
retard the scale formation. After the addition of the
antiscalant D, the initial flux was higher. Nevertheless,
the final flux after 600 min was lower than the other
cases.

On the other hand, the antiscalants E and F were
not effective to control fouling due to scale formation,

as illustrated in Figs. 7(a) and 8(a). When the antis-
calant F was used, the initial flux was even lower than
that without antiscalant. This is because the antiscalant
F formed suspended particulate as a result of the reac-
tion with the feed water. These particles are likely to
deposit on the membrane surface from the beginning,
thereby reducing the water flux. The flux profiles for
all previous cases are compared in Fig. 9.

In all experiments, the recovery rate during the
MD operation of 10 h ranged from 3 to 5.5%. This
indicates that the changes in salt concentration during
the MD operation are negligible. Nevertheless, rapid
flux decline was observed within the 50 min. Since the
solubility of NaCl is 360 g/L, the feed solution
approaches the saturated condition. Accordingly, the
scale formation seems to occur from the early stage of
the MD operation.
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Fig. 2. Changes in flux and pore blockage ratio with time
in the absence of antiscalant during DCMD operation (feed
water: NaCl 350 g/L solution; feed temperature: 60˚C; dis-
tillate temperature: 20˚C) (a) flux and (b) pore blockage
ratio (θ).
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Fig. 3. Changes in flux and pore blockage ratio with time
in the presence of antiscalant B during DCMD operation
(feed water: NaCl 350 g/L solution; feed temperature:
60˚C; distillate temperature: 20˚C; antiscalant concentra-
tion: 10 mg/L) (a) flux and (b) pore blockage ratio (θ).
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4.3. Quantitative estimation of the effect of antiscalants

The effectiveness of the antiscalants was compared
using quantitative measures. Using the Eq. (7), the k
and β were estimated. The physical meaning of k is
the rate of scale formation. If an antiscalant is effec-
tive, k becomes low in the presence of the antiscalant.
On the other hand, the physical meaning of β is the
morphology of surface crystals. If the surface crystal
layer is completely impermeable, β = 1. As the surface
crystal layer becomes porous, β decreases. Since antis-
calants can change the morphology of the crystals,
they may affect the permeability of surface crystal lay-
ers. This is why k and β were compared for different
antiscalant.

The model fits to experimental data are shown in
Figs. 10(b), 3(b), 4(b), 5(b), 7(b), 8(b), and 6(b). Except

for the antiscalant F, the model fits the experimental
data well. The relative large deviation of the model fit
from experimental data for the antiscalant F is attribu-
ted to the particle formation by the reaction of feed
water and this antiscalant. Not only the surface block-
age but also crystal particle deposition seems to be
involved in this case, which cannot be fully predicted
by the model equation.

The k values are compared in Fig. 11(a). The antis-
calants B, C, D, and G resulted in low values of k
while the antiscalants A, E, and F showed relatively
high k values. Since k is the apparent rate constant for
the scale formation, it can be concluded that the antis-
calants B, C, D, and G are effective to retard scale for-
mation. Among them, the antiscalant C was the most
effective. On the other hand, the k value for the
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Fig. 4. Changes in flux and pore blockage ratio with time
in the presence of antiscalant C during DCMD operation
(feed water: NaCl 350 g/L solution; feed temperature:
60˚C; distillate temperature: 20˚C; antiscalant concentra-
tion: 10 mg/L) (a) flux and (b) pore blockage ratio (θ).
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Fig. 5. Changes in flux and pore blockage ratio with time
in the presence of antiscalant D during DCMD operation
(feed water: NaCl 350 g/L solution; feed temperature:
60˚C; distillate temperature: 20˚C; antiscalant concentra-
tion: 10 mg/L) (a) flux and (b) pore blockage ratio (θ).
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antiscalant A was similar to that without antiscalant,
suggesting that this is not effective to retard scale
formation.

The β values are also compared in Fig. 11(b). As
previously mentioned, β is related to the properties of
the surface crystal layers. If the antiscalant affects the
morphology of the crystals, β is lower than one. Other-
wise, β should be close to one. The results in Fig. 11(a)
and (b) suggest that the mechanisms of scale control
are different for different antiscalants. For instance,
the antiscalant C resulted in the lowest k value but β
is close to one. The antiscalants B, D, and G also
showed relatively low k values, and β is about 0.9.
The antiscalant A had the lowest β value but k was
the highest. It appears that the antiscalant C is effec-
tive to reduce the rate of crystallization but does not

affect the properties of the surface crystals. On the
other hand, the antiscalants B, D, and G seem to affect
both the rate of crystallization and the surface crystal
properties. Moreover, the antiscalant A seems to
change the properties of surface crystals without
affecting the crystallization kinetics.

The effectiveness of the antiscalant can be also
determined by process parameters. In Fig. 12, the rela-
tive water production and relative average flux are
compared for various antiscalants. The relative water
production is calculated by the total water production
for 300 min with the addition of an antiscalant divided
by that without antiscalant. The relative average flux
is calculated by the average flux for 300 min with the
addition of an antiscalant divided by that without
antiscalant. If these values are higher than one, the
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Fig. 6. Changes in flux and pore blockage ratio with time
in the presence of antiscalant G during DCMD operation
(feed water: NaCl 350 g/L solution; feed temperature:
60˚C; distillate temperature: 20˚C; antiscalant concentra-
tion: 10 mg/L) (a) flux and (b) pore blockage ratio (θ).
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Fig. 7. Changes in flux and pore blockage ratio with time
in the presence of antiscalant E during DCMD operation
(feed water: NaCl 350 g/L solution; feed temperature:
60˚C; distillate temperature: 20˚C; antiscalant concentra-
tion: 10 mg/L) (a) flux and (b) pore blockage ratio (θ).
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addition of antiscalant is effective. As expected, the
antiscalant C showed the highest values for relative
water production and relative flux. The water produc-
tion was almost two times higher, and the average
flux was 1.8 times higher. For the other antiscalants,
the relative water production and relative flux range
from 1.16 to 1.48 and from 1.13 to 1.42, respectively.

4.4. Morphology of crystals on MD membranes

The SEM analysis was applied to observe the scale
formation on the membranes surfaces after the MD
operation. Fig. 13(a) shows the image of membrane
surface after MD operation without adding any antis-
calant. It was found that the entrance of the pores is
blocked by the crystals. Although it is not clear from

the picture, it is likely that the crystals are also formed
inside the pores. The flux after the MD operation was
only 3% of the initial flux, implying that most pores
are blocked by the crystals.

Fig. 13(b) shows the image of MD membranes
when the antiscalant A was used. Unlike the previous
case, crystal particles are found on the membrane sur-
face. Moreover, the entrance of the pores seems to be
completely blocked by the scales. Similar results are
found in Fig. 13(g) where particle layers are found. In
these cases, it appears that not only surface blockage
but also particle deposition resulted in flux decline.

Fig. 13(d) shows the membrane surface after add-
ing the antiscalant C, which was the most effective to
retard scale formation. No blockage of surface pores is
observed. Nevertheless, it seems that the internal
pores may be blocked by the crystals since flux decline
was also observed in this case. Similar result was
obtained for the antiscalant G, which is shown in
Fig. 13(h). Clearly, the fouling layers with the
antiscalant C or G are different from those with the
antiscalants A or F.

The other antiscalants, B, D, and E, result in the
formation of fouling layer that is similar to that with-
out the use of antiscalant. The blockage of surface
pores as well as internal pores could be observed. The
foulant layers seem to have intermediate properties
between the previous two cases.

4.5. FTIR for antiscalants

As shown in Fig. 14, FTIR was applied to deter-
mine major functional groups in the antiscalants. Since
the antiscalants are mixtures, only limited information
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Fig. 8. Changes in flux and pore blockage ratio with time
in the presence of antiscalant F during DCMD operation
(feed water: NaCl 350 g/L solution; feed temperature:
60˚C; distillate temperature: 20˚C; antiscalant concentra-
tion: 10 mg/L) (a) flux and (b) pore blockage ratio (θ).
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is available by the FTIR measurement. Moreover, the
detailed compositions of the antiscalants are propri-
etary. Nevertheless, common functional groups in the
antiscalants were identified using the FTIR to interpret
their effectiveness. It was confirmed that all
antiscalants represent the absorption of N–H (3,400–
3,250 cm−1), C–O (1,320–1,000 cm−1), and O–H (3,300–
2,500 cm−1). The antiscalant C exhibited the strong
and broad band at 3,616 cm−1, which results from free
hydroxyl (O–H) functional group. One of the unique
peaks in the FTIR spectrum for the antiscalant C
appeared at 2,557 cm−1, corresponding to aldehyde
functional group. On the other hand, the antiscalant E
was the least effective to retard scale formation, which
has the major peaks at 3,486 and 1,644 cm−1. Since
these peaks are related to N–H bonds, it appears that
the amine groups are not effective to control scale

formation. Nevertheless, other analytical techniques
should be further applied to have a better understand-
ing of the relationship between the effectiveness of
antiscalants and their chemical structures.
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Fig. 13. SEM images after MD experiments (a) without antiscalant, (b) antiscalant A, (c) antiscalant B, (d) antiscalant C,
(e) antiscalant D, (f) antiscalant E, (g) antiscalant F, and (h) antiscalant G.
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Fig. 14. FTIR spectrum for antiscalants. (a) Antiscalant A, (b) antiscalant B, (c) antiscalant C, (d) antiscalant D, (e)
antiscalant E, (f) antiscalant F, and (g) antiscalant G.
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5. Conclusions

In this study, the effect of antiscalants on scale for-
mation in MD process was investigated for the treat-
ment of high salinity wastewater including produced
water from shale gas extraction. Scale formation in
MD system resulted in serious membrane fouling. A
simple model based on the blockage mechanism was
successfully applied to interpret the experimental
results. The effects of scale inhibition were different
for different antiscalants. In this study, the antiscalant
C was the most effective and the antiscalants A and F
were not effective to control scale formation. Using
the antiscalants, the apparent rate constants of crystal-
lization are reduced from 0.0166 to 0.0041 min−1. The
water production increased up to 1.93 times, and the
average flux increased up to 1.80 times. The use of
antiscalants affects the fouling mechanisms due to
scale formation. With the addition of the antiscalants
A and F, surface pore blockage and particle deposition
were identified as major fouling mechanisms. On the
other hand, internal pore blockage seems to be more
important with the addition of the antiscalants C and
G. The chemical compositions and structures of the
antiscalants seem to be closely related to their
effectiveness for scale inhibition.
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