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a b s t r a c t

Membrane distillation (MD) has gained extensive attention for treating highly saline wastewater. How-

ever, membrane scaling during the MD process has hindered the rapid development of this technology.

Current approaches to mitigate scaling in membrane distillation focus primarily on achieving enhanced

hydrophobicity and even superhydrophobicity via utilizing fluorinated fibrous membrane or introducing

perfluorosilane modification. Considering the environmental hazards posed by fluorinated compounds,

it is highly desirable to develop non-fluorinated membranes with enhanced anti-scaling properties for

effective membrane distillation. In this study, we present a non-fluorinated liquid-like MD membrane

with exceptional anti-scaling performance. This membrane was facilely fabricated by grafting linear poly-

dimethylsiloxane (LPDMS) onto a hydrophilic polyether sulfone (PES) membrane pre-coated with the in-

termediate layers of polydopamine and silica (denoted as LPDMS-PES). Remarkably, LPDMS-PES mani-

fested a drastically improved scaling resistance in continuous MD tests than its perfluorinated counter-

part, i.e., 1H,1H,2H,2H-perfluorooctyltrichlorosilane-modified PES membrane (PFOS-PES), in both heteroge-

neous nucleation-dominated and crystal deposition-dominated scaling processes, despite the latter having

a smaller surface energy. LPDMS-PES demonstrated a reduction of crystal accumulation of approximately

85% for NaCl and 73% for CaSO4 in the heterogeneous nucleation-dominated scaling process compared

to PFOS-PES. Additionally, in the crystal deposition-dominated scaling process LPDMS-PES exhibited a re-

duction of about 70% in scale accumulation. These results explicitly evidenced the great potential of the

liquid-like membrane to minimize scaling in membrane distillation by inhibiting both scale nucleation

and adhesion onto the membrane. We believe the findings of this study have important implications for

the design of high-performance MD membranes, particularly in the quest for environmentally sustainable

alternatives to perfluorinated materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

To address the global challenge of water scarcity, membrane

separation technology has been widely used for seawater desalina-

tion [1–3] and wastewater reclamation [4–6] to acquire freshwater

resources. MD is a desalination process that relies on thermal driv-

ing and hydrophobic membranes, and has gained extensive atten-

tion for treating highly saline wastewater [7]. Compared to conven-

tional nanofiltration and reverse osmosis desalination techniques,
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MD exhibits lower sensitivity to salinity. Another crucial advantage

of MD is its ability to utilize low-grade waste heat [8,9], thereby

improving energy efficiency, which is of profound significance for

global carbon reduction. However, conventional hydrophobic mem-

branes in the MD desalination process often encounter challenges

related to scaling, which hinder the rapid progress and industrial-

ization of MD technology [10,11]. The presence of scaling layers not

only increases the resistance to heat and mass transfer, but also

leads to pore blockage, thereby reducing membrane permeability.

Additionally, scaling layers can decrease the surface hydrophobicity

of the membrane, resulting in membrane wetting and subsequent

salt leakage [12,13].
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In the MD process, scaling occurs primarily through two path-

ways: heterogeneous nucleation (followed by growth) of scale crys-

tals on the membranes surface, and crystalline deposition from the

solution onto the membrane surface [14]. In recent years, extensive

research has been conducted to explore superhydrophobic surfaces

(water contact angle > 150°) for anti-scaling purposes due to their

surface air layer, high energy barrier for nucleation and enhanced

interface slippage [15–18]. However, the preparation processes for

superhydrophobic surfaces are complex and often involve the use

of expensive fluorosilanes, which could lead to the formation of

environmentally detrimental carcinogens [19,20]. Additionally, the

fine micro- and nanostructures required by superhydrophobicity

raise concerns on the durability issue. Furthermore, many exist-

ing studies have primarily focused on heterogeneous nucleation on

membrane surfaces, neglecting the influence of crystal deposition

from the solution on membrane scaling [1]. Therefore, it is essen-

tial to explore an easy-to-prepare and non-fluorinated MD mem-

brane that can simultaneously resist heterogeneous nucleation and

crystal deposition.

Coatings composed of highly flexible molecular brushes, such

as polymer brushes with extremely low glass transition temper-

ature (Tg) down to −100 °C, can impart a surface with liquid-

like properties [21,22]. While one end of the molecular brush is

fixed onto the substrate, the rest part is highly mobile and free

to move at room temperature due to the extremely low Tg of

the polymer, exhibiting highly mobile characteristics. These mo-

bile brushes can thus function as a highly slippery liquid-like layer,

thereby reducing the interface interaction with both liquids and

solids. Such coatings have attracted increasing attention in re-

cent years and are being explored for anti-scaling purposes on

porous membrane surfaces. Huang et al. investigated on the MD

performance of polyvinylidene fluoride (PVDF) membranes mod-

ified with different perfluorosilanes. They found that the mem-

brane coated with a perfluorosilane containing a single hydroly-

sis site possessed superior anti-scaling property compared to the

membrane coated with a perfluorosilane containing triple hydrol-

ysis sites. They attributed this interesting finding to the liquid-

like nature of the former coating [23]. However, the perfluorosi-

lane (i.e., 1H,1H,2H,2H-perfluorodecyltrimethoxysilane) employed

in their study is not a typical liquid-like molecule and the use of

perfluorosilanes in the preparation raises ongoing concerns about

environmental pollution. In comparison, fluorine-free linear poly-

dimethylsiloxane (LPDMS) can serve as a more favorable alterna-

tive. This biocompatible compound is characterized by its remark-

able flexibility with Tg as low as −127 °C, enabling it to exhibit

excellent liquid-like property. Grafting LPDMS onto porous mem-

branes has been demonstrated to significantly enhance the sur-

face’s ability to resist fouling caused by viscous oily substances

[24]. However, in the current field of MD, the existing refer-

ences to PDMS predominantly refer to crosslinked PDMS, primar-

ily serving the functions of adhesion and hydrophobicity enhance-

ment [16,25,26]. Although a recent report by Liu et al. showcased

an superhydrophobic LPDMS/TiO2/PVDF composite membrane with

enhanced anti-scaling and anti-wetting properties [27], they at-

tributed these properties to the membrane’s slippery surface and

superhydrophobicity, without emphasizing the crucial role of the

flexible molecular chains. Overall, there has been limited attention

paid to the impact of the flexible chains of LPDMS on the anti-

scaling performance of MD membranes. Furthermore, the exist-

ing MD membranes are either made of fluoropolymers or surface-

functionalized with fluorosilanes. There is still a lack of completely

fluorine-free MD membranes that can effectively resist scaling.

In this study, a fully fluorine-free MD membrane featur-

ing liquid-like surface chemistry was prepared. The membrane,

named LPDMS-PES, was created by covalently grafting LPDMS

chains onto a polyethersulfone (PES) matrix membrane that had

Fig. 1. (a) Schematic illustration of the preparation process of LPDMS-PES. (b) SEM

images of the top and cross-section views of LPDMS-PES and PFOS-PES, and the

corresponding element mappings of the two membranes. (c) XPS spectra, and (d)

water contact angle (CA), advancing contact angle (θAdv), receding contact angle

(θRec) and contact angle hysteresis (CAH) of the two membranes.

been pre-coated with polydopamine (PDA) and silica (SiO2).

To identify the crucial influence of molecular chain flexibil-

ity on the anti-scaling properties, relatively rigid 1H,1H,2H,2H-

perfluorooctyltrichlorosilane (PFOS) chains were grafted onto the

matrix membrane as a comparative sample (PFOS-PES). The results

show that LPDMS-PES exhibited a markedly enhanced resistance to

scaling in continuous MD processes compared to its perfluorinated

counterpart in both heterogeneous nucleation-dominated and crys-

tal deposition-dominated scaling tests and effectively delayed the

occurrence of scaling-induced wetting issues on the membrane.

The anti-scaling mechanism of LPDMS-PES is analyzed in detail. On

one hand, the highly mobile LPDMS brushes are speculated to re-

strict the ion-surface interaction and inhibit the aggregation of ions

on the membrane surface, thereby delaying heterogeneous nucle-

ation of salt crystals. On the other hand, the slippery LPDMS layer

greatly reduces surface adhesion to solids, hindering deposition of

crystals onto the membrane surface.

LPDMS-PES and the comparative PFOS-PES membrane were

prepared through stepwise surface modification of commercially

available PES membranes. Firstly, a PDA layer and a SiO2 layer were

sequentially coated onto the membrane surface. Subsequently, af-

ter surface hydroxylation, LPDMS or PFOS were grafted onto the

surfaces of the membranes, as depicted in Fig. 1a. The morpholo-

gies of the pristine PES membrane and the membranes after in-

termediate modification steps were examined using FE-SEM anal-

ysis. The impact of the PDA layer on the morphology of mem-

brane pores was minimal, as shown in Fig. S1 (Supporting in-

formation), which was consistent with previous reports [28]. The

cross-sectional view images revealed that the deposition of SiO2

did not cause blockages within the interior of the SiO2-PDA-PES

membrane. The EDS analyses confirmed the successful deposition

of PDA and SiO2 onto the membranes (Fig. S2 in Supporting in-

formation). The SEM images of LPDMS-PES and PFOS-PES (Fig. 1b)

indicated that their morphologies closely resembled that of the

SiO2-PDA-PES membrane. The thickness of the grafted molecular

layer can be considered negligible. According to previous reports,

the thickness of the LPDMS coating was approximately 4nm [29].

Hence, the influence of all surface modifications on the structures

of the membrane pores can be disregarded.
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It is well known that the abundant amino groups and hydroxyl

groups presented on PDA contribute to its strong adhesion na-

ture [30,31], allowing it to adhere well to various substrates or

substances. The PDA layer can thus promote the binding of SiO2

to the PES matrix membrane. Additionally, rich hydroxyl groups

can be created on the surface of SiO2 by oxygen plasma treat-

ment, and the presence of Si-OH bonds facilitates the reaction

with trimethoxysilane-terminated PDMS for grafting the liquid-like

layer. To investigate the crucial role of PDA and SiO2 intermedi-

ate layers in the subsequent liquid-like surface chemistry mod-

ification, we conducted LPDMS grafting experiments under vari-

ous conditions. The variables in these experiments were the pres-

ence of PDA or SiO2 layers. The prepared comparative samples in-

cluded the membrane prepared without pre-coated PDA and SiO2

layers (sample a), the membranes prepared with only pre-coated

PDA layer (samples b and c, oxygen plasma treatment was con-

ducted prior to LPDMS grafting for sample c and not for sample

b), and the membrane prepared with only pre-coated SiO2 layer

(sample d). The water contact angles of the above samples are

shown in Fig. S3 (Supporting information). The contact angles of

all the samples were lower than that of LPDMS-PES, indicating a

degraded surface hydrophobicity. Samples b and c, prepared with

only pre-coated PDA layer, exhibited high hydrophilicity regardless

of oxygen plasma treatment. This suggested a very limited reactiv-

ity between the Si-O bonds of LPDMS and the hydroxyl groups of

PDA layer. Combining the results in Fig. 1b and Fig. S3, it can be

concluded that the SiO2 layer plays an essential role to ensure ef-

fective grafting of LPDMS chains onto the membrane surface. The

deposited SiO2 not only existed in the form of particles but also

covered the membrane surface as a thin layer. Additionally, sample

d exhibited a contact angle similar to that of sample a, suggest-

ing that in the absence of PDA adhesion layer, SiO2 cannot effec-

tively deposit onto the membrane surface. Therefore, the presence

of both PDA and SiO2 layers was indispensable for grafting LPDMS

onto the membrane surface.

The successful modification of the PES membranes with LPDMS

and PFOS was confirmed by XPS and EDS analyses (Figs. 1b and

c, Table S1 in Supporting information). The surface roughness of

LPDMS-PES and PFOS-PES was examined using AFM, as illustrated

in Fig. S4 (Supporting information). Surface roughness is known to

play an important role in scaling, with higher roughness increasing

scaling possibility [32,33]. The arithmetic average roughness (Ra)

values of LPDMS-PES and PFOS-PES were 178.63 and 179.23nm,

respectively, indicating similar roughness between the two mem-

branes. Therefore, the influence of surface roughness on the differ-

ence in scaling resistance between LPDMS-PES and PFOS-PES can

be disregarded.

Pore size, porosity, and thickness are crucial factors that influ-

ence the performance of membrane distillation. To evaluate the ef-

fectiveness of the modifications, the structure parameters of the

prepared membranes were measured, and the results are pre-

sented in Table 1. The presence of the PDA coating and SiO2 layer

in the SiO2-PDA-PES membrane led to a slight increase in thickness

compared to the original PES membrane, accompanying a slight re-

duction in porosity. LPDMS-PES and PFOS-PES, after grafting mod-

ifications, displayed minimal changes in porosity, and thickness

Table 1

LEP, porosity, thickness, and mean pore diameter of membranes.

Membranes LEP

(bar)

Porosity

(%)

Thickness

(μm)

Mean pore

diameter (μm)

Pristine PES – 77.69 114.2 0.1882

SiO2-PDA-PES – 76.36 114.9 0.1844

LPDMS-PES 1.8 75.47 115.0 0.1930

PFOS-PES 2.4 75.81 114.9 0.1840

compared to SiO2-PDA-PES. Pore size testing was conducted using

a gas-liquid displacement technique. The measurement results and

pore size distribution of different membranes are presented in Ta-

ble S2 and Fig. S5 (Supporting information). Interestingly, LPDMS-

PES shows a slightly larger mean pore size than the other mem-

branes. We speculate that the liquid-like nature of the LPDMS coat-

ing is responsible for this unusual observation. The highly slip-

pery nature of the LPDMS coating probably facilitates expelling

the infiltrated liquid from LPDMS-PES due to the reduced solid-

liquid interfacial interaction. Consequently, a smaller gas pressure

is sufficient for removing the infiltrated liquid in the gas-liquid dis-

placement measurement, thereby resulting in a slightly increase

in the calculated mean pore size. The difference in the actual

pore size between LPDMS-PES and the other membranes should

be smaller than the calculated results and can be considered neg-

ligible. Furthermore, the pure water flux of PFOS-PES is compa-

rable to that of LPDMS-PES, consistent with the porosity result

(Fig. S6 in Supporting information). Overall, the surface modifica-

tions of the PES membranes had negligible effects on pore size and

thickness.

The wetting properties of LPDMS-PES and PFOS-PES were eval-

uated using a contact angle instrument, and the results are pre-

sented in Fig. 1d. PFOS-PES exhibited a slightly higher static wa-

ter contact angle compared to LPDMS-PES (132.8° vs. 126.5°), sug-
gesting a slightly greater hydrophobicity of the former. However,

LPDMS-PES displayed a significantly lower contact angle hystere-

sis (CAH) than PFOS-PES (39.2° vs. 65.5°), indicating reduced re-

sistance to liquid motion on the LPDMS-PES surface. This is a

typical characteristic of a liquid-like coating, as the highly flexi-

ble LPDMS chains can facilitate the movement of the solid-liquid-

gas contact line and thus promote liquid mobility on the surface

[22,34].

The liquid entry pressure (LEP) serves as a quantitative met-

ric to measure membrane liquid repellency. Based on the Laplace-

Young equation [35], LEP is strongly influenced by the membrane’s

hydrophobicity and maximum pore size. Specifically, LEP is directly

proportional to hydrophobicity and inversely proportional to max-

imum pore size. In this study, the LEP values were determined to

be 1.8 bar for LPDMS-PES and 2.4 bar for PFOS-PES (Table 1), in-

dicating that both membranes were basically capable of operating

DCMD tests. The comparable average pore sizes of the two mem-

branes further support the qualitative consistency between the LEP

results and the contact angle measurements.

As introduced above, scaling occurs primarily through two

pathways: Heterogeneous nucleation and subsequent growth of

scale crystals on the membranes surface, and crystalline deposi-

tion from the solution onto the membrane surface. To conduct a

comprehensive investigation on the anti-scaling behaviors of the

LPDMS-PES and PFOS-PES membranes in the DCMD processes,

two sets of scaling experiments were designed, including het-

erogeneous nucleation-dominated scaling experiments and crystal

deposition-dominated scaling experiments.

In the heterogeneous nucleation-dominated scaling experi-

ments, DCMD test was first conducted at 60 °C for 80h using a

0.6mol/L NaCl solution as the feed. As the employed NaCl con-

centration was far below its solubility (6.4mol/L) at this tem-

perature, homogeneous nucleation in the bulk solution was not

likely to occur. In contrast, concentration polarization during mem-

brane separation could lead to higher solute concentration and lo-

cal oversaturation near the membrane surface, thereby inducing

heterogenous nucleation and further growth of NaCl crystals on

the membrane surface. Fig. 2a shows the membrane distillation

results of LDPSM-PES and PFOS-PES when the NaCl solution was

used as the feed. Throughout the experiment, the permeate flux

of LPDMS-PES remained stable at around 6.4 kg m−2 h−1. More-

over, the permeate conductivity was constantly below 9.22 μS/cm,
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Fig. 2. Membrane distillation performances of LPDMS-PES and PFOS-PES under heterogeneous nucleation-dominated scaling process during DCMD tests. (a) Time-dependent

permeate flux, permeate conductivity and salt rejection of the two membranes using a 0.6mol/L NaCl solution as the feed, and (b) using a solution containing 20mmol/L

CaCl2 and 20mmol/L Na2SO4 (SI=0.82) as the feed.

and the salt rejection remained above 99.98%, indicating a high-

quality permeate water production. Although the permeate flux

of PFOS-PES was close to that of LPDMS-PES at the beginning of

the DCMD process, it decreased by 8.05% relative to the initial

value after 80h. This reduction can be attributed to the precip-

itation of NaCl particles which leads to pore blockage. The per-

meate conductivity for PFOS-PES gradually increased and reached

about 31.11 μS/cm after 80h, approximately 3.37 times that of

LPDMS-PES, suggesting partial wetting of the membrane pores due

to scale accumulation. Simultaneously, the salt rejection drops to

99.93%, indicating noticeable salt leakage for PFOS-PES. The above

facts demonstrate clearly that LPDMS-PES possesses superior mem-

brane distillation performance and anti-scaling ability compared to

PFOS-PES.

CaSO4 scale is one of the most insoluble and common scales

in seawater and various groundwater sources [28,36]. To further

compare the scale resistance of LPDMS-PES and PFOS-PES, DCMD

tests were also conducted at 60 °C using a feed solution containing

20mmol/L CaCl2 and 20mmol/L Na2SO4 to induce gypsum crys-

tal accumulation on the membrane surface. The saturation index

(SI) of the solution was 0.82 (SI < 1), and thus only heterogenous

nucleation-dominated scaling was expected to occur. While a num-

ber of crystals accumulated on the membrane surface of LPDMS-

PES after 48h of testing, none were observed in the feed solu-

tion during the same period (Fig. S7a in Supporting information).

These facts confirm the dominance of heterogeneous nucleation in

this experimental group. As shown in Fig. 2b, the permeate flux of

LPDMS-PES remained stable at 7.3±0.5 kg m−2 h−1 during an 80-

hour DCMD test. The permeate-side conductivity was always less

than 13.43 μS/cm throughout the test, and the salt rejection rate

remained above 99.88%, indicating minimal decline in permeate

quality. In comparison, the permeate flux of PFOS-PES after 80h of

operation exhibited a 9.68% reduction relative to the average per-

meate flux of the initial 40h. Moreover, the permeate conductivity

increased to 2.73 times that of LPDMS-PES, and the salt rejection

rate dropped to 99.69%, indicating significant salt leakage. These

results further verified the enhanced anti-scaling and membrane

distillation performances of LPDMS-PES.

The detailed scaling behaviors of LPDMS-PES and PFOS-PES

were investigated using SEM, EDS elemental mapping and gravi-

metric analyses. After the DCMD test, the membranes were ex-

tracted from the membrane module, carefully cleaned and dried,

and then subjected to SEM imaging and elemental mapping. The

crystallizing results when using the NaCl solution as the feed are

shown in Figs. 3a-c. Both SEM imaging and EDS elemental map-

ping showed that the surface and cross-sections of PFOS-PES con-

tained a substantial amount of NaCl crystals (Fig. 3a). In con-

trast, the crystals were almost absent on the surface and cross-

sections of LPDMS-PES. Fig. 3b shows that, while the membrane

pores of LPDMS-PES were free of any crystals, the membrane pores

of PFOS-PES membrane were obstructed by NaCl crystals, result-

ing in reduced flux and salt rejection. Furthermore, gravimetric

analyses indicated that the unit area weight gain of LPDMS-PES

caused by scaling was reduced by about 85% compared to that

of PFOS-PES (Fig. 3c). All these facts demonstrate the remark-

ably enhanced anti-scaling property of LPDMS-PES compared to

PFOS-PES.

The investigation on the scaling behaviors of gypsum crystals

on the membranes gave similar results (Figs. 3d-f). As shown in

Fig. 3d, though both membrane surfaces displayed needle-like or

rod-like gypsum crystals (Fig. S8 in Supporting information), the

scaling extent on LPDMS-PES was considerably less. Moreover, ac-

cording to EDS mapping analyses, the presence of gypsum crystals

on the surface of LPDMS-PES did not lead to scaling or wetting

of the internal membrane pores. In contrast, the internal pores of

PFOS-PES were filled by gypsum, causing deformation of the mem-

brane pores (Fig. 3e). Additionally, LPDMS-PES exhibited a decrease

of unit area weight gain by about 73% compared to PFOS-PES (Fig.

3f). Therefore, it can be concluded that the dynamic molecular

chains of LPDMS can effectively inhibit heterogeneous nucleation

of both NaCl and gypsum on the membrane surface and impart

the membrane with significantly enhanced scale resistance.

We further studied the scale resistance of LPDMS-PES and

PFOS-PES in crystal deposition-dominated scaling tests (Fig. 4).

To examine the anti-scaling ability of the two membranes, a 10-

hour DCMD test was conducted using a feed solution containing

50mmol/L CaCl2 and 50mmol/L Na2SO4. The SI of the solution was

as high as 2.43, so that homogeneous nucleation of gypsum in the

bulk solution tended to occur. As shown in Fig. 4b, many precip-

itates began to appear in the solution within 13min of operation,

owing to the homogeneous nucleation and growth of gypsum

crystals. In principle, heterogeneous nucleation should also occur

on the membrane surfaces due to salt oversaturation. However, it

was observed that the direct crystal formation on the membrane

surface was limited compared to the substantial crystal formation

in the solution, suggesting the dominant role of crystal deposition

from the solution onto the membrane in influencing membrane

scaling and membrane distillation performances. The crystal size

on the membrane surface closely resembled that in the feed

solution after 2h of testing (Fig. S7b in Supporting information),
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Fig. 3. (a) SEM images and the corresponding cross-section EDS mapping of the membranes after heterogeneous nucleation-dominated scaling tests for 80h using a 0.6mol/L

NaCl solution as the feed in DCMD, and (b) enlarged cross-section images and (c) scale weigh gain per unit area of the membranes. (d) SEM images and the corresponding

cross-section EDS mapping of the membranes after heterogeneous nucleation-dominated scaling tests for 80h using a solution containing 20mmol/L CaCl2 and 20mmol/L

Na2SO4 as the feed, and (e) enlarged cross-section images and (f) scale weigh gain per unit area of the membranes. The presence of NaCl and gypsum crystals on the

PFOS-PES membrane is highlighted by the red dotted line in (b) and (e), respectively.

Fig. 4. Membrane distillation performance of LPDMS-PES and PFOS-PES under crystal deposition-dominated scaling process during DCMD tests. (a) Time-dependent permeate

flux, permeate conductivity and salt rejection of the two membranes using a solution containing 50mmol/L CaCl2 and 50mmol/L Na2SO4 (SI=2.43) as the feed. (b) Evolution

of the feed solution over time during DCMD tests. (c) SEM image and the corresponding cross-section EDS mapping of the membranes after 10h DCMD tests. (d) Enlarged

cross-section images and (e) scale weigh gain per unit area of the membranes. The presence of gypsum crystals on PFOS-PES is highlighted by the red dotted line in (d).

and moreover, the crystal size was larger than those observed in

the heterogeneous nucleation-dominated scaling experiment. All

these facts suggest that the crystals deposited on the membrane

surface are predominantly derived from the solution rather than

heterogeneous nucleation. As depicted in Fig. 4a, LPDMS-PES

could maintain a stable permeate flux of 6.9±0.5 kg m−2 h−1

within a 10-h DCMD process, suggesting minimal scaling and wet-

ting of the membrane. Simultaneously, the permeate conductivity

remained constantly below 5.41 μS/cm, indicating the inexis-

tence of salt leakage. In contrast, the permeate flux for PFOS-PES

decreased by 31.8% relative to the maximum value within the

initial 190min of the DCMD test. The decline in the permeate flux

was accompanied by an increase in the permeate conductivity and

a decrease in the salt rejection, suggesting rapid accumulation of

gypsum onto the membrane surface which consequently induced

membrane wetting and salt leakage. SEM and EDS elemental map-

ping analyses further revealed the difference in scale resistance

between the two membranes. While a small amount of gypsum

crystals was present on the surface of LPDMS-PES, substantial

crystal attachment was observed on the surface of PFOS-PES (Fig.

5
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Fig. 5. Schematics illustration of the anti-scaling mechanisms of the MD membrane

featuring liquid-like surface chemistry. Compared to conventional fluorinated mem-

branes with relatively rigid fluorocarbon chains, the highly mobile molecular chains

on the surface of the liquid-like membrane can better inhibit both heterogeneous

nucleation and crystal deposition on the membrane surface, thereby imparting the

membrane with excellent anti-scaling performance.

4c). Notably, the inner pores of PFOS-PES were also found to be

severely contaminated by gypsum crystals (Fig. 4d). This can be

attributed to the scale deposition-induced wetting of the mem-

brane pores, which facilitated the gradual penetration of the feed

solution into the membrane and the subsequent accumulation of

gypsum crystals in the inner pores. In contrast, LPDMS-PES not

only showed greatly reduced gypsum scale on the surface, but

also was almost free of scale in the inner pores. The unit area

scale weight gain of LPDMS-PES showed a reduction of about 70%

compared to that of PFOS-PES (Fig. 4e), indicating a significantly

lower scale adhesion of LPDMS-PES relative to PFOS-PES.

Clearly, LPDMS-PES manifests a drastically enhanced ability to

inhibit both the heterogeneous nucleation of scale crystals on

the membrane surface and the deposition and adhesion of crys-

tals from the solution compared to PFOS-PES (Fig. S9 in Support-

ing information). We calculated the surface energy of the LPDMS

and PFOS coatings, and the former exhibited a lower surface en-

ergy than the latter (22.14 vs. 8.76 mN/m, Table S3 in Support-

ing information for details). Since the LPDMS coating exhibits a

smaller contact angle and higher surface energy compared to the

PFOS coating, the difference in scale resistance between LPDMS-

PES and PFOS-PES cannot be explained by merely considering the

influence of surface energy. The liquid-like nature of the LPDMS

brushes should play a unique role, contributing to the enhanced

anti-scaling ability of LPDMS-PES due to the nucleation inhibition

ability of the dynamic LPDMS molecular chains and their low ad-

hesion characteristics (Fig. 5).

When heterogeneous nucleation on the membrane surface is

dominant during the DCMD process, the superior anti-scaling per-

formance of the LPDMS-PES cannot be well explained by classi-

cal nucleation theory. According to classical nucleation theory, the

relationship between the heterogeneous nucleation energy barrier

(�G∗
het

) and the homogeneous nucleation energy barrier (�G∗
hom

)

on the membrane surface can be expressed as [37]:

�G∗
het

�G∗
hom

= 1
4

(
2 + cosθlcm

)
(1 − cosθlcm)

2
[
1 − ε (1+cosθlcm)

2

(1−cosθlcm)
2

]3

(1)

where θ lcm represents the contact angle of crystal on the mem-

brane surface in the solution environment, and ε denotes the

membrane surface porosity. Typically, the contact angle of a liquid

on the membrane surface in the air (θglm) is more readily obtained

through experimental measurement. Previous studies have shown

that the trend of �G∗
het

/�G∗
hom

calculated using θglm or θ lcm is

similar [38]. Therefore, for a qualitative comparison, we used θglm

instead of θ lcm to perform the theoretical calculation, and the re-

sults are presented in Table S4 (Supporting information). Consid-

ering the similar membrane surface porosities of the two sam-

ples, the LPDMS-PES surface with lower hydrophobicity exhibited a

lower nucleation energy barrier. This suggested, in principle, more

scaling tend to occur on LPDMS-PES. However, the experimental

results were contrary to theoretical prediction, indicating that the

classical nucleation theory is not applicable to understanding the

nucleation events on the LPDMS-PES surface [38].

To validate the influence of molecular chain mobility on anti-

scaling performance, CaSO4 scaling tests were conducted using the

setup shown in Fig. S10a (Supporting information). Beakers were

modified with LPDMS, crosslinked PDMS (CPDMS) and PFOS re-

spectively, followed by the addition of 25mL of 100mmol/L CaCl2
and 25mL of 100mmol/L Na2SO4. The mixture was stirred at 35 °C
to achieve CaSO4 supersaturation. The conductivity of the solution

was continuously measured to monitor the nucleation and growth

of CaSO4 crystals as they precipitated. Since the energy barrier for

heterogeneous nucleation is much lower than that for homoge-

neous nucleation, crystals tend to form on the walls of the beaker.

Therefore, a coating that inhibits heterogeneous nucleation can

lead to a slower decrease in the conductivity of the solution. The

experimental results, as depicted in Fig. S10b (Supporting informa-

tion), demonstrate the LPDMS-coated beaker exhibited the slowest

rate of conductivity decline. This suggests that the highly flexible

LPDMS brush coating significantly delays heterogeneous nucleation

in the beaker compared to the CPDMS and PFOS coatings. Consid-

ering the relatively rigid molecular chains of the PFOS coating and

the restricted molecular chain movement the CPDMS coating, the

above facts imply the significance of molecular chain mobility in

inhibiting heterogeneous nucleation.

The superior anti-scaling performance of the LPDMS-PES sur-

face in terms of inhibiting heterogeneous nucleation can thus be

attributed to the liquid-like nature of the highly mobile LPDMS

molecular chains. Heterogeneous nucleation of salt crystals in-

volves aggregation and orderly arrangement of cations and anions

on the membrane surface. We speculate that the molecular chains

of LPDMS may impede heterogeneous nucleation of salt crystals

for the following reasons. Due to its extremely low glass transition

temperature, LPDMS exhibits high mobility at room temperature.

While one end of the LPDMS chain is grafted onto the membrane

surface, the other end can continuously rotate and move [21,39].

The highly mobile nanoscale molecular chains hinder the orderly

aggregation of cations and anions on the surface, consequently de-

laying the heterogenous nucleation of salt crystals. In the case of

PFOS-PES, the less mobile PFOS molecular chains are quite slug-

gish, resulting in a relatively rigid surface layer. This rigidity makes

it easier for ions to aggregate and initiate nucleation on the surface

(Fig. S10 in Supporting information).

In addition, it was recently proposed that on highly slippery

surfaces with a substantial slip length, the continuous movement

of the interface restricts the interaction between the liquid and

the membrane surface, thereby suppressing surface nucleation as

well as crystal adhesion [40,41]. Our earlier investigations have

shown that the liquid-like coating can behave as a lubrication

layer and lead to increased slip lengths [42]. Therefore, we can

expect that the liquid-like LPDMS layer to promote liquid slip on

the membrane surface [43]. This enhanced interface slip could re-

strict the interaction between the solution and the membrane sur-

face, further inhibiting nucleation of salt crystals on the surface.

Overall, the probability for the occurrence of heterogeneous nucle-

ation on the liquid-like surface is greatly reduced compared to that

on the perfluorinated surface even the latter has a lower surface

energy.

In the case that crystal deposition from the solution onto

the membrane surface is the main source of surface scaling,

the liquid-like LPDMS chains are also superior to the relatively
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Fig. 6. (a) Alterations in the water contact angle of LPDMS-PES after immersing it in hydrochloric acid solution (pH 3) and sodium hydroxide solution (pH 10) for 2h,

respectively. (b) Alterations in the water contact angle of LPDMS-PES after heating it at different temperatures for 24h. (c) Optical images showing the flexibility of LPDMS-

PES.

rigid perfluorinated layer in resisting crystal adhesion. The highly

slippery liquid-like surface layer can provide a unique lubrication

effect, and effectively inhibit surface contamination by various

matters, ranging from liquids, bio-foulants to solids [21,39]. There-

fore, the grafted LPDMS molecular layers should be able to protect

the LPDMS-PES membrane from adhering salt crystals formed in

the bulk solution. In contrast, the grafted PFOS layer with higher

surface friction and adhesion can hardly prevent salt crystals from

accumulation, resulting in severe contamination and wetting of

the PFOS-PES membrane.

Chemical and thermal stability of the prepared membranes are

critical for their practical applications in membrane distillation. To

investigate its chemical stability in strong acid or strong alkaline

solutions, the LPDMS-PES membrane was immersed in a pH 3 HCl

solution or a pH 10 NaOH solution for 2h. After surface cleaning

and drying, the corresponding water contact angles (WCAs) were

measured (Fig. 6a). It was found that the change in the WCA of

LPDMS-PES was small after either acidic or alkaline solution treat-

ment, indicating the maintenance of good hydrophobicity and suit-

able WCA values for MD applications after chemical exposure. To

assess the thermal stability, LPDMS-PES was subjected to ovens

at temperatures of 110, 120, 130, and 140 °C for 24h, followed by

WCA measurements. The results demonstrated negligible changes

in the contact angle (Fig. 6b), revealing its excellent thermal sta-

bility. Additionally, LPDMS-PES exhibited decent durability against

mechanical bending, without cracking even after undergoing hun-

dreds of bending cycles (Fig. 6c).

In conclusion, an environmentally friendly non-fluorinated

liquid-like membrane LPDMS-PES was developed for effective

membrane distillation in this study. It should be mentioned that

the PES polymer has a low and comparable thermal conductiv-

ity (0.13–0.18W m−1 K−1) to the PVDF (0.14–0.20W m−1 K−1)

and PTFE (0.17–0.30W m−1 K−1) polymers [44] commonly used

in traditional MD membranes, and the very thin nanoscale sur-

face coating has little effect on the thermal conductivity. The re-

sulting LPDMS-PES is thus expected to have a low heat transfer

efficiency, which is desirable for MD applications. Notably, LPDMS-

PES demonstrated a drastically enhanced scale resistance com-

pared to the perfluorinated membrane PFOS-PES in both hetero-

geneous nucleation-dominated and crystal deposition-dominated

scaling tests. The excellent anti-scaling ability of LPDMS-PES

should be attributed to the nucleation inhibition ability of the dy-

namic liquid-like LPDMS brushes and their low adhesion charac-

teristics. Consequently, LPDMS-PES was able to significantly de-

laying membrane wetting in continuous membrane distillation

processes. Additionally, LPDMS-PES exhibited excellent chemical

and thermal stability, and hold great promise for water desali-

nation. Our findings not only provide a facile and environmen-

tally friendly alternative to conventional fluorine-containing mem-

branes for membrane distillation, but also offer a highly-effective

strategy to address the challenge of scaling issues in membrane

separation.
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