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ABSTRACT

Although membrane distillation technique (MD) exhibited significant potential for desalination
of reverse osmosis (RO) brine, the occurrences of CaCO, scaling and subsequent membrane wet-
ting have significantly restricted the practical application of MD. As antiscalants are widely
applied for scaling control in RO devices, it is meaningful to study the anti-scaling performance
of antiscalants during the MD process of RO brine. In this study, 1-hydroxyethylidene-1,1-diphos-
phonic acid (HEDP), polyamino polyether methylene phosphonic acid (PAPEMP), and hydro-
lyzed polymaleic anhydride (HPMA) were applied to investigate impacts of antiscalants addition
on permeate flux, feed water quality, distillate conductivity, crystal structure, and scaling layer
development in a MD plant. The influences of feed temperature and antiscalants dosage on the
CaCO, mitigation performance of three antiscalants were studied in 40°C-90°C and 5-100 mg/L,
respectively. The results revealed that these three antiscalants all efficiently alleviated flux drop
and increment of permeation conductivity. HPMA and PAPEMP exceeded HEDP in mitigat-
ing CaCQO, scaling by transforming crystal form from stable calcite to labile vaterite and arago-
nite. The antiscalant dosage exhibited remarkable impacts on CaCO, scaling inhibition and the
anti-scaling performance was superb at a dosage of <20 mg/L for HEDP and HPMA. Comparatively,
PAPEMP and HPMA posed greater tolerance to feed temperature than HEDP.
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1. Introduction

Desalination of seawater or brackish water has been
extensively implemented in many water-deficient regions
for secure drinking water supply, and the reverse osmo-
sis (RO) technology occupied more than 50% of exist-
ing desalination plants [1,2]. However, a mass of brine
generated from RO process has caused several envi-
ronmental issues, and sustainable brine management
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strategies are desiderated to minimize and treat RO
brine with the increasing regulatory pressure [3].
Membrane distillation (MD) technique, driven by the
vapor pressure difference across a hydrophobic medium
[4], is widely recognized as a promising method for brine
management as a result of its excellent effluent quality,
relatively less energy consumption, and higher salt toler-
ance [5-7]. It has been confirmed that RO brine could be
enriched by nearly 40 times in MD units, obtaining a rather
considerable water recovery rate higher than 98% [8].
However, membrane fouling issue, especially membrane
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scaling, is generally confirmed as a crucial obstacle for the
industrial-scale applications of MD units into the disposal
of RO brine [9,10], highly attributing to the sedimentation
of several sparingly soluble minerals like CaSO,, CaCO,,
silicate, etc. Scaling induced a remarkable attenuation of
membrane lifespan, even causing the occurrence of mem-
brane wetting and then the dramatic penetration of brine
across the MD membrane [11,12]. Comparatively, the pre-
cipitations of CaSO, and CaCO, are widely reported to be
the two main scaling types in MD system [13].

The alkaline scaling like CaCO, was found to be par-
tially mitigated through the optimization of operation
conditions, for example lowering the feed temperature
and acidifying feed to pH 4 [14]. However, the feed tem-
perature of MD plants should be maintained at a certain
level to ensure the considerable production of permeate
solution. The mitigation of CaCO, scaling through the
decrement of feed temperature might not be a feasible solu-
tion for MD system. Although the pH adjustment could
significantly remove HCO; from feed solutions, the huge
usage of acid suggested that pH adjustment was not an
economic strategy for the long-term MD treatment of RO
brine [15]. Additionally, various membrane cleaning solu-
tions have been also implemented for the elimination of
scaling layer from MD membranes [16], while frequent
membrane cleaning would gradually induce wetting phe-
nomenon and salt leakage [17,18]. A widely applied indus-
trial strategy for scaling control is the dose of trace amounts
(<10 mg/L) of low-cost antiscalants [19].

Antiscalant is a common tool to control membrane
crystallization through these next mechanisms: (1) post-
poning the nucleus formation of salt crystals; (2) decreas-
ing sedimentation rate of crystals; (3) destroying crystal
forms; and (4) altering CO, concentration [20,21]. Several
commercial antiscalants including condensed polyphos-
phates, organophosphates, and polyelectrolytes, have
been currently applied to some conventional desalination
plants like RO. In view of the low cost and high anti-scal-
ing efficiency, phosphorus antiscalants of phosphates
and phosphonates were the major commercial antiscal-
ants for scaling mitigation in RO system [22-24]. Hasson
et al. [25] applied phosphates-type antiscalants (SHMP)
into RO devices for the scale suppression of CaCO,, and
found that a tiny dosage (2.0 mg/L) of SHMP can effec-
tively retard the RO flux drop that induced by CaCO,
scaling. The phosphates-type antiscalants like SHMP
exerted their anti-scaling performance mainly through
the formation of soluble complex with salt ions or distor-
tion of crystal lattice [26]. However, the usage of phos-
phates in RO system existed the risk of calcium phosphate
scaling and biofouling as a result of their hydrolyzation
[27], thus the phosphonates-type antiscalants gradually
superseded phosphates in the real RO operation [28,29].
Several researches tested the scale inhibition efficiency
of commercial organophosphonate antiscalants (LB-0100,
Permatreat 191, Vitec 2000, etc.,) in RO plants, and the
results indicated that organophosphonate antiscalants
provided superior performance to phosphates due to
their higher stability and superior dispersion of silt, clay,
and metal oxides [22,30,31]. To restrict the phosphorus
emissions, several phosphorus-free antiscalants (synthetic

polymeric antiscalants) are presently researched for the
scaling inhibition, and the polycarboxylic acid (PAA,
polymethacrylic acid, polymaleic acid, etc.,) is reported to
be the main type [29,32]. Shmulevsky et al. [33] applied
polycarboxylic acid-based antiscalant for the mtigation
of calcium sulfate scaling in RO system, and found that
polycarboxylic acid-type antiscalant could effectively pro-
long the induction period through the crystal distortion
effect. Except for the polycarboxylic-type, synthetic poly-
meric antiscalants with other functional groups (PAA/sul-
fonic acid/sulfonated styrene) also exhibited considerable
performance for CaCO, inhibition in RO plants [34,35].
Furthermore, some environment-friendly antiscalants like
PASP and PESA is presently springing up due to their
biodegradable property [36,37]. In summary, phospho-
nates and polycarboxylic acid are two major types of anti-
scalants for scaling inhibition in real RO system in view
of their low cost and efficient anti-scaling performance
[38]. Similarly, the above-mentioned antiscalants have
also been applied in MD system to explore their scale
inhibition performance. Gryta [39] applied polyphos-
phate-based antiscalants for the regulation of CaCO, scal-
ing in MD units, and the obtained results suggested that
the issue of CaCQO, crystals could be effectively resolved
via the appropriate addition of this polyphosphate-based
antiscalant. Cho et al. [40] compared the scaling control
performance of 7 types of antiscalants during the MD
purification of water generating from shale-gas drilling,
and found that the crystal-inhibition efficiency of antiscal-
ants was mainly ascribed to their specific chemical compo-
sitions and structures. The previous researches of scaling
mitigation by antiscalants mostly focused on the compar-
ison of scaling-inhibition efficiency among different types
of antiscalants. Different from other membrane separa-
tion processes like RO, MD is a thermal-driven process
(40°C-80°C), and the thermal condition of feed side might
pose inevitable impacts on the anti-scaling efficiency of
these antiscalants that widely used in normal tempera-
ture process. Additionally, the previous researches mainly
evaluated the anti-scaling efficiency of phosphate-based
antiscalants in MD desalination units. It is still unclear
whether these antiscalants that are efficient in RO devices
could still mitigate the membrane scaling and wetting
in MD system. And the impacts of MD feed tempera-
ture on anti-scaling mechanisms and performance of
antiscalants in MD system need to be further researched.

Accordingly, the mitigation of calcium carbonate precip-
itation by three different types of antiscalants was studied
in this work, including 1-hydroxyethylidene-1,1-diphos-
phonic acid (HEDP), polyamino polyether methylene
phosphonic acid (PAPEMP), and hydrolyzed polymaleic
anhydride (HPMA). The combined effects of feed tempera-
ture, antiscalant type, and antiscalant concentration were
comprehensively explored in this study. The anti-scaling
performance of these three antiscalants was carefully com-
pared from several aspects of feed quality, permeation
quality, and permeate flux variation. To better understand
how CaCO, scaling occurs during the MD treatment of
RO brine as well as its mitigation mechanisms by antiscal-
ants, a scanning electron microscope (SEM) coupled with
an energy-dispersive X-ray spectroscopy (EDS) and X-ray
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diffraction (XRD) analysis were conducted to exhibit the
crystal structure and morphology of CaCO, scaling layer
on the MD membrane surfaces, and map the element com-
position along the cross-section of fouled membranes.
Additionally, the influence of MD feed temperature on
CaCQ, scaling mitigation by three different types of antiscal-
ants was researched at different feed temperatures ranging
from 40°C to 90°C. The anti-scaling performance at different
antiscalant dosages of 5-100 mg/L was also investigated in
this study. This work aimed to evaluate an efficient solution
to mitigate CaCO, scaling for a sustainable application of
MD system in the reuse disposal of RO brine.

2. Materials and methods
2.1. Membranes and feed water

The hydrophobic polytetrafluoroethylene (PTFE) mem-
brane (Membrane Solutions, America) was applied for the
MD operation in this study. According to the manufac-
turer, the porosity, pore size, thickness, and contact angle
of PTFE membrane were 75%-80%, 0.22 um, 190.0 + 2.5 um,
and 130°C + 2°C, respectively. A patch of PTFE membrane
(12 cm x 7 cm) was embedded into a direct contact mem-
brane distillation (DCMD) module. The PTFE membrane
was soaked into deionized (DI) water for around 24 h
before use.

A simulated RO brine was prepared with NaHCO,
(10018960, Sinopharm), NaCl (73522260, Sinopharm), and
CaCl, (10005860, Sinopharm) to investigate CaCO, scaling
in DCMD system. The characteristics of the simulated RO
brine are summarized in Table S1.

Three commercial antiscalants of HEDP, PAPEMP,
and HPMA were chosen to study their scaling inhibition

performance for CaCO, during MD disposal of RO brine.
The characteristic properties of each antiscalant are shown
in Table S2 and Fig. S1. The dosage gradient of antiscal-
ants in MD plants was determined based on their practi-
cal applications in traditional thermal desalination devices,
ranging from 5 to 100 mg/L.

2.2. DCMD operation

MD experiments were carried out for around 72 h with
simulated RO brine in a self-manufactured DCMD device
(Fig. 1). The DCMD plant was established with a feed tank,
a thermostat water bath (HH-2, KEXI Instrument, China),
a MD module, a permeate tank, a cryogenic thermostatic
bath (XODC-0506, Deju Equipment Limited Company,
China), an electronic balance (BS-3000+, Yousheng, China),
a computer, and two peristaltic pumps (BT100-2], Longer,
England). The cross-flow velocity of solutions in these
two sub-systems was both kept at around 10.5 mm/s with
the control of two peristaltic pumps. The temperature of
permeate side was continuously controlled at 15°C. The
temperature of MD feed side was set as 60°C during the
experimental research of antiscalant type and dosage.
During the investigation of scaling mitigation of three
antiscalants under different feed temperatures, four feed
temperatures of 40°C, 60°C, 80°C, and 90°C were applied
in this work. All the fouling experiments were repeated
twice in this study to avoid the occasionality of experi-
mental data.

Material of polymerized methylmethacrylate, namely
perspex, was utilized for the manufacture of MD module, in
which the two water channels for feed and permeate sides
posed a space size of 50 mm width, 100 mm length, and

Feed tank
4

1

Concentration

MD module

Electronic
scales

Permeate
tank

Monitoring device

Fig. 1. Experimental setup of the direct contact membrane distillation plant.
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2 mm height. A piece of PTFE membrane with an effective
area of around 50 cm? was placed into the DCMD mod-
ule. To enhance the water permeation in the MD module,
two pieces of spacers with a thickness of around 1.0 mm
were severally embedded inside the above-mentioned two
flow channels. Distillate water in permeate side was con-
tinuously collected and then weighted via the electronic
balance, and the weight data were recorded with a com-
puter every 10 min. To track the variations of MD perme-
ability, the index of normalized flux (NF) was calculated
by the proportion of permeate flux (J) and initial flux (J,).

2.3. Analytical methods

The solution samples were daily collected from the feed
and permeate sides of MD unit to monitor changes in of
pH and conductivity via a multi-parameter water quality
analyzer (HQ30D, HACH, America) equipped with a pH
electrode (PHC301, HACH, America) and a conductivity
electrode (HQd, HACH, America). Additionally, the dai-
ly-sampled feed solutions were also applied for the measure-
ments of dissociative metal ions (Ca* and Na') through an
inductively coupled plasma-atomic emission spectrometry
(ICP-AES, Thermo iCAP 6300, America). In each repeated
experiment, the water quality measurements of each solu-
tion sample were conducted for at least three times, and the
averages of measured results are presented in this study.

Concerning the membrane scaling characterization,
several membrane coupons were cut from the fouled
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membrane samples to explore the deposition of salt crys-
tals on the MD membrane surface via an X-ray diffractom-
eter (XRD, D8 DISCOVER, Bruker, Germany) and a scan-
ning electron microscope (SEM, S-4800, HITACHI, Japan)
coupled with energy dispersive spectrometer (EDS, Octane
Plus, Ametek, America). The XRD and SEM-EDS data from
one repeated experiment are presented in this study. The
detailed description about each test method is specifically
listed in the Supplementary Information section III.

3. Results and discussions

3.1. Influence of antiscalant type on the CaCO, mitigation
performance

3.1.1. MD performance
3.1.1.1. Permeate flux decline

Fig. 2 displays the impacts of antiscalant type on mem-
brane flux over time, and the results revealed that a sharp
flux decline from 1.0 (NF, 0 h) to 0.30 (NFE, 72 h) was obtained
for the MD system without antiscalants. At the end of MD
operation (72 h), the final NF of MD membrane was obvi-
ously mitigated to around 0.67 (HEDP), 0.69 (PAPEMP),
and 0.75 (HPMA) with the antiscalant dosage of 20 mg/L
and the most outstanding anti-scaling performance was
obtained for HPMA.

After 72 h operation of RO brine, the fouled PTFE
membranes were removed from the MD module and then

Operation time (h)

T
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95

510KV 1 Opin 5. 00 K% i s

Fig. 2. Flux decline curves for MD operation of RO brine with or without antiscalants addition; and SEM images of fouled membrane
surfaces that cleaned by 2 wt.% HCl solution. (Feed temperature: 60°C; distillate temperature: 15°C; antiscalant dosage: 20 mg/L).
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washed with 2 wt.% HCl solutions for about 30 min. During
the membrane cleaning process, several bubbles can be
observed from the membrane surfaces, and the deposited
precipitations gradually disappeared from the fouled mem-
branes. After chemical cleaning, the NF of fouled mem-
branes were recovered to 0.87 (without antiscalants), 0.90
(HEDP), 0.92 (PAPEMP), and 0.94 (HPMA), respectively
(Fig. 2). Comparatively, the membrane flux recovery was
more remarkable for these experimental groups with anti-
scalants usage, suggesting that the dosage of antiscalants
induced a milder scaling layer that could be easily removed
from the MD membrane surface. In comparison with HEDP
and PAPEMP groups, the optimal scale inhibition perfor-
mance was obtained for the HPMA group due to its higher
NF after membrane cleaning.

3.1.1.2. Water quality variation

With the usage of different antiscalants, the variations
of water qualities in feed and permeate sides are shown
in Figs. 3 and 4 and Table S3. The pH and conductivity
of initial feed solutions were 7.8 and 12.5 mS/cm, respec-
tively. Without the presence of antiscalants, the conduc-
tivity of feed solutions finally changed to around 38.2 mS/
cm after 72 h MD operation. Upon the application of anti-
scalants, the final conductivity of feed solutions partly
increased, which was even close to 50 mS/cm. Moreover,
the concentration of salt ions (Ca* and Na') in feed side
also increased with operation time, as shown in Fig. 4.
And the increment rate of Na* was relatively higher than
that of Ca*, highly owing to the gradual formation of
CaCO, precipitations. Owing to the rise of Ca* concen-
tration in MD feeds, the salts of calcium carbonate were
supersaturated and then gradually crystallized from the
feed solutions. After 72 h MD run, the MD feed solution
without antiscalants exhibited a rather low concentration
of Ca* (1.88 g/L), which was due to that Ca* and HCO;
largely formed CaCO, crystals on the MD membrane.
With the presence of antiscalants, notable increment of
Ca? concentration was obtained for feed solutions, with
the highest value for the HPMA group (3.15 g/L, 72 h).
This result further confirmed that HPMA exerted a better
anti-scaling performance in MD system, highly mitigating
the precipitation of CaCO, scales on the MD membranes.

Without the addition of antiscalants, the final conduc-
tivity of permeate solution gradually increased to 62.0 pS/
cm (72 h), which was distinctly higher than other groups.
Upon the dose of 20 mg/L antiscalants into MD feed, the
final conductivity of permeate side was all lower than
15 pS/em (72 h). The distinctly higher conductivity in per-
meate solutions suggested that the MD system without
antiscalants might exist a membrane wetting phenomenon,
resulting in the gradual deterioration of permeation quality.

3.1.2. Membrane scaling analysis

The mineral scales formed on the MD film under four
experimental groups were detailedly researched via XRD
analysis, as shown in Fig. 5. Three crystalline peaks at
18.2°, 22.8°, and 25.9° (Fig. S2) were detected on the XRD
spectra of PTFE membranes in four experimental groups,

representing the semicrystalline polymer of PTFE [41].
Except for the characteristic peaks of PTFE membrane
material, other peaks at 29.3°, 33.2°, 38.8°, 42.8°, 45.8°,
and 56.2° also existed on the XRD spectra of PTFE films,
revealing the appearance of calcite, aragonite, and vaterite
on the MD membranes. With the addition of antiscalants,
the peaks for calcite precipitations were clearly reduced,
and more peaks for vaterite crystals appeared on the XRD
spectra. This phenomenon was extremely significant for
HPMA group, confirming the outstanding CaCO, inhibi-
tion performance of HPMA. Therefore, it can be surmised
that the presence of HEDP, PAPEMP, and HPMA in MD
system could partly transform the crystal forms of CaCO,,
from stable calcite to loose aragonite and vaterite, leading
to the formation of an unstable scaling layer that can be
easily washed away from the membrane surface. The for-
mation of CaCO, scaling was achieved through three steps:
(1) precipitation of amorphous CaCO, from the supersatu-
rated solutions; (2) transformation of amorphous CaCO, to
metastable aragonite and vaterite; and (3) transformation
of metastable aragonite and vaterite to the stable calcite
[35]. The functional groups of antiscalants (carboxyl and
phosphonyl groups) could be absorbed onto the active
growth sites of the (104) face of calcite, blocking the growth
of crystal nucleus by impeding the collision among crys-
tal faces [42]. Additionally, those active growth sites were
also the active dissolution points of vaterite, thus the disso-
lution of metastable vaterite was notably hindered by the
antiscalants [42]. Based on the dissolution-recrystallization
mechanism [43], the transformation of vaterite to calcite
was realized through the dissolution of metastable vaterite
and the nucleation growth of calcite. With the application
of antiscalants, this kind of transformation was gradually
restricted, leading to the stable existence of vaterite or
aragonite in MD feed side. These three types of antiscal-
ants exhibited different capacities of changing the crystal
form of CaCO,, highly attributing to the chelating abil-
ity of different functional groups as well as the matching
property among antiscalants and crystal surfaces.

To further explore the effects of antiscalant type on
CaCO, scaling in MD system, the morphology and element
composition of fouled membranes were studied via SEM-
EDS analysis. As shown in Fig. S3, the fibrous micropo-
rous structure can be seen from the surface of virgin PTFE
membrane, and C and F were the two main elements. With
72 h-MD operation of simulated RO brine, the PTFE mem-
brane surface was covered with a scaling layer, which was
mainly constituted of CaCO, crystals with three different
crystal forms (Fig. 6al-d1). Without the usage of antiscal-
ants, the calcite with regular hexahedron structure was the
main crystal form for CaCO, scaling, posing smooth sur-
face and sharp edge (red circle in Fig. 6al). Upon the addi-
tion of antiscalants, the size of CaCO, crystals was partly
reduced, and obvious variations were observed for the
morphology of scaling layer. Concretely, the scaling layer
became looser, and the CaCO, precipitations exhibited a
rough surface with fractures. With the dose of 20 mg/L
HEDP, the crystal form of deposited CaCO, changed to
needlelike aragonite (blue circle in Fig. 6b1), with lower
thermodynamic stability than calcite. With the addition of
20 mg/L PAPEMP, the deposited scales on the membranes
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Fig. 5. XRD spectra of fouled PTFE membranes.
(Feed temperature: 60°C; distillate temperature: 15°C; anti-
scalant dosage: 20 mg/L).

mostly consisted of spherical vaterite (green circle in
Fig. 6¢1), and its thermodynamic stability was relatively
lower than calcite and aragonite. Comparatively, the most
drastic variation of crystal morphology was obtained for
HPMA group, and the deposited CaCO, crystals were
nearly constituted of small vaterite with a smooth sur-
face (1-2 um, Fig. 6d1). The specific structure of virgin
PTFE could still be remarkably observed from the mem-
brane surface of HPMA group (black arrow in Fig. 6d1),
further confirming the higher anti-scaling efficiency of
HPMA. With the absence of antiscalants, the MD mem-
brane exhibited a rather high intensity of Ca element
(123 CPS/keV, Fig. 6a2) on the membrane surface. With the
presence of antiscalant, the intensity of Ca element on the
membrane surface was reduced to 104 CPS/keV (HEDP,
Fig. 6b2), 88 CPS/keV (PAPEMP, Fig. 6¢2), and 32 CPS/
keV (HPMA, Fig. 6d2), respectively. Except for the Ca
element, a trace of P element could also be detected from
the fouled membrane surfaces, partly due to the slight
existence of calcium phosphate scales on the MD film. As
shown in Fig. 6d2, significant F element (101 CPS/keV) can
be detected from the fouled membrane surface of HPMA
group, manifesting that the MD film was slightly depos-
ited by CaCQO, crystals and the virgin PTFE structure can
still be largely observed from the membrane surface.

Moreover, the SEM-EDS analysis of membrane cross-
section was also applied, and the results are well displayed
in Fig. 7. Basing on the element composition of C, F, and
Ca along the membrane cross-section, the active layer of
PTFE (B — C), the PET supporting layer (C — D), and
the scaling layer (A — B) can be clearly distinguished from
cross-section of fouled PTFE membrane (Fig. S3). It can be
seen from Fig. 7a—d that the addition of antiscalants in MD
system could remarkably decrease the thickness of scaling
layer, with the lowest layer thickness for the HPMA group.
Without the usage of antiscalants, the Ca element can be
largely detected from the membrane surface and pores,
exhibiting a severe CaCO, scaling on the PTFE surfaces
and pores (Fig. 7e). This result revealed that the issue of
membrane wetting already emerged in MD system after
72 h operation of RO brine, resulting in a sharp deterio-
ration of distillation quality. With the dose of HEDP and
PAPEMP, the intensity of Ca element was clearly reduced
along the membrane cross-section, revealing their consider-
able anti-scaling effects for CaCO, in MD system. However,
the Ca element can still be detected from the PTFE pores
in HEDP and PAPEMP groups, suggesting the mediocre
mitigation performance for membrane wetting in MD sys-
tem. Differently, the Ca element was mainly found on the
membrane surface of HPMA group, and nearly no CaCO,
penetrated into the PTFE pores. This phenomenon sug-
gested that the anti-scaling performance of HPMA was bet-
ter than HEDP and PAPEMP, and the membrane wetting
issue could be well solved with the application of HPMA.

After 72 h-MD operation of RO brine, the fouled
PTFE membranes were further conducted with chemi-
cal cleaning (2 wt.% HCI solution) for 30 min, and the
SEM images of cleaned membrane surfaces are shown
in Fig. 2. With the HCI cleaning, the deposited scaling
layer was clearly removed from the fouled PTFE mem-
brane surfaces, and the virgin PTFE structure appeared
on the MD surface. Comparatively, several residual scales
still existed on the PTFE surface of blank group (with-
out antiscalant), while nearly no CaCO, precipitation was
retained on the PTFE surface of HPMA group. The usage
of antiscalants in MD system would destroy the crystal
lattice of CaCO,, which changed from stable calcite to
aragonite and vaterite with lower thermodynamic stabil-
ity. Hence, a loose and thin inorganic layer finally formed
on the MD membrane, which could be easily washed
away from the membrane surface.

3.1.3. Comparison of anti-scaling efficiency
of three types of antiscalants

The anti-scaling efficiency of antiscalants (dosage of
20 mg/L) was calculated basing on the measured Ca* con-
centrations and concentration ratios of feed solutions, which
were around 49%, 54%, and 61% for HEDP, PAPEMP, and
HPMA, respectively.

In terms of molecular structure, HEDP and PAPEMP
were both methylene phosphonic acid compounds, which
could increase the solubility of calcium salts in feed solu-
tions by forming chelates with Ca*. HEDP molecule posed
two negatively charged phosphate groups, which could
be easily combined with Ca*" through strong electrostatic
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depth (e). (Feed temperature: 60°C; distillate temperature: 15°C; antiscalant dosage: 20 mg/L).

interactions to form two five-membered ring chelates, so as
to inhibit the growth of CaCO, crystals on the MD mem-
branes. Similarly, the PAPEMP molecule could form five
five-membered ring chelates with Ca?, inducing a higher
anti-scaling efficiency than HEDP. Moreover, PAPEMP
molecule also possessed a unique ether group, inevitably
enhancing the chelating solubilization among PAPEMP and
Ca?, thus synergistically increased its anti-scaling efficiency
for CaCO, in MD system.

HPMA was a kind of polycarboxylate-type antiscalant,
which could significantly improve the solubility of CaCO,
in feed solutions through the chelation among Ca® and
active carboxyl groups of HPMA molecules. Additionally,
HPMA could interact with the active sites of crystal
nucleus, and then remarkably changed the morphology
and crystalline phase of calcium carbonate precipitations
[44], leading to the formation of a rather mild scaling layer
on the MD film surface. Owing to the specific interactions
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among antiscalants and calcium ions, HPMA exhibited an
outstanding CaCO, mitigation in MD system, which was
followed by PAPEMP and HEDP.

3.2. Effect of antiscalant dosage on the CaCO, mitigation
performance

The permeate flux decline trends of MD system under
different dosage of antiscalants are exhibited in Fig. 8, sug-
gesting that antiscalant dosage posed distinct effects on the
anti-scaling efficiency. In terms of HEDP, the most obvious
CaCO, mitigation was obtained for the dosage of 20 mg/L,
and the NF was finally changed to about 0.68 (72 h,
Fig. 8a). With the HEDP dosage of 5, 40 and 100 mg/L, the
final NF of MD membrane was decreased to 0.63 (5 mg/L),
0.56 (40 mg/L) and 0.54 (100 mg/L), respectively. The result
suggested that the higher dosage of HEDP in MD system
would unexpectedly deteriorate the anti-scaling efficiency,
and a moderate increment of HEDP dosage to around
20 mg/L might be a considerable choice. Comparatively, the
dosage demonstrated an extremely remarkable impact on
the CaCO, mitigation performance of PAPEMP, as shown
in Fig. 8b. The higher dosage strengthened the anti-scal-
ing efficiency of PAPEMP in MD system, and the final
NF of MD membrane was continuously increased from
0.57 to 0.82 as the dosage increased from 5 to 100 mg/L.
Comparatively, PAPEMP exhibited an unique scaling mit-
igation behavior, that is a better anti-scaling performance
induced by the higher antiscalant dosage. For HPMA, the
optimum CaCO, mitigation performance was observed
for the dosage of 20 mg/L, and the final NF of PTFE mem-
brane was nearly 0.75 (Fig. 8c). A too high or too low dos-
age of HPMA in MD system both caused a certain decay of
anti-scaling efficiency for CaCO, crystals.

Fig. 3a displays that feed conductivity was clearly
increased with MD operation time, while the pH of feeds
exhibited a certain reduction during the MD run. In the ther-
mal circumstance, the formation of CaCO, partly resulted in
the generation of H* in feed solutions, thus led to the slight
decrement of pH in feeds. Regardless of the antiscalant dos-
age, the conductivity of feeds was continuously increased
with the operation time, highly attributing the concentration
process of salts in feed side. The most significant increment
of feed conductivity occurred at the antiscalant dosage where
optimum anti-scaling efficiency was obtained, which was 20,
100, and 20 mg/L for HEDP, PAPEMPF, and HPMA, respec-
tively. The membrane flux was rather high at the optimum
antiscalant dosage, resulting in a higher concentration rate
of feed solutions and then a faster increment of feed con-
ductivity. Hence, the concentrations of Ca? and Na* in feed
solutions also exhibited increments with the operation time
regardless of antiscalant dosage (Fig. 8c). As shown in Table
S3, the pH of distillation was kept at a relatively stable level
of 6.53-7.23, while a clear fluctuation of conductivity can be
seen for MD permeate side. Comparatively, the most remark-
able fluctuation of permeation conductivity was observed for
HEDP and PAPEMP groups, which sharply increased with
the MD run. In terms of HEDP, the permeation conductivity
finally increased to 39.22, 13.58, 38.26, and 52.39 puS/cm at the
dosage of 5, 20, 40, and 100 mg/L, suggesting the partial mem-
brane wetting still existed in the HEDP group. Differently,

the permeation conductivity of HPMA group was kept at a
relatively low level of 5.78-12.43 puS/cm, revealing that nearly
no membrane wetting phenomenon occurred with the appli-
cation of HPMA in MD system.

The morphologies of scaling layers formed under
the different antiscalant dosages are displayed in Fig. 8.
Regardless of the HEDP dosage, the MD membrane surface
was covered with a scaling layer of calcite, aragonite, and
vaterite, and the size of CaCO, crystals was decreased in
comparison with the blank group (without antiscalants).
In terms of the HEDP dosage of 5, 40, and 100 mg/L, the
deposited layer was prevailingly consisted of calcite and
vaterite, inducing a more severe scaling behavior than the
dosage of 20 mg/L. With the dosage of 20 mg/L HEDP, the
PTFE membrane surface was mostly deposited by arago-
nite and several loose slags with lattice distortion, finally
leading to a milder scaling phenomenon. The EDS analysis
of fouled membranes revealed that the dosage of 20 mg/L
HEDP could partly reduce the intensity of Ca element on
the membrane surface in comparison with other HEDP
dosages (Fig. S4). In terms of PAPEMP, the deposition of
CaCQ, crystals on the MD membrane was clearly decreased
with the increment of PAPEMP dosage. As shown in Fig. 8,
the deposition of calcite and vaterite can still be observed
from the PTFE surfaces with the PAPEMP dosage of 5 and
20 mg/L, and the deposited calcite largely exhibited a rough
surface with fractures. However, with the further increment
of PAPEMP dosage, the calcite and vaterite obviously dis-
appeared from the membrane surfaces, and the PTFE mem-
brane was mostly occupied by these loose and porous slags,
thus notably mitigated the permeate flux decline trend.
The EDS analysis of fouled membrane surfaces revealed
that the intensity of Ca element in scaling layer decreased
from 94 to 52 CPS/keV as the dosage increased from 5 to
100 mg/L (Fig. S4), further confirming that increasing dos-
age would clearly improve the CaCO, mitigation perfor-
mance of PAPEMP. As regarding the HPMA, the mildest
scaling layer was seen as 20 mg/L HPMA was added into
the MD system, and the virgin PTFE structure can also be
largely found from the fouled PTFE surface (Ca intensity of
100 CPS/keV). In HPMA group, the precipitations depos-
ited on the membranes were mostly pony-sized vaterite as
well as several aberrant calcite with notable fractures. The
scaling layers formed at the dosage of 5 and 100 mg/L were
both denser than other fouled membranes (40 and 20 mg/L
HPMA groups). The intensity of Ca on the membrane sur-
faces was 80 CPS/keV (5 mg/L), 31 CPS/keV (20 mg/L),
58 CPS/keV (40 mg/L) and 65 CPS/keV (100 mg/L) in HPMA
group, respectively.

Generally, the antiscalant dosage demonstrated dif-
ferent impacts on the CaCO, mitigation performance of
HEDP, PAPEMP, and HPMA. The usage of HEDP and
HPMA in MD system both existed an optimum dosage of
around 20 mg/L. Differently, the anti-scaling performance
of PAPEMP in MD system was notably enhanced with the
increment of dosage. With an overall consideration of MD
performance and economic cost, the usage of HPMA in
MD system for CaCO, mitigation might be a better strat-
egy, which could achieve a considerable anti-scaling perfor-
mance at the dosage of 20 mg/L that similar to PAPEMP at a
higher dosage of 100 mg/L.
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3.3. Influence of feed temperature on CaCO, mitigation of
antiscalants

3.3.1. Influence of feed temperature on anti-scaling
performance of HEDP

Under the optimum dosage of 20 mg/L, the impacts of
feed temperature on HEDP performance were researched
in MD system, with four temperature gradients of 40°C,
60°C, 80°C, and 90°C. As shown in Fig. 9a, a relatively
milder flux decline was obtained for 40°C and 60°C, which
was finally changed to 0.77 (40°C) and 0.68 (60°C) at the end
of MD run (72 h). Comparatively, a rather sharp and severe
flux drop was seen for the MD run at 80°C and 90°C, which
significantly decreased to around 0.39 (80°C) and 0.22 (90°C)
after 72 h-MD operation. This result revealed that a mod-
erate feed temperature would contribute to the anti-scaling
performance of HEDP. Without the addition of antiscalants,
the final NF of PTFE membrane was 0.61, 0.51, 0.31, and 0.16
under the MD feed temperature of 40°C, 60°C, 80°C, and
90°C, respectively. The dose of HEDP in MD system posed
remarkable impacts on the membrane flux variation under
the moderate feed temperature of 40°C and 60°C, and the
NF of PTFE membrane was clearly improved by more than
15% with the presence of HEDP. However, the addition of
HEDP in MD system exhibited a slight effect on the foul-
ing mitigation under the higher feed temperature of 80°C
and 90°C, suggesting that the increment of feed tempera-
ture might worsen the anti-scaling efficiency of HEDP in
MD system. Although the water production efficiency of
MD system could be largely improved by the increasing
feed temperature, an aggravated flux decline trend would
appeared in MD system. Firstly, the solubility of calcium
carbonate reduced with the increasing feed temperature,
thus more CaCO, would be precipitated from feed solu-
tions under the higher feed temperature and then promoted
the CaCQO, scaling on the MD membrane. Additionally, the
hydrolysis rate of HEDP would be enhanced by the increas-
ing feed temperature, thus resulted in the attenuation of
anti-scaling efficiency of HEDP and even induced risk of
calcium phosphate scaling [45]. Moreover, the concentra-
tion rate of MD feed solution would be increased with the
higher feed temperature, leading to the remarkable rise of
Ca?" concentration (Fig. 4b1) for the formation of insoluble
organic phosphonate-calcium complexes in MD system and
therefore an aggravated anti-scaling performance of HEDP.

The feed conductivity was continuously increased with
MD operation, and a more notable increment was obtained
for higher feed temperatures of 80°C and 90°C (Fig. 3b1).
Under the higher feed temperature, a higher permeate
flux was obtained for PTFE membrane and then induced a
higher concentration rate of foulants in MD feeds, causing
the clear rise of feed conductivity. Under the moderate feed
temperature of 40°C and 60°C, the permeation conductivity
was always maintained at a low level of 5.39-13.58 uS/cm
during the whole MD run. With the rise of feed temperature
(80°C and 90°C), the conductivity of permeate side existed
a burst to a range of 45.23-65.20 uS/cm during the later MD
run (Table S4), revealing that a slight wetting phenomenon
appeared in MD units.

For the MD operation under higher feed temperature
(80°C and 90°C), the obvious appearance of calcite was

detected from the MD membrane surface, while the scale
layer developed under the moderate feed temperature (40°C
and 60°C) was mostly aragonite and aberrant slags (Fig. 9).
Basing on the Ca* concentration, the CaCO, mitigation effi-
ciency of HEDP was approximately 46%, 49%, 35%, and 34%
under the feed temperature of 40°C, 60°C, 80°C, and 90°C,
respectively. This result further confirmed that the moderate
feed temperature was beneficial for the anti-scaling perfor-
mance of HEDP in MD system.

3.3.2. Influence of feed temperature on anti-scaling
performance of PAPEMP

With the antiscalant dosage of 100 mg/L, the influence of
MD feed temperature on the CaCO, mitigation performance
of PAPEMP was studied, and the membrane decline trends
are well presented in Fig. 9b. The NF of PTFE membrane was
finally decreased to about 0.86, 0.82, 0.62, and 0.51 under the
feed temperature of 40°C, 60°C, 80°C, and 90°C, respectively.
The anti-scaling efficiency of PAPEMP for CaCO, crystals
was continuously kept at a considerable range of 65%-69%
in MD system, with the highest value obtained for high feed
temperature of 90°C, revealing that PAPEMP could still pose
a well anti-scaling performance under the extremely high
temperature. Regardless of the feed temperature, the per-
meate conductivity of PAPEMP group was always lower
than that of HEDP group, with a range of 5.78-22.51 uS/
cm (Table S4). Although the MD feed temperature remark-
ably increased the Ca?" concentration in feed solutions (Fig.
4b2), a considerable anti-scaling efficiency was still obtained
for PAPEMP, likely due to that PAPEMP posed a high tol-
erance to calcium salts through the outstanding chelation
among Ca* and PAPEMP molecules. Regardless of feed
temperature, the PTFE membrane surface was mainly occu-
pied by large amounts of aberrant slags and several vater-
ite (Fig. 9) with the presence of 100 mg/L PAPEMP in MD
system, resulting in a relatively mitigated scaling behavior.
Totally, the MD feed temperature exhibited milder impacts
on the anti-scaling efficiency of PAPEMP, and the PAPEMP
still posed a considerable mitigation performance for CaCO,
in the extremely thermal condition of MD system.

3.3.3. Influence of feed temperature on anti-scaling
performance of HPMA

Under the optimum dosage of 20 mg/L, the anti-
scaling performance of HPMA under different feed tem-
peratures was explored in MD system, and the variations
of permeate flux are clearly presented in Fig. 9c. The final
NF of PTFE membrane was continuously maintained at
a high level of 0.57-0.87 under the feed temperature of
40°C-80°C, while that significantly dropped by 66% as the
feed temperature further raised to 90°C. The anti-scaling
efficiency of HPMA in MD system was higher than 60% as
the feed temperature was lower than 80°C. However, the
anti-scaling efficiency of HPMA was notably decreased to
approximately 47% when the MD feed temperature rose to
90°C. This result suggested that the feed temperature lower
than 80°C posed a rather mild impact on the anti-scaling
performance of HPMA, while the anti-scaling efficiency of
HPMA would be obviously deteriorated as the MD feed
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temperature further increased to 90°C. The clear decre-
ment of anti-scaling efficiency might be associated with the
reducing solubility of calcium carbonate and the high con-
centration rate of feed solutions under the extremely high
feed temperature. Regardless of the feed temperature, the
permeation conductivity was always kept in a stable and
low range of 3.61-17.53 uS/cm (Table S4), suggesting that
nearly no membrane wetting occurred in MD system with
the usage of HPMA. As shown in Fig. 9, the PTFE membrane
was mildly deposited by several vaterite and distorted cal-
cite with fractures when feed temperature was lower than
80°C. And the virgin PTFE structure can still be remarkably
observed from the fouled PTFE surfaces. As the feed tem-
perature further raised to 90°C, large-sized calcite with a
regular shape clearly appeared on the PTFE membrane sur-
face, further confirming that the extremely high feed tem-
perature (>80°C) might pose a non-negligible impact on the
CaCO, mitigation performance of HPMA in MD system.

3.4. Scale inhibition mechanisms of three types
of antiscalants in DCMD system

HEDP posed two phosphonyl groups, forming chelate
complexes with Ca*, thus partly increased the solubility of
calcium salts. Additionally, HEDP molecules could bind with
the active sites of CaCO, nucleus, destroying the lattice struc-
ture of CaCO, crystals, hence the deposited scaling layer on
the MD membrane became relatively loose. With the mod-
erate dosage, HEDP exhibited a considerable anti-scaling
performance in MD system, while the CaCO, mitigation
efficiency of HEDP was clearly decreased with the further
increment of dosage, namely threshold effect [46]. Under the
higher HEDP dosage, the redundant HEDP molecules would
form insoluble floccules (organic phosphonate-calcium com-
plex) in MD feed side, causing the deterioration of HEDP
performance in MD plants. The feed temperature of MD
system demonstrated remarkable impacts on the anti-scaling
efficiency of HEDP, and a good anti-scaling performance of
HEDP was obtained under the moderate feed temperature
of 40°C and 60°C. The high feed temperature would partly
cause the hydrolysis of HEDP molecules, inducing a risk of
calcium phosphate scaling.

PAPEMP posed a prominent tolerance to calcium salts,
which could interact with the active sites of CaCO, nucleus
to prevent the further growth of CaCQ, crystals. Moreover,
PAPEMP molecules could be embedded in the lattice of
CaCO, crystals, increasing the surface tension of nucleus
and changing the crystal form, thus formed an unstable
scaling layer. Although HEDP and PAPEMP molecules
posed similar functional groups of phosphonyl groups,
a clear distinction of CaCO, mitigation performance was
seen between HEDP and PAPEMP, which might be associ-
ated with the length of carbon chain and other functional
groups of antiscalant molecule. PAPEMP molecules could
form more five-membered ring chelates with Ca*, induc-
ing a better anti-scaling efficiency than HEDP. Moreover,
PAPEMP molecules also possessed a unique ether group,
forming more complex and stable chelates with Ca*, syner-
gistically increasing its anti-scaling efficiency for CaCO, in
MD system. The CaCO, mitigation performance of PAPEMP
in MD system was obviously improved by the increasing

dosage, which was mildly affected by MD feed temperature.
The increasing antiscalant dosage remarkably enhanced the
anti-scaling efficiency of PAPEMP during the MD operation
of RO brine, while a high dosage of chemical agents would
inevitably increase the operational cost of MD system.

HPMA molecule contained active carboxyl groups,
forming soluble complexes with Ca?, thus exhibited a good
mitigation performance for CaCO, scaling. Additionally,
HPMA molecules could be adsorbed onto the active sites
of CaCO, crystal nucleus, inhibiting the growth of crystals
and then increasing the solubility of calcium salts. Without
the presence of antiscalants, the deposited CaCO, crystals
were mostly hexahedral calcite with a regular structure.
Upon the addition of HPMA, the structure of deposited
precipitations was notably changed, and the fouling layer
was largely consisted of vaterite with small size and rough
surfaces. Generally, the presence of HPMA in MD system
would inhibit the growth of calcite, which was obviously
transformed to vaterite with lower thermodynamic stability.
According to the dissolution-recrystallization mechanism,
the transformation from vaterite to calcite was obtained
through the dissolution of vaterite nucleus and then the
nucleation of calcite. However, the active sites of CaCO,
crystals occupied by HPMA were the dissolution points of
vaterite, highly blocking the transformation from vaterite to
calcite. Considering the lower thermodynamic stability of
vaterite, a rather mild and loose scaling layer mostly con-
sisted of vaterite and aberrant slags ultimately developed on
the MD membrane with the addition of HPMA in MD sys-
tem. To achieve a well anti-scaling performance for CaCO,,
MD operation of RO brine with the presence of 20 mg/L
HPMA under the feed temperature lower than 80°C might
be a feasible choice.

4. Conclusions

In this work, the impacts of three types of antiscalants
were explored on CaCO, mitigation during the MD treat-
ment of RO brine, and the effects of feed temperature and
antiscalant dosage were also researched. Key findings from
our work can be summarized as follows:

e The addition of HEDP, PAPEMP, and HPMA in feed solu-
tions all posed considerable anti-scaling performance for
CaCO, scaling and partly mitigated membrane wetting.
PAPEMP and HPMA exceeded HEDP in postponing
the flux decline trends of MD membranes.

¢ These three types of antiscalants couldn’t absolutely
restrain the occurrence of CaCQO, scaling in MD system
but efficiently transformed the structure of deposited
CaCO, crystals from stable calcite to labile forms of vater-
ite and aragonite.

¢ The antiscalant dosage exhibited a notable impact on the
CaCO, mitigation performance of three types of antiscal-
ants. For HEDP and HPMA, the CaCO, scaling can be
well mitigated at the dosage of 5-20 mg/L. Differently,
the anti-scaling efficiency of PAPEMP could be obviously
improved by increasing dosage.

* The anti-scaling performance of HEDP in CaCO, scal-
ing inhibition was significantly temperature-dependent,
and the increasing feed temperature deteriorated the



32

C. Liu et al. / Desalination and Water Treatment 259 (2022) 17-36

scaling mitigation performance. The high feed tempera-
ture would cause the hydrolysis of HEDP molecules,
inducing a risk of calcium phosphate scaling for MD
membranes. Comparatively, PAPEMP and HPMA posed
greater tolerance to feed temperature, which still exhib-
ited a considerable anti-scaling performance under a
high feed temperature of 80°C.

With a comprehensive consideration, HPMA outper-
formed PAPEMP and HEDP in mitigating CaCO, scaling
and membrane wetting during MD process of RO brine.
HPMA with moderate dosage (<20 mg/L) could still per-
form outstanding CaCO, inhibition under the high feed
temperature (80°C), and nearly no membrane wetting
phenomenon occurred in MD plants. With the presence
of HPMA, a rather loose and thin scaling layer mostly
constituting of vaterite and aberrant slags was mildly
developed on the MD membranes, which could be sig-
nificantly removed by HCI cleaning with a remarkable
recovery of membrane flux.
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S2. Section 11

Table S1
Characteristic properties of the simulated RO brine (water recovery of RO: 80%). The preparation of RO brine mainly concerned its
CaCQ, scaling tendency in membrane distillation units

Parameter, mM Value
Ca> 33.1
Na* 67.7
HCO; 16.2
Cl 117.6
pH 7.8
TDS, mg/L 8,028
Conductivity, mS/cm 12.55
Table S2

Characteristic properties of each commercial antiscalant

Antiscalant Molecular Manufacturer Characteristic parameters of each antiscalant

type formula Content of active  pH (in 1% Density Optimum dosage

component (%) aqueous solution) (20°C, g/cm®)  suggested by
manufacturer (mg/L)

HEDP CHOP, KaiRui Water >50.0 2.0 1.34~1.40 1~50
PAPEMP C.H,ON,P,  Treatment >40.0 2.0 1.15~1.25 5~100
HPMA (CHO,), Technology >48.0 2.0~3.0 1.22~1.25 1~15
Co., Ltd.
Table S3

Water quality of permeate solutions under different dosage of antiscalants

Dosage Operation Water quality parameters
time (h) pH Conductivity (uS/cm)
Type of antiscalants HEDP PAPEMP HPMA HEDP PAPEMP HPMA
24 6.92+0.23 7.07 £0.25 7.23+0.25 7.26+0.23 8.48 +0.22 7.68 +£0.24
5mg/L 48 6.68 +0.20 6.61 +0.22 6.91+0.25 24.20 +0.33 21.46 +0.30 8.88 +£0.22
72 6.72+0.20 6.53+0.18 6.85+0.22 39.22 +£0.35 32.24+0.28 12.43+0.26
24 6.96 +0.16 6.87 +0.23 6.96 +0.21 6.42+0.18 5.32+0.18 578 +0.17
20 mg/L 48 6.85+0.20 6.85+0.23 7.02£0.27 7.35+0.22 598 +0.17 6.86 +£0.22
72 6.96 +0.22 6.96 +0.20 6.95+0.22 13.58 £0.25 12.65+0.28 8.98 +0.25
24 6.83 +0.22 7.02+0.20 7.01+0.22 9.54+0.22 749 +0.22 6.86 +0.20
40 mg/L 48 6.76 +0.22 6.95+0.22 6.96 +0.18 18.71+£0.25 9.75+0.22 8.23+0.18
72 6.81+0.25 6.92+0.22 6.91+0.18 38.26 +0.32 10.57 +0.24 9.81+0.20
24 6.89 +0.17 7.06 +0.23 7.12+0.24 10.73 £0.20 8.03+0.20 7.87 +£0.25
100 mg/L 48 6.79+0.21 7.02£0.22 7.03 £0.22 21.28 £0.28 15.70 +0.20 9.32+0.25

72 6.78 +0.22 6.95+0.20 6.88 +0.22 52.39+0.35 25.30+0.24 10.09 £ 0.30
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Table S4

Water quality of permeate solutions under different feed temperatures

Feed temperature Operation Water quality parameters
time (h) pH Conductivity (uS/cm)
Type of antiscalants HEDP PAPEMP HPMA HEDP PAPEMP HPMA
24 711+0.22 7.41+0.25 7.22+0.24 6.13 +£0.22 6.35 +0.25 479 +0.16
40°C 48 6.70 +£0.20 7.12+0.22 7.45+0.24 6.52+0.24 7.01+0.25 5.84+0.16
72 6.45+0.16 7.30 +£0.22 7.18 +0.20 5.39+0.22 5.78 +0.20 3.61+0.18
24 6.96 +0.23 7.06 +0.23 6.96 +0.20 6.42 +0.20 8.03 +£0.28 5.78 +0.22
60°C 48 6.85+0.18 7.02+0.23 7.02+0.20 7.35+0.26 9.32+0.28 6.86 +0.22
72 6.96 +0.20 6.95+0.17 6.95+0.22 13.58 +0.28 10.09 + 0.30 8.98 +0.20
24 7.02+0.21 7.02 +£0.20 6.92+0.22 11.35+0.25 8.18 £0.22 10.25 £ 0.24
80°C 48 7.12+0.24 7.12+0.26 6.86 +0.16 41.50 +0.37 10.67 £ 0.22 7.86 +0.20
72 6.96 +0.20 6.96 +0.20 7.13+0.21 45.23 +0.40 15.36 £ 0.30 12.95+0.22
24 6.93 £ 0.22 6.93 +£0.20 6.85 +(0.22 13.58 £ 0.22 11.27 £ 0.32 13.76 £ 0.25
90°C 48 6.52 +0.14 6.52+0.17 7.02£0.22 60.48 + 0.44 18.35+£0.30 17.53 £ 0.30
72 6.86 £ 0.20 6.86 £ 0.20 6.76 £ 0.17 65.20 + 0.44 22.51+0.35 16.51 £ 0.32

S3. Section III

The specific description of analytical methods for fou-
lants characterization in feed solution and membrane scaling
characterization.

S4. Section IV

The specific description of analytical methods for fou-
lants characterization in feed solution and membrane scaling
characterization.

54.1. Inductively coupled plasma-atomic
emission spectrometry measurement

The concentrations of metals (Ca, Na) in feed solutions
were measured using inductively coupled plasma-atomic
emission spectrometry (ICP-AES; Thermo iCAP 6300,
America). Prior to ICP-AES measurement, each sample was
diluted with deionized water, and then filtered through an
Acrodisc PES Syringe Filter (0.45 um, Pall Corporation).

54.2. Scanning electron microscopy-energy-dispersive
X-ray spectroscopy measurement

A scanning electron microscopy (SEM; HITACHI S-4800)
coupled with energy-dispersive X-ray spectroscopy (EDS;

Octane Plus, Ametek) was applied for the investigation of
surface morphology and elemental composition of virgin
and fouled membranes. Furthermore, the cross-section line
analysis was also conducted for the fouled membranes with
an aim to verify the blockage of contaminants in membrane
pores. The parameters were listed as below: accelerating
voltage (10 kV), beam current (0.4 x 10"° A) and working
distance (8-10 mm). The fouled membrane samples were
dried for 12 h in a constant temperature oven (50°C) for
the SEM-EDS analysis of membrane surface. In terms of
the membrane cross-section SEM-EDS analysis, the fouled
membrane samples were pretreated with liquid nitrogen
brittle fracture, following by drying for 12 h at 50°C for the
cross-section SEM-EDS measurement.

54.3. X-ray diffraction measurement

The mineral composition of precipitates that deposited
on the fouled membrane distillation membrane surfaces
was determined via the X-ray diffraction (XRD) analysis.
In this study, the XRD measurement was performed with
a Philips X'Pert PRO Diffractometer using CuKo radia-
tion with a graphite monochromator, within the 20 angle
range of 10°-80°. The counting time, wavelength and power
conditions were set as 1.0 s, 1.506 A and 20 kV/30 mA,
respectively.
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