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A B S T R A C T

Membrane distillation (MD) is a temperature-driven technology suitable for treating industrial wastewater, 
especially when utilizing low-grade heat sources like waste heat or renewable energy. Despite its potential, large- 
scale application of MD faces challenges due to high energy demands and operational instability caused by 
membrane fouling and wetting, particularly when surfactants are present. This study evaluated the thermal 
performance of a lab-pilot MD system using two commercial PTFE membranes. Initial experiments used saline 
feed solutions at varying feed and permeate temperatures. Subsequent tests introduced a non-ionic surfactant 
(Triton X-100), with and without NaCl, to investigate membrane fouling and wetting behavior. Results showed 
that higher feed temperatures increased permeate flux across all conditions, but also accelerated fouling and 
wetting, thereby shortening operational time. Notably, in the absence of NaCl, membrane degradation occurred 
more slowly, resulting in more stable performance. The novelty of this study lies in revealing the combined effect 
of salinity and non-ionic surfactants on the fouling and wetting performance of commercially available PTFE 
membranes in membrane distillation. Using a comprehensive two-stage experimental approach, the work sys
tematically correlates MD system performance with membrane degradation mechanisms under feed conditions 
representative of real industrial wastewater. This dual focus not only uncovers the interplay between surfactants 
and salts but also provides practically relevant insights into the reliability and applicability of PTFE membranes 
in industrial MD operations.

1. Introduction

As human activities including industrial processes continue to grow 
unsustainably, the adoption of novel technologies to treat industrial 
wastewater becomes crucial (Ramlow et al., 2019; Suárez et al., 2022). 
Membrane separation technology is a proper candidate for achieving 
this goal due to its low footprint and versatility (Yao et al., 2020a; Kalla, 
2021). Conventional pressure driven membrane technologies can have 
drawbacks such as needing to overcome osmotic pressure for saline 

wastewater, whereas membrane distillation (MD) technologies operate 
at much lower hydraulic pressures, and this makes it a desirable choice 
for treating challenging, saline wastewater (Powdered activated carbon 
PAC – vacuum-assisted air gap membrane distillation V-AGMD hybrid 
system to treat wastewater containing surfactants: Effect of operating 
conditions,; Yadav et al., 2021; Leaper et al., 2021).

The MD process is a versatile separation process based on the partial 
pressure difference of water vapor across a hydrophobic membrane 
(Chew et al., 2017a; Ali et al., 2024). The MD principle can be applied in 
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several different engineered configurations, which have been exten
sively reviewed by Francis et al (Francis et al., 2022). One of the most 
common configurations for MD systems is DCMD (direct contact mem
brane distillation). In this process a feed flow with a higher temperature 
is in contact with the permeate flow with a lower temperature through 
the membrane as a physical barrier (García et al., 2018; Bahmanyar 
et al., 2012). Due to the higher temperature of the feed solution, water 
evaporates and diffuses through the membrane pores and gets 
condensed on the permeate side of the membrane with lower tempera
ture (Alkhudhiri et al., 2012; Khayet, 2011; Pangarkar et al., 2016).The 
schematic of this process is represented in Fig. 1.

MD systems can usually be coupled with low-quality heat sources 
such as solar or waste heat which can be considered as the major 
advantage of using them (Ullah et al., 2018; Deshmukh et al., 2018; 
Afsari et al., 2022). However, MD has a limited implementation, mainly 
due to its higher energy demands compared to pressure-driven processes 
(Criscuoli and Carnevale, 2022; Rezaei et al., 2018). Additionally, it has 
lower thermal efficiency than multi-stage flash processes, hindering its 
industrial adoption (Zhang et al., 2015). Therefore, an analysis of MD’s 
energy efficiency, particularly in DCMD, can help identify its strengths 
and weaknesses to pave the way for development of this technology for 
large-scale and small-scale portable uses (Ullah et al., 2018).

Fouling and wetting of the membrane are still major challenges that 
are faced using these systems at large scale for a prolonged period of 
operation (Choudhury et al., 2019; Tijing et al., 2015). Membrane 
fouling occurs from the build-up of unwanted substances on the mem
brane surface and within its pores which will cause permeate flux to 
decline. Excessive membrane fouling can lead to membrane wetting 
such as surfactant-induced wetting. Once wetting happens, the feed 
solution will pass through the membrane pores, degrading the permeate 
quality (Chang et al., 2022). Feed composition that is highly dependent 
on different industries has the greatest impact on the wetting phenom
enon (Lu et al., 2019). One of the components that are present in the 
production process of many products such as paints, cosmetics, pesti
cides, plastics etc. are surfactants (Chew et al., 2019). In membrane 
technology, feed solutions containing surfactants will create a surfactant 
deposition on the membrane surface and can wet the hydrophobic 
membrane by decreasing both the membrane surface contact angle and 
feed surface tension which will severely compromise its separation ef
ficiency (Yao et al., 2020b; Tomczak and Gryta, 2021; Guo et al., 2023).

Several studies have been done to tackle the wetting and fouling 
problem caused by the presence of surfactants in the feed solutions. 
Chew et al. studied the wetting behavior of a Polyvinylidene fluoride 
(PVDF) membrane using four different types of surfactants individually 
(Chew et al., 2017b). The results showed that hydrophilic-lipophilic 
balance (HLB) and critical micelle concentration (CMC) are two main 
factors of surfactants that have direct impact on the membrane wetting 
phenomenon. Surfactants with lower HLB values are more hydrophobic, 
resulting in stronger hydrophobic interactions. These interactions are 
dictated by the HLB value of the surfactant (Chew et al., 2019). A higher 

HLB value indicates a more hydrophilic surfactant, which exhibits a 
higher affinity for the aqueous feed. When the surfactant concentration 
surpasses the CMC value, surfactant monomers aggregate more densely 
on the membrane surface from the hydrophobic head groups due to 
hydrophobic interactions, potentially causing membrane fouling. Once 
attached to the membrane surface, surfactants with larger hydrophilic 
head groups are more likely to attract the aqueous feed toward the 
membrane, leading to pore wetting (Chew et al., 2017b; Eykens et al., 
2017). Therefore, to compare the membrane behavior in the case of 
wetting, surfactant characteristics such as HLB play a key role (Chew 
et al., 2017b).

Although the use of composite membranes for MD processes in 
bench-scale laboratory tests has been quite effective regarding the 
reduction of fouling in membranes, they are not yet suitable for com
mercial production due to the absence of large-scale fabrication methods 
(Feng et al., 2023). Therefore, Feng et al., investigated the impact of 
pretreating MD hydrophobic membranes using a surfactant solution in 
the feed under controlled conditions to improve the fouling resistance of 
the membrane. They showed that by pretreating the MD membranes 
with surfactants a hydration layer forms on the surface of the membrane 
which protects membranes from fouling (Feng et al., 2023).

Another study investigating the impact of adding diverse types of 
surfactants on DCMD performance revealed that the use of nonionic 
surfactants caused the greatest decline in permeate flux. The rate of 
decline increased with higher surfactant concentrations and feed tem
peratures but decreased with higher salt concentrations in the feed 
stream. This implies that feed temperature and salt concentration are 
crucial variables when examining the permeate flux in the presence of 
surfactants (Wen et al., 2018). Lou et al. studied the influence of varied 
cations on membrane wetting and they showed that the 
surfactant-induced membrane wetting was closely linked with the 
presence of coexisting cations. Based on the results obtained from this 
study, the addition of K+ and Ca2+ notably accelerated membrane 
wetting compared to Na+, Mg2+ and Al3+. Also, the combination of Ca2+

and low feed temperature successfully relieved the membrane wetting 
(Lou et al., 2022).

In this study, we did a comprehensive investigation to scrutinize the 
behavior of the commercial Polytetrafluoroethylene (PTFE) membranes 
in DCMD systems in terms of thermal analysis evaluation and the 
membrane’s fouling/wetting behavior. At first, regarding the thermal 
analysis evaluation, a saline feed solution was prepared and the thermal 
behavior of the MD system in a range of different feed and permeate 
temperatures was studied using parameters such as specific energy 
consumption (SEC) and gained output ratio (GOR). Then, in the second 
phase of experiments, feed solutions containing three different concen
trations of Triton X-100, a non-ionic surfactant, were prepared to 
investigate the fouling/wetting behavior of PTFE commercial mem
branes in the MD process as a function of inlet feed and permeate tem
peratures. Although testing additional surfactant types (anionic and 
cationic) could further broaden the scope of the findings, only Triton X- 
100 was tested to reduce complexity and enable a systematic investi
gation of the coupled effects of salinity and surfactants on PTFE mem
branes. Finally, to simulate realistic industrial wastewater conditions, a 
saline feed solution containing the surfactant was used to evaluate 
membrane performance and examine the impact of the combined 
presence of salinity and surfactants. Later, to confirm the wetting and 
fouling characteristics in the membranes, morphological analyses such 
as scanning electron microscopy (SEM) equipped with energy-dispersive 
X-ray spectroscopy (EDX) were conducted. The objectives of this study 
were: (1) to assess the thermal performance of the MD system with a 
saline feed solution under varying feed and permeate temperatures; (2) 
to examine membrane flux performance using a feed solution containing 
surfactants at different feed and permeate temperatures, and (3) to 
explore the co-existing impacts of NaCl with surfactants in the feed so
lution on the membrane performance.

Fig. 1. General schematic of the DCMD process.
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2. Materials and methods

2.1. Membranes and chemicals

The membranes used for the MD experiments, M-T and M-P, were 
both PTFE membranes with PET and PP support layer purchased from 
Memsift Innovation Pte Ltd. The characteristics of each membrane are 
presented in Table 1.

Sodium chloride (NaCl, 99.4 %) was used for preparing saline feed 
solutions and Triton X-100 as a nonionic surfactant was purchased from 
Sigma-Aldrich for preparing feed solutions containing surfactant. The 
properties of the surfactant used in this study are presented in Table 2.

2.2. Lab-pilot DCMD experiment

MD experimental procedures were performed using the lab-pilot 
membrane distillation system purchased from Memsift Innovation Pte 
Ltd that can function in four different configurations, DCMD, vacuum 
MD (VMD), air gap MD (AGMD) and sweeping gas MD (SGMD). In this 
study only the DCMD configuration has been used. The overall sche
matic flowchart of the system is shown in Fig. 2.

The lab-pilot setup consisted of three main tanks, a feed tank, a 
permeate tank and a product tank shown in Fig. 3(a). The feed tank and 
permeate tanks were connected to the heat exchanger HE-1 and a chiller 
respectively (Fig. 3(a)(b)). Heat exchangers and the chiller could be 
controlled automatically and, with the electronic control panel placed 
on the front side of the unit, the temperatures of the feed and permeate 
solutions adjusted. The MD unit had two pressure gauges, two flow 
meters, two conductivity meters and eight temperature sensors. Feed 
and permeate conductivity and flow on these streams were constantly 
monitored using two small screens on the front side of the unit.

The membrane module shown in Fig. 3(b) is a flat sheet membrane 
module consisting of two different channels each with a height of 5 mm. 
The module was divided by an active membrane area of 450 cm2 and 
was cut into 30*15 cm2 dimensions to fit the designated area of the 
membrane module. For each experiment a new membrane was used. 
The feed and permeate streams were in counter-current mode for all the 
experiments to better maintain the temperature difference between 

Table 1 
Characteristics of the membranes used in the MD experiments.

Item M-P M-T

Membrane material PTFE PTFE
Support layer PP PET
Average pore size (µm) 0.2 0.22
Average thickness (µm) 200 150
Air permeability at 0.13kPa (L m-2 s-1) 3–5 3–5
Contact angle (deg) 136 ± 4 130 ± 4
Liquid entry pressure or water LEPw (kPa) > 350 > 300
Max-continuous operating temperature (ºC) 80 ± 1 80 ± 1

Table 2 
Surfactant used in this study (Merck et al.).

Surfactant (molecular weight) Type CMC (mM) HLB Chemical structure

Triton X− 100 
(626 g/mol)

Nonionic 0.22–0.24 13.5

Fig. 2. The schematic diagram of the lab-pilot scale MD system.
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them. The flowrates of feed and permeate sides were set to 5 L min− 1 for 
all the experiments.

2.3. Experimental procedure

To determine the inlet feed and permeate temperatures for assessing 
the membrane flux and thermal performance, a temperature range of 50 
ºC to 70 ºC for the feed, and 20 ºC to 40 ºC for the permeate were deemed 
suitable, and final experimental temperatures were selected resembling 
closely a uniform shell experimental design (Fig. 4). Thus, experiments 
were performed with three different inlet feed temperatures of 50, 60 
and 70 ºC, and five different inlet permeate temperatures of 20, 25, 30, 
35 and 40 ºC.

For each experiment 13 liters of 3 wt% NaCl feed solution was pre
pared, and membrane flux, salt rejection and thermal performance in
dicators were measured during 7 h of experiment. The addition of 1 wt% 
NaCl solution will reduce the CMC value of Triton X-100 by approxi
mately 50 % (Akhlaghi and Riahi, 2019). By increasing the salinity, the 
CMC value will decrease correspondingly. On the other hand, the CMC 
of the nonionic surfactants decreases with increasing temperature and 
then slowly increases at higher temperatures (Shadloo et al., 2022). 
Therefore, there are two factors impacting the characteristics of feed 
simultaneously during the experiments as the separation process con
tinues. The initial concentration of NaCl in the feed solution was 
considered 3 wt% to avoid further complications since the principal 
variant in this study was inlet feed and permeate temperature.

For the next series of experiments the impact of adding different 
concentrations of surfactants to the feed solution at different inlet feed 
temperatures was studied. Thus, for each test 13 liters of feed solution 
containing 25, 50 and 75 mg L− 1 (< CMC value) surfactant was pre
pared to study the fouling and wetting phenomena in each membrane. 
Each experiment was performed in the presence and absence of salt to 
study the impact of salt in the feed solution on membrane flux perfor
mance. For these experiments three different temperatures of 25 and 70 
ºC, 30 and 60 ºC and 25 and 50 ºC were selected for the permeate and 
feed temperatures, respectively. It should be noted that experiments 
were conducted without replicates; nevertheless, the results showed 
consistent trends, supporting the reliability of the conclusions.

To investigate the morphologies and elemental compositions of 
pristine and used membranes, Field Emission Scanning Electron Mi
croscopy (FE-SEM) coupled with Energy-Dispersive X-ray spectroscopy 
(EDX), was used to check the presence of surfactants and NaCl on the 
surface of the membranes used. For preparation of the samples for 
analyzing the surface morphologies, first all the samples were cleaned 
by water and then they were mounted on a stub with a carbon adhesive 
tape and coated with an evaporator coater (EMITECH K950 turbo, 
Germany), and then examined by FE-SEM (TESCAN Clara 2. Czech Re
public). Also, for the preparation procedure of the samples for cross- 
section SEM imaging, the samples were cut and embedded in cross- 
section in epoxy resin AXSON RSF816. Then, they were metallograph
ically polished using abrasive paper (P80, P150, P240, P400, P800, 
P1200, and P2000), followed by a final polish using synthetic cloths and 
alumina of 9.5, 3, and 1 micron. They were mounted on stubs and coated 
with carbon (EMITECH K950 turbo evaporator, Germany). Finally, they 
were examined by scanning electron microscope.

2.4. Performance parameters evaluated in this study

The treated water from the membrane process was collected as an 
overflow of the permeate tank in the product tank and is called permeate 
flux. The permeate flux was calculated using Eq. (1): 

J =
V

AΔt
(1) 

where J is the permeate flux (L m− 2 h− 1), V is the volume of the treated 
water collected from the product tank (L), A is the effective membrane 
area (m2), which was 0.045 m2, and Δt was the time difference (h).

The membrane rejection rate (R) was calculated using Eq. (2): 

Fig. 3. (a) Front side of the MD unit, (b) Back side of the MD unit.

Fig. 4. The selected inlet feed and permeate temperatures for all the experi
ments in this study.
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R % =
Cf − Cp

Cf
× 100 (2) 

where Cf in the initial conductivity (µS cm− 1) of the feed and Cp is the 
conductivity of the permeate.

GOR is a fundamental performance indicator that is defined as the 
ratio of the required energy for feed evaporation to the total energy 
input to the system, and is expressed in the following Eq. (3) (Criscuoli 
and Carnevale, 2022): 

GOR =
JAΔH

Ein
(3) 

where J is the permeate flux (kg m− 2 h− 1), ΔH is the enthalpy of 
vaporization of water (kJ kg− 1) and Ein is the total thermal energy 
supplied to the system (kW).

The specific energy consumption (SEC) is a principal factor for 
evaluating the thermal performance of MD system, and it describes the 
total thermal energy supplied to the system to produce a unit mass of the 
product that can be calculated as below (Elmarghany et al., 2019): 

SEC
(

kWh
m3

)

= (
Qρ
JA

)

/

3600 (4) 

where ρ is the water density (kg m− 3), and Q is the total heat flux 
through the membrane (kW), calculated by using Eq. (5). 

Q = mf CP ( Tf ,in − Tf ,out) (5) 

where mf is the feed mass flow rate (kg s− 1), Cp in this equation is the 
feed water specific heat capacity (kJ kg− 1 ºC− 1), Tf,in and Tf,out are the 
inlet and outlet feed water temperatures, respectively (ºC).

3. Results and discussion

3.1. Membrane flux and thermal performance during DCMD process

To study the impact of inlet feed and permeate temperature on the 
permeate flux, a set of MD experiments was conducted to measure the 
permeate flux at different feed and permeate temperatures for both M-T 
and M-P membranes. All the MD experiments were conducted using feed 
solutions containing 3 % NaCl, lasting for 7 h, with the feed and 
permeate flow rate maintained at 5 L min− 1. The results of this experi
ment are shown in Fig. 5. In all cases, by increasing the inlet feed tem
perature the permeate flux increased. For instance, for the M-T 
membrane the permeate flux was 6.03 and 7.30 L m− 2 h− 1 when the 
inlet feed temperature was 50 ºC and the permeate temperature was 35 
and 25 ºC, respectively. However, when the inlet feed temperature rose 
to 70 ºC, the permeate flux tripled to 17.33 and 20.15 L m− 2 h− 1 for 
permeate temperatures of 35 and 25 ºC, respectively. So not only does 
the higher inlet feed temperature increase the permeate flux, but also the 
greater difference between feed and permeate temperatures leads to a 
higher permeate flux. The same behavior was observed for the M-P 
membrane. The permeate flux rose from 8.73 L m− 2 h− 1 to 21.75 L m− 2 

h− 1 for inlet feed temperatures of 50 ºC and 70 ºC, respectively.
The overall system energy efficiency is measured as GOR using Eq. 3, 

and the results are presented in Fig. 6(a). In general, a higher GOR value 
signifies reduced thermal energy consumption for each unit of distillate 
produced. Although capital costs can be substantial (Swaminathan et al., 
2016a), thermal energy accounts for the largest portion of water pro
duction costs in MD systems. Therefore, MD companies have concen
trated on applications leveraging waste heat energy available from 
power plants and other sources (Swaminathan et al., 2016b). GOR, 
which is proportional to MD thermal efficiency, together with mem
brane flux are usually used to assess the performance of MD systems 
(Swaminathan et al., 2018). As shown in Fig. 6(a), GOR increased for 
both M-T and M-P membranes by increasing the inlet feed temperature. 
Moreover, for each inlet feed temperature, by increasing the difference 
between feed and permeate temperatures, GOR was escalated. With 
limited heat loss to the environment, increasing the feed temperature 
can enhance GOR as well as thermal efficiency.

The effects of different feed and permeate temperatures on specific 
energy consumption (SEC) were calculated using Eq. 4 and the results 
are presented in Fig. 6(b). Detailed data about average feed inlet and 
outlet temperatures used to calculate SEC for each experiment are pre
sented in Tables S1 and S2. As indicated, increasing the inlet feed 
temperature led to a reduction in SEC for both M-T and M-P membranes. 
For the M-T membrane the SEC dropped from 3302 kWh m− 3 for the 
lowest feed temperature (50 ºC) and smallest temperature difference of 
15 ºC between feed and permeate, to 1887 kWh m− 3 for the highest feed 
temperature of 70 ºC and highest temperature difference of 45 ºC be
tween feed and permeate. The same behavior was observed by the M-P 

Fig. 5. Permeate flux as a function of feed and permeate temperature.

Fig. 6. GOR and SEC values as a function of feed and permeate temperatures.
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membrane and the SEC value decreased from 2697 kWh m− 3 to 1751 
kWh m− 3 for the lowest feed temperature of 50 ºC and smallest tem
perature difference of 15 ºC between feed and permeate, and the highest 
feed temperature of 70 ºC and greatest temperature difference of 45 ºC 
between feed and permeate, respectively. The results show that 
increasing the feed temperature and maintaining the highest tempera
ture difference between feed and permeate can lead to a reduction of 
total energy consumption of about 35 % which can be cost effective. It is 

important to note that all these SEC values apply to a single-stage 
operation; employing a multi-stage system can significantly enhance 
thermal performance efficiency. In fact, MD processes reported in the 
literature exhibit significantly higher energy consumption than other 
separation technologies. In terms of energy requirements, reverse 
osmosis (RO) typically consumes 1–7 kWh m-³ , multi-stage flash (MSF) 
distillation 70–84 kWh m-³ , multi-effect distillation (MED) 42–67 kWh 
m-³ , and mechanical vapor compression (MVC) 6.5–12 kWh m-³ . In 
comparison, the energy consumption of MD is considerably higher than 
these conventional desalination methods. Therefore, it is crucial for MD 
to target both high water flux and efficient heat recovery (Miladi et al., 
2019).

Permeate flux and thermal characteristics of the M-T and M-P 
membranes are summarized in Tables S3 and S4.

3.2. The fouling/wetting behavior of membranes during DCMD process

To assess the integrity of the M-T membrane, an initial test was 
carried out using 3 wt% NaCl aqueous feed solution for 20 h with feed 
and permeate temperatures of 70 and 25 ºC, respectively. As illustrated 
in Fig. 7 during 20 h of experiment the permeate flux of M-T membrane 
stabilized at around 16.5 L m− 2 h− 1, with the conductivity decreasing 
slightly from 6.5 to 4 μS cm− 1, showing that no wetting was observed in 
the M-T membrane when only NaCl solution was used as feed solution, 

Fig. 7. Integrity test for M-T membrane with 3 wt% NaCl feed solution (feed 
and permeate temperatures of 70 and 25 ºC respectively).

Fig. 8. The effect of inlet feed and permeate temperatures on the DCMD performance using M-T membrane with feed solution containing 3 wt% NaCl and (a) 
25 mg L− 1 surfactant, (b) 50 mg L− 1 surfactant, (c) 75 mg L− 1 surfactant at feed temperatures at 70, 60 and 50 ºC and permeate temperatures at 25, 30 and 25 ºC 
respectively.
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and the salt rejection was maintained > 99.99 % throughout the whole 
process.

Fig. 8 represents the effect of inlet feed temperature on the DCMD 
performance using the M-T membrane with a feed solution containing 
3 wt% NaCl and three different concentrations of surfactant. As 
demonstrated, an increase in feed temperature from 50 ºC to 70 ºC 

almost for all the cases resulted in a higher initial flux which is due to the 
higher water partial pressure and lower viscosity of the solution in the 
feed (Elcik et al., 2020). However, the higher the feed temperature, the 
sharper the decline in permeate flux which results in a shorter overall 
period of operation (Wen et al., 2018). With a 75 mg L− 1 concentration 
of surfactant and a feed temperature of 50 ºC, the DCMD performance 

Fig. 9. The effect of inlet feed temperature on M-T membrane’s rejection with feed solution containing 3 wt% NaCl and (a) 25 mg L− 1 surfactant, (b) 50 mg L− 1 

surfactant, (c) 75 mg L− 1 surfactant.

Fig. 10. The effect of inlet feed and permeate temperatures on the DCMD performance using M-T membrane with feed solution containing (a) 25 mg L− 1 surfactant 
(b) 50 mg L− 1 surfactant (c) 75 mg L− 1 surfactant at feed temperatures at 70, 60 and 50 ºC and permeate temperatures at 25, 30 and 25 ºC respectively.
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regarding the permeate flux was quite stable, and no drastic change was 
noticed for permeate conductivity. In this case the whole operation 
lasted for ten hours until the flux dropped to zero which showed po
tential fouling in the membrane. By increasing the feed temperature to 
60 ºC, the permeate flux dropped to zero after only five hours of 
experiment, which was due to the fouling in the membrane. Also, in this 
case an increase in permeate conductivity was observed which can 
represent the potential wetting phenomenon in the membrane, but since 
the contaminant rejection was mostly maintained at more than 99 % 
during the whole operation (shown in Fig. 9(c)), the impact of potential 
wetting on the membrane can be deemed negligible. Changing the feed 
inlet temperature to 70 ºC caused a sudden increase in the permeate 
conductivity and a decline in rejection from 99.9 % to 98 % in the early 
hours of experiments which indicates the wetting phenomenon had 
already happened in the membrane.

By decreasing the concentration of the surfactant from 75 mg L− 1 to 
50 mg L− 1 when the feed temperature was 50 ºC, the membrane was 
completely fouled after almost nine hours of experiment. When the inlet 
feed temperature increased from 50 ºC to 60 ºC, the operation continued 
for more than twelve hours, and a sharp increase in conductivity was 
observed, so there might have been some wetting in the membrane, 
however, the overall rejection was maintained at more than 99 %. When 
the inlet feed temperature was 70 ºC, the same operation could only last 
four hours before complete fouling happened.

When the concentration of surfactant in the feed solution was 
reduced to 25 mg L− 1, with the inlet feed temperature at 70 ºC, the 
operations stopped due to the potential fouling in the membrane after 
around eleven hours of experiment. But when the inlet feed temperature 
decreased to 60 ºC and 50 ºC the separation process continued for more 
than twenty-five hours with an almost constant amount of permeate 
flux, however, in the final hours of the experiment a great rise in the 
permeate conductivity was observed which caused the salt rejection to 
drop from 99.98 % to 99 % (Fig. 9(a)). This increase in the permeate 
conductivity can be attributed to the potential wetting phenomenon in 
some parts of the membrane. It is worth noting that all the changes in the 
rejection values shown in Fig. 9 are represented on a log-scale basis for 
better visualization of data.

The same experiments were done without salt in the feed solution, 
and the results are shown in Fig. 10. With a 75 mg L− 1 concentration of 
surfactant and feed temperature of 50 ºC, the permeate flux was stable 
for more than 10 h and a low conductivity of less than 5 µS cm− 1 was 
maintained during the process. The same behavior was seen when the 
inlet temperature was increased to 60 ºC with the stable conductivity 
around 5 µS cm− 1 and permeate flux of 10 L m− 2 h− 1. However, by 
increasing the feed temperature to 70 ºC, the permeate conductivity 
increased more than 3 times, and in the case of permeate flux, after some 
fluctuations, it dropped to zero after 7 h of operation which shows 
complete fouling. With the same feed temperature (70 ºC) and 
decreasing the surfactant concentration to 50 and 25 mg L− 1, the overall 
operation time before complete fouling or wetting increased to more 
than 9 and 11 h, respectively. To elaborate, when the surfactant con
centration was 50 mg L− 1 after 6 h of operation the permeate conduc
tivity had a drastic rise from 3 to 50 µS cm− 1 and then 100 µS cm− 1 

which signified the potential wetting in some parts of the membrane, but 
the operation continued to more than 9 h without complete fouling. 
With the lower concentration of surfactant (25 mg L− 1), the operation 
continued for more than 11 h without witnessing any drastic change in 
permeate conductivity.

Based on all the results presented in Figs. 8 and 10, the DCMD system 
performed more stably regarding permeate flux and conductivity in the 
absence of NaCl in the feed solution, and it can be seen especially by 
increasing the feed temperature. At 70 ºC when the surfactant concen
tration was 50 and 75 mg L− 1, the operation lasted only 4 h with NaCl in 
the feed solution, however, without NaCl it continued for more than 7 h 
without complete fouling. It can be concluded that a feed solution solely 
containing surfactant does not lead to severe wetting. But the intro
duction of NaCl to the feed solution disrupted the stable wetting con
dition, leading to an unexpected shift in wetting behavior, which is due 
to the coexisting impact of salt by lowering the CMC and accelerating the 
wetting (Lou et al., 2022; Tan et al., 2019). In other words, the presence 
of NaCl in the solution lowers the repulsive action between the charged 
head groups of the surfactant molecules which will facilitate micelliza
tion at lower concentrations of surfactant (Miyagishi et al., 2001). As a 
result, the generated micelles can accumulate on the membrane surface 

Fig. 11. The effect of the different concentrations of surfactants on the DCMD performance using M-P membrane with feed and permeate temperature of 60 and 30 
ºC respectively with 3 wt% NaCl (a), and without NaCl (b).
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through interactions of their hydrophobic tails, while their hydrophilic 
head groups attract water from the feed side, thereby promoting pore 
wetting.

Fig. 11 shows the impact of adding different concentrations of sur
factant to the feed solution at feed and permeate temperatures of 60 and 
30 ºC respectively with and without NaCl for the M-P membrane. In all 
the experiments performed with NaCl, wetting occurred sooner in 
comparison to the experiments without NaCl. When the feed surfactant 
concentration was 25 mg L− 1 with NaCl, the increasing trend of 
permeate conductivity initiated immediately after starting the MD 
process and it reached almost 1000 µS cm− 1 after 6 h of operation. 
However, without NaCl in the feed solution for the same concentration 
of surfactant, the permeate conductivity was almost stable throughout 
the operation with the permeate flux being around 25 L m− 2 h− 1. By 
increasing the surfactant concentration to 75 mg L− 1 with NaCl, the MD 
process was halted due to the complete fouling and potentially the 
wetting of the membrane, since not only the permeate flux dropped to 
zero, but also the permeate conductivity rose dramatically up to almost 

900 µS cm− 1. Without NaCl for the same surfactant concentration, the 
fouling and wetting phenomena were happening gradually after 9 h of 
experimentation. The results show the deteriorating impact of salinity in 
terms of membrane fouling and wetting in the presence of surfactants in 
the MD systems. The same results were observed for the M-T membrane.

By evaluating thermal parameters of the membrane and combining 
them with the permeate flux analyses, it can be concluded that from an 
operational perspective, optimum conditions for industrial application 
are not necessarily those that maximize a single parameter but rather 
those that balance high flux with acceptable SEC and sufficient GOR. For 
example, operating within a moderate feed temperature range (e.g., 
55–60 ◦C in this study) and maintaining a 20–30 ◦C feed–permeate 
temperature difference appears to provide a practical compromise, 
yielding both reasonable flux and improved thermal efficiency without 
excessive energy penalties. This integrated view can serve as a more 
direct basis for selecting operating parameters and guiding design 
optimization of industrial MD systems.

Fig. 12. Membrane surface morphology before and after DCMD process. (a) Pristine M-T, (b) Pristine M-P, (c) Used M-T membrane exposed to a feed solution 
containing 50 mg L− 1 surfactant, (d) Used M-P membrane exposed to a feed solution containing 50 mg L− 1 surfactant (e) Used M-T membrane exposed to a feed 
solution containing 50 mg L− 1 surfactant and 3 % NaCl, (f) Used M-P membrane exposed to a feed solution containing 50 mg L− 1 surfactant and 3 % NaCl. (feed and 
permeate temperatures of 60 and 30 ºC respectively for all cases).
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3.3. EDX mapping and SEM imaging

Surface morphologies of the pristine and used M-T and M-P mem
branes are shown in Fig. 12. For both used membranes the inlet feed and 
permeate temperatures were fixed at 60 and 30 ºC respectively, and the 
concentration of the surfactant was 50 mg L− 1. It can be seen in Fig. 12
that both pristine membranes have a uniform distinct porous surface, 
while in the presence of surfactant in the feed solution the surface 
morphology of the membranes seems denser compared to the pristine 
ones. Surfactant adsorption on hydrophobic surfaces is described as non- 
cooperative in the literature, meaning micelles are not created, and since 
Triton X-100 is a non-ionic surfactant, the adsorption is mostly based on 
hydrophobic interactions. Hence, single surfactant molecules form a 
monolayer on the surface of the membrane (Kronberg et al., 2014). For 
this reason, surface morphologies of the membrane exposed to a feed 
containing surfactant seem denser and more compact compared to those 
without exposure to the surfactant.

Moreover, in case of the presence of NaCl in the feed solution, fine 
salt crystals of NaCl exhibit their distinctive cubic structure with sig
nificant clarity in the SEM images of the membrane surface. In fact, 
when the feed solution containing NaCl with higher temperatures is in 
contact with the membrane surface, due to the low temperature of the 
permeate on the other side of the membrane, the NaCl in the feed so
lution gets crystalized and precipitates on the surface of the membrane. 
To confirm the presence of existing elements on the surface of the 
membranes, EDX imaging was coupled with the SEM imaging, and the 
results are presented in Fig. 13. As expected, the results indicated that on 
the surface of both types of membranes (M-T and M-P), there is an 
amount of NaCl deposition which can lead to a potential fouling of the 
membrane.

Detailed compositions of the elements on the membrane surface used 
are presented in Table 3.

Moreover, cross-sectional SEM images of pristine and used M-T 
membranes employed for a feed solution containing 75 mg L− 1 surfac
tant and 3 % NaCl at feed and permeate temperatures of 60 and 30 ºC are 
shown in Fig. S1 to enable the active selective layer in contact with the 
feed solution to be seen.

4. Conclusion

The performance of a lab-pilot membrane distillation system 
regarding its thermal behavior and permeate flux was studied in this 
research. A solution of 3 % NaCl was prepared as the feed solution and 
after 7 h of experiment with a range of varied feed and permeate tem
peratures, the thermal behavior of the MD system was assessed using 
parameters such as GOR and SEC. The results showed that in the case of 
limited heat loss to the ambient, increasing feed temperatures (above 
55–60 ºC) along with increasing the differences between feed and 
permeate temperatures (typically 30–40 ºC) will lead to enhanced 
gained output ratio (GOR) and lower specific energy consumption 
(SEC). These operating conditions therefore improved thermal effi
ciency and lowered the associated energy costs.

In the second phase, experiments with surfactant-containing feed 
solutions revealed important operational trade-offs. While higher feed 
temperatures (>60 ◦C) increased permeate flux, they also accelerated 
fouling and wetting, leading to premature termination of operation. At 
more moderate feed temperatures (below 55 ◦C), the MD process proved 
more stable, even with surfactant contamination, reducing the risk of 
fouling and maintaining flux for longer durations. Furthermore, the 
presence of NaCl consistently exacerbated permeate flux decline due to 
interactions with organic contaminants.

Although the experimental runs were limited to 25 h, the findings 
provide clear guidance for MD research and practice: (i) operate at 
moderate feed temperatures to balance flux and stability, (ii) maintain 
sufficient feed–permeate temperature difference to optimize energy ef
ficiency, and (iii) consider strategies such as pretreatment to mitigate 
the combined effects of salts and surfactants. These insights, while based 
on lab-scale tests, can support the design of more energy-efficient and 
fouling-resistant operating strategies in industrial-scale MD systems.
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