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A B S T R A C T   

In this study, we propose and demonstrate a simple solute mass balance to determine vapor flux and liquid flux in 
membrane distillation for several membrane materials under baseline and wetting conditions. We observe that 
distillate salinity can increase due to an experimental artefact, but that liquid flux can be used to conclusively 
diagnose wetting, quantify wetting rates, and indicate the relative number of wetted pores. We identify two 
wetting modes: “constant wetting”, characterized by increasing distillate salinity and constant liquid flux, and 
“increasing wetting”, characterized by increasing distillate salinity and increasing liquid flux. Constant wetting 
indicates that isolated pores remain wetted throughout operation, while increasing wetting indicates that more 
pores wet over time. Constant wetting may be tolerable at low liquid flux, requiring no intervention and resulting 
in no trade-off between wetting resistance and water production. In contrast, increasing wetting requires 
intervention. Reducing membrane pore size or increasing thickness can increase wetting resistance and delay 
liquid flux – but can also reduce vapor flux, resulting in trade-offs between wetting resistance and vapor flux. 
These results provide new understanding of wetting modes and trade-offs in membrane distillation and can guide 
membrane design and operation, for conventional and challenging applications.   

1. Introduction 

1.1. Background 

Membrane distillation (MD) is a thermally driven membrane process 
that has shown promise for the treatment and reclamation of chal
lenging feed streams, including those with high salinity (e.g. refs. [1–9]). 
Compared to reverse osmosis, the driving force in MD is only slightly 
reduced by feed stream salinity [9,10]. In MD, a warmer feed stream and 
a cooler distillate stream flow on opposite sides of a hydrophobic 
membrane. Under ideal conditions, the membrane pores are unwetted 
and support a vapor gap between the feed and distillate streams. The 
partial vapor pressure difference across the membrane drives water in 
the feed stream to evaporate, diffuse through the unwetted pores, and 
condense in the cooler distillate stream [6–8]. However, under real 
conditions, the membrane pores may become wetted; if this happens, 
the liquid feed stream can permeate through the membrane and freely 
mix with (contaminate) the distillate stream [7,11,12]. If pore wetting 
becomes significant, solute rejection may become less than ideal. 

Characterization of wetting is key to elucidate the relationship be
tween wetting resistance, membrane properties, solution chemistry, and 
operating conditions. Wetting resistance can be characterized using ex 

situ or in situ characterization techniques. In ex situ characterization, 
membrane wetting resistance is determined based on measurements 
performed outside the MD process (e.g., membrane material charac
terization or liquid entry pressure (LEP) characterization). In in situ 
characterization, membrane wetting is determined during the MD pro
cess, enabling characterization of membrane wetting resistance while 
the membrane is subject to actual operating conditions. In situ charac
terization not only determines wetting resistance for the specific wetting 
mechanisms occurring in MD, but also enables real-time intervention. 

1.2. Ex situ characterization of membrane wetting resistance 

Membrane material characterization is often used to assess wetting 
resistance, and commonly, membrane hydrophobicity (characterized by 
contact angle measurement) is the indicator. Membrane hydrophobicity 
depends on the material, with polytetrafluoroethylene (PTFE) being the 
most hydrophobic polymer that is commonly used [13–15]; PVDF and 
PP membranes are less hydrophobic but also commonly used. Pore size 
is another key membrane property that has been used as an indicator of 
wetting resistance. Nominal pore sizes of MD membranes typically range 
between 0.2 and 0.45 μm [10]. 

LEP, or transmembrane pressure at which liquid enters a membrane 
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pore, depends on both contact angle and pore size to characterize wet
ting resistance. LEP can be determined by modeling or measurement. 
Theoretical LEP (LEPth) is described by the classic Young-Laplace model 
for cylindrical pores [16]: 

LEPth =
− 4Bγlv cos θ

dp
(1)  

where B is a pore geometry factor, γlv is liquid-vapor surface tension, θ is 
contact angle, and dp is pore size. For PTFE membranes, which are 
characterized by an interconnected pore space with pore entrances 
formed by intersecting fibrils, LEPth can be determined by the Kim- 
Harriott model [17]: 

LEPth =
− 4γlv

dp

cos(θ − α)

1 + dF
dp

(1 − cos α)
(2)  

where dp is surface pore size, dF is fibril diameter, and α is angle of the 
liquid meniscus entering the pore. LEPth is typically reported as the 
minimum LEP, which corresponds to wetting of the largest membrane 
pore. Measured LEP (LEPm) is also typically reported as the minimum 
LEP, or the lowest transmembrane pressure at which wetting is detected. 
Wetting has been detected by visual observation of liquid flow or 
droplets [10,17–19] and by measurement of solute passage [20,21]. 

Discrepancies between LEP values and wetting during MD have been 
observed; membranes with high LEPm or LEPth have still wetted during 
MD [22] and membranes with low LEPth have not wetted during MD 
[23]. For LEPm, this may be in part because when wetting detection 
relies on visual observation, a very low initial flowrate [10] or small 
droplet [17,18] may not be easily visible and this may result in delayed 
wetting detection. Depending on how quickly transmembrane pressure 
increases, delayed wetting detection can result in overestimation of 
LEPm. For this reason, measurement of solute passage may provide a 
more sensitive indicator for LEPm. Also, because LEP experiments typi
cally are not operated with the same feed stream conditions (e.g., tem
perature and salinity) that MD operates with, other discrepancies can 
occur. For example, lower temperatures in LEP measurement may in
crease surface tension and contact angles [24,25], resulting in over
estimation of LEPm [11]. Lower salinity generally decreases liquid-vapor 
surface tension [25,26]. However, solution chemistry in general can also 
affect liquid-solid interactions and contact angles [27], potentially 
resulting in conflicting effects of temperature and salinity on LEP. LEP 
may also depend on parameters that are not represented in the classic 
models. Guillen-Burrieza et al. [18] observed that LEPm increases with 
membrane thickness; the authors suggest that increasing thickness may 
increase membrane mechanical strength, which may increase LEPm. 
Yazgan-Birgi et al. [28] and Chamani et al. [19] developed LEP models 
based on computational fluid dynamics and genetic programming and 
predicted increasing LEPth with increasing membrane thickness. How
ever, to the best of our knowledge, the effect of membrane thickness on 
wetting during MD has not been studied experimentally and indepen
dent of other membrane properties. 

Furthermore, as noted by Jacob et al. [22], LEP does not consider 
wetting mechanisms. While LEP may predict pressure-driven wetting, 
LEP may not predict surface-tension-, scaling-, or fouling-driven wetting 
because while transmembrane pressure is fairly constant along the 
membrane surface, concentration polarization and especially sca
ling/fouling may not be. Scaling/fouling may form or deposit on any 
area of the membrane surface – not necessarily at the largest pore – and 
initiate wetting. In our previous paper (i.e., McGaughey et al. [29]), we 
introduced an LEP distribution to incorporate pore size heterogeneity 
into wetting resistance for the first time. LEP distributions are particu
larly relevant when multiple pores become wetted before wetting is 
detected, and when wetting initiates at pores other than the single, 
largest pore. Still, LEP characterization has limitations for accurate 
prediction of wetting during MD and in situ characterization may better 

describe wetting for different wetting mechanisms. 

1.3. In situ characterization of membrane wetting 

In early MD studies, some researchers used nonlinear trends in water 
production (i.e., changes in the net flux, or the combined flux of vapor, 
liquid, and dissolved solutes) as an indicator of wetting during MD [22, 
30]. However, depending on transmembrane pressure, liquid flux may 
occur from the feed to the distillate side or vice versa. In MD, the 
transmembrane pressure may be positive or negative, depending on 
system configuration and operating conditions, especially if there are 
different flowrates on the feed and distillate sides. As noted by Christie 
et al. [31], while equivalent flow rates are often used for convenience, 
optimal energy efficiency and performance can be obtained by 
balancing heat capacity flow rates rather than volumetric flow rates. For 
positive transmembrane pressure, liquid flux is expected to increase net 
flux; for negative transmembrane pressure, liquid flux is expected to 
oppose vapor flux and decrease net flux (but may still result in solute 
passage via mixing of the feed and distillate streams). At zero trans
membrane pressure, the thermal gradient is expected to drive liquid flux 
from the feed to the distillate side due to thermo-diffusion [32]. 

Wetting may also affect net flux indirectly. Partial wetting (i.e., 
partial liquid penetration into a pore that results in a thinner vapor gap 
between the feed and distillate streams [7,29,33]) may increase tem
perature and concentration polarization and reduce the driving force for 
vapor flux. Conversely, a thinner vapor gap may shorten the diffusion 
path length for water vapor, which may increase vapor flux [12,33–37]. 
Interestingly, increased vapor flux can also result from higher evapo
ration rates during partial wetting because the liquid-vapor interfacial 
area within interconnected pores is greater than it is at isolated pore 
entrances [33,36,37]. 

Operating with lower hydrophobicity and accepting partial wetting 
to achieve higher vapor flux is an example of the wetting resistance/ 
vapor flux trade-off in MD. Wetting resistance/vapor flux trade-offs in 
MD have recently been introduced and analyzed by Wang et al. [37], 
McGaughey et al. [29], and Li et al. [33]. Wang et al. [37] and Li et al. 
[33] showed that reduced membrane hydrophobicity results in reduced 
wetting resistance, but also can result in partial wetting, which increases 
vapor flux as discussed above. We (i.e., McGaughey et al. [29]) also 
showed a wetting resistance/vapor flux trade-off in that smaller pore 
sizes result in greater wetting resistance, but also lower permeability and 
vapor flux. For solution chemistries that are likely to form scale, 
reducing pore size can be more effective than increasing contact angle to 
achieve wetting resistance [29] – therefore, reducing pore size to in
crease wetting resistance to scaling-induced wetting is likely worth the 
trade-off of reduced vapor flux. Also, in past studies of MD with 
high-salinity feed streams, operating conditions have been adjusted to 
maintain lower vapor flux and reduce the potential for concentration 
polarization and scaling on the membrane surface, thereby preventing 
wetting [5,12]. Operating at lower vapor flux to prevent wetting also 
represents a wetting resistance/vapor flux trade-off in MD [29]. To the 
best of our knowledge, these are the only trade-offs between wetting 
resistance and vapor flux that have been discussed in the MD literature. 

Due to the complexities in characterizing wetting by detecting 
changes in net flux, increasing distillate conductivity is often used as a 
wetting indicator during MD [22,38]. Guillen-Burrieza et al. [39] and 
Couto et al. [40] reported the slope of distillate conductivity over time as 
a wetting rate. However, distillate conductivity measurements and 
wetting rates based on conductivity do not have meaningful units and 
provide limited quantitative understanding of solute passage. 
Guillen-Burrieza et al. [39] also mention the use of a mass balance to 
convert the shope of the distillate conductivity into a “leak rate”; how
ever, results are not shown. 

Solute rejection, calculated from conductivity measurements, is 
perhaps the most common indicator of membrane wetting, although not 
always discussed in the context of wetting. MD is generally considered to 
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provide complete rejection of non-volatile solutes. However, because 
ideal (100%) rejection is not typically measured, researchers have used 
various arbitrary definitions of rejection (e.g., rejection >99% [11,41, 
42], >99.9% [11,43–45], or >99.98% [46]) to indicate membranes are 
performing adequately. Similarly, sudden changes in rejection (e.g., ref 
[47]) as well as arbitrary rejection minimums (e.g., 99.5% [48,49] or 
97% [50]) have been used to define wetting. 

Alternative in situ detection methods and wetting indicators have 
also been explored. In 2017, Chen et al. [51] developed a method for 
wetting detection based on electrochemical impedance spectroscopy. As 
liquid penetrates one or more pores, the vapor gap thins, and trans
membrane impedance is reduced. Thus, the onset of partial wetting can 
be indicated by a reduction in transmembrane impedance [51]. When 
full wetting occurs, for one or more pores, transmembrane impedance is 
zero. However, due to the asymptotic nature of the impedance curve as 
it approaches zero, the transition to full wetting may be difficult to 
distinguish. And because impedance does not depend on salinity or the 
number of wetted pores, neither quantitative wetting rates nor solute 
flux can be obtained from impedance curves. Also in 2017, Ahmed et al. 
[52] detected wetting based on electrical current measurement using a 
conductive membrane [11,52]. Similar to impedance spectroscopy, 
current measurements indicate the onset of wetting but do not describe 
wetting rates; also, this measurement can only be used for conductive 
membranes, which are not common for MD. In 2020, Jacob et al. [38] 
developed a method to detect wetting based on light transmission, 
enabling visualization of wetting locations and wetting propagation. 
The authors note that this method may be affected by operating pa
rameters and has limited application to solution chemistries with sca
ling/fouling potential or those containing opaque particles. Membrane 
materials may also affect applicability. 

Liquid flux, if it can be separated from net and vapor flux, may 
provide a wetting indicator with the benefits of simple detection 
(detection based on flux and conductivity measurements), as well as 
meaningful quantification of wetting rates in units of liquid mass per 
membrane area per time (as opposed to conductivity, impedance, or 
current), indication of the number of wetted pores via direct comparison 
to vapor flux, and facile quantification of solute flux for any feed stream 
solute. However, to the best of our knowledge, liquid flux versus time 
has not been previously reported in the MD literature – nor has vapor 
flux been distinguished from net flux. 

1.4. Objectives 

In this study, we propose and demonstrate a simple mass balance 
approach to characterize vapor and liquid flux in MD under baseline 
conditions (i.e., moderate salinity, without surface-tension-lowering 
constituents) and wetting conditions (i.e., with surface-tension- 
lowering constituents or high salinity). We present liquid flux as a 
wetting indicator and use it to define different types – or modes – of 
wetting in MD. Using these new wetting indicators and modes, we aim to 
identify membrane wetting (differentiated from experimental artefacts), 
identify tolerable and intolerable wetting under baseline and wetting 
conditions, quantify wetting rates, and compare vapor flux and liquid 
flux to indicate the relative number of wetted pores. Finally, we aim to 
bring to light trade-offs between wetting resistance and vapor flux that 
are due to pore size and membrane thickness – membrane properties 
that, compared to contact angle, have been less frequently studied with 
respect to wetting resistance. 

2. Materials and methods 

2.1. Membranes 

Three commercial flat-sheet, microporous PTFE membranes (Parker 
Performance Materials, Lee’s Summit, MO, USA) were used: QM050, a 
symmetric, single-layer membrane with a nominal pore size of 0.05 μm; 

QL822, a laminate membrane (PTFE selective layer and PP support 
layer) with a nominal pore size of 0.45 μm; and QM022, a symmetric, 
single-layer membrane with a nominal pore size of 0.2 μm. Two com
mercial flat-sheet, microporous PP membranes (Sterlitech, Kent, WA, 
USA) with nominal pore sizes of 0.1 and 0.45 μm were used; both 
membranes were single-layer and symmetric. Also, three single-layer, 
electrospun membranes were used. All three electrospun membranes 
were fabricated from a 10 wt% blended polymer solution of PVDF and 
PVDF-co-hexafluoropropylene (PVDF-co-HFP) at a 6:1 ratio, dissolved 
in a 60:40 dimethylformamide:acetone mixture. The membranes were 
spun in the same apparatus and under identical conditions (i.e., with a 
tip-to-collector distance of 16 cm, flow rate of 2.2 mL/h, and voltage of 
15 kV); different spinning durations were used to achieve different 
thicknesses with otherwise similar membrane properties. 

2.2. Membrane characterization 

A micrometer with an accuracy of ±1 μm (MDC-1 PX, Mitutoyo, 
Kawasaki, Japan) was used to measure membrane thickness; ten mea
surements were made at arbitrary locations on three separate samples of 
each membrane. Bulk porosity was characterized via the gravimetric 
method as in Rao et al. [4]; porosity (ε) is given by: 

ε = 1 −
mm

ρpamδm
(3)  

where mm (g), am (m2), and δm (m) are the mass, surface area, and 
thickness of the membrane and ρp (g/m3) is polymer density [4]. Three 
separate samples of each membrane material were used to determine 
average bulk porosity. 2-D surface morphology was characterized for 
three arbitrary areas of the membrane surface using a field-emission 
scanning electron microscope (Nova NanoSEM 450, FEI, Hillsboro, 
OR, USA); ImageJ software (version 1.52, National Institutes of Health, 
Bethesda, MD, USA) was used to analyze the scanning electron micro
scopy (SEM) images to determine surface pore parameters. SEM images 
and surface pore size distributions for all membranes are shown in the 
Supporting Information (Figs. S1 through S6). Contact angle (θ) was 
measured according to the sessile drop method (with 5-μL drop volume) 
using a goniometer (Model 260, ramé-hart, Succasunna, NJ, USA); re
ported values represent an average of at least ten measurements. LEPth 
was determined using the Kim-Harriot LEP model (equation (2), with dp 
equal to the maximum surface pore size) for the PTFE membranes and 
using the Young-Laplace model (equation (1), with dp equal to the 
maximum surface pore size) for the PP membranes. For the electrospun 
membranes, because thickness is not included in classic LEP models, LEP 
was characterized by LEPm (described below). 

2.3. LEP measurement and MD performance characterization 

A bench-scale MD system (Fig. 1) was used for LEP measurement and 
to characterize performance for all membranes and solution chemistries. 
In this study, we term the product water the “distillate/permeate 
stream”, to account for both condensed water vapor (i.e., distillate) and 
liquid feed solution (i.e., permeate) that passes through the membrane 
via wetted pores. Membrane coupons were installed in a custom-built 
membrane module with an active area of 20 cm2 and mesh spacers 
(Sterlitech, Kent, WA, USA) were placed in the feed and distillate/ 
permeate channels to promote mixing and provide mechanical support. 
Deionized water was used as the distillate/permeate solution. Feed and 
distillate/permeate flowrates were held constant at 0.76 L/min in 
countercurrent configuration. Feed and distillate/permeate tempera
tures were kept constant using a recirculating heater and chiller. Data 
were recorded every 30 s using a custom data acquisition and control 
program created in LabView (National Instruments, Austin, TX, USA). 

LEP experiments were conducted at a constant operating tempera
ture of 25 ± 1 ◦C on both the feed and distillate/permeate sides. 
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Transmembrane pressure (ΔP) was calculated as the feed-stream pres
sure (i.e., the average of measured pressures at the inlet and outlet of the 
module on the feed side) minus the distillate/permeate-stream pressure 
(i.e., the average of measured pressures at the inlet and outlet of the 
module on the distillate/permeate side). To increase ΔP, the feed-stream 
pressure was increased using a needle valve (McMaster-Carr, Elmhurst, 
IL, USA). The measured LEP was defined as the highest ΔP recorded 
prior to or when a sudden increase in the distillate/permeate concen
tration occurred. 

For performance characterization experiments, temperatures and 
pressures were allowed to stabilize over a 1-h startup period. Averaging 
over the duration of all experiments, operating temperatures were 52 ±
2 ◦C on the feed side and 17 ± 1 ◦C on the distillate/permeate side. 
Pressures were controlled using needle values to maintain near-zero 
transmembrane pressure; gauge pressures were 12 ± 1 and 12 ± 2 
kPa on the feed and distillate/permeate sides. For baseline experiments, 
1 M NaCl was used as the feed solution and the feed stream was peri
odically diluted with deionized water to maintain constant concentra
tion. For all other experiments, the feed stream was not diluted in order 
to assess the effect of increasing solute concentration on wetting. For 
surfactant-driven wetting experiments, 200-ppm Triton X-100 (Sigma- 
Aldrich, St. Louis, MO, USA) in 1 M NaCl was used as the feed solution. 
For scaling-driven wetting experiments, 5-M NaCl was used as the feed 
solution. 

The bulk feed solute concentration (Cf ) and the bulk distillate/ 
permeate solute concentration (Cd/p) were calculated from measured 
conductivities using standard curves prepared with NaCl solutions of 
known concentrations. Seven concentrations with conductivities be
tween the minimum (0 μS/cm) and maximum (200 μS/cm) of the 
measurement range of the distillate/permeate conductivity probe and 
seven additional concentrations with conductivities between the mini
mum (0 mS/cm) and maximum (200 mS/cm) of the measurement range 

of the feed conductivity probe were selected. For both probes, three 
samples of each concentration were prepared and used to generate three 
standard curves, which were averaged; all standard curve R2 values 
were at or above 0.997. We note that dissolved CO2 is also known to 
impact conductivity; effects can be significant at low salinities and 
elevated pressures. Börner et al. [53] showed that the effect is negligible 
at 0 MPa applied pressure for salinities of 0.001–0.98 M NaCl. In the 
current study, applied pressures were 0.01 MPa and the effect of dis
solved CO2 on conductivity was assumed to be negligible. 

Concentration polarization was estimated according to refs. [54,55]: 

Cf ,m = Cf exp
(

Jw

ρf K

)

(4)  

where Cf ,m (mol/L) is the feed solute concentration at the membrane 
surface, JW (kg/m2s) is water flux, ρf (kg/m3) is the density of the feed 
solution, and K (m/s) is the film mass-transfer coefficient. K was 
determined from the Sherwood correlation developed by Gustafson et al. 
[54]: 

K = 0.023
Re0.8Sc1/3D

dH
(5)  

where Re (dimensionless) is the Reynolds number, Sc (dimensionless) is 
the Schmidt number, D (m2/s) is the solute diffusion coefficient, and dH 
(m) is the hydraulic diameter of the flow channel. dH was calculated 
based on the effective channel height to account for the presence of 
spacers according to the method developed and validated by Gustafson 
et al. [54] for a similar membrane, module, and MD system. 

In all experiments, the volume of the distillate/permeate stream in 
the system (Vd/p) was held constant at 2.14 L; this volume was selected 
such that the initial liquid level in the distillate/permeate tank was 
immediately below the overflow line. Therefore, as vapor and/or liquid 

Fig. 1. Diagram of bench-scale MD system indicating system configuration and key variables.  
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pass through the membrane from the feed stream to the distillate/ 
permeate stream, an equivalent quantity of liquid overflows the distil
late/permeate tank through the overflow line. Overflow was collected in 
the overflow collection vessel on a scale (shown in Fig. 1) and mass was 
recorded every 30 s. Net flux (Jnet in kg/m2h) is given by: 

Jnet = Δmd/p,ov
/

amΔt (6)  

where Δmd/p,ov (kg) is mass of distillate/permeate stream collected in the 
overflow collection vessel over time interval Δt (h), with Δt = ti+1− ti 
held constant at 30 s. am (m2) is membrane area. 

Solute flux (Js in kg/m2h) is determined according to: 

Js =
Vd/pΔCd/p + Cd/p,ov,ti+1 Vd/p,ov,ti+1 − Cd/p,ov,ti Vd/p,ov,ti

amΔt
(7)  

where Vd/p (m3) is volume of distillate/permeate stream in the system, 
ΔCd/p (kg/m3) is change in concentration of the distillate/permeate 
stream in the system over time interval Δt, and Cd/p,ov,ti and Vd/p,ov,ti are 
concentration and volume of the distillate/permeate stream overflow at 
time ti. As noted previously, Vd/p is held constant over time. Also, it is 
assumed that liquid flux occurs from the feed to the distillate/permeate 
side because in the absence of significant transmembrane pressure, the 
thermal gradient is assumed to drive mass transfer via thermo-diffusion 
[32]. 

Solute concentration in the overflow collection vessel at time t is 
calculated by: 

Cd/p,ov,t =

∑i=t
i=1Cd/p,iVd/p,i

Vd/p,ov,t
(8)  

assuming that the solute concentration of the distillate/permeate stream 
overflowing during the time step Δt is the same as the solute concen
tration of the distillate/permeate stream in the system at time t (i.e., 
assuming that the distillate/permeate stream is fully mixed). 

Liquid flux (Jl in kg/m2h) is calculated by: 

Jl = ρf

(
JS

Cf ,m

)

(9)  

assuming that ρf is approximately constant, that the permeate concen
tration is equal to Cf ,m, and that Cf ,m is approximately constant during 
time step Δt so Cf ,m is taken as the average Cf ,m over the time step Δt. 

Vapor flux (Jv in kg/m2h) is calculated by: 

Jv = Jnet − Jl (10)  

Unless indicated otherwise, net, liquid, and vapor flux are calculated 
every 30 s and are shown as moving averages with a period of 10 min. 

Rejection (R, unitless) is calculated according to refs. [56,57]: 

R = 1 −

(
Cd/p,ti+1 Vd/p,tot,ti+1 − Cd/p,ti Vd/p,tot,ti

)

(
Cf ,ti+1 Vd/p,tot,ti+1 − Cf ,ti Vd/p,tot,ti

) (11)  

where Cf ,ti indicates the concentration of the feed stream at time ti and 
Vd/p,tot,ti indicates the total volume of the distillate/permeate stream at 

time ti. For all parameters, percent differences were calculated as x− y
(x+y)/2. 

3. Results and discussion 

3.1. Commercial PTFE membranes 

3.1.1. PTFE membrane characterization 
Table 1 shows material characterization results for the three com

mercial PTFE membranes. All three membranes have similar measured 
contact angles and bulk porosities. The unsupported QM050 and QM022 
membranes also have similar thicknesses. The supported QL822 mem
brane has greater total thickness, but smaller selective layer thickness 
(approximately 34 ± 2 μm, as measured after carefully peeling the se
lective layer from the support layer). The maximum surface pore size is 
smallest for the QM050 membrane, intermediate for the QM022 mem
brane, and largest for the QL822 membrane. Given that the membranes 
have similar contact angles, based on maximum surface pore sizes, 
minimum LEPth values are lowest for the QL822 membrane, interme
diate for the QM022 membrane, and highest for the QM050 membrane. 

3.1.2. PTFE membrane baseline performance characterization 
The data in Fig. 2 show the performance of the three PTFE mem

branes under baseline conditions (i.e., with 1 M NaCl feed solution) for 
one day of operation. Graphs in the first row (Figs. 2a, b, and c) show 
Cd/p over time. Fewer data points are shown for the QM022 membrane 
compared to the QM050 and QL822 membranes because a smaller 
overall change in Cd/p was observed for the QM022 membrane, and the 
minimum detectable concentration change for the distillate/permeate 
conductivity probe is limited to approximately 0.05 mg/L. 

For all three membranes, Cd/p increases during operation. However, 
the mode of increase is different for each membrane. For the QM050 
membrane (Fig. 2a), Cd/p increases initially and then levels off at a 
constant concentration after 11 h of operation. For the QL822 mem
brane (Fig. 2b), Cd/p increases relatively linearly over time. For the 
QM022 membrane (Fig. 2c), Cd/p increases gradually throughout oper
ation, with slightly lower slope after 14 h. In the MD literature, 
increasing Cd/p is typically considered a key indicator of membrane 
wetting. If experiments were run for a shorter duration (e.g., 5–10 h) as 
is often reported in the literature (e.g. refs. [42–44,47,58,59]), all three 
membranes would be considered to be wetted. 

To quantify how much liquid water is passing through the wetted 
membrane pores, a solute mass balance is used to separate net flux (i.e., 
flux of vapor, liquid, and dissolved solutes) into vapor flux and liquid 
flux. Figs. 2d, e, and f show net flux and vapor flux versus time. For each 
membrane, net flux and vapor flux results are nearly identical and 
overlap (at this scale). Despite their different pore sizes (Table 1), net 
flux values for the QM050 and QM022 membranes are similar (24 ± 2 
and 24 ± 1 L/m2h, averaged over the duration of each experiment). This 
is likely because the membranes have similar bulk porosity (Table 1). 
For smaller pore sizes and porosity, membrane permeability and net flux 
are expected to be lower [6]; however, researchers have observed that 
net flux is more sensitive to porosity than pore size [10]. Net flux for the 
QL822 membrane (21 ± 1 L/m2h) is slightly lower than it is for the 
QM050 and QM022 membranes, likely due to the greater thickness of 
the QL822 membrane (Table 1), because permeability and net flux are 
generally lower for greater membrane thickness [6]. For all three 
membranes, net flux is relatively constant and stable with only a slight 
decrease over time. This is expected for moderate-salinity feed solutions 
without added foulants; the slight decrease in net flux may be due to 
trace amounts of foulants present in the deionized water used for the 
feed solutions [23]. 

The data in Figs. 2g, h, and i show liquid flux versus time. Given that 
the scale for liquid flux is approximately two orders of magnitude less 
than the scale for vapor flux and net flux (Figs. 2d, e, and f), it can be 
seen that the contribution of liquid flux to net flux is very low. This is 

Table 1 
Material characterization results for the three commercial PTFE membranes. ±
values (when given) represent standard deviation.  

Membrane QM050 QL822 QM022 

θ (◦)a  144 ± 5 144 ± 4 142 ± 7 
Thickness (μm) 61 ± 7 180 ± 6 68 ± 7 
Bulk porosity (%) 84 ± 0.5 70-85b 87 ± 0.2 
Maximum surface pore size (μm) 1.0 ± 0.1 2.4 ± 0.04 1.2 ± 0.1 
Minimum LEPth (kPa)a  137 65 112  

a Contact angles and minimum LEP values are shown for pure water at 25 ◦C. 
b Bulk porosity for the QL822 membrane is manufacturer-reported. 
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likely why liquid flux has been overlooked and it has been convention to 
refer only to vapor that passes through the membrane – because 
permeate mass may be considered negligible compared to distillate 
mass. However, quantification of liquid flux, even when values are very 
small, is important for wetting characterization, and especially for early 
identification of wetting. 

For the QM050 membrane (Fig. 2g), liquid flux fluctuates initially, 
then decreases until 12 h of operation; after 12 h of operation, liquid flux 
is approximately 0 kg/m2h. If it is assumed that all increases in Cd/p and 
liquid flux (Figs. 2a and g) are due to wetting, these results would 

suggest that the membrane was initially wetted (liquid flux occurred) 
and then became unwetted (liquid flux stopped). However, spontaneous 
reversal of wetting is not known to occur in MD; pore wetting is 
generally understood to be irreversible without intervention (e.g., dry
ing and replacing membranes, backwashing with air [12,60]). There
fore, it appears that the initial increase in Cd/p in Fig. 2a is due to factors 
other than pore wetting. Although small increases in Cd/p are not often 
discussed in the MD literature, especially compared to larger changes in 
Cd/p (or in rejection) observed in wetting studies, small initial decreases 
in rejection have been noted (e.g., Rajwade et al. [49]). We suggest that 

Fig. 2. Increasing concentration of distillate/permeate stream (Cd/p) for the a) QM050, b) QL822, and c) QM022 membranes; relatively constant net flux and vapor 
flux for the d) QM050, e) QL822, and f) QM022 membranes; and different trends in liquid flux versus time for the g) QM050, h) QL822, and i) QM022 membranes. 
All membranes were operated under baseline conditions (i.e., with 1 M NaCl feed solution). For each row, legends are shown in the right-hand graph (i.e., graphs c, f, 
and i). 
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the initial increase in Cd/p observed here (Fig. 2a) represents a common, 
yet so far unidentified, experimental artefact. In the current study, 
before the beginning of each experiment, the system is drained and the 
distillate/permeate loop is rinsed via pumping with deionized water 
until conductivity remains below 2 μS/cm for several hours. Then, the 
system is drained again, and new deionized water is added to the dis
tillate/permeate tank. As experiments progress, the deionized water 
added at the beginning of the experiment may slowly mix, via pumping, 
with any liquid remaining in the distillate/permeate loop (e.g., within 
heat exchangers or fittings), resulting in Cd/p that initially increases and 
then levels off over time. As Cd/p approaches a constant value, liquid flux 
appears to decrease. Thus, the decreasing liquid flux in Fig. 2g indicates 
that increasing Cd/p is likely due to this experimental artefact, which we 
term “solute mixing”. It is only with observation of liquid flux data that 
fluctuations in Cd/p occurring as a result of operating techniques (rep
resenting experimental artefacts), can be conclusively distinguished 
from solute passage due to wetting (representing membrane 
performance). 

For the QL822 membrane (Fig. 2h), liquid flux is relatively constant 
throughout operation. Constant liquid flux along with the increasing 
linear trend in Cd/p (Fig. 2b) indicate that increases in Cd/p are not due to 
solute mixing but that full wetting of one or more pores has occurred. 
Also, constant liquid flux (Fig. 2h) indicates that the wetting mode is 
stable (at least over the duration shown). Therefore, we refer to this 
increasing Cd/p and constant liquid flux as “constant wetting” mode. 
Notably, the much greater magnitude of vapor flux (Fig. 2e) compared 
to liquid flux (Fig. 2h) indicates that the majority of pores are unwetted 
and only permit vapor flux. As the QL822 membrane has similar contact 
angle but larger maximum surface pore size compared to the non- 
wetting QM050 membrane (Table 1), and because wetting occurs at 
moderate salinity and in the absence of surface-tension-reducing con
stituents, wetting is attributed to spontaneous wetting of one or more 
larger, isolated pores. These larger pores likely have lower LEP that 
permits liquid entry under baseline conditions – i.e., there is insufficient 
wetting resistance due to the membrane properties. 

For the QM022 membrane (Fig. 2i), liquid flux increases initially, 
then decreases from 6 to 18.5 h of operation, and finally remains rela
tively constant from 18.5 to 24 h of operation. Although liquid flux for 
the QM022 membrane is low from 18.5 to 24 h of operation (average of 
0.01 kg/m2h, Fig. 2i), it is approximately double the liquid flux for the 
QM050 membrane over the same time period (average of 0.005 kg/m2h, 
Fig. 2g). The decrease in liquid flux from 6 to 18.5 h of operation, fol
lowed by constant liquid flux (Fig. 2i) may indicate a combined effect of 
solute mixing and wetting. Solute mixing may appear as initially 
increasing liquid flux that subsides; then, wetting of some membrane 
pores results in constant liquid flux at a lower rate. Again, the much 
greater magnitude of vapor flux (Fig. 2f) compared to liquid flux (Fig. 2i) 
indicates that the majority of pores are unwetted and only permit vapor 
flux. 

3.1.2.1. Alternative in situ wetting indicators. The data in Figs. 3a, b, and 
c show NaCl rejection over time. For all membranes, excepting statistical 
outliers, NaCl rejection is always greater than 99%. As discussed pre
viously, researchers have used various arbitrary quantitative definitions 
of rejection (e.g., rejection >99% [11,41,42], >99.9% [11,43–45], or 
>99.98% [46]) to indicate membranes are performing adequately, or 
arbitrary rejection minimums (e.g., 99.5% [48,49] or 97% [50]) to 
define wetting. Notably, the trends that are clearly visible in liquid flux 
data (Figs. 2g, h, and i) are not apparent in rejection data (Figs. 3a, b, 
and c). Thus, rejection is a less sensitive wetting metric than liquid flux 

and may have less utility for early detection of wetting or wetting in 
short-term experiments. 

Unlike rejection, results for the rate of change of distillate/permeate 
conductivity (i.e., ΔC′

d/p/Δt, Figs. 3d, e, and f) clearly follow the same trend 
as liquid flux (Figs. 2g, h, and i). Thus, the rate of change of C′

d/p can serve as 
a proxy for liquid flux, especially if the solute mass balance cannot be solved 
to obtain liquid flux (e.g., if the initial volume of the distillate/permeate 
solution and/or the relationship between conductivity and concentration 
are unknown). However, the rate of change of C′

d/p does not have mean
ingful units. Thus, we see that liquid flux is a preferable wetting metric to 
enable quantitative understanding of wetting rates, direct comparison to 
vapor flux, and facile calculation of solute flux. 

3.1.3. PTFE membrane wetting characterization 
The data in Fig. 4 show the performance of the QM022 membrane 

exposed to a surfactant-containing feed solution and the QM022 and 
QM050 membranes exposed to a high-salinity (5 M NaCl) feed solution.1 

In all three experiments, Cd/p increases exponentially over time (Figs. 4a, 
b, and c). The increase is different – both in magnitude and in trend – 
from Cd/p versus time for these membranes under baseline conditions 
(Figs. 2a and c). The variability in both net and vapor flux (Figs. 4d, e, 
and f) is likely due to gradual wetting of membrane pores at different 
rates, and, for the high-salinity feed solution, scaling on the membrane 
surface that can cause pore blockage and wetting. Also, in all three ex
periments, liquid flux increases over time (Figs. 4g, h, and i) and is 
greater than it is under baseline conditions (Figs. 2g, h, and i), but is still 
much lower than vapor flux (Figs. 4d, e, and f), which indicates that the 
majority of pores remained unwetted. 

The exponential increases in Cd/p (Figs. 4a, b, and c) and liquid flux 
(Figs. 4g, h, and i) indicate that more pores become wetted over time, 
resulting in increasing liquid and solute flux; we refer to this as 
“increasing wetting”. Increasing wetting mode occurs for both surfac
tant- and scaling-induced wetting. For the surfactant-containing feed 
solution, wetting is attributed to reduced surface tension of the solution 
that results in an LEP lower than the transmembrane pressure for some 
pores. As the bulk and surface concentrations of surfactant in the feed 
solution increase over time due to vapor flux, surface tension and LEP 
continue to decrease; the result is wetting of an increasing number of 
pores. Increasing wetting trends have been previously observed for feed 
solutions with reduced surface tension; Lin et al. [59] noted that wetting 
became progressively worse as surfactant concentration increased and 
Wang et al. [48] observed exponentially decreasing rejection for 
alcohol- and surfactant-driven wetting. For the high-salinity (scaling) 
feed solution, wetting is attributed to salt crystallization on the mem
brane surface [7,11,12]. After scaling occurs, salt crystals reduce the 
effective contact angle of the membrane surface. As additional crystals 
nucleate and grow, scaling may cause wetting of additional pores. Also, 
as suggested by Gryta [61,62], scaling-induced wetting of large pores 
may initiate wetting of smaller pores adjacent to deposits, resulting in 
“progressive wetting” [61,62]. 

For scaling-induced wetting, even though the QM050 membrane has 
smaller pore size (Table 1) and greater wetting resistance under baseline 
conditions (Fig. 2) compared to the QM022 membrane, both membranes 
wet in increasing wetting mode. However, the onset of liquid flux for the 
QM050 membrane (Fig. 4i) is delayed compared to the QM022 mem
brane (Fig. 4h), likely also due to its smaller pore size (Table 1). Inter
estingly, smaller pore size does not result in lower vapor flux for the 
QM050 membrane compared to the QM022 membrane, through 4 h 

1 Results for the QM022 membrane exposed to surfactant-containing and 
high-salinity feed solutions are single experiments that were previously per
formed in triplicate; the average data for distillate conductivity and net flux 
from the triplicate experiments were shown in our previous publication (i.e., 
McGaughey et al. [29]) for comparison of the performance of the QM022 
membrane to coated membranes. 
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operation (Figs. 4e and f). As mentioned previously, this is likely because 
both membranes have similar bulk porosity (Table 1). These results 
build on the wetting resistance/permeability trade-off due to pore size 
introduced in our previous paper (i.e., McGaughey et al. [29], by 
quantifying the trade-off (based on vapor and liquid flux) for mem
branes with similar hydrophobicity, thickness, and bulk porosity but 
different pore sizes. The results also demonstrate that the trade-off may 
be possible to overcome for membranes with different pore sizes, but 
similar bulk porosity. 

3.2. Commercial PP membranes 

3.2.1. PP membrane characterization 
To investigate the wetting modes for different membrane materials, 

and to further investigate the role of pore size, two commercial PP 
membranes (designated PP1 and PP2) were used. Characterization re
sults for the PP membranes are shown in Table 2. Contact angle, 
thickness, and bulk porosity values are relatively similar for both 
membranes. The PP2 membrane has a larger maximum surface pore size 
and lower minimum LEP value compared to the PP1 membrane. Both 
membranes have relatively low minimum LEP values. 

3.2.2. PP membrane baseline performance characterization 
The data in Fig. 5 show the performance of both PP membranes 

under baseline conditions (i.e., with 1 M NaCl feed solution). For both 
membranes, Cd/p and liquid flux (Figs. 5a and c) increase exponentially 
throughout operation, indicating increasing wetting mode. Because 

wetting occurs at baseline conditions, in the absence of surface-tension- 
lowering constituents and scaling, wetting is attributed to insufficient 
wetting resistance and increasing wetting is likely due to gradual wet
ting of smaller pores that are adjacent or connected to larger pores that 
wet under baseline conditions, as suggested by Gryta [61,62] for 
scaling-induced wetting. The slower increase in Cd/p and liquid flux for 
the PP1 membrane compared to the PP2 membrane is likely due to its 
smaller pore size. 

Because increasing wetting mode is observed under baseline condi
tions (unlike the PTFE membranes, for which increasing wetting mode 
was only observed for solution-chemistry-driven wetting) and because 
increasing wetting mode occurs for both PP membranes regardless of 
pore size, wetting mode is likely due to a material property of the PP 
membranes. If the PP membranes have greater pore interconnectivity (i. 
e., permeability in the direction parallel to the membrane surface [63]) 
compared to the PTFE membranes, then spreading of wetting liquid to 
adjacent pores would be expected. No matter the reason, the increasing 
wetting makes these PP membranes unsuitable for use in MD; however, 
they are useful for investigating the role of pore size in wetting resis
tance/vapor flux trade-offs. 

The greater vapor and liquid flux for the PP2 membrane compared to 
the PP1 membrane (Figs. 5b and c), demonstrates the wetting resistance/ 
permeability trade-off due to pore size, which was observed in our pre
vious publication (i.e., McGaughey et al. [29]). In this study, we demon
strate the trade-off for membranes with different pore sizes but similar 
contact angles, thicknesses, and bulk porosities. At 8 h of operation, liquid 
flux is much lower for the PP1 membrane than it is for the PP2 membrane 

Fig. 3. Relatively constant NaCl rejection for the a) QM050, b) QL822, and c) QM022 membranes; different trends in the rate of change of distillate/permeate 
conductivity versus time (i.e., ΔC′

d/p/Δt) for the d) QM050, e) QL822, and f) QM022 membranes. All membranes were operated under baseline conditions (i.e., with 
1 M NaCl feed solution). For each row, legends are shown in the right-hand graph (i.e., graphs c and f). 
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(Fig. 5c); the percent difference is approximately 200%. At the same time, 
the percent difference in vapor flux (Fig. 5b) for the PP1 membrane 
compared to the PP2 membrane is only 67%. Thus, pore size has a greater 
effect on liquid flux than on vapor flux. This is likely due to differences 
between the dependence of mass transfer resistance on pore size for vapor 
diffusion versus liquid flow through membrane pores. 

3.3. Electrospun membranes 

3.3.1. Electrospun membrane characterization 
To investigate a third membrane material, as well as to assess the role 

Fig. 4. Increasing wetting shown by increasing concentration of distillate/permeate (Cd/p) versus time for a) the QM022 membrane exposed to surfactant, and the b) 
QM022 and c) QM050 membranes exposed to high-salinity feed solution; relatively variable net flux and vapor flux for d) the QM022 membrane exposed to sur
factant, and the e) QM022 and f) QM050 membranes exposed to high-salinity feed solution; and increasing liquid flux for g) the QM022 membrane exposed to 
surfactant, and the h) QM022 and i) QM050 membranes exposed to high-salinity feed solution. For each row, legends are shown in the right-hand graph (i.e., graphs 
c, f, and i). 

Table 2 
Material characterization results for the commercial PP membranes. ± values 
(when given) represent standard deviation.  

Membrane PP1 PP2 

θ (◦)a  126 ± 2 124 ± 3 
Thickness (μm) 107 ± 3 107 ± 4 
Bulk porosity (%) 75 ± 3 81 ± 1 
Maximum surface pore size (μm) 1.4 ± 0.2 2.4 ± 0.5 
Minimum LEPth (kPa)a  9 6  

a Contact angles and minimum LEP values are shown for pure water at 25 ◦C. 
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of membrane thickness in wetting mode, three electrospun membranes 
(designated ES1, ES2, and ES3) were used. As mentioned in section 2.1, 
the membranes were spun in the same apparatus and under identical 
conditions but with different spinning durations to achieve different 
thicknesses with otherwise similar membrane properties. Material 
characterization results (Table 3) show that the three membranes have 
similar contact angles, surface porosities, and maximum surface pore 
sizes, but different thicknesses and measured LEPs. 

Because thickness is not included in classic LEP models (e.g., the 
Young-Laplace and Kim-Harriott models [17,18,28]), LEP was measured 
for each electrospun membrane (Table 3). Interestingly, measured LEP is 

greater for the ES2 compared to the ES1 membrane, but not for the ES3 
compared to the ES2 membrane. These results may support the LEP 
model developed by Chamani et al. [19], which predicts that initially, 
LEP increases linearly with membrane thickness but then LEP tapers off 
at greater thicknesses [19]. Chamani et al. [19] also find that greater 
membrane thickness results in lower liquid flux. Lower liquid flux may 
delay wetting detection and affect measured LEP, depending on the rate 
of increase of transmembrane pressure (as discussed in section 1.2). For 
all three electropsun membranes, transmembrane pressure was 
increased by less than 0.5 kPa/s; for the minimum detectable concen
tration change (0.05 mg/L), at a relatively low liquid flux of 0.01 
kg/m2h, 20 s would be required to detect solute passage. Therefore, 
delayed wetting detection could result in differences of ±10 kPa in 
measured LEP values. 

3.3.2. Electrospun membrane baseline performance characterization 
The data in Fig. 6 show performance results for the three electrospun 

membranes under baseline conditions. Cd/p and liquid flux increase 
exponentially for all membranes, indicating increasing wetting mode. 
Electrospun membranes are known to have a highly interconnected pore 
structure [64]; similar to the PP membranes, increasing wetting likely 
occurs due to progressive wetting of adjacent pores in the inter
connected pore structure. Wetting of the electrospun membranes at 
baseline conditions is likely due to the relatively large maximum surface 
pore sizes of the electrospun membranes (Table 3), which are similar to 

Fig. 5. a) Increasing wetting shown by increasing concentration of distillate/ 
permeate stream (Cd/p) versus time, b) relatively constant net flux and vapor 
flux, and c) increasing liquid flux for the commercial PP membranes at baseline 
conditions (i.e., with 1 M NaCl feed solution). 

Fig. 6. a) Increasing wetting shown by increasing concentration of distillate/ 
permeate stream (Cd/p) versus time; b) relatively constant net flux and vapor 
flux; and c) increasing liquid flux for the electrospun membranes at baseline 
conditions (i.e., with 1 M NaCl feed solution). 

Table 3 
Material characterization results for the three electrospun membranes. ± values 
(when given) represent standard deviation.  

Membrane ES1 ES2 ES3 

θ (◦)  138 ± 2 139 ± 2 138 ± 4 
Thickness (mm) 0.29 ± 0.03 0.60 ± 0.03 0.81 ± 0.10 
Surface porosity (%) 34 ± 7 41 ± 3 38 ± 2 
Maximum surface pore size (μm) 2.3 ± 0.6 2.6 ± 0.3 2.4 ± 0.3 
LEPm (kPa)**  57 88 80 

*Contact angles are shown for pure water at 25 ◦C. 
**Measured LEP values are shown for 1 M NaCl solution at 25 ◦C. 
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the QL822 PTFE membrane (Table 1) that also wetted under baseline 
conditions (Fig. 2b). However, the electrospun membranes have much 
higher liquid flux compared to the QL822 membrane and eventually wet 
in increasing wetting mode, rendering them unsuitable for use in MD. 
Still, these membranes are useful for investigating the role of thickness 
in wetting resistance/vapor flux trade-offs. 

The rate of change of Cd/p and liquid flux is slower for the thicker 
membranes (Figs. 6a and c). Both vapor and liquid flux decrease with 
increasing membrane thickness for all three membranes (Figs. 6b and c) 
– likely because thicker membranes have reduced permeability to vapor 
and liquid. At 2 h of operation, liquid flux is much lower for the ES2 and 
ES3 membranes compared to the ES1 membrane; the percent difference 
is approximately 200% in both cases (Fig. 6c). At the same time, the 
percent differences in vapor flux are only 92 and 121% for the ES2 and 
ES3 membranes compared to the ES1 membrane (Fig. 6b). At 20 h of 
operation, the percent difference in liquid flux is 146% for the ES3 
membrane compared to the ES2 membrane, but the percent difference in 
vapor flux is only 26%. Similar to pore size, thickness has a greater effect 
on liquid flux than on vapor flux. Again, this is likely due to differences 
between the dependence of mass transfer resistance on membrane 
thickness for vapor diffusion versus liquid flow through membrane 
pores. These results exemplify another wetting resistance/vapor flux 
trade-off in MD. 

4. Conclusions and implications 

In this study, we investigate detection and diagnosis of wetting in 
MD. While in situ wetting detection has long relied on measurement of 
distillate salinity, we observe that distillate salinity can increase due to 
an experimental artefact (“solute mixing”). Because solute mixing can 
obscure the onset of wetting, alternative methods for wetting detection 
are required. We propose and demonstrate a simple solute mass balance 
approach to characterize vapor flux and liquid flux in MD. As a wetting 
indicator, liquid flux enables diagnosis of wetting, quantification of 
wetting rates, and facile determination of solute flux. Direct comparison 
of liquid flux and vapor flux can indicate the relative number of wetted 
pores. 

We define two modes of wetting in MD: “constant wetting”, char
acterized by increasing Cd/p and constant liquid flux, and “increasing 
wetting”, characterized by increasing Cd/p and increasing liquid flux. 
Constant wetting mode indicates that a stable number of pores remain 
wetted throughout operation, while increasing wetting mode indicates 
that more pores wet over time. Notably, constant wetting may be 
tolerable without intervention. For recirculating systems, the product 
water will eventually reach a constant, terminal concentration Cd/p,∞ (i. 
e., the concentration of the mixed distillate and permeate). For example, 
for the QL822 membrane, assuming constant net flux and liquid flux, 
Cd/p,∞ is ~3.5 mg/L NaCl. If Cd/p,∞ is acceptable, constant wetting is 
tolerable and does not require intervention. When wetting is tolerable, a 
wetting resistance trade-off does not exist: greater liquid flux will simply 
result in slightly greater net flux. In contrast, increasing wetting is ex
pected to eventually result in wetting of all membrane pores with Cd/p 

eventually equaling the feed stream concentration. Thus, increasing 
wetting requires intervention. 

Increasing wetting mode is observed to occur regardless of differ
ences in membrane pore size and thickness - although a delay in wetting 
is observed for smaller pore sizes and greater thicknesses. Vapor flux and 
liquid flux both generally decrease with decreasing membrane pore size 
and increasing membrane thickness; however, smaller pore sizes and 
increased membrane thickness have a greater effect on liquid flux than 
on vapor flux. These effects result in wetting resistance/vapor flux trade- 
offs: increased wetting resistance due to smaller pore size or greater 
membrane thickness also results in reduced vapor flux. 

These results have implications for membrane design and system 
operation for conventional and challenging applications. Depending on 

whether water quality or water production is more important for a given 
application, reducing liquid flux may be desirable even at the cost of 
reduced vapor flux. Reducing pore size and/or increasing membrane 
thickness to achieve wetting resistance may reduce reliance on novel, 
higher-cost membrane materials and/or fabrication methods. For con
ventional applications, selection of a membrane material that maintains 
constant wetting mode is key to achieve reliable long-term performance. 
For challenging applications, modification of operating conditions or 
pretreatment may be necessary to prevent increasing wetting. 
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