
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
N

ov
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 1

/2
3/

20
26

 1
1:

40
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Large-pore-size
Departments of Biosystems Engineering,

Oklahoma 74078, USA. E-mail: yu.mao@ok

† Electronic supplementary informa
10.1039/d0ra07629e

Cite this: RSC Adv., 2020, 10, 40562

Received 6th September 2020
Accepted 22nd October 2020

DOI: 10.1039/d0ra07629e

rsc.li/rsc-advances

40562 | RSC Adv., 2020, 10, 40562
membranes tuned by chemically
vapor deposited nanocoatings for rapid and
controlled desalination†
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Though membranes with pore size larger than 1 mm are much desired to increase the permeate flux of

membrane distillation (MD), the vulnerability of large-pore-size membranes to pore wetting results in the

penetration of saline water and consequent failure of MD operation. We report modification of large-

pore-size membranes by chemically vapor deposited nanocoatings to achieve both high salt rejection

and high permeate flux. The chemical vapor modification not only led to enhanced surface

hydrophobicity and increased liquid entry pressure in membranes, but also significantly improved

membrane wetting resistance at high temperature. Membranes with 1.0 and 2.0 mm pore size were

successfully used for MD desalination with salt rejection higher than 99.99% achieved. Enlarging the pore

size from 0.2 mm to 2.0 mm contributed to 48–73% enhancement in the permeate flux of the modified

membranes. The modified large-pore-size membranes maintained the high permeate flux at elevated

saline concentration and extended the operation time.
1. Introduction

Freshwater shortage is one of the most critical global chal-
lenges of our time.1 Driven by population growth and climate
change, 1.0–1.3 billion people are forecasted to live with
overly exploited water conditions by 2050.2,3 There is
tremendous interest in desalination to produce freshwater
for human use. Though reverse osmosis accounts for over
60% of global desalination capacity,4 the process requires
signicant energy input when the osmotic pressure of the
feed increases.5 Membrane distillation (MD), a combination
of membrane separation and thermal distillation processes,
has the advantage of desalinating high-salinity water using
low-grade or waste heat,6 making it a promising technology to
increase sustainable water production and alleviate the
global water crisis.5,7,8

During the MD process, the water vapor is thermally
transported through hydrophobic membrane pores that are
not wetted by saline water. The driving force is the vapor
pressure differentials generated by the temperature differ-
entials across the membrane.5,9 The vapor ux is linearly
related to the vapor pressure differentials by the permeability
coefficient C,10–13 which can be associated with membrane
properties:5,11,14–16
Oklahoma State University, Stillwater,

state.edu; Tel: +1 405 744 4337

tion (ESI) available. See DOI:

–40568
C � 3DM

sd
�
1þ DM

DK

� (1)

where 3, s, and d are the membrane porosity, tortuosity, and
thickness, respectively, and DK and DM are the Knudsen diffu-
sion coefficient andmolecular diffusion efficient of water vapor,
respectively. Since the molecule-wall collision of Knudsen
diffusion decreases in large pores, increasing pore size is ex-
pected to improve DK and thus the vapor ux.17–19 Large-pore-
size membranes also have benets in reducing pore plugging
by particulate matters.20 However, the pore wetting in large-
pore-size membranes results in the penetration of saline
water and the consequent failure of MD operation.21–23 As
a result, the pore size of most MD membranes reported in
literatures was limited to 0.2 and 0.45 mm.12,24,25 Membrane
orientation was reported to signicantly impact the water ux
and salt rejection of asymmetric MD membranes due to the
wetting of relatively large pores.26 A detailed study about the
effects of pore size on MD permeate ux and salt rejection
demonstrated that water ux increased as pore size increased,
but when membrane pore size reached 1 mm, salt rejection
deteriorated rapidly, especially at high salt concentration in the
feed.27 Signicant compromise of salt rejection rate was also
observed in MD using 1 mm polytetrauoroethylene
membranes.28

Membrane modication has been explored to alleviate pore
wetting by increasing the membrane hydrophobicity and the
liquid entry pressure, the minimum transmembrane pressure
at which water starts penetrating the pores.29 Hierarchical
structures with multilevel roughness have been created using
This journal is © The Royal Society of Chemistry 2020
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nanoparticle deposition to improve wetting resistance.30–34

However, the decrease in membrane porosity aer direct
nanoparticle modication usually resulted in the increase in
the mass transfer resistance. For example, polyvinylidene
diuoride membranes demonstrated superhydrophobicity aer
the TiO2 nanoparticle deposition, but the permeate ux
declined by 13.5%.30 On the other hand, efforts in enhancing
permeate ux using nanoparticles usually compromised the
liquid entry pressure (LEP) when compared with the pristine
MD membranes.32,35 The observed alternating up-and-down
between permeate ux and LEP calls for the need to study
modication schemes to increase both the permeate ux and
LEP of MD membranes.

This paper reports a novel chemical vapor method to modify
large-pore-size MD membranes for improving permeate ux
and LEP simultaneously. The vapor-based modication
provides a facile route for tailoring porous structures and has
been reported to enhance the wetting resistance of poly-
sulfone,36,37 polyamide,38 and nylon membranes.39 In this study,
we investigated the desalination performance of chemically
tuned MD membranes with various pore sizes, aiming to
understand the effect of enlarging pore size on improving
permeate ux and desalting efficiency. The changes in
membrane characteristics, wetting dynamics, and MD perfor-
mance aer the vapor modication were systematically studied.
The permeate ux of modied membranes under varying
operating conditions such as feed concentration and tempera-
ture was also investigated.
2. Materials and methods
2.1. Materials

1H,1H,2H,2H-Heptadecauorodecyl acrylate (HDFA, 97%) was
purchased from TCI America. tert-Butyl peroxide (TBP, 98%)
and sodium chloride (NaCl, $99%) were purchased from
Sigma-Aldrich. Isopropyl alcohol (99.9%) was purchased from
Pharmco-Aaper. Polypropylene (PP) membranes with nominal
pore size of 0.2, 0.45, 1, and 2 mm were purchased from TISCH
Scientic (Table 1). Silicon wafer (P/boron h100i) was purchased
from WRS Materials.
2.2. Membrane preparation

PP membranes were coated as received with poly(1H,1H,2H,2H-
heptadecauorodecyl acrylate) (PHDFA) synthesized using the
vapor deposition method described in previous studies.40,41 The
Table 1 Characteristics of the pristine PP nanofiber membranes

Pore diametera (mm) Thicknessa (mm) Porosityb (%) LEPb (in

0.2 180–250 45.7 � 0.8 42.9 � 1
0.45 180–250 60.0 � 1.1 41.0 � 0
1 180–250 62.3 � 0.9 37.0 � 0
2 180–250 60.2 � 0.6 35.8 � 0

a Supplier provided. b Lab measured.

This journal is © The Royal Society of Chemistry 2020
initiator of TBP was vaporized at room temperature and fed into
the reactor using a mass ow controller (MKS, model 1479A).
The monomer of HDFA was vaporized at 80 �C and fed into the
reactor through a needle valve. The ow rate of TBP and HDFA
was maintained constant at 0.48 sccm and 0.20 sccm, respec-
tively. Inside the reactor, the Nichrome lament (Ni80/Cr20,
Goodfellow) was resistively heated to 290 �C, while the stage
substrate was maintained at 32 �C by water cooling. These
temperatures were measured using directly attached thermo-
couples (Omega, Type K). The pressure inside the reactor was
maintained at 0.2 torr using a buttery valve (MKS, model
253B). The PHDFA vapor deposition proceeded 3–30 min on PP
membranes. A silicon wafer was placed beside the membranes
to record the reference coating thickness using an interferom-
etry system with a 633 nm He–Ne laser (JDS Uniphase). The
reference coating thickness increased with deposition time. For
the 3, 8, 15, and 30 min deposition, the reference coating
thickness on the silicon wafer was measured to be 30, 75, 150,
and 300 nm, respectively.
2.3. Membrane characterization

The morphology of PP membranes before and aer coating was
observed using the FEI Quanta 600 eld-emission scanning
electron microscope (SEM) at an acceleration voltage of 20 kV.
Fourier transform infrared (FTIR) spectra were collected using
a Nicolet 6700 spectrometer with a DTGS detector under the
transmission mode at 4 cm�1 resolution. Surface hydrophobicity
was analyzed using a goniometer (ramé-hart, model 250-F1). The
static contact angle was measured by the standard sessile drop
method using an 8 mL droplet of deionized water. The dynamics
of contact angle change was measured every two min using a 15
mL droplet of deionized water at 65 �C on membranes placed on
a metal plate heated to 65 �C. Four measurements were taken on
each sample. For comparison, the dynamics of contact angle
change on PHDFA-coated silicon wafer was recorded under the
same condition, and the contact angle change was within
measurement error, indicating that the size of the water droplet
did not change within the 10 min test.

Membrane porosity 3mwas determined using the gravimetric
method.29,42 The membrane was immersed in isopropyl alcohol
under ultrasonication for 30 min, allowing the membrane pores
to be completely lled with the liquid. The mass of the wet
membrane was measured aer removing excess isopropyl
alcohol on the membrane surface. The porosity 3m (%) was
calculated using the following equation:
Hg) Contact angleb (�) Gas permeabilitya (mL min�1 at 10 psi)

.0 128.6 � 2.1 60

.9 131.9 � 2.5 140

.4 131.2 � 1.6 200

.3 133.0 � 2.2 250

RSC Adv., 2020, 10, 40562–40568 | 40563
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Fig. 2 SEM images of 2 mmPPmembranes before (a and b) and after (c
and d) 8 min chemical vapor deposition of PHDFA.
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3m ¼ ðm1 �m0Þ=ri
ðm1 �m0Þ

�
ri þm0

�
rp

� 100 (2)

wherem1 (g) is themass of the wetmembrane,m0 (g) is themass
of the dry membrane, ri (g cm�3) is the isopropyl alcohol
density, rp (g cm�3) is the polymer density. Liquid entry pres-
sure (LEP) was measured by placing the membrane in a 7 mm
membrane holder. A 10 mm layer of deionized water was placed
on the feed side of the membrane. Vacuum was applied on the
permeate side to incrementally increase the pressure against
the membrane.43 The vacuum was recorded using a vacuum
gauge (WIKA). LEP was detected when the rst drop of water
appearing at the permeate side. Each membrane was tested
three times.

2.4. MD desalination performance

The performance of MD desalination was evaluated using the
Franz cell (PermeGear) shown in Fig. S1.† The effective distilla-
tion area was 7mm in diameter. Saline water with 30 or 100 g L�1

NaCl was used as the feed solution. The feed temperature was
controlled at 50 or 65 �C with an error of 0.5 �C. A variable gear
pump (Cole-Parmer) was used to circulate the feed solution at
a constant ow rate in the range of 0.81 to 1.04 L min�1. The
permeate was collected and weighed using an analytical balance

(Mettler Toledo). The permeate ux J
�

kg
m2 h

�
was calculated

according to the following equation:

J ¼ Dm

A$Dt
(3)

where Dm (kg) is the mass of distillates collected over a pre-
determined time, A (m2) is the effective surface area of
membrane, and Dt (h) is the time of the MD test. Salt concen-
tration was analyzed using an inductively coupled plasma
spectrometer (Spectro Arcos II). The salt rejection R (%) was
calculated using equation:

R ¼
�
1� Cp

Cf

�
� 100% (4)
Fig. 1 (a) Schematic for the vapor-phase decomposition of the initiator
surfaces. I–I and Ic stand for TBP and free radicals, respectively. (b) Chemi
absorption of the CF2 and CF3 moieties in PHDFA coatings with varying

40564 | RSC Adv., 2020, 10, 40562–40568
where Cp and Cf represent the sodium concentration in the
permeate and feed, respectively.
3. Results and discussion
3.1. Chemical vapor modication of membranes

The chemical vapor modication functionalized the membrane
using a one-step, solvent-free process. As shown in Fig. 1a, the
process involved thermal decomposition of the initiator TBP
into free radicals and subsequent addition polymerization of
the HDFA monomer,41 which formed PHDFA nanocoatings
right on the ber surface. The high diffusivity of vapor mole-
cules allowed for the functionalization of each individual ber
inside the membrane without clogging the inter-ber space
(Fig. 1b). The chemical composition of PHDFA coating was
conrmed using FTIR spectroscopy. The absorption peaks at
1741, 1206 and 1149 cm�1 (Fig. S2†) are assigned to the
stretching of C]O, –CF3, and –CF2 functional groups in
PHDFA, respectively.44 The intensities of the absorption peaks
TBP into free radicals and subsequent polymerization of HDFA on fiber
cal vapor modification of individual fibers inside themembrane. (c) FTIR
deposition time.

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 (a) Effect of vapor deposition time on the wettability of PP
membranes with varying pore sizes. (b) Optical images of water
droplet on 2 mm PP membranes with different deposition time.
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were observed to proportionally increase with the deposition
time of PHDFA coatings (Fig. 1c).

The pristine PP membrane was consisted of overlapped
microbers (Fig. 2a and b), forming interconnected pore
structure with high vapor permeability and thermal efficiency
for the MD process.45,46 Because of the conformal nature of
chemical vapor modication, which was conrmed in our
previous studies,47 the PP membranes aer PHDFA coating
retained the porous microstructure. The microbers had
minimal change in the dimension, as shown in Fig. 2c and d.
This result was attributed to the ultrathin thickness of depos-
ited PHDFA coating. For 8 min chemical vapor deposition, the
actual thickness of PHDFA coating on bers was lower than the
recorded reference thickness of 80 nm, due to much higher
surface area inside the porous structure than that of the at
reference surface.38
3.2. Characteristics of chemically tuned membranes

The chemical vapor modication signicantly improved the
surface hydrophobicity of PP membranes. The effect of depo-
sition time on the membrane wettability was revealed in the
water contact angle measurement. Since the difference in the
contact angle between the top and the bottom side is negligible
within the measurement error, Fig. 3 only shows the contact
angle of the top side. The contact angle of 0.2 mm membrane
increased with deposition time almost linearly, reaching 149.9�
Fig. 4 The porosity (a) and LEP (b) of PP membranes with different
pore size after PHDFA coating with varying deposition time.

This journal is © The Royal Society of Chemistry 2020
at 30 min deposition time. The contact angle of 0.45 mm
membrane was also observed to increase with deposition time
up to 15 min in a close-to-linear manner. Interestingly, with
only 3 min deposition, the contact angle of 1 and 2 mm
membranes was the same as the contact angle of 0.2 mm
membrane at 30 min deposition time. Overall, the contact angle
of larger-pore-size membranes was higher than that of smaller-
pore-size membranes at the same deposition time. Possibly
PHDFA was coated more completely around the microbers
inside larger-pore-size membranes due to their higher accessi-
bility to vapor reactants, enabling water droplets to be more
readily suspended above the air pockets between microbers
and form Cassie–Baxter state.36,48

We investigated the changes in membrane porosity and LEP
as a function of the deposition time of PHDFA nanocoatings
(Fig. 4). LEP was observed to increase with deposition time for
all the membrane pore sizes, indicating the improvement in
wetting resistance with increasing deposition time. This
phenomenon was consistent with the increase of CA with
deposition time (Fig. 3a). It is noted that LEP also depends on
the membrane geometrical structure.43 At the same deposition
time with PHDFA coatings, despite of higher CA for larger-pore-
size membranes, LEP was observed to decrease with pore size.
The membrane porosity was measured to decrease with depo-
sition time due to the negative correlation between porosity and
the amount of polymer deposited into membranes. Membrane
porosity increased as pore size increased from 0.2 mm to 0.45
mm; however, there was no signicant difference in porosity
between membranes with pore size of 0.45, 1.0, and 2.0 mm.
3.3. MD performance

The MD performance of PP membranes was signicantly
improved aer the chemical vapor modication. For the 0.45 mm
PP membrane, the pristine membrane exhibited a salt rejection
of 99.7%, suggesting that a tiny amount of saline water pene-
trated through the membrane possibly due to pores that are
over-sized.27 The salt rejection of PHDFA-modied membranes
was improved to above 99.9% (Fig. 5), owing to the enhance-
ment in the membrane wetting resistance. The permeate ux
rst increased with the deposition time then decreased,
Fig. 5 Permeate flux and salt rejection of 0.45 mmPPmembranes after
PHDFA coating with varying deposition time. Test condition: feed
temperature at 50 �C, flow rate at 0.81 L min�1, NaCl concentration at
30 g L�1.
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because on one hand the low-surface-energy coating reduced
the liquid–solid interface enabling the enhancement of the
liquid–vapor interface where water evaporation occurs,49 yet on
the other hand the coating reduced the membrane porosity
resulting in counteracting effect on permeate ux (Fig. 4a).
Nevertheless, compared with the pristine membrane, both the
salt rejection and the permeate ux of the modied 0.45 mm
membranes were improved with deposition time less than
10 min.

The permeate ux of membranes with different pore size was
systematically investigated (Fig. 6a). We observed a huge
improvement in the permeate ux of pristine membranes when
the pore size increased from 0.2 to 0.45 mm. However, further
increase of the pore size to 1 and 2 mm resulted in intermittent
or frequent leaking in pristine membranes (Fig. 6b), which is
consistent with the pore wetting reported for membranes with
pore size larger than 1 mm.11,12,24,28 With 3 min PHDFA coating,
both 1 and 2 mm membranes overcame the wetting problem,
and the permeate ux further increased when the deposition
time increased to 8 min. In addition, the desalination perfor-
mance of the modied large-pore-size membranes was stable.
During the 12 h test, the coated 1 and 2 mm membranes
maintained stable ux of 6.7 � 0.2 and 7.5 � 0.2 kg m�2 h�1,
respectively (Fig. 6c), and the salt rejection exceeded 99.99%. It
is worth noting that though the porosity of modied 2 mm
membrane was slightly lower than that of the modied 1 mm
membrane (Fig. 4a), the permeate ux of modied 2 mm
membrane was improved 12% compared with that of modied
Fig. 6 (a) Permeate flux of PP membranes after varying deposition time.
compared with smaller-pore-sizemembranes, while the un-coated 1 and
frequent leaking, respectively. Test condition: feed temperature at 65 �C,
the pristine and coated 2 mmPPmembranes after MD desalination. The d
of the permeate flux for 1 and 2 mmmembranes with 8min deposition of P
8 min deposition of PHDFA. (e) Contact angle change at 65 �C for 0.45

40566 | RSC Adv., 2020, 10, 40562–40568
1 mm membrane. The ux increase was attributed to enhanced
Knudsen diffusion at larger pore size, which resulted in the
increase of vapor permeability through the pores.

To further understand how the PHDFA modication pre-
vented water from penetrating through large-pore-size
membranes, we measured the dynamics of water contact
angle change on the 2 mm membrane surface at different
temperatures (Fig. 6d). For pristine 2 mm membrane, the
contact angle dropped 7.4� and 43.2� in 10 min at 25 �C and
65 �C, respectively. The pronounced wetting with the increase
of temperature could be attributed to the decrease of water
surface tension and the membrane property change at high
temperature.50 For the 2 mm coated membrane, the prole of
contact angle change remained similar as temperature
increased from 25 �C to 65 �C. The contact angle changes of
coated membranes with 0.45 and 1 mm pores at 65 �C were
similarly small as that of the 2 mm modied membrane, while
the contact angle of pristine 0.45 and 1 mm membranes
decreased much quickly with time (Fig. 6e). Since water
surface tension decreased the same on pristine and coated
membranes as temperature increased, the dramatic difference
in the contact angle change between pristine and coated
membranes suggested that PHDFA-coated membranes had
relatively small heat-induced property change and thus excel-
lent wetting resistance at high temperature.

Membrane wetting usually becomes more signicant with
the increase of the feed salinity.51 To investigate the anti-wetting
capacity of membranes, MD was also conducted using high
Coated 1 and 2 mmmembranes demonstrated enhanced permeate flux
2 mmmembranes leaked during MD. * and ** indicate intermittent and
flow rate at 1.04 L min�1, NaCl concentration at 30 g L�1. (b) Pictures of
ark area on the pristine PP indicated membrane wetting. (c) Time traces
HDFA. (d) Contact angle change for 2 mmmembranes before and after
and 1 mm membranes before and after 8 min deposition of PHDFA.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Permeate flux of PP membranes before and after 8 min of
PHDFA coating using high-salinity feed with 100 g L�1 NaCl. The
pristine 1 and 2 mm membranes leaked during MD while the coated
membranes remained nonwetted. * and ** indicate intermittent and
frequent leaking, respectively.
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salinity feed with 100 g L�1 NaCl. The PHDFA-coated
membranes demonstrated excellent wetting resistance with
salt rejection above 99.99%. The permeate ux using 100 g L�1

NaCl as feed was shown in Fig. 7. The value was lower than the
corresponding permeate ux using 30 g L�1 NaCl as the feed
(Fig. 6a) due to the reduction of vapor pressure with the increase
of salt concentration.27 Nonetheless, compared with the
permeate ux obtained using un-coated membranes, the
permeate ux of coated large-pore-size membranes improved
33–67%, indicating the potential of their application in desali-
nating high-salinity water.

Fig. 8 summarized the effect of enlarging pore size on
improving permeate ux at varying feed temperature and NaCl
concentration. As the pore size increased from 0.2 mm to 2.0 mm
in the PHDFA-coated membranes, the permeate ux increased
by 48.0–73.0%. Such enhancement in ux with pore size
increase is notable compared with reported strategies such as
surface modication52 and MD module design.53 The
percentage increase was 20% higher at 50 �C than they were at
65 �C, which suggests that increasing pore size has a more
signicant effect on Knudsen diffusion at lower
Fig. 8 Percentage increase in the permeate flux under different
operation conditions when the nominal pore size increases from 0.2
mm to 2 mm for PP membranes after 8 min of PHDFA coating.

This journal is © The Royal Society of Chemistry 2020
temperature.19,54 On the other hand, saline concentration does
not affect the permeate ux enhancement that much. The
percentage increase in ux only decreased slightly as NaCl
concentration increased from 30 g L�1 to 100 g L�1.
4. Conclusions

A novel vapor modication method was used to chemically tune
the pores inside MD membranes with PHDFA nanocoatings.
The membrane surface hydrophobicity and liquid entry pres-
sure were signicantly improved aer the PHDFA modication.
The modied membranes maintained high wetting resistance
at high feed temperature. The modication improved both the
permeate ux and the salt rejection of 0.2 and 0.45 mm MD
membranes. In addition, the PHDFA modication enabled the
use of 1.0 and 2.0 mmmembranes for MD desalination with salt
rejection exceeding 99.99%. The permeate ux of modied
membranes improved 48.0–73.0% as the pore size increased
from 0.2 mm to 2.0 mm. The modied large-pore-size
membranes maintained the high permeate ux at high saline
concentration and extended operation time.
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