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A B S T R A C T   

There has been an argument on the influence of membrane hydrophilicity on permeability between experimental 
and simulation works. Theoretical work finds that the membranes have a characteristic called a threshold 
pressure drop (ΔPT). Strongly hydrophobic membranes exhibit extremely high ΔPT, making membranes less 
wettable and consequently less permeable. In order to experimentally investigate the influence of wetting states 
of membranes, determined by membrane hydrophilicity, on permeability, we prepared a series of membranes 
with progressively changing hydrophilicities by atomic layer deposition (ALD) of TiO2 on polytetrafluoro-
ethylene membranes while keeping the pore size unchanged. In addition, adding ethanol into the water and 
raising the operating pressure drops are also selected to improve the wetting degrees. The experimental results 
verify the presence of ΔPT for all membranes and the hydrophobic membranes having higher ΔPT. Since the 
hydrophilic membranes have better wetting degrees but higher transport resistance, there should be an opti-
mized hydrophilicity, which is found to be determined by the feed solution and the operating ΔP. The optimized 
hydrophilic modification is the one when the membrane can be just adequately wetted by the feed solution at the 
target operating pressure drops. Highest water permeability is expected to be obtained at a moderate hydro-
philicity, neither at the extreme hydrophilicity nor at the extreme hydrophobicity.   

1. Introduction 

Membrane separation plays a vital role in providing drinking water 
for daily life and industrial applications [1]. Since the efficiency of the 
membrane process is dictated by the permeability of membrane mate-
rials, how to improve the permeability of membrane materials has 
drawn extensive attentions. A large number of studies have shown that 
membrane flux is closely related to the hydrophilicity of the membrane 
[2–4]. Generally, experimental studies have suggested that stronger 
hydrophilicity results in higher water flux [5–7]. However, molecular 
dynamics (MD) simulations show that hydrophobic pores are more 
conducive to the flux improvement, which is contrary to experimental 
results [8–12]. 

Very recently, we reveal the root cause for this controversy [13]. 
Hydrophobic membranes can be easily wetted in MD simulations, but 
are hardly wetted in experimental conditions because of the extreme 
difference in operating pressure drops (ΔPs). A hydrophobic membrane 
exhibits a high threshold pressure drops (ΔPT). Only when the operating 
ΔP exceeds ΔPT, the membrane can be wetted and thus produce water 

permeance. The ΔPT of a hydrophobic membrane is often in the scale of 
several hundred megapascals, which cannot be achieved in experi-
mental conditions. Typically, organic membranes, used in water treat-
ment, have a certain degree of hydrophobicity [14–16] as a fully 
hydrophilic membrane material has poor stability in an aqueous envi-
ronment and cannot achieve the purpose of long-term use. Therefore, 
wetting of organic membranes has become a ubiquitous issue in the 
applications of water treatment [17–19]. That is the reason why a huge 
number of studies are focused on the hydrophilic modification of 
organic membranes [20–22]. 

In order to verify these findings, we plan to select a series of mem-
branes with progressively changing hydrophilic properties and study 
their permeability under different ΔPs. However, it is extremely chal-
lenging to design a series of membranes that differ only in hydrophilicity 
while maintaining other parameters such as pore size, porosity, and 
membrane thickness unchanged. Usual modification methods include 
additive blending [23], adsorbed coatings [24], chemically induced 
grafting [25], etc. Although these methods have improved the mem-
brane hydrophilicity to a certain degree, they cannot keep unchanged 
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other parameters of membranes that may influence the permeability. 
Fortunately, the development of atomic layer deposition (ALD) on 

modifying membranes provides a very possible way to satisfy the above 
requirement. ALD is a technique in which gas phase precursors are 
alternately pulsed into a reactor and chemically adsorbed and then react 
on a substrate to form a conformal deposition layer [26–28]. As ALD has 
the characteristics of low reaction temperature [29,30], precise and 
controllable deposition thickness [31,32], good shape retention and 
uniformity of the substrate [33], it has recently been applied in the 
modification and functionalization of membrane [34–36] and remark-
ably enhanced surface hydrophilicity has been achieved on a number of 
initially hydrophobic membranes by ALD of metal oxides [37,38]. 
Therefore, we expect that ALD is a desirable way to realize the goal of 
tuning the membrane hydrophilicity without changing other membrane 
characteristics, which is crucial for this work to separately verify the 
influence of hydrophilicity on membrane permeance. By adjusting the 
number of ALD cycles, the membrane surface and pores can be covered 
with hydrophilic metal oxides to different degrees, thereby achieving 
the purpose of progressively adjusting the membrane hydrophilicity. 

In addition, we select another strategy of changing the wetting sates 
of membranes, that is, adjusting the composition of the liquid to be 
penetrate through the membrane [39,40]. For a hydrophobic mem-
brane, it is difficult to be wetted by pure water. However, adding a polar 
solvent such as ethanol into water will greatly improve the wetting. 
Therefore, proper adjusting the composition of the liquid can investigate 
the influence of solution wettability on the permeability in a more 
convenient way. 

In this work, we use ALD to deposit TiO2 on the highly hydrophobic 
polytetrafluoroethylene (PTFE) membrane. As the number of deposition 
cycles increases, the hydrophilicity of the membrane gradually in-
creases. The dependence of wetting degrees on the membrane hydro-
philicity are investigated by measuring the contact angles. Moreover, we 
choose another strategy of tuning the wetting degrees of membranes, 
that is adding a polar solvent into water, which is ethanol in this work. 
By adjusting the ethanol concentration (EC) of ethanol/water solution, 
the wetting degrees of membranes will be tuned as expected. The 
interference of these two strategies of adjusting membrane wetting de-
grees is also investigated in details. Moreover, theoretical work [13] 
indicates that raising ΔPs will also improve the wetting degree of 
membranes. The dependence of wetting degrees on the operating ΔPs is 
focused on as well. The findings in this work verify the presence of ΔPT 
in hydrophobic membrane as predicted by previous theoretical work 
[13], and reveal that there is an optimized point for these three methods 
of adjusting wetting degrees, at which the highest permeance is expected 
to be observed. 

2. Experimental section 

2.1. Materials 

PTFE microfiltration membranes with the pore size of 220 nm were 
purchased from Sartorius Stedim Biotech Co. Ltd. The diameter of 
membrane plates is 25 mm. Titanium tetrachloride (TiCl4, 99.99%) was 
obtained from Nanjing University. Deionized water (conductivity: 8–20 
μS cm-1) was purchased from Wahaha. TiCl4 and deionized water were 
used as precursors in the TiO2 ALD process. Ethanol (99.98%) was 
purchased from Aladdin Chemicals and mixed with deionized water to 
obtain ethanol/water solutions in different proportions. All other 

solvents were purchased from local suppliers and used as is. 

2.2. ALD on PTFE 

The PTFE membrane was deposited by TiO2. The ALD reaction was 
preheated to 120 �C, then the membrane was put into the reaction 
chamber as a substrate, and vacuum (~133 Pa) was evacuated before 
deposition for 1 h. The purge gas uses nitrogen (99.99%) and the carrier 
gas uses ultra-high purity nitrogen (99.999%). The carrier gas was used 
to pulse the precursor into the reaction chamber. TiCl4 and deionized 
water were alternately pulsed into the reaction chamber, and up to 300 
deposition cycles were used in the ALD process. 

Due to the hydrophobic characteristic of PTFE, the fiber surface of 
PTFE membranes is lack of reactive groups for ALD reaction. With 
reference to our previous research work [41], we have determined the 
conditions for the deposition of TiO2 ALD, as shown in Table 1. 

2.3. Characterization 

The membrane surface morphologies were characterized by a field 
emission scanning electron microscope (S-4800, Hitachi) working at 5 
KV. A platinum layer is sputtered on the membrane to enhance the 
conductivity, and the sputtering time is controlled within 10–20 s. The 
contact angles of pure water ethanol/water solutions were measured by 
a contact angle tester (Dropmeter A-100, Maist) at ambient temperature 
to characterize the surface wettability of different samples. Each sample 
is measured at least 5 times at different locations and the average value 
is recorded. The thickness of TiO2 on the silicon wafer was measured by 
a spectroscopic ellipsometer (Complete EASE M � 2000U, J. A. Wool-
lam) with the incidence angle of 70�. 

2.4. Flux measurements 

The flux of all membranes were measured using a dead-end stirred 
cell module (Amicon 8003, Millipore) at room temperature. The flux (L 
m-2 h-1) was calculated by the following equation: 

Flux ¼
V

S� t
(1)  

where V (L), S (m2), and t (h) are the volume of permeate, effective 
filtration area and test duration, respectively. 

When measuring the flux of membranes by the ethanol/water solu-
tions, we added a certain amount of deionized water to the collection- 
side bottles in advance. This method evidently reduced the EC in the 
ethanol/water solution in the collection-side bottles, thereby dramati-
cally declined the volatilization rate of ethanol. Hence, the measured 
fluxes were reliable. 

3. Results and discussion 

3.1. ALD of TiO2 on PTFE membranes 

Since the PTFE fibers are inert to the precursors of ALD reactions, the 
pulse time of precursors is increased as much as possible, so that enough 
precursors could be adsorbed on the surface of PTFE fibers. In addition, 
to make sure the reaction takes place predominantly inside membrane 
pores, we appropriately extend the exposure time to 10 s after several 
attempts. If the exposure time is too long, the reaction efficiency is 
reduced due to the self-restriction nature of atomic layer deposition, and 
some of the adsorbed precursors will be desorbed. If the exposure time is 
too short, the precursors cannot fully access the interior of membrane 
pores. An exposure time of 10 s is finally selected, so that TiO2 can be 
adequately deposited inside membrane pores. 

To measure the deposition thickness of TiO2, 50, 100, 150, 200, and 
250 cycles of depositions are performed on six single crystal silicon 

Table 1 
ALD operation parameters.   

TiCl4 H2O 

Pulse time (s) 0.015 0.03 
Exposure time (s) 10 10 
Purge time (s) 20 20  
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wafers, respectively. The deposition thickness is then measured by 
ellipsometry, and is shown in Fig. 1. 

It is obvious that the growth rate of TiO2 is relatively stable. The 
deposition thickness increases linearly with the number of deposition 
cycles, and the growth rate is calculated to be ~ 0.64 Å cycle-1, which is 
close to the one in published work [41]. The linear increase also in-
dicates that the growth of TiO2 is consistent with the self-limiting re-
action between the two precursors. Furthermore, the variation of 
thickness at different places on the silicon wafer is smaller than 1 nm, 
which proves that the entire ALD growth is very uniform and the 
roughness is low. Such results indicate that ALD actually satisfies the 
requirement of keeping the membrane structure unchanged. 

It is worth to mention that there are rich hydroxyl groups on silicon 
wafers, with which precursors have more opportunity to react. For the 
hydrophobic membranes, the growth rate is much smaller than that on 
the silicon wafer [41,42]. Hence, after 300 cycles of deposition, the 
thickness of TiO2 is much smaller than 21 nm. Compared with the pore 
diameter of 220 nm, the change in pore size caused by the deposition can 

be ignored. 

3.2. Surface morphology of PTFE membrane after TiO2 deposition 

After depositing TiO2 on PTFE membranes, it is crucial to make sure 
the micro-structure of modified membranes is not significantly changed. 
As shown in Fig. 2, the morphologies of membranes deposited for 100, 
200, and 300 cycles are similar to the pristine membrane. Each PTFE 
fiber is slightly thickened due to the deposition of TiO2. Thanks to the 
conformal deposition by ALD, the shape of PTFE fibers still maintains. 
Since the TiO2 trends to deposit at the defect location of PTFE fibers, 
large cycle number of TiO2 deposition will result in better coverage of 
TiO2 on the fibers. Hence, the large cycle number will lead to more 
hydrophilic membranes. As discussed above, the pore diameter is only 
slightly reduced after 300 depositions, hence the pore diameter has little 
effect on the overall permeability. In addition to the pore size, the 
roughness of the pore wall will also be influenced by ALD. As shown in 
Fig. 2, although the roughness is slighted increased when ALD cycle 
number rises, the deposition of TiO2 does not result in any observed 
large TiO2 particles due to the conformal deposition by ALD. Hence, we 
believe the change of roughness remains negligible when we measure 
the permeance of membranes. 

In order to figure out the influence of pore size and roughness 
changes on permeability, we use an ethanol/water solution of 99.98% 
EC, which can sufficiently wet all membranes, to measure the per-
meances of membranes with different deposition cycle numbers. As 
shown in Fig. 3, the permeance of the modified membranes change very 
little compared with the pristine membrane. This finding guarantees the 
important premise of subsequent experiments, that is, the membranes 
subjected to different hydrophilic modifications maintain the similar 
pore shape and structure. The coming measurement will be focused on 
the hydrophilicity only. 

3.3. Contact angles of membranes with various hydrophilicities 

As discussed in Introduction section, adding ethanol into water will 
promote the wetting degrees of a hydrophobic membrane. To verify this, 
we perform the contact angle measurement of pristine and modified 

Fig. 1. The thickness of TiO2 layers deposited on silicon wafers as a function of 
various ALD cycles. 

Fig. 2. The SEM images of the membrane surface with different ALD cycles: (a) pristine membrane; (b) 100 cycles; (c) 200 cycles; (d) 300 cycles. All images have the 
same magnification and the scale bar corresponding to 200 nm is given in (d). 
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membranes (shown in Fig. 4). It is evident that the contact angle drops 
gradually with the increase of EC (volume fraction), indicating that the 
solution is more likely to wet the membrane with the increase of EC. 
Furthermore, the pure water contact angle (EC being 0%) represents the 
hydrophilicity of membranes. It is obvious that the membrane with large 
deposition cycle number are more hydrophilic. For the case of a certain 
solution, the membrane contact angle gradually drops as the number of 
deposition cycles increases. indicating that more hydrophilic mem-
branes tend to be easily wetted. 

3.4. Influence of wetting states on the permeance 

As shown Fig. 4a, the wetting degrees are quite different when the EC 
is low, but the wetting degrees are only slightly different when EC ¼
99.98%. These findings indicate that membranes with various hydro-
philicities will exhibit distinct wetting behaviors if the EC is different. 
Under the condition of keeping the ΔP constant (0.4 bar), the permeance 
of membranes with various hydrophilicities is firstly investigated as a 
function of EC. 

It should be mentioned that the viscosity difference between the 
solutions is unneglectable (the specific viscosity value is in Table S1). 
Viscosity will have a certain effect on the fluxes of different concentra-
tions of ethanol/water solutions, making their fluxes cannot be 
compared. According to the Hagen-Poiseuille equation: 

Q¼
π � r4 � ΔP

8� μ� l
(2)  

Qe¼
Q
μ (3)  

where r (m), ΔP (bar), μ (Pa⋅s), l (m) are the pore radius, operating ΔP, 
liquid viscosity and channel length. There is an inverse relationship 
between the flux and the viscosity of the solution. Therefore, we can 
convert the flux of the solution into the comparable flux by excluding the 
viscosity. This method ensures that the only factor that influence the 
comparable flux in this work is the wetting degree. The flux, as well as 
the permeance based on it, are the effective ones, which is calculated 
through Eq. (3). 

It is evident from Fig. 5 that there is no permeance for all membrane 
when EC is lower than 40%, because no membrane can be wetted by 
these ethanol/water solutions. When EC is 99.98%, both the pristine 
membrane and the modified membrane can be completely wetted by the 
solution. In this case the membrane hydrophobicity has little effect on 
the permeance, and the permeances of all membranes are almost the 
same. On the contrary, when the EC is below 40%, no membrane can be 
wetted and consequently no permeance is observed. 

The permeance varies when the EC is between 40% and 80% as the 
wetting degrees are quite different for the membranes with various 
hydrophilicities. When the EC is 60%, the pristine membrane, which is 
the most hydrophobic one, cannot be wetted, thus no permeance is 
obtained. When the number of ALD cycles rises, indicating the increase 
of membrane hydrophilicity, the wetting degree is improved and thus 

Fig. 3. Permeance of 99.98% EC through membranes subjected to ALD of TiO2 
with different deposition times in contrast to the pristine membrane. 

Fig. 4. Contact angle of membranes (a) with different deposition times as a function of EC; (b) Photographs of a pure water droplet on the surface of membranes 
without or with the ALD modification of various cycles. Each photograph is taken instantly when the water droplets contact the membrane. 

Fig. 5. Permeances of membranes with various hydrophilicities as a function of 
ECs at 0.4 bar. 
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the hydrophilic membranes start to exhibit permeable. However, it is 
obvious that these permeances are significantly lower the permeance of 
99.98% EC, which indicates that the wetting is not adequate. As pre-
dicted in the theoretical work [13], such partially wetting degree actu-
ally locates at the “running-stop” region. The “running-stop” implies a 
discontinuous water flow inside membranes. The running-stop transport 
is a metastable state with a wetting (running) and a nonwetting (stop) 
state repeating alternately rather than a stable continuous flow. The 
observed permeance is the time average of such discontinuous flow. If 
wetting state become dominant, which indicates the time of “running” 
much longer than the one of “stop”, the observed permeance is 
promoted. 

For the cases of EC being 80%, the wetting degrees for all membranes 
are evidently improved. The state of “running” becomes dominant 
during the flux measuring. These findings could explain the observations 
of our previous ALD works [37,38]. The ALD of metal oxides on organic 
membranes will dramatically improve the permeability of organic 
membranes, because the hydrophilic modification turn membranes into 
more “running” and less “stop” and consequently improve the perme-
ability of modified membranes. 

Moreover, as theoretically predicted [13], the most hydrophobic 
membranes should have highest permeance if the wetting degree is high 
enough. However, for the cases of 99.98% EC, the advantage of hy-
drophobic membrane cannot be emphasized because the interactions of 
ethanol with membranes of various hydrophilicities are all weak. The 
weak interaction originates from the ethanol molecule structure that 
carries both hydrophobic (methyl) and hydrophilic (hydroxyl) groups. 
The strong interaction of hydrophilic membrane with hydroxyl groups 
leads to the adsorption of ethanol molecules onto membrane pore wall, 
with methyl groups pointing out. Hence, the hydrophilic pore wall be-
comes hydrophobic as they are uniformly covered by the methyl groups. 
Finally, the difference of hydrophilic or hydrophobic membranes 
become faint when they interact with ethanol molecules. 

3.5. Dependence of membrane wettability on operating ΔPs 

From the above analysis, it is evident that the wetting degree is 
dependent on the membrane hydrophilicity and the solution composi-
tion. Theoretical work also demonstrates that the wetting degree can be 
also improved when the ΔP increases. To verify this finding, we subse-
quently investigate the influence of ΔPs on the membrane wettability. 
We select the cases of 20% and 40% ECs and increase the ΔPs from 0.2 to 
4 bar. As shown in Fig. 6, the starting ΔP (the minimum ΔP when the 
flux detected, denoted as ΔPm) of the flux measured by the hydrophilic 
membrane was lower than that of the hydrophobic membrane for both 
cases of ECs. It indicates that the hydrophobic membrane needs larger 

ΔP to improve their wetting degree, so as to produce the permeance. 
It is worth to note that the starting ΔP is not ΔPT, but it is dependent 

on ΔPT. According to the theoretical findings, higher ΔPT will lead to 
higher ΔPm. Since the adequate wetting occurs only when EC is 99.98%, 
the membranes are inadequately wetted for all rest cases. Hence, the 
cases of this section are still in the “running-stop” region. If the ΔP rises 
from 0.2 to 4 bar, the wetting degrees of membranes are continuously 
improved. However, the wetting degree of hydrophobic membranes is 
not adequate although ΔP reaches 4 bar. Hence, the observed fluxes for 
hydrophobic membranes are lower than those for hydrophilic mem-
branes. As the membranes cannot endure higher operating ΔP, we did 
not raise it further. 

By comparing the results of Fig. 6a and b, the starting ΔPs in the cases 
of 40% EC are obviously lower than those of 20% EC because the wetting 
state is better for the cases of 40% EC as discussed in the previous sec-
tion. Table 2 lists ΔPm range of the membranes with various hydrophi-
licities as well as the corresponding flux under these ΔPs. 

In order to better exhibit the influence of ΔP, we replot the data of 
Fig. 6 by cases of various membrane hydrophilicities in detail (shown in 
Fig. 7). It is obvious that a higher EC has a lower starting ΔP, as dis-
cussed above. When the ΔP further rises, the fluxes of 20% and 40% EC 
are getting close because the wetting degrees for 20% or 40% EC cases 
are both well improved at high ΔPs. It is interesting that the flux for 20% 
EC is equal to or even higher than those for 40% EC when the ΔP is larger 
than 3.5 bar. Since the ΔPm of 20% cases is higher, it is concluded that 
the 20% flux increases more rapidly. 

Moreover, as 20% EC solution has higher contact angles than 40% EC 
solution does, the interaction of 20% EC solution with a certain mem-
brane is weaker. The weaker interaction can be considered as “hydro-
phobic” condition, thus the case of 20% EC can be considered as 
“hydrophobic” case compared to the 40% one. These findings are in well 
accordance with the theoretical prediction [13] that the hydrophobic 
membrane flux improves more significantly when the wetting degree 
increases. If ΔP is continuously increased (greater than 4 bar), the flux of 
the “hydrophobic membranes”, which are denoted for the case of 20% 
EC because of the weaker molecular interaction, is expected to surpass 

Table 2 
Starting pressure drop (ΔPm) measured at different ethanol concentrations 
(ECs).   

ΔPm (bar) 

ALD cycles 20% EC 40% EC 
0 <2.00 <1.40 
100 <1.60 <1.00 
200 <1.00 <0.20 
300 <0.60 <0.20  

Fig. 6. Fluxes of membranes with various hydrophilicities as a function of ΔP: (a) 20% EC; (b) 40% EC.  
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that of the hydrophilic membrane as predicted in that theoretical work. 
By summarizing the influence of three methods of adjusting wetting 

degrees, it is found that enhancing membrane hydrophilicity, increasing 
EC of ethanol/water solutions and raising ΔP will all promote the wet-
ting degree of membrane. However, further enhancing membrane hy-
drophilicity when membranes are all wetted will reduce the permeance 
due to the strong interaction between solution and membrane pore 
walls. Hence, there should be an optimized membrane hydrophilicity. 
When determining it, the other two parameters, liquid composition and 
ΔP should be taken into consideration. Since the liquid composition and 
the operating ΔP is determined by the feed solution and the limitation of 
experimental conditions, respectively, it is impossible to adjust the feed 
solution composition or to raise ΔP. Therefore, the optimized membrane 
hydrophilicity is expected to be the one that the hydrophilic modifica-
tion just makes the membrane fully wetted at the given feed composition 
and operating ΔP, and no further hydrophilic modification is needed. 

4. Conclusions 

To investigate the influence of wetting state on membrane per-
meance, we prepared a series of membranes with various hydrophilic-
ities by applying ALD of TiO2 on a PTFE membrane with changing cycle 
numbers. In addition, ethanol/water solutions with ECs were selected to 
adjust wetting states of prepared membranes, so that the influence of 
wetting degrees on permeance will be investigated more sufficiently. 
First of all, we optimized the deposition conditions and obtained 
membranes with progressively increased hydrophilicity but similar pore 
sizes. The contact angles of prepared membranes are then measured by 
various ethanol/water solutions, which indicates better wetting degrees 
for membranes with stronger hydrophilicities. By comparing the cases of 
various EC, higher EC is proven to result in better wetting states for all 
membranes based on the measurement of contact angles. It is also found 
that the solution permeance will be observed for the membranes until 

their wetting degrees are improved to a certain degree by increasing EC. 
Generally, hydrophobic membranes need higher EC to improve their 
wetting degrees. Moreover, membranes with various hydrophilicities 
are proven to have different ΔPT’s and hydrophobic membranes have 
higher ΔPT’s. The ΔPT for various membranes is also determined by the 
solution concentration, which is proven a crucial parameter for the 
wetting states. The experimental verification in this work demonstrates 
the importance of wetting states for membranes when they are involved 
with various liquid-related applications. The optimized hydrophilicity 
for membranes is found to be determined by the feed solution and 
operating ΔP, which will help to maximize the permeance of 
membranes. 
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