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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The wetting front development has been 
successfully detected in situ.

• The spatial distribution of the wetting 
depth is presented as heat map.

• Wetting was further quantified by wet
ting ratio and fully-wetted fraction.
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A B S T R A C T

Optical coherence tomography (OCT) has been considered as a non-invasive imaging tool to provide real-time, 
local information of wetting in membrane distillation (MD). However, the follow-up research question is how to 
quantitatively assess the localized wetting development in order to prevent system failure. This study aims to 
develop a quantification method based on the changes in the intensity distribution within OCT three-dimensional 
datasets (volume scan, C-scans). The achieved maps elucidate the wetting depth (e.g., wetting progress) across 
the membrane area in various cases. Severe wetting with homogeneous and heterogeneous distribution, and even 
subtle wetting have been quantified successfully. Results indicate that an increase in the volume of wetted 
membrane (expressed as the wetting ratio) does not necessarily correspond to an increase in the membrane area 
that is fully wetted (expressed as fully-wetted fraction), revealing the limiting parameter for deterioration in 
condensate quality. Additionally, the underlying mechanism governing the wetting behavior was also discussed 
based on the quantified wetting parameters. This OCT-based method would be helpful to investigate wetting not 
only for MD but also potentially for other membrane processes involving two-phase flow such as gas–liquid 
membrane contactors and membrane biofilm reactors.
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1. Introduction

Membrane distillation (MD) has emerged as an attractive desalina
tion process for producing pure water from various water sources such 
as seawater and wastewater. However, wetting, which is defined as a 
phenomenon in which the membrane pores are partially or completely 
occupied by the feed solution instead of water vapor or gases, is the main 
problem. Wetting is a complex phenomenon influenced by membrane 
properties, feedwater characteristics, and operating conditions, gov
erning different mechanisms [1,2]. Wetting causes solutes in the feed 
solution to leak to the condensate or permeate side, deteriorating the 
quality of the condensate, and the MD will fail to perform separation as 
the membrane no longer acts as a barrier. Various strategies have been 
developed to address membrane wetting in MD, including advance
ments in membrane production, the incorporation of pre-treatments, 
process optimization, and the development of monitoring techniques 
[3–7]. Regardless of membrane or process optimization, real-time, in 
situ wetting monitoring is necessary for improved understanding and 
effective process control.

Wetting can be detected in situ and non-invasively by measuring the 
electrical conductivity (EC) of condensate, which has been widely re
ported in MD studies [8,9]. However, this detection method of wetting is 
possible after noticeable deterioration in condensate quality (e.g., 
elevated EC). Moreover, this method is incapable of identifying the 
location where wetting takes place and determining the actual wetting 
progress. Several methods have been proposed for early detection of 
wetting by measuring the generated electrical current in the MD cell 
equipped with an electrically conductive membrane [10] or an electri
cally conductive spacer [11]. However, the application of these methods 
is limited by the material selection, salt concentration, and applied 
voltage. Furthermore, local-scale information on membrane wetting 
cannot be obtained.

In the case of wetting, the displacement of water vapor filling the 
membrane pores by the feed solution can alter the interaction of the 
incident light with the membrane. Therefore, optical-based methods 
have been developed for wetting monitoring. Jacob et al. [12] linked an 
increase in intensity (mean gray value) over a 2D image captured by a 
camera to wetting propagation since the wetted membrane had a greater 
light transmission due to refractive index matching (liquid–membrane, 
compared to air–membrane). The emergence of optical coherence to
mography (OCT) as an advanced, non-invasive imaging technology to 
produce micron-scale resolution images by measuring the echo time 
delay of light [13] enables detailed observation of wetting development 
within the membrane cross-section. In contrast to the transmission- 
based optical method, the signal generated by OCT is based on the 
light reflected and scattered by the membrane [23,24]. Therefore, less 
reflection by the wetted parts of the membrane results in decreasing 
signal intensities. As reported by Bauer et al. [14], wetting led to a 
narrowing of the membrane signal with irregular fading characteristics. 
However, no further processing steps were applied to the OCT dataset 
processing for quantitative wetting evaluation.

Only a few studies reported on using OCT for wetting monitoring and 
quantification [15,16]. To the best of our knowledge, Shao et al. [15]
firstly applied OCT to determine the thickness of the wetted layer in the 
case of homogeneous wetting, by which the kinetics of surfactant- 
induced wetting was investigated. The liquid–vapor interface (wetting 
front) advanced at the same rates along the membrane, and the width 
between two peaks of pixel intensity was measured as the wetted layer 
thickness. However, membrane wetting is a non-homogeneous phe
nomenon, which is influenced not only by the membrane properties 
(pore characteristics) but also by the process parameters (distribution of 
concentration, temperature, and pressure along the feed channel) 
[2,12,17], by which the effects would be more significant in practical 
applications. Our recent study [18] has successfully visualized hetero
geneous wetting development in MD using OCT. Wetting was not ho
mogeneously distributed in the macro- and even meso-scale, 

emphasizing the complexity in implementing the theoretical classifica
tion of wetting [2]. However, it was then accompanied by several issues 
for quantitative assessments, including (i) the membrane shape, which is 
not flat and slightly moves in the membrane module, (ii) the wetting 
itself, which is heterogeneously distributed, and (iii) factors influencing 
the signal strength and quality. Therefore, systematic and extensive 
approaches are required.

This work aims to develop methods for quantitative assessment of 
membrane wetting based on the changes in signal intensities within OCT 
datasets. The changes in intensity distribution were quantified and 
analyzed. Therefore, several wetting parameters were defined, including 
wetting depth, wetting ratio, variability of wetting depth, and fully- 
wetted fraction. Quantifying these parameters highly relies on accu
rately identifying the membrane surface and wetting front, for which 
novel image analysis approaches were developed. The presented pa
rameters allow for the evaluation of wetting distribution and wetting 
degree, providing local- and global-scale information about the wetting 
development and mechanism.

2. Materials and methods

2.1. Experimental settings and data acquisition

Air gap MD experiments with CTAB (cetyltrimethylammonium bro
mide) as the cationic surfactant to induce wetting were performed [18]. 
Three different cases of wetting corresponding to different conditions of 
AGMD experiments were investigated in this study. Case I and Case II 
demonstrated wetting development at a high CTAB concentration (50 
mg/L) with the monitoring location was in the middle and near the inlet 
of the AGMD test-cell, i.e., 12.5 cm and 3.9 cm from the feed inlet, 
respectively. The feed channel dimensions are 250 mm × 155 mm × 2 
mm. Meanwhile, Case III demonstrated wetting development at a low 
CTAB concentration (10 mg/L) with the monitoring location was in the 
middle. OCT datasets were acquired using a Ganymede II spectral 
domain system (Thorlabs, Germany) with a nominal center wavelength 
of 930 nm. OCT was performed at reference intensities of 68 ± 4%. A- 
scan averaging was set to seven in order to enhance the signal-to-noise 
ratio, corresponding to the acquisition time of 1.6 min for the moni
tored membrane area of 9.40 mm × 3.20 mm with an imaging depth of 
2.00 mm. The voxel size is 8 μm × 8 μm × 3.16 μm. Details of the AGMD 
experimental setup and OCT system are provided in our previous work 
[18].

Table 1 summarizes the conditions of three AGMD experiments, each 
representing a different wetting case and consisting of three sequential 
steps, during which the OCT datasets were acquired. Membrane cross- 
sections scanned during the first and second steps, operated with 
deionized water (DI) and 3 g/L NaCl solution, were labeled M0 and M1, 

Table 1 
Conditions of the different AGMD experiments [18].

C-scan 
code

Conditions Case I Case II Case III

CTAB concentration, βCTAB 50 mg/L 50 mg/L 10 mg/L

Monitoring location (in a 
25 cm feed channel)

Middle 
(12.5 cm)

Near inlet 
(3.9 cm)

Middle 
(12.5 cm)

Operating time
M0 Step A: DI 3 h (8 ± 1 L/m2)
M1 Step B: NaCl (3 g/L) 21 h (64 ± 2 L/m2)
M2 Step C: NaCl (3 g/L) +

CTAB
0 L/m2 0–2 min 0–2 min 0–2 min

M3 35 ± 6 L/m2 0.2 h 0.2 h 3 h
M4 82 ± 16 L/m2 0.3 h 0.3 h 3.5 h
M5 141 ± 16 L/m2 0.5 h 0.5 h 4.3 h
M6 288 ± 27 L/m2 1 h 1 h 5 h

CTAB: cetyltrimethylammonium bromide; DI: deionized water. M0–M6 corre
spond to membrane cross-sections scanned at different stage of experiment.
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respectively, and provide a non-wetted baseline with similar cumulative 
permeate volumes (L/m2) at fixed operating times of 3 and 21 h. 
Meanwhile, M2–M6 correspond to scans during operation with CTAB 
and were selected at comparable cumulative permeate volumes, with 
operating times varying according to how quickly the EC of permeate 
approached that of the feed, as described previously [18].

2.2. OCT datasets treatment

Digital image processing was developed to: (i) investigate how 
changes in intensity distribution correlate with wetting development 
and (ii) detect the wetting front, from which additional wetting pa
rameters were calculated. These are explained in the following 
paragraphs.

Fig. 1 illustrates the image processing steps. All steps were performed 
on 32-bit images. These raw images were first cropped to remove 
irrelevant objects such as spacer filaments, resulting in 3D images (C- 

scans) covering a membrane area of 3.36 mm × 1.92 mm, corresponding 
to 420 × 240 pixels. Macros were programmed in Fiji (based on ImageJ 
1.54p [19]) to automate the processing from the raw images until Step 
II-A and Step III-C. For Step II-B, a Python script was developed. 

Step I. The intensities within a volume scan were first normalized to 
reduce the influence of reference intensity, allowing for the com
parison of different datasets. The influence of reference intensity 
(within the recommended range, i.e., 60–80%) is presented in Fig. S1 
(a). Considering the shift in histograms with the increased reference 
intensity, intensity normalization was performed by subtracting the 
minimum intensity within the 3D dataset from each voxel. Here, the 
minimum intensity resembles a global minimum. In order to calcu
late it, intensities within the 3D dataset were sorted from the lowest 
to the highest, and the first 0.1% of the total number of voxels were 
averaged and used as the minimum intensity. As an example, in a 
dataset of 10,000 voxels, the minimum intensity equals the average 
of the 10 lowest intensity values (0.1% of 10,000 = 10). The effec
tiveness and robustness of this normalization method in reducing the 
effect of reference intensity variations were shown in Section 1 of the 
SI.
Step II-A. To ensure a correct wetting analysis based on the intensity 
distribution (i.e., histogram), the dataset was restricted to voxels 
related to the membrane only. Therefore, the membrane-bulk 
interface was detected, and the membrane thickness was limited to 
200 μm as the maximum membrane thickness based on our mea
surements. These 200 μm equal a distance of 63 pixels below the 
membrane-bulk interface. Voxels outside this region of interest were 
ignored in further calculations since these were set to not-a-number 
(NaN).

The membrane-bulk interface (membrane surface) was determined 
using the intensity derivative (the rate of change in intensity) instead of 
the raw intensity values, according to Eq. (1). 

fʹi,j =
fi,j+1 − fi,j− 1

2
(1) 

where f and fʹ are the intensity (pixel value) and the first derivative, 
respectively. The local membrane surface was then identified for each A- 
scan i as the point j corresponding to the greatest change in intensity. 

Step II-B. Dataset M0 (confer Table 1) was used as the reference 
(initial state). Histograms of M1 – M6 were compared to M0. The sum 
of absolute differences (SAD, see Eq. 2) was determined as a quan
titative measure of the difference between two intensity distributions 
(e.g., histograms), computed by summing the absolute differences in 
relative frequencies of intensities between two histograms. Basically, 
it is the area between two histograms.

SAD =
∑NI

p=1
|hx(p) − h0(p) | (2) 

Here hx and h0 denotes the relative frequency in the histogram of 
membrane x (M1–M6) and the histogram of reference membrane (M0), 
where p indexes the discrete intensity levels defined by the histogram 
bins (p = 1, …, NI), and NI denotes the total number of discrete intensity 
levels (histogram bins) used to represent the intensity distribution. An 
intensity range of − 5 to 65, with a bin width of 0.2, was used to calculate 
the SAD of histograms in all cases. 

Step III-A. A Gaussian Blur 3D filter was applied to reduce the noise. 
Contrast was enhanced for improved visualization.
Step III-B. The membrane surface was first detected as described in 
Step II-A and was identified as the first and highest peak in the in
tensity derivative. The wetting front was subsequently determined 
by identifying the second peak in the intensity derivative, which 

Fig. 1. The digital image processing workflow for wetting evaluation based on 
intensity distribution (II) and wetting front detection (III). I: intensity normal
ization. II-A: removal of non-membrane voxels. II-B: calculation of sum of ab
solute differences. III-A: filtering. Contrast was enhanced only for improved 
visualization. III-B: tracing membrane surface and wetting front (white line). 
III-C: generation of wetting depth map.
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occurs below the membrane surface. This identification was further 
constrained by the additional criterion given in Eq. 3.

fʹi,j− 1 < fʹi,j > fʹi,j+1 (3) 

This condition defines a local maximum (peak) of the intensity de
rivative, where the derivative increases before the peak and decreases 
after it. 

Step III-C. The wetting depth over the monitored membrane area was 
mapped by assigning the distance of the wetting front to the mem
brane surface as a value in μm to the corresponding pixel P(x,y) in the 
xy-plane of the field-of-view (420 px × 240 px). The higher the value, 
the larger the progression of the wetting front.

2.3. Wetting parameters

In order to quantitatively assess the wetting degree and distribution, 
in addition to SAD, several parameters are presented (Fig. 2 and 
Table 2).

The local wetting depth, δi, was calculated as the distance between 
membrane surface and wetting front in a single A-scan (see Fig. 2 (a)) as 
shown in Eq. (4). 

δi = zw,i − zs,i (4) 

where zw,i and zs,i are the distances of the wetting front and membrane 
surface from the top (z = 0) at the location i, respectively.

The average wetting depth, δ, as the ratio of the wetted membrane 
volume, VWL, to the monitored membrane area, AM, can then be 
expressed as follows. 

δ =
VWL

AM
=

1
NA

∑NA

i=1
δi (5) 

where NA is the number of A-scans.
The spatial variability of wetting depth, σ*, was calculated as the 

mean absolute difference of the local wetting depth and the average 
wetting depth (as illustrated in Fig. 2 (c)) was calculated using Eq. (6). 

σ* =
1

NA

∑NA

i=1
|δi − δ| (6) 

Similar to the absolute roughness applied to characterize the fouling 
structure [20,21], this parameter is presented in this work to evaluate 
the heterogeneity of wetting distributed across the monitored mem
brane area.

The wetting ratio ω, defined as the ratio of the wetted membrane 
volume to the total monitored membrane volume (see Fig. 2 (b)), was 
calculated as follows. 

ω =
VWL

VM
=

∑NA
i=1δi

NA × δm
=

δ
δm

(7) 

where δm is the membrane thickness. This parameter represents the 
degree of wetting (wetting extent) over the monitored membrane. 
However, in the case of heterogeneous wetting, this parameter cannot 
provide information on whether any individual pore is entirely wetted 
throughout its structure, or on the extent to which local pore wetting has 
led to liquid leakage into the permeate side.

Therefore, another parameter, fully-wetted fraction, θ, is presented 
in this work, which was calculated as follows. 

θ =
1

NA

∑P

k=1
k δk ≥ δm (8) 

where P is the number of A-scans where the membrane cross-section is 
fully wetted (the entire pore length or membrane thickness is wetted, i. 
e., the δk ≥ δm). Since the terms of fully-wetted here is applied to each A- 
scan (each local unit of pores within 8 μm × 8 μm membrane area), this 
is different with what called as “fully wetting” or “completely-wetted” or 
“wetted” in the common classification of membrane wetting degrees 
[2,7,22] which is applied to the entire membrane, meaning that all 
membrane pores are completely wetted.

3. Results and discussions

3.1. Wetting development quantified based on changes in the intensity 
distribution

Fig. 3 (a) compares the intensity distribution in unwetted and wetted 
membranes monitored at different times (confer Table 1, M0 to M6) for 
Case I. Wetting was according to Himma et al. [18] expected as the 

Fig. 2. Schematic illustration depicting (a) local wetting depth, δi, as the distance between wetting front, zw,i, and membrane surface, zs,i, for an individual A-scan 
within a C-scan, (b) wetting ratio, ω, as the ratio of the wetted membrane volume, VWL, to the total monitored membrane volume, VM , with Am is the monitored 
membrane area, and (c) spatial variability of wetting depth, σ*, and fully-wetted fraction, θ with δm is the membrane thickness.

Table 2 
Investigated parameters for wetting evaluation.

Parameter Definition Image 
processing 
step

Sum of absolute 
differences

SAD The area between two histograms II

Local wetting 
depth

δi The distance between membrane 
surface and wetting front in a single 
A-scan (8 μm in width)

III

Average wetting 
depth

δ The average distance between 
membrane surface and wetting 
front within C-scan

III

Spatial variability 
of wetting depth

σ* The average deviation of the local 
wetting depths relative to the 
average wetting depth

Wetting ratio ω Proportion of the membrane that is 
wet; ratio of the wetted membrane 
volume to the total monitored 
membrane volume

III

Fully-wetted 
fraction

θ The fraction of the membrane area 
over which the pores are fully 
wetted

III
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surfactant concentration in Case I was elevated (βCTAB = 50 mg/L). 
Overall, there was a decline in the relative frequency of higher in
tensities. At certain times of operation (demonstrated by M2 and M3), 
this shift was accompanied by the appearance of signal intensities in the 
range of 25 to 40. It is assumed that this observation was associated with 
the displacement of the wetting front. At longer operation time (M6), the 
histogram mainly shifted – as expected – to the left, signifying the drop 
in light reflection due to wetting and weakening of signals due to 
stronger light attenuation in higher scanning depths. This is illustrated 
in Fig. 3 (b), which shows a map of the average A-scan intensity at each 
location i (x,y) across the scanned membrane. It can be seen that the 
entire monitored membrane area of M2 became brighter compared to 
M0. Brighter and darker regions were then observed in M3 and M4, 
whereas M6 appeared almost entirely dark.

Evolution of the intensity distribution for states M1 – M6 in com
parison to M0 is presented in Fig. 4. The blue-shaded region is the area 
between two histograms and thus equivalent to the progress in wetting. 

The calculated SAD is shown in brackets (confer Eq. (1)). For Case I, the 
SAD in M4 first declined, then elevated again. This is ascribed to loss of 
signal strength as a function of depth. At a certain depth, the intensity of 
the wetting front diminished to a level accompanied by changes in the 
surrounding parts, reducing the overall difference. Basically, the signal- 
to-noise ratio becomes too weak, and hence, determining the actual 
wetting degree is negatively affected.

In contrast to Case I, SAD in Case II increased continuously. This is 
due to the greater progress in wetting, resulting in a higher overall 
difference in intensity. The higher SAD observed in Case II is in agree
ment with qualitative observations and supported by ex-situ measure
ments, indicating that wetting was more pronounced near the inlet than 
in the middle [18]. Interestingly, even slight wetting in Case III was also 
quantified by the SAD.

Fig. 3. Presented is Case I (confer Table 1). Changes in the intensity distribution within C-scans due to wetting are shown as (a) histograms and (b) across the 
scanned membrane area. In (a) the data was obtained using Fiji's stack histogram. In (b) the depicted intensity (mind the calibration bar) equals the arithmetic mean 
of the A-scan at the corresponding location i(x,y). Membrane area: 3.36 mm × 1.92 mm; membrane thickness = 200 μm. Scale bar (white horizontal line in M6) equals 
0.5 mm. Scale and calibration bars apply to all images.

Fig. 4. Differences in intensity distribution within 3D cross-sectional OCT images scanned at different times (M1 to M6, confer Table 1) compared to the initial 
unwetted state (M0) for all cases. The calculated sum of absolute differences (SAD) is shown in brackets. ROI: 3.36 mm × 1.92 mm with a depth of 200 μm from the 
membrane surface.
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3.2. Wetting development quantified based on the displacement of wetting 
front

A series of A-scans illustrating the change in intensity distribution 
with progressing operational time for Case I (see Table 1 for experi
mental details) is shown in Fig. 5 (a). The A-scan (Fig. 5 (a) – M0) starts 
with a smooth intensity distribution over depth. The peak at approxi
mately 0.13 mm marks the surface. Due to light attenuation, the signal 
intensity decreases over depth. A similar profile was exhibited by M1, 
meaning that after operation with NaCl feed for 21 h, the membrane 
properties remained unchanged, and no wetting occurred. The effect of 
wetting is shown in Fig. 5 (a) – M2 to M6, where an additional peak 
appears. This peak indicates the displacement of the wetting front 
within the membrane.

The distance between the membrane surface and the wetting front 
indicates the progression of the wetting. However, determining this 
distance from intensity peaks was challenging due to inconsistencies in 
the membrane surface signal under wetting. In cases of slight wetting, 
the membrane surface often exhibits lower intensity than the wetting 
front, making membrane surface detection based on the highest signal 
intensity can be misleading. Additionally, the peaks are broad with 
variations in the baseline level, further complicating accurate detection. 
To overcome these issues, the membrane surface was identified as the 
point of maximum intensity change, calculated as the first derivative of 
an A-scan. This approach provided accurate and consistent results. As 
shown in Fig. 5 (b), the membrane surface peaks were symmetrical and 
consistently represented the global maximum of the intensity derivative 
in the A-scan.

While the membrane surface was represented by the global 
maximum of the intensity derivative, the wetting front was then rep
resented by the highest peak of intensity derivative detected within the 
membrane thickness. The peaks of the wetting front were also sym
metrical and more distinguishable (Fig. 5 (b)). This approach was highly 

effective in detecting the wetting front, allowing for the calculation of 
wetting depth. However, some challenges were found in cases where 
wetting occurred to a depth within the range of the total membrane 
thickness. The challenges arose from a weakening signal-to-noise ratio 
and an unknown local membrane thickness. In addition, the A-scan 
profile of fully-wetted spots showed a similar pattern to the unwetted 
ones, in which there was no peak of wetting front detected within the 
membrane thickness. The developed image analysis routines account for 
such inconsistencies (see SI, Section 2). First, a better membrane 
thickness determination was performed to address local variations 
which are not covered by the manufacturer's specification. Here, the 
average membrane thickness was 178 μm (corresponding to 56 pixels), 
with the minimum and maximum thickness of 146 μm and 200 μm 
(corresponding to 46 and 63 pixels), respectively. Second, a maximum 
intensity (along the A-scan) of 40 was set as the upper limit to consider 
that the peak detected between the minimum and maximum membrane 
thickness did not represent a (nearly) unwetted state, and a maximum 
intensity of 27 was applied as the upper threshold required for a fully- 
wetted state (the maximum membrane thickness was assigned as the 
wetting depth). In the absence of wetting front detected with higher 
intensities (>27), a change in the distance of the highest intensity from 
the actual membrane surface detected based on intensity derivative 
relative to the initial condition (the minimum distance representing 
unwetted state) was considered as the wetting depth. This approach was 
effective not only to identify unwetted states but also to account for 
slightly wetted states with merged peaks due to the applied filter. As 
demonstrated in Fig. 5 (c) and Fig. S3, the detection of the wetting front 
is in strong agreement with the visual observations. The local wetting 
depths were able to be determined regardless of the membrane shape 
and wetting pattern (e.g., smooth form, slight waviness, or irregular 
variations in the wetting fronts).

Successful wetting depth determination merged into heat maps 
showing the wetting distribution across the monitored membrane area. 

Fig. 5. Presented is Case I (confer Table 1): (a) A representation of development in intensity profile along A-scan path due to wetting and (b) the corresponding 
derivative or rate of change in intensity. (c) B-scans showing the tracing of wetting front along the monitored membrane with different wetting patterns (from left to 
right: Case I – M0 and M3, Case II – M3 and M4), indicated by the white line, compared to the initial B-scans (the first row). The line of wetting front is shown in 
white color.
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Wetting depth development is presented in Fig. 6. It provides an over
view of the different Cases I, II, and III (confer Table 1) studied here. 
Overall, consistent results were achieved for the practically unwetted 
membrane (M0 and M1 in all cases). It was measured that the wetting 
front was displaced to 5–10 μm on average from the membrane surface. 
At the beginning of operations with a high surfactant concentration of 
50 mg/L (Cases I and II – M2), wetting was evenly distributed across the 
membrane with an average wetting depth of ~70 μm. After that, wetting 
in some parts of the membrane progressed more rapidly compared to 
other parts, and fully-wetted parts, indicated by the dark blue spots, 
were observed. The dark blue spots expanded over time in both cases, 
and as observed in M6, nearly the entire membrane area became fully- 

wetted. However, compared to Case I, wetting progress in Case II was 
more abrupt and exhibited greater spatial heterogeneity. Meanwhile, 
wetting developed extremely slowly in operation with a low surfactant 
concentration of 10 mg/L (Case III). Over the entire period with sur
factant (from M2 to M6), the wetting front advanced from 9 to 17 μm on 
average from the membrane surface. The wetting depth maps confirm 
quantitatively what has been shown in previous work [18], and it will be 
further discussed in the following section.

3.3. Wetting parameters and mechanism analysis

Wetting parameters based on the wetting front detection were used 

Fig. 6. Distribution of wetting depth over time in Case I, Case II, and Case III, calculated based on the detected wetting front. The calibration bar shows the wetting 
depth in μm. Thus, no wetting is shown in red, while complete wetting is shown in dark blue color. Scale bar (white horizontal line in Case I - M0) equals 0.5 mm. 
Scale and calibration bars apply to all wetting maps. The calculated average wed depth for each map is shown in brackets.
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to elucidate the wetting mechanism and correlate with the process 
performance. The calculated parameters indicating the development of 
membrane wetting in MD are shown in Fig. 7.

As shown in Fig. 7 (a), M0 and M1 in all cases exhibited a comparable 
negligible wetting ratio ω of 0.03–0.05. With the addition of a high 
concentration of surfactant (from M2), the wetting ratio in Cases I and II 
remarkably increased to ~0.9, reaching a plateau. This increasing 
wetting ratio led to an approximately 100-fold increase in flux [18]. This 
dramatic increase in flux indicated that there was convective flow of 
liquid replacing the vapor transport, in addition to the reduced path 
length for vapor transport with the decreased volume (corresponding to 
the thickness) of the dry portion of the membrane, as demonstrated in a 
modeling study [23].

Within the first 82 L/m2 cumulative permeate volume (M4), even 
though the wetting ratio in Case II developed at a slightly higher rate 
than that in Case I, Case II experienced a much steeper increase in fully- 
wetted fraction θ (Fig. 7 (b)). Approximately 70% of the monitored 
membrane in Case II was fully-wetted, while it was ~20% in Case I. 
Describing the membrane area through which the liquid feed solution 
reaches the permeate side, this parameter certainly defined the decline 
in overall rejection. The rejection drastically declined from approxi
mately 99% to almost zero [18].

At the beginning of operation with surfactant (M2), the spatial 
variability of wetting depth in Case II was comparable to that in Case I, 
which was 12 and 10 μm, respectively (see Fig. 7 (c)). Case II then 
exhibited greater change in the wetting depth variability σ*, which was 
twofold higher at the first 35 L/m2 of the cumulative permeate volume 

(M3). After reaching 141 L/m2 (M5 and M6), the wetting depth vari
ability continuously decreased in both cases.

Meanwhile, wetting in Case III developed slowly, characterized by a 
subtle increase in wetting ratio, rising from 0.04 to 0.08 over the process 
duration, with the absence of fully wetted regions. This means that 8% of 
the monitored membrane volume is wetted; however, none of the pores 
were fully wetted along their entire length. With the wetting depth 
variability of 5 μm, a maximum of 41% of the pore length was found to 
be wetted. These results signified the capability of the presented ap
proaches in quantifying surface wetting where the wetting front in all 
parts was slightly displaced below the membrane surface.

Systematically comparing the quantified wetting parameters in Cases 
I and II (as depicted in Fig. 7), the wetting development across (through) 
and along the membrane as well as the underlying mechanism can be 
explained as follows.

Initial relatively homogeneous surface wetting (observed in M2). It has 
been well-known that the liquid entry pressure (LEP) is a general cri
terion for membrane pore wetting, and instantaneous wetting will only 
occur when the applied pressure exceeds the LEP, which is a function of 
pore size, liquid surface tension, and contact angle on the membrane 
surface [24,25]. Since the initial LEP is higher than the applied pressure, 
the surfactant-induced wetting occurs progressively instead of instan
taneously, which is influenced by adsorption. When the feed solution 
containing a high concentration of surfactant is in contact with the 
membrane surface, adsorption immediately takes place, altering its 
surface hydrophobicity. As a result, the whole membrane surface 
initially gets wet.

Fig. 7. Wetting ratio, ω, fully-wetted fraction, θ, and spatial variability of wetting depth, σ*, with the increased cumulative permeate volume in different cases of 
membrane distillation. The wetting ratio also accounts for voxels corresponding to not fully-wetted parts of the membrane.
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Heterogeneous partial wetting (observed in M3–M4). Spatially non- 
uniform wetting development indicates the heterogeneity in local LEP. 
In the axial pore direction (across the membrane thickness), the 
adsorption reduces the surfactant concentration close to the pore sur
face, increasing local LEP. Further wetting can then be promoted by 
mass transport of the surfactant to the wetting front to reduce the local 
LEP. Therefore, as has been proposed by Wang et al. [26], the wetting 
kinetics is highly influenced by the bulk concentration of surfactant and 
water vapor flux, determining the diffusive and convective transport of 
the surfactant. Elaborating this mechanism with the distribution of 
process parameters and membrane pore structure, it could then be 
explained that wetting propagation at different rates on the scale of tens 
to a few thousand microns in axial flow direction (along the membrane) 
would be predominantly attributed to the membrane pore size distri
bution, while that on the wider scale would be highly influenced by 
distribution of bulk concentration, pressure, and temperature along the 
feed channel. As shown in Fig. S5, the membrane used had a wide pore 
size distribution, governing heterogeneity in local LEP. Even though the 
distribution was skewed to the smaller pore sizes, approximately half of 
the pores were evenly distributed in larger sizes. These biggest pores 
would be responsible for the early fully-wetted fraction by providing the 
lowest LEPs, regardless of the flow direction. This effect would become 
less pronounced when the applied pressure is much lower than LEP, 
which would also be the case with the presence of a pressure drop due to 
a spacer in the feed channel [18,27]. In addition, synergistic effects, such 
as the reduction in bulk surfactant concentration due to continuous 
adsorption (which lowers surface tension and the rate of further 
adsorption), along with a temperature drop due to conductive and 
evaporative heat loss [28] (which also reduces surface tension and water 
vapor flux), would contribute to the decreased wetting with the 
increased membrane length.

Less heterogeneous nearly-full wetting (observed in M5–M6). Further 
penetration of the liquid feed through the membrane pores (as indicated 
by the high wetting ratio) reduces the temperature gradient across the 
membrane, resulting in the absence of the driving force for water vapor 
transport. The vapor transport becomes negligible compared to the 
liquid feed. Since almost no separation takes place, the influence of 
gradient concentration on the local LEP is negligible, resulting in more 
homogeneous wetting along the membrane.

4. Conclusion

This work has successfully established an in-situ and real-time 
quantification method of localized wetting in MD based on OCT, 
regardless of the membrane shape and wetting heterogeneity. The SAD 
is generally elevated with the enhanced wetting. However, the results 
did not allow for estimating a correlation to the wetting ratio. The 
proposed approach, based on the intensity distribution analysis, effec
tively detected and quantified the wetting progression and spatial dis
tribution, as expressed by heat maps of the scanned membrane area. The 
results emphasize that wetting can be distributed unevenly and develop 
non-linearly over time. The developed method and the presented find
ings could pave the way for further advancements in understanding 
membrane wetting in MD. Early detection of the wetting front, prior to 
complete wetting, would enable improved process control, facilitating 
membrane regeneration, and thus reducing operational costs. Further 
studies are needed to evaluate the applicability of this approach under 
complex wetting–fouling conditions and in other hydrophobic mem
brane processes involving gas–liquid displacement, such as membrane 
gas absorption and membrane biofilm reactor.
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