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Water impact statement

Membrane distillation is a promising technology for sustainable water production, but its
practical application is often constrained by fouling and membrane wetting. This study
demonstrates that timely chemical cleaning can effectively mitigate these limitations and
restore membrane performance. The findings contribute to the development of more realistic

operation and maintenance strategies for membrane distillation.
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24  Abstract

25  Membrane distillation (MD) is a promising technology for desalination due to its ability to
26 produce high-purity water using low-grade or waste energy. However, despite its potential,
27  MD still faces challenges such as membrane fouling and wetting, necessitating continued
28  research and development. In this study, restoration protocols were developed and evaluated at
29  different stages of CaSO,-induced fouling and wetting in a lab-scale direct contact MD system.
30  During the early stage of fouling, flushing with deionized water restored membrane
31 performance without noticeable difficulty. However, when fouling progressed to the point
32 immediately before a significant decline in distillate flux, complete recovery of both distillate
33  flux and cumulative volume was achieved only through cleaning using high concentration of
34  citric acid. At the stage of severe fouling and complete pore wetting, even strong acid cleaning
35  was unable to fully restore membrane performance. In addition, when the fouling layer was
36 allowed to dry prior to cleaning, the effectiveness of citric acid cleaning was substantially

37 reduced, even when the cleaning was applied before the onset of severe fouling. These findings

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

38  emphasize the importance of timely chemical cleaning before advanced fouling or membrane

39  drying occurs in order to maintain stable long-term performance in MD operations.

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

T 40
41
42

43 Keywords

44 Membrane distillation, Fouling, Wetting, Performance restoration, Cleaning


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ew00053c

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Environmental Science: Water Research & Technology

Page 4 of 37

View Article Online
DOI: 10.1039/D6EW00053C

1. Introduction

Membrane distillation (MD) has emerged as a promising technology for desalination,
wastewater treatment, and solvent recovery due to its high separation efficiency and low energy
consumption.! Recent research has emphasized the importance of effective fouling
management to improve the sustainability of the overall process.> MD operates based on a
vapor pressure difference generated by a temperature gradient across hydrophobic membranes.
Under this driving force, only water vapor is transported through membranes from the hot feed
side to the cold distillate side, while liquid water is effectively rejected. This mechanism
enables MD to achieve highly efficient separation of water from non-volatile contaminants
including salts.3-

However, membrane fouling, primarily caused by salt scaling on the membrane surface, can
significantly reduce water flux and overall system efficiency. Scaling not only obstructs
membrane pores, decreasing permeability, but also alters the membrane surface properties,
making it more susceptible to wetting.®7 Membrane wetting results in the loss of the membrane
hydrophobicity that ensures selective vapor transport. Therefore, once wetting occurs, liquid
water containing dissolved salts can pass through the membrane pores, thereby increasing
distillate salinity and compromising water quality. Previous studies have reported that certain
inorganic compounds, such as calcium and magnesium salts, significantly promoted membrane
wetting.® ° Membrane wetting has been demonstrated to degrade MD performance,
necessitating frequent membrane module replacements and consequently escalating
operational costs.? 1° Therefore, the development of effective restoration protocols that address
both membrane fouling and wetting is essential to prolong membrane lifespan and to decrease
costs in MD applications.

Numerous studies have been conducted to address membrane fouling or wetting, with

emphasis on the efficiency of physical and chemical mitigation strategies. Physical cleaning
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70  methods, such as flushing with distillate water, have been demonstrated to effectively restore
71  membrane flux, particularly in treating produced water containing oil and surfactants. This
72 approach avoids the complexities associated with chemical cleaning agents.? The utilization of
73 chemical cleaning agents, such as ethylenediaminetetraacetic acid (EDTA), sodium
74 hypochlorite (NaOCl), and citric acid has been extensively studied for removing biofilms and
75  inorganic scaling. EDTA and NaOCI have demonstrated comparable effectiveness in flux
76  recovery without inducing pore wetting.!! Peng et al. investigated the effectiveness of acid-
77  based cleaning agents, such as citric acid, in mitigating scaling during membrane distillation,
78  demonstrating effective flux recovery after inorganic scale removal.'> 3 Chang et al.
79  emphasized cleaning methodologies that effectively restore membrane hydrophobicity by
80  removing low-surface-tension compounds and adsorbed layers that induce wetting.!# Similarly,
81  Yao et al. explored the application of membranes with engineered surface properties, such as
82  superhydrophobic and omniphobic surfaces, to enhance resistance to wetting and improve flux

83  stability under harsh saline conditions.'> Guillen-Burrieza et al. investigated cleaning strategies

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

84  at the plant scale, demonstrating that effective cleaning during intermittent operation

85  significantly reduced wetting but inactive periods could exacerbate wetting issues.'® Lim et al.

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

86  provided evidence that the performance of wetted membranes could be effectively recovered

(cc)

87  through high-concentration citric acid treatment combined with pump circulation, resulting in
88  near-complete restoration of their original hydrophobicity.'”

89 Despite these advancements, most previous studies have treated fouling and wetting as
90  separate phenomena. This leaves a knowledge gap regarding their simultaneous restoration.
91  Therefore, further research that considers the interaction between fouling and wetting is
92  essential for sustaining MD performance. Chen et al. provided a detailed understanding of
93  surfactant-induced progressive wetting, offering mechanistic clarity on wetting initiation and

94  transition states; however, inorganic scaling effects were not considered.!® Liu et al. advanced
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the understanding of calcium sulfate scaling dynamics using optical coherence tomography,
demonstrating how crystalline layers evolve on MD membranes, but this study did not address
wetting behavior.! Amin et al. investigated biofilm development and cleaning strategies,
showing how organic fouling influences MD operation, while wetting was not the focus of
their analysis.!" Additional studies have explored inorganic scaling mechanisms. Specifically,
the scaling behavior involving CaCO; and CaSO, has been characterized in seawater and brine
systems, with a predominant focus on fouling rather than its association with wetting
progression.?’ Although a recent study on cleaning strategies has yielded valuable insights into
MD performance recovery after mineral scaling, this investigation has predominantly focused
on scale removal rather than the comprehensive restoration of both fouling and wetting.?!
Comprehensive reviews of MD fouling highlight the distinct roles of inorganic fouling, organic
fouling, biofouling, and wetting, implying that these mechanisms have generally been studied
largely independently.?? Collectively, these contributions establish a strong foundation for
understanding individual fouling and wetting mechanisms in MD. Nevertheless, the
interactions between these processes and their subsequent impact on membrane restoration
remain insufficiently explored.

In this study, restoration protocols were systematically applied and evaluated at three distinct
stages of membrane fouling and wetting in a lab-scale direct contact membrane distillation
(DCMD) system using feed solutions containing CaSQO,. The stages were defined as follows:
(D) nucleation of CaSO, crystals, (II) partial wetting immediately before total loss of water
vapor transport, and (III) complete wetting and the total loss of water vapor transport. These
stages were selected to investigate critical points of membrane performance deterioration
associated with membrane fouling and wetting and to assess membrane restoration
effectiveness through the application of restoration protocols using citric acid at the end of each

stage. Two different concentrations of citric acid cleaning solutions were employed to evaluate
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120  their effectiveness in restoring membrane performance. In addition, the effectiveness of
121  membrane restoration when fouling layers were allowed to dry prior to cleaning was
122 investigated. To characterize membrane fouling and wetting behaviors, distillate flux and
123 conductivity were continuously monitored during MD operations. Furthermore, scanning
124 electron microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDX) was used
125  to analyze the morphology and chemical composition of fouling deposits. Liquid entry pressure
126  (LEP) analysis was also performed to quantitatively assess changes in membrane wettability

127  following wetting and subsequent restoration.

128

129 2. Materials and Methods

130 2.1 Chemicals and membrane
131 The feed solutions were prepared using calcium sulfate dihydrate (CaSO,4-2H,0, >98.0%,
132 Samchun Chemicals, Seoul, Republic of Korea), sodium chloride (NaCl, >99.0%, Samchun

133 Chemicals), sodium bicarbonate (NaHCO3, >99.5%, Duksan Pure Chemicals, Ansan, Republic

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

134  of Korea), and sodium dodecyl sulfate (SDS, CH3(CH;);10SO3Na, 10% solution, Sigma-

135  Aldrich, St. Louis, MO, USA). A 1 N sodium hydroxide (NaOH) solution (Samchun Chemicals)

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

(cc)

136  was utilized for pH adjustment. Citric acid anhydrous (C¢HgO7, >99.5%, Samchun Chemicals)
137  was used to prepare membrane cleaning solutions. MD experiments were carried out using flat-
138  sheet membranes of polyvinylidene fluoride (PVDF), a hydrophobic material, with a nominal
139  pore size of 0.22 pm (GVHP 14250 Durapore®, MilliporeSigma, Burlington, MA, USA).

140

141 2.2 Operation of a lab-scale MD system

142 The feed was prepared with 2,000 ppm CaSO, as the principal foulant, while 50,000 ppm

143 NaCl, 200 ppm NaHCO; (used as a buffer), and 5 ppm SDS were added as background
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components in deionized (DI) water. The initial pH was adjusted to 8 using a NaOH solution.
CaSO, was selected to represent inorganic scaling, one of the most frequently reported foulants
in desalination-related MD applications, and its rapid flux declining behavior facilitated clear
identification of fouling stages. The same concentration of SDS was added into all feed
solutions to intentionally accelerate membrane wetting by lowering surface tension, thereby
enabling observation of coupled fouling and wetting behavior within practical experimental
timescales, as naturally induced wetting in seawater progresses very slowly.?3-2* Although the
fouling—wetting stages defined under CaSOs-dominant conditions with SDS-assisted wetting
are specific to this study, the proposed stage-based framework may be broadly applicable for
interpreting progressive fouling and wetting behavior in other MD systems.

Although CaSO, was employed as the principal scaling species in this study, the presence
of carbonate alkalinity (200 ppm NaHCOj at pH 8) also provides the potential for some CaCOj3
formation. Calcium carbonate has been widely reported as a common and early forming
inorganic scale in thermal desalination and MD processes, largely due to its strong dependence
on pH and temperature.”> However, because sulfate was present at concentrations
approximately six to seven times higher than bicarbonate on a molar basis, CaCO; precipitation
was expected to exert a significantly lesser influence than CaSO,4 under the experimental
conditions. Consequently, CaSO,4 remained the predominant fouling species in the examined
MD system.

A lab-scale direct contact membrane distillation (DCMD) system, as illustrated in Figure 1,
was employed to conduct the MD experiments. The system was equipped with a membrane
module with an effective membrane surface area of 12 cm?. A feed reservoir was placed on a
hot plate for temperature control, while a distillate reservoir containing cool DI water was
positioned on an electronic balance to monitor the increase in distillate mass. The distillate

temperature was controlled by a heat exchanger connected to a chiller. The temperatures of the
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169  feed and distillate streams entering the module were maintained at 60°C and 20°C, respectively,
170  and monitored using temperature sensors. A gear pump (WT3000-1JA, Longer Precision Pump
171  Co. Ltd., Bury St Edmunds, UK) was used to circulate the feed and distillate in a counter-
172 current flow configuration, with volumetric flow rates set to 1.0 and 0.7 L/min, respectively.
173 Distillate conductivity was measured continuously using a conductivity meter (BC3020, Trans
174  Instruments, Singapore).

175 In this study, each membrane was subject to two filtration operations: the first designed to
176  induce fouling and/or wetting, and the second, performed after the application of restoration
177  protocols, to evaluate the extent of performance recovery. For the first filtration operation, the
178  termination criteria for each stage were defined as follows: Stage I was terminated when the
179  volume concentration factor (VCF) increased by 10% relative to its initial value, and Stage 11
180  was terminated immediately prior to the total loss of water vapor transport, as indicated by a
181  noticeable decline in distillate flux and a simultaneous increase in conductivity. For Stage III,

182  experiments were terminated either upon the total loss of water vapor transport due to

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

183  membrane fouling or when the distillate conductivity reached 500 puS/cm as a result of

184  membrane wetting. For all the second filtration operations conducted after the application of

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

185  restoration protocols, the same termination criteria as those used for Stage III were applied to

(cc)

186  enable comparison of each distillate flux and conductivity following restoration at Stages I, II,
187  and III. The distillate flux, expressed in LMH (=L-m2-h!), was calculated by dividing the
188  distillate volume — converted from the measured distillate mass — by the effective membrane
189  surface area and the operation time.

190

191 2.3 Restoration of membrane performance

192 Following the first filtration operation that induced membrane fouling, the membrane was

193  cleaned by circulating a cleaning solution through the module using a pump, as illustrated in
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Figure S1. Citric acid was selected as the cleaning agent due to its well-established efficiency
in removing inorganic scaling, particularly calcium-based fouling, without causing
considerable damage to the membrane structure.! The circulation flow rate during the cleaning
process was set to 0.8 L/min, corresponding to 0.47 m/s.

To evaluate the degree of membrane performance restoration at each stage of fouling and
wetting, three different restoration protocols were systematically applied. Protocol A consisted
of flushing with DI water for 5 min and served as a control. Protocols B and C employed citric
acid solutions at concentrations of 200 and 2,000 ppm (pH 3.6 and 2.9, respectively) for 1 h,
followed by DI water flushing for 5 min. These concentrations were chosen to evaluate the
effect of acid strength on the efficiency of fouling removal and the extent of membrane
performance restoration. For all three protocols, the final step was post-drying the membrane
at room temperature for 24 h to induce membrane dewetting for hydrophobicity restoration,
corresponding to the recovery of MD vapor selectivity after cleaning through the removal of
inorganic salt deposits from the membrane surface and internal structure. This step also ensured
consistent conditions prior to the second filtration operation to evaluate performance
restoration.

To evaluate the impact of pre-drying on membrane restoration efficiency, membranes
operated up to Stage II were allowed to dry for more than 2 d, after which Protocols B and C
were applied. It should be noted that this pre-drying step simulates unintended membrane
drying before cleaning during practical MD operation and is different from the 24-h post-drying

step used for dewetting after cleaning.

2.4 Analytical methods

The surface morphology and elemental composition of the fouling layers formed on the

membrane surface were analyzed using a SEM-EDX (JSM-7001F, Jeol Ltd., Tokyo, Japan).
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219  The LEP of the membranes was measured using a custom-built device by gradually increasing
220  nitrogen gas pressure until the first droplet of DI water penetrated the membrane, which was
221 taken as an indication of membrane wetting after operation.®

222 To quantify the concentration of foulants on the membrane surface, the cleaning solution
223 used in Section 2.3, containing the dissolved foulants, was analyzed using ion chromatography
224 (IC, ICS5000+, ThermoScientific, Waltham, MA, USA) and inductively coupled plasma

225  spectroscopy (ICP, 5110, Agilent, Santa Clara, CA, USA).

226

227 3. Results and Discussion

228 3.1 Membrane fouling and wetting by CaSO,

229 The lab-scale DCMD system was operated using a feed solution containing 2,000 ppm of
230  CaSOy,. The results of the MD operation are presented in terms of the distillate flux and
231  conductivity as functions of the cumulative distillate volume, as shown in Figure 2. The

232 distillate flux gradually decreased due to membrane fouling, while the conductivity remained

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

233 almost constant until the cumulative distillate volume reached approximately 1.5 L. However,

234 beyond this point, a sharp decrease in distillate flux and a steep increase in conductivity were

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.
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235 observed, indicating severe membrane fouling and wetting, respectively. When the
236 concentration of CaSO, in the feed solution exceeds its solubility limit, excess CaSOy,
237  precipitates as solid crystals on the membrane surface, which can obstruct vapor transport
238  either by forming a scaling layer on the membrane surface or by blocking the membrane pores.
239  (CaSOQ, scaling has been shown to occur through both homogeneous and heterogeneous
240  nucleation mechanisms.> These scaling phenomena ultimately lead to a substantial reduction
241  in both distillate flux and salt rejection performance.’> 20

242 To quantitatively represent the extent to which the feed solution was concentrated during the
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MD process, the VCF was calculated. It is defined as the ratio of the initial feed volume to the
remaining feed volume after distillate extraction and widely used as an indicator of the
increasing risk of membrane fouling, as higher concentrations of solutes promote
crystallization and scaling on membrane surfaces.?”- 28 It was calculated using the following
equation:

Initial feed volume

F =
e Initial feed volume — Distillate volume

The cleaning effectiveness of three different protocols was compared at three stages of

CaSO4-induced membrane fouling as shown in Figure 2. In the initial stage (Stage I ; VCF =

1.1), the onset of CaSO, crystal nucleation may occur. At this point, however, no notable
change in distillate flux was observed, and the conductivity remained nearly constant (below
10 puS/cm), indicating that membrane wetting was negligible and overall membrane
performance was well maintained.

As filtration progressed to Stage II (partial wetting immediately before the total loss of water
vapor transport; VCF = 3.9), the flux declined by approximately 20% relative to the initial flux.
This finding suggests that vapor transport through membrane pores was significantly
diminished, most likely due to substantial crystal growth within or on the membrane surface.
Furthermore, a notable increase in distillate conductivity was observed at this stage, reaching
approximately 100 uS/cm. This phenomenon indicates that the onset of partial membrane
wetting, as evidenced by the penetration of feed water into the membrane pores, resulting in a
substantial deterioration in membrane performance. SEM images showed clear visual
differences between Stages I and II (Figure S2). At Stage I (Figure S2(a)), only small and
sparsely distributed CaSO, particles were observed, indicating an early nucleation stage. In
Stage II (Figure S2(b)), the particles became noticeably larger and formed dense clusters,

resulting in extensive coverage of the membrane surface and indicating clear progression of
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267  scaling. These morphological changes demonstrate that Stage II corresponds to a more
268 advanced fouling state than Stage I, even prior to pronounced changes in distillate flux or
269  conductivity.

270 At Stage III (complete pore wetting and total loss of water vapor transport and; VCF =4.3),
271  vapor transport through the membrane ceased entirely. This phenomenon was evidenced by a
272 reduction in flux of more than 96% compared to the initial value. In addition, a sharp and
273 substantial increase in conductivity, reaching nearly 400 uS/cm, was observed. These findings
274 suggest that the membrane was almost completely covered by a CaSO, scaling layer and that
275  complete pore wetting had occurred, indicating severe membrane failure that required
276  immediate and intensive cleaning or membrane replacement.?3! The reproducibility and
277  consistency of the observed flux and conductivity trends were confirmed through a duplicate
278  experiment, as shown in Figure S3.

279

280 3.2 Efficiency of restoration protocols: flux and conductivity

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

281 After applying three different restoration protocols to the membranes for which (the first)

282  MD operations had ceased at Stages I-III, subsequent (the second) MD operations were

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

283  conducted to assess their restoration effectiveness, and the results are presented in Figure 3.

(cc)

284  The three protocols were as follows: (A) DI water flushing followed by dewetting through post-
285  drying, (B) 200 ppm citric acid cleaning followed by dewetting through post-drying, and (C)
286 2,000 ppm citric acid cleaning followed by dewetting through post-drying. These protocols
287  were applied at each fouling and wetting stage depicted in Figure 2. For comparison, Figure
288  S4 shows the first MD operations with pristine membranes up to each stage (Stages I, II, and
289  III), representing the baseline membrane performance prior to restoration. At Stage I, the first
290  MD operation exhibited negligible fouling (Figure S4(a)), as indicated by the absence of any

291  observable changes in distillate flux or conductivity. After applying the three restoration
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protocols at this stage (Figure 3, left panel), the initial flux values were fully recovered to
approximately 20 LMH, exhibiting a close match with that of the pristine membrane,

irrespective of the utilized protocols. An increase in conductivity occurred at approximately

1.5 L of distillate volume, which is similar to the behavior observed with the pristine membrane.

The final VCF values after restoration were comparable to that of the pristine membrane (VCF
= 4.3), reaching 4.0 for Protocol A, 4.1 for Protocol B, and 4.2 for Protocol C. These results

indicate that simple DI water flushing followed by drying was sufficient to restore membrane

performance at Stage I, with no significant additional benefit observed from citric acid cleaning.

At Stage 11, the first MD operation exhibited clear signs of fouling and partial wetting (Figure
S4(b)), as evidenced by a noticeable decline in flux and an increase in conductivity compared
to Stage I. Following the application of the restoration protocols at this stage (Figure 3, middle
panel), the recovered initial flux values were approximately 16, 17, and 20 LMH for Protocols
A, B, and C, respectively. The corresponding distillate volumes at the end of the subsequent
operations were approximately 1.3, 1.4, and 1.5 L for Protocols A, B, and C, respectively. The
final VCF values clearly reflected the relative effectiveness of each protocol; Protocol A
yielded a VCF of 2.7, Protocol B attained 3.5, and Protocol C achieved a VCF of 4.3. In
comparison with the pristine membrane performance (initial flux = 20 LMH, and distillate
volume = 1.5 L), Protocols A and B did not fully restore membrane performance. Only Protocol
C was successful in restoring both flux and distillate production to levels comparable to those
of the pristine membrane. This result quantitatively demonstrates that a higher citric acid
concentration is required for complete restoration at Stage II.

At Stage III, the MD operation exhibited severe membrane fouling and complete pore
wetting (Figure S4(c)), characterized by extremely low flux and a rapid increase in conductivity
compared to earlier stages. At this stage, the implementation of the restoration protocols

(Figure 3, right panel), resulted in the partial recovery of the initial flux. The recovered values
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317  ranged from approximately 15 LMH for Protocol A to around 17 LMH for Protocols B and C.
318  The final distillate volumes were approximately 1.2, 1.4, and 1.5 L for Protocols A, B, and C,
319  respectively. In comparison with the pristine membrane, none of the protocols fully restored
320 the initial flux, although Protocol C restored distillate volume to a level comparable to that of
321  the pristine membrane. The final VCF values were significantly lower for Protocols A and B
322 (2.5and 3.1, respectively), clearly indicating their limited restoration effectiveness. In contrast,
323  Protocol C achieved a VCF of 4.3, closely matching the pristine level despite incomplete flux
324  recovery. Figure S5 provide additional data on flux and conductivity as a function of VCF for
325  all of the restoration protocols.

326 Figure 4 summarizes the initial flux and cumulative distillate volume following the
327  application of the restoration protocols A, B, and C based on the results shown in Figure 3. At
328  Stage I, all three protocols successfully restored membrane performance to pristine levels,
329  achieving an initial flux of approximately 20 LMH and a distillate volume of around 1.5 L. In

330  contrast, at Stage II, where fouling and partial wetting had progressed to the point immediately

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

331  before the total loss of vapor transport, Protocols A and B failed to fully restore performance.

332 Only Protocol C effectively restored both water flux and cumulative distillate volume to levels

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

333  comparable to those of the pristine membrane. At Stage III, none of the protocols were capable

(cc)

334  of fully restoring the initial flux. These findings clearly demonstrate that at the advanced
335 fouling and complete wetting stage, even intensive cleaning with the high-concentration citric
336  acid is insufficient to fully restore membrane flux, emphasizing the challenges associated with
337 membrane restoration under such conditions. The rapid increase in conductivity observed
338  during the second MD operations is attributed to residual salts remaining on the membrane
339  surface as a result of incomplete cleaning. Even small amounts of residual scaling can further
340  accelerate wetting by enabling heterogeneous salt nucleation within membrane pores,

341  ultimately degrading membrane performance.??-33 Therefore, the residual salts remaining after
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incomplete restoration may promote liquid penetration into membrane pores once MD

operation resumes, leading to a pronounced increase in distillate conductivity.

3.3 Efficiency of restoration protocols: LEP and SEM-EDX
A series of photographic images and LEP values of membranes following the application of
the three restoration protocols at three fouling and wetting stages are presented in Figure 5. The

extent of scaling on the membrane surface progressively increased from Stage I to Stage III.

At Stage III, severe surface scaling was clearly visible, indicating that Protocol A was unable
to effectively remove the scale. In contrast, Protocols B and C showed clearer and more
effective removal of surface scaling.

The LEP of the membranes decreased from 160 kPa at Stage I to 62 kPa at Stage II, and
further to 54 kPa at Stage III, prior to restoration. After applying the restoration protocols, the
LEP values recovered to levels comparable to that of the pristine membrane, reaching 220 kPa.
It should be noted that the LEP measurement device used in this study had an upper
measurement limit of 220 kPa. Despite the apparent full recovery of LEP to this maximum
measurable level, Figures 4 and 5 demonstrate that membrane performance was not completely
restored, suggesting that LEP alone does not entirely represent membrane wettability or fouling
status. Membrane wetting is governed by complex physical and chemical mechanisms, whereas
LEP primarily reflects the minimum pressure required for water penetration based on surface
hydrophobicity and pore structure. Previous studies have also reported that LEP alone cannot
fully describe membrane wetting behavior or functional performance, as wetting is governed
by multiple factors beyond capillary entry pressure.3®

To further investigate the incomplete performance restoration observed in Figure 3 and 4,
SEM-EDX analyses were performed. Figure 6 shows SEM images of (a) the pristine membrane,

(b) the fouled membrane without restoration, (¢) and (d) membranes restored using Protocols
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367 B and C, respectively. All fouled membrane samples were collected at Stage IIl. The SEM

368  images revealed the presence of significant residual foulants even after Protocol B, with distinct
369  crystal deposits remaining on the membrane surface (Figure 6 (c)). In contrast, Protocol C
370  effectively removed all observable surface contaminants (Figure 6 (d)). These observations
371  correlate well with distillate flux and conductivity trends shown in Figure 3, in which Protocol
372 C exhibited superior restoration performance.

373 The observed difference in effectiveness between Protocols B and C is primarily attributed
374  to the chemical interactions between citric acid and calcium-based fouling layers. Citric acid
375  functions as a chelating agent for Ca®*, thereby facilitating the dissolution of CaSO, scaling.
376 At lower concentrations (200 ppm), its chelating capacity is insufficient to completely remove
377  robust crystalline structures, resulting in residual scaling. This residual scaling subsequently
378  accelerates membrane wetting and leads to increased distillate conductivity during operation
379  (Figure 3). Conversely, the higher concentration of citric acid (2,000 ppm) significantly

380 enhances this chelation process, enabling more thorough dissolution and removal of scaling.3”-

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

381 38 Recent studies on advanced chemical cleaning further support these findings, demonstrating

382 that higher citric acid concentrations significantly enhance scaling removal efficiency through

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

383  improved chemical interactions and deeper penetration into fouling layers.?

(cc)

384 This explanation is further supported by SEM-EDX cross-sectional analyses depicted in
385  Figure 7. The results of Protocol B indicated the presence of residual Na, Ca, and Cl within the
386  membrane cross-section, suggesting that the internal cleaning was incomplete (Figure 7 (b)).
387  Incontrast, Protocol C exhibited no detectable residual salts within the membrane cross-section,
388 indicating thorough internal cleaning facilitated by effective penetration of highly concentrated
389 citric acid into wetted membrane areas (Figure 7 (c)). Additionally, Figure S6 (Supplementary

390 Information) illustrates that at Stage Il even minor residual scaling resulting from incomplete

391 cleaning can substantially deteriorate membrane performance by promoting rapid membrane
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wetting and increasing distillate conductivity. This finding highlights the necessity for more

intensive cleaning strategies under conditions of severe membrane fouling.

3.4 Effect of drying prior to restoration protocol

During practical operation, fouling layers may dry when an MD membrane module is
removed from operation and left idle for a period of time prior to cleaning. Under such
conditions, the drying of the fouling layer may adversely influence the efficiency of membrane
cleaning. To evaluate the impact of drying prior to membrane restoration on the efficiency of
the restoration protocols, performance evaluations were conducted after the operation of the

system up to Stage II, followed by a deliberate membrane-drying step and subsequent

application of Protocols B and C.

Figure 8 presents the distillate flux and conductivity during MD operations after the
application of a pre-drying step and subsequent implementation of Protocol B or C. For
Protocol B with pre-drying, the initial flux and the distillate volume were approximately 16
LMH and 1.2 L, respectively (Figure 8(a)). To facilitate a clear comparison with the results
shown in Figure 3, the initial flux and distillate volume of the membranes restored under
Protocols B and C, both with and without a pre-drying prior to cleaning, are summarized in
Figure 9. Without pre-drying, the initial flux and the distillate volume after the application of
Protocol B were approximately 17 LMH and 1.4 L, respectively. A comparison of the results
obtained with and without pre-drying demonstrates that membrane drying prior to restoration
has a detrimental effect on restoration performance. This effect was more pronounced for
Protocol C: The initial flux decreased substantially from approximately 20 LMH without pre-
drying to 15 LMH with pre-drying. The distillate volume for Protocol C accordingly decreased
from 1.5 L without pre-drying to 1.2 L with pre-drying. Consequently, the final VCF values

following the pre-drying step were notably lower (2.6 for Protocol B and 2.7 for Protocol C)
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417  than those obtained without pre-drying (3.5 for Protocol B and 4.3 for Protocol C). These
418  findings indicate that membrane restoration efficiency is reduced when membrane drying
419  occurs prior to the restoration procedure. Notably, without pre-drying, Protocol C nearly
420  restored membrane performance to that of the pristine membrane. In contrast, when the fouling
421  layer was allowed to dry before restoration, even Protocol C failed to fully restore the original
422  membrane performance, as evidenced by the lower initial flux and distillate volume.

423 As depicted in Figure 10, the SEM images of membranes operated up to Stage I show

424  membrane surfaces restored (a) without and (b) with pre-drying. The images indicate that pre-
425  drying the membrane before restoration led to a greater extent of the fouling coverage on the
426  membrane surface. Although high-concentration citric acid (Protocol C) might remove more
427  foulants than Protocol B, drying before cleaning still reduced the overall removal efficiency
428  and consequently limited the extent of performance restoration. These observations strongly
429  suggest that drying enhances the adhesion of fouling layers, thereby reducing the effectiveness

430  of subsequent restoration protocols. Table 1 summarizes the Na and Cl concentrations

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

431 measured in the cleaning solutions for restoration protocols applied with and without a pre-

432  drying step. The slightly lower ionic concentrations observed after pre-drying indicate that

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

433  fewer salts were removed during cleaning following pre-drying. Consistent with these findings,

(cc)

434  previous studies have reported that drying of salt deposits during intermittent MD operation
435  can aggravate fouling and wetting by altering membrane surface properties and consolidating
436  inorganic scales on the membrane surface.!® In addition, CaSO, is known to undergo
437  dehydration-induced phase and structural changes under dry conditions (e.g., gypsum to
438  bassanite/anhydrite), which may modify crystal morphology and compactness.?® Such changes
439  could potentially hinder the accessibility of chelating agents to reactive sites on the scale
440  surface. Under such conditions, fouling layers dried on the membrane surface exhibit stronger

441  adhesion and increased crystallization of foulants, significantly reducing cleaning effectiveness
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due to the diminished solubility and reactivity of the fouling components.!6: 4941
These findings emphasize the importance of timely cleaning during MD operations. In

particular, delaying cleaning after reaching Stage LI and allowing the fouling layers to dry

significantly reduces the effectiveness of even intensive chemical cleaning with 2,000 ppm
citric acid, thereby preventing full restoration of membrane performance. Therefore, the
immediate and proactive application of restoration protocols at intermediate fouling stages is
crucial for maintaining optimal membrane performance.

In the present study, the influence of organic matter on membrane fouling and wetting was
not investigated. However, in practical seawater systems, organic matter commonly coexists
with inorganic scalants and can interact with mineral scales to form coupled organic—inorganic
fouling layers. Such interactions may further modify fouling structure and adhesion properties,
potentially reducing the effectiveness of restoration protocols compared to the CaSOy-
dominant system examined in this study.*>» 4> A more detailed investigation of restoration

strategies under coupled organic—inorganic fouling conditions will be addressed in future work.

4. Conclusion

This study evaluated the effectiveness of three membrane restoration protocols in recovering
the performance of membranes fouled and wetted by CaSO,4 in a DCMD system. The results
demonstrated that simple DI water flushing was effective during the early stage of fouling and
wetting (Stage 1), but its effectiveness diminished substantially as fouling and wetting
progressed. Under intermediate fouling and partial wetting conditions (Stage II), only high-
concentration citric acid cleaning (2,000 ppm) restored membrane performance to levels
comparable to that of a pristine membrane, whereas lower-concentration citric acid (200 ppm)
exhibited limited recovery. At severe fouling and complete wetting conditions (Stage III), even

high-concentration citric acid failed to fully restore performance. From an operational
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467  perspective, although the use of high-concentration citric acid increases chemical consumption,
468  effective restoration at fouling stage II can extend membrane service life and reduce the
469  frequency of membrane replacement. This trade-off suggests that preventive chemical cleaning
470  at appropriate fouling stages may be operationally favorable in long-term MD operation,
471  despite the higher short-term chemical cost.

472 Furthermore, this study demonstrated that allowing the fouling layer to dry prior to
473  restoration significantly reduced cleaning effectiveness. These findings underscore that timely
474  intervention to prevent fouling-layer drying is crucial for maintaining the effectiveness of
475  chemical cleaning and minimizing resistance to foulant removal.

476 Overall, the results provide practical insights into optimizing cleaning strategies for MD
477  operations. In practical MD operation, cleaning decisions should be guided by operational
478  indicators such as sudden increases in distillate conductivity or sharp changes in distillate flux
479  decline trends over time. Timely and proactive restoration before such sudden increases in

480  conductivity or severe decreases in flux plays a critical role in enhancing membrane longevity

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

481  and operational efficiency, ultimately contributing to the long-term sustainability of membrane

482  distillation processes.
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508 Table 1. Concentrations of Na* and CI- removed during Protocols B and C, comparing
509 restoration with and without a pre-drying step

Concentration [mg/cm?]

Restoration
protocols Na cl
B 0.29 0.51
w/o pre-drying
C 0.49 0.73
B 0.27 0.47
w/ pre-drying
C 0.41 0.72
510
511
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Figure 2. Three stages of membrane fouling and wetting induced by CaSQ,; Stage I,
nucleation of CaSO, crystals; Stage II, partial wetting immediately before total loss of
water vapor transport; and Stage IIl, complete pore wetting and total loss of water vapor
transport.
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Figure 3. Distillate flux and conductivity during the second MD operations after applying Protocols A, B, and C to three different
stages of fouling and wetting.
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Figure 4. Comparison of (a) initial flux and (b) distillate volume between the pristine
membrane and membranes restored using Protocols A, B and C at three different stages
of fouling and wetting.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ew00053c

Open Access Article. Published on 27 February 2026. Downloaded on 2/28/2026 4:58:14 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

532

533
534

535
536

537

Environmental Science: Water Research & Technology Page 28 of 37

I

g
gL | | X |
-1 . | -
@ | A
- —
LEP = 160 kPa LEP =62 kPa
< -
S -
<9 M
S
S )
= i i
LEP > 220 kPa LEP > 220 kPa
==} \i
- |
5]
s |
g
~
LEP > 220 kPa LEP > 220 kPa
o
]
]
]
(=]
&
LEP > 220 kPa LEP > 220 kPa

View Article Online

DOI: 10.1039/D6EW00053C

LEP = 54 kPa

LEP > 220 kPa

LEP > 220 kPa

LEP > 220 kPa

Figure 5. Photographs of the membranes and LEP values for restoration protocols

applied at three different stages of fouling and wetting.
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Figure 6. SEM images of (a) the pristine membrane, (b) the fouled membrane without the
application of any restoration protocol, and (¢) and (d) membranes fouled and
subsequently restored using Protocols B and C, respectively. All fouled membrane
samples were collected at Stage IIl.
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Figure 7. SEM-EDX data of fouled membranes (a) without the application of any
restoration protocol, (b) restored using Protocol B, and (c) restored using protocol C. All
fouled membrane samples were collected at Stage III.
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Figure 8. Distillate flux and conductivity during the second MD operations after applying

Protocols B and C to membranes fouled to Stage II, with pre-drying.
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Figure 9. Comparison of (a) initial flux and (b) distillate volume between the pristine
membrane and membranes restored using Protocols B and C, with and without pre-
drying step. All fouled membrane samples were collected at Stage I1.
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(b)

Figure 10. SEM images of membranes restored using Protocols B and C (a) without and
(b) with pre-drying. All fouled membrane samples were collected at Stage II.
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