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A B S T R A C T

Polyamide (PA)-based thin-film composite (TFC) membranes prepared via interfacial polymerization have been
widely applied in nanofiltration, reverse osmosis and forward osmosis (FO). However, a major issue facing
practical applications of PA-TFC membranes remained the irreversible degradation and fouling of PA upon long-
term exposure to aqueous environments. In this study, layered double hydroxides (LDHs) as inorganic additives
were incorporated into PA matrices as well as polysulfone (PSf) substrates in attempt to alleviate the membrane
degradation and fouling. The effect of location of LDHs on the physicochemical property and separation per-
formance of FO membranes was investigated in detail. Four different FO membranes, including TFC (PA
membrane on PSf substrate), TFC-LDH (PA membrane on PSf substrate blended with LDHs), LDH@TFC (LDH
post-modified PA membrane on PSf substrate) and LDH@TFC-LDH (LDH post-modified PA membrane on PSf
substrate blended with LDHs) were prepared. The water flux followed the sequence TFC-
LDH > TFC≈ LDH@TFC-LDH > LDH@TFC, while the reverse salt flux showed the opposite trend. Moreover,
it was observed that compared with pure TFC membrane, not only the surface of LDH@TFC-LDH membrane
became more hydrophilic, but also porosity of the substrate became higher, therefore endowing the LDH@TFC-
LDH membrane with superior anti-fouling capacity. Moreover, the LDH@TFC-LDH membrane remained stable
during long-term chlorination tests under alkaline conditions. To summarize, post-modifying the PA active layer
with LDH nanocrystals and blending the PSf substrate with LDH nanocrystals significantly enhanced both anti-
fouling capacity and chlorine resistance of prepared membranes without sacrificing the water flux during the FO
process.

1. Introduction

Owing to the omission of hydraulic pressure, low fouling propensity
and high water recovery rate [1,2], in recent decades forward osmosis
(FO) membrane technology has been widely used in desalination [3],
food concentration [4], osmotic power generation [5] and wastewater
reclamation [2]. However, the major issue hindering its further devel-
opment remained the serious internal concentration polarization (ICP)
in the supporting layer, which had negatively affected the water per-
meation through prepared FO membrane [6]. ICP phenomenon could
induce the formation of undesired boundary layer which could not be
completely avoided by simple process optimization [7,8]. Therefore,
construction of a supporting layer with higher porosity, lower tortuosity
and thinner thickness became indispensable to alleviate the undesired
ICP effect [9].

Typically, thin–film composite (TFC) FO membranes consist of ul-
trathin selective layers (like polyamide (PA)) supported on porous
substrates (like polysulfone (PSf)). Unfortunately, PA-TFC membranes
may be severely destroyed upon reaction with chlorine (in particular
active chlorine species) [10,11]. It should be noted that compared with
other pressure-driven membrane separation processes, the fouling of FO
membranes was relatively less severe since they could be more con-
veniently cleaned [12]; nevertheless, fouling remained a great chal-
lenge during the application of TFC membranes since the membrane
performance may be gradually deteriorated [13]. Therefore, it was
imperative for us to improve both the chlorine resistance and anti–-
fouling capacity of PA-TFC membranes while simultaneously main-
taining a high separation performance.

Recent studies indicated that fabrication of thin-film nanocomposite
(TFN) membranes by incorporating inorganic modifiers enabled
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significant enhancement of the separation performance of TFC mem-
branes. At present, diverse inorganic modifiers, including TiO2 [14],
SiO2 [15], zeolite [16], graphene-based materials [17], transition metal
dichalcogenides (TMDCs) [18], metal-organic frameworks (MOFs) [19]
and layered clays (e.g. Montmorillonite [20] and layered double hy-
droxides (LDHs) [21]), have been incorporated into porous substrates
and proven effective for alleviation of the undesired ICP phenomenon
[22,23]. In addition, inorganic modifiers could also be used to decorate
PA layers for improving their permselectivity, anti-fouling capacity and
chlorine resistance [21].

LDHs, also commonly called hydrotalcite-like compounds, are re-
presentative of anionic layered materials composed of positively
charged brucite-like 2D sheets, charge compensating anions and sol-
vation molecules located in interlayer galleries [24]. Compositional
flexibility and gallery height adjustability give rise to functional di-
versity. At present, LDHs have found widespread applications in CO2

adsorption [25], catalysts [26], polymeric modification [27], waste-
water treatment [28] and controlled drug delivery [29].

Recent decades witnessed great efforts made in promoting the se-
paration performance of FO membranes relying on LDHs. In our pre-
vious studies, LDHs have been used as nanofillers and blended with
porous PSf substrates [6]. It was observed that the porosity, pore
aperture and surface hydrophilicity were greatly improved. Further-
more, continuous MgAl-CO3 LDH buffer layers have been coated on
polydopamine (PDA)-modified PA active layers for enhancing their
chlorine resistance and anti–fouling capacity [21]. Nevertheless, the
water flux of prepared LDH-modified TFC membranes was remarkably
decreased due to an increased mass transfer barrier [21]. To sum-
marize, previous studies indicated the location of embedded inorganic
modifiers within TFC membranes exerted significant influence on their
separation performance [1,9]. In this study, we modified PA-TFC
membranes with LDHs and systematically investigated the influence of
LDHs location on the microstructure, chlorine resistance and anti-
fouling capacity of membranes. Moreover, the osmosis performance of
both pristine TFC and modified composite membranes were compared.
It was observed that simultaneous depositing LDH nanoparticles on the
surface of PA active layer and blending the PSf substrate with LDH
nanoparticles significantly improved both chlorine resistance and an-
ti–fouling capacity without compromising the water flux.

2. Experimental

2.1. Materials

PSf (Mn: 22,000 Da) and polydopamine (PDA, 98.5%) were pur-
chased from Sigma-Aldrich. Polyester non-woven fabric (PET, grade
3249) was provided by Ahlstrom (Helsinki, Finland). 1,3-phenylenedia-
mine (MPD,> 99%) and 1,3,5-benzenetricarbonyl trichloride (TMC,
∼98%) were purchased from TCI Chemicals Ltd. 1-methyl-2-pyrroli-
dinone (NMP, anhydrous, ∼99.5%), N,N-di-methylformamide (DMF,
anhydrous, ∼99.8%), Mg(NO3)2·6H2O, Al(NO3)3·9H2O, NaOH, HCl,
NaCl, Na2CO3, sodium alginate, NaClO (available chlorine 8–12%) and
NaHSO3 were purchased from Sinopharm Chemical Reagent Co., Ltd.
Deionized (DI) water utilized in membrane performance tests was ob-
tained from Milli-Q ultrapure water purification system (Millipore,
Billerica, MA).

2.2. Synthesis of LDH nanoparticles

MgAl-CO3 LDH nanoparticles (ca. 20–30 nm) were obtained by a co-
precipitation method as described in our previous work [6,21]. First,
9.6 gMg(NO3)2·6H2O and 4.7 g Al(NO3)3·9H2O were added in 50ml DI
water as solution A, and 2.65 g Na2CO3 was added in 50ml DI water as
solution B. Second, solution A was added drop-wise to solution B while
maintaining a pH value of 12 via controlled addition of 4M NaOH
solution. Third, the precursor solution was aged for 12 h under

continuous stirring at room temperature (RT). Finally, solid precipitates
were washed with copious of DI-water and ready for use [21]. It should
be emphasized that washing with acetone was indispensable to prevent
their further agglomeration [30].

2.3. Preparation of PSf-LDH composite substrates

Pure PSf substrates were fabricated with the conventional non-sol-
vent induced phase inversion method. PSf-LDH composite substrates
were prepared as follows: First, given amount of MgAl-CO3 LDH na-
noparticles was added to 88 g solvent (mass ratio of NMP/DMF=3/1)
and subjected to ultrasonication for 30min to minimize nanoparticles
agglomeration. Second, 12 g PSf powders were dissolved in above
precursor solution and subjected to magnetic stirring for 12 h and
deaeration for another 8 h at RT. Third, resultant solutions were casted
on a wetted PET fabric with a 150 µm casting knife (Elcometer 3530).
Finally, fresh substrates were immediately immersed in a precipitation
bath containing 3 wt% NMP solution for 10min at RT and then stored
in a DI water bath for at least 24 h prior to use as substrates.

2.4. Preparation of PA active layer and LDH-modified PA active layer

Pure PA active layers were prepared by interfacial polymerization
reaction on porous PSf substrates. First, the PSf substrate was immersed
in 3.4 wt% MPD solution for 2min, and an air knife was used to remove
excess MPD solution. In the next step, the MPD-modified substrate was
immersed into an Isopar-G solution containing 0.15 wt% TMC for
1min. Consequently, the membrane was cured in DI water at 95 °C for
2min, successively rinsed with 200 ppm NaOCl and 1000 ppm NaHSO3

aqueous solution for 2 and 0.5 min, respectively. Finally, fresh TFC
membrane was thoroughly rinsed with DI water and stored in DI water
at 4 °C. The TFC-LDH membrane was prepared in a similar manner.

The LDH@TFC membrane was prepared by deposition of LDH na-
noparticles on PDA-modified TFC membrane as described in our pre-
vious work [21]. Briefly, the TFC membrane was first immersed in a
PDA Tris buffer solution (2mgmL−1, pH=8.5 and 10mM) at 30 °C for
120min and afterwards, rinsed with DI-water for 10 s. Consequently,
the PDA-modified TFC membrane was immersed in 250ml Tris buffer
solution (pH=8.5 and 10mM) containing 0.1 w/v% LDH nano-
particles at 30 °C until desiccation. Finally, the LDH-modified TFC
membrane (denoted as LDH@TFC) was rinsed with DI water for an-
other 10 s before use. The LDH-modified TFC-LDH membrane (denoted
as LDH@TFC-LDH) was prepared in a similar manner. Fig. 1 illustrated
the composition of diverse LDH-based composite membranes, and
Table 1 showed key parameters during the preparation of LDH-based
composite membranes.

2.5. Evaluation of the composite membranes separation performance

A lab-made cross-flow FO membrane cell was used in the perfor-
mance experiment. The effective area of the membrane was 11.87 cm2.
1M NaCl solution and DI-water were used as the draw solution (DS)
and feed solution (FS), respectively. The cross-flow velocity was 0.19 L/
min. Obtained composite membranes were tested in two modes: (1) FO
mode (feed solution facing the selective layer), and (2) PRO mode
(draw solution facing the selective layer). The water flux (Jw,
L m−2 h−1) and reverse salt flux (Js, g m−2 h−1) of membranes were
calculated as follows:

=J V
A t
Δ

Δw (1)

= −J C V C V
A tΔs

t t 0 0
(2)

A represented the effective membrane area (m2); ΔV represented the
volume change of DS over a specific time Δt (h); C0 and V0 represented
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the initial salt concentration and FS volume, respectively. The salt
concentration was measured by an electrical conductivity meter (DDSJ-
308F, Shanghai instrument electric science instrument), and Ct and Vt

represented their corresponding values at the time t, respectively.

2.6. Evaluation of the chlorine resistance of composite membranes

Chlorine resistance of prepared composite membranes was eval-
uated under the cross-flow operation in FO mode. 1M NaCl solution
was used as the DS and 1000 ppm NaOCl solution with controlled pH
value (4 or 10) was used as the FS. The normalized water flux and
reverse salt flux of membranes were employed for evaluating the
chlorine resistance.

2.7. Evaluation of the anti-fouling capacity of composite membranes

The anti-fouling capacity of prepared composite membranes was
evaluated by fouling tests. The fouling test lasted for 10 h in FO mode
and an electronic balance was used to monitor the weight change. The
amount of alginate adsorbed (ms,alg, mg L−1) during the 10 h fouling
experiment was calculated by Livingston et al. [31] with the following
equation:

=
× − ×= = = =m

C V C V
V

( ) ( )
s a

f t f t f t f t

p
, lg

, 0 , 0 , 10 , 10

(3)

Cf and Vf represented the foulant concentration and feed volume before
(t = 0) and after (t = 10) the fouling test, respectively. Vp represented
the permeate volume. Initial and final foulant concentrations were
measured by a Total Organic Carbon (TOC-V CSH, Shimadzu) analyzer
with the non-purgeable organic carbon (NPOC) method.

2.8. Characterization of composite membranes

XRD characterization was carried out on D8 ADVANCE, Bruker.
Diffraction patterns were recorded in the range of 2θ=5–70° with a
step size of 0.02°. Attenuated total reflectance flourier transform in-
frared spectroscopy (ATR-FTIR, VERTEX 70, Bruker) was employed to

identify functional groups located on MgAl-CO3 LDH nanoparticles and
composite membranes. Surface and cross-sectional SEM images of
prepared membranes were taken by a Nova NanoSEM 450 field emis-
sion scanning electron microscope. Before SEM characterization,
membranes were freeze-dried and coated with gold nanoparticles using
a sputtering coater (MCIOOO ION SPUTTER). Surface roughness was
measured using an atomic force microscope (AFM, NanoScope V
MultiMode8, Bruker). A tapping mode was operated with images taken
in the range of 5 μm×5 μm. The mean roughness (Ra) was used for
membrane surface characterization. Surface hydrophilicity of prepared
membranes was evaluated by water contact angle using a contact angle
system (DSA100, Krüss). For each type of membrane, three different
samples were tested in twelve random locations. Interfacial free energy
of the composite membrane was evaluated with the following Eq. (4):

− = ⎛
⎝

+
+

⎞
⎠

G γ θ
SAD

Δ 1 cos
1ML L (4)

where θ represented the average contact angle, SAD represented the
surface area difference obtained from of AFM measurement and γL re-
presented the pure water surface tension (72.8 mJm−2 at 25 °C).

3. Results and discussion

3.1. Investigation of the location of LDHs on physicochemical properties of
membranes

Fig. 2 illustrated XRD patterns of MgAl-CO3 LDH nanoparticles, PSf,
PSf-LDH, TFC, TFC-LDH, LDH@TFC and LDH@TFC-LDH membranes.
As shown in Fig. 2, six characteristic diffraction peaks could be pre-
cisely assigned to (0 0 3), (0 0 6), (0 0 9), (0 1 5), (0 1 8) and (110/113)
planes of CO3-intercalated LDH phase, respectively, therefore in-
dicating a high crystallinity and well-developed layered structure [32].
Moreover, no conspicuous difference could be observed between PSf
and PSf-LDH substrates in the XRD pattern, suggesting that introduced
LDH-nanoparticles were well-dispersed in PSf substrates [6]. In addi-
tion, the appearance of a weak diffraction peak located at 11.3°, which
could be assigned to the (0 0 3) diffraction plane of the LDH phase,

Fig. 1. The composition of composite membranes with different LDHs locations. (a) TFC membrane, (b) TFC-LDH membrane, (c) LDH@TFC membrane and (d)
LDH@TFC-LDH membrane.

Table 1
Key parameters during the preparation of LDH-based composite membranes.

Membranes Casting solution LDHs modification

PSf (g) NMP (g) DMF (g) LDHs (g) PDA coating (min) 0.1 w/v% LDHs suspension (mL)

TFC 12 66 22 0 0 0
TFC-LDH 12 66 22 0.24 0 0
LDH@TFC 12 66 22 0 120 250
LDH@TFC-LDH 12 66 22 0.24 120 250
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clearly indicated that MgAl-CO3 LDH nanoparticles retained their
crystallinity and interlayer gallery height after deposition on the surface
of PA active layers.

Fig. S1 illustrated ATR-FTIR profiles of MgAl-CO3 LDH nano-
particles, PSf, PSf-LDH, TFC, TFC-LDH, LDH@TFC and LDH@TFC-LDH
membranes, respectively. Absorption peaks located at 1151 cm−1 and
1293 cm−1 could be assigned to the symmetric and asymmetric O]S]
O stretching vibrations, respectively; while the absorption peak located
at 1240 cm−1 could be assigned to asymmetric CeOeC stretching vi-
bration; diffraction peaks located at 1503 cm−1 and 1411 cm−1 could
be assigned to CH3eCeCH3 and C]C aromatic ring stretching vibra-
tions, respectively. All these absorption peaks should stem from PSf
substrates [33]. It should be emphasized that there existed no sig-
nificant differences in ATR-FTIR spectra between PSf and PSf-LDH
substrates except a characteristic peak at 620 cm−1, which was asso-
ciated with AleO and MgeO vibrations within the LDH phase [33].
After the introduction of PA active layers by interfacial polymerization,
both TFC and TFC-LDH membranes exhibited characteristic absorption
peaks located at 1662, 1610, and 1541 cm−1, indicating the formation
of stable PA active layers on substrates. After deposition of MgAl-CO3

LDH nanoparticles, characteristic absorption peaks derived from PA
active layers were significantly weakened. Moreover, a significant
change in the shape of absorption peak located at 1370 cm−1 could be
ascribed to the interference from carbonate anions located in interlayer
galleries of MgAl-CO3 LDH nanoparticles. All these results strongly
supported that MgAl-CO3 LDH nanoparticles had been firmly attached
to the PA active layer surface and evenly blended with the PSf sub-
strate, respectively.

To investigate the influence of LDH nanoparticles on surface hy-
drophilicity of composite membranes, the water contact angle and in-
terfacial free energy of PSf, PSf-LDH, TFC, TFC-LDH, LDH@TFC and
LDH@TFC-LDH membranes were further measured (shown in Fig. 3).
In addition, considering the significant influence of surface roughness
of composite membranes on their surface hydrophilicity, AFM char-
acterization was further conducted to determine their surface average
roughness (Ra) (Fig. S2) and SAD value. It was observed that the con-
tact angle of the PSf substrate was decreased from 85° to 75° after the
addition of hydrophilic LDH nanoparticles. Simultaneously, the inter-
facial free energy, which was calculated based on Eq. (4), was increased
from 79.5mJm−2 to 90.6mJm−2, therefore indicating that in-
corporation of LDH nanoparticles had effectively improved the surface
wettability of pristine PSf substrates [6]. After coating the PSf substrate
with a PA active layer, the contact angle reached 65° due to the intrinsic
hydrophilicity of the PA phase. Nevertheless, compared with pristine

TFC membrane, contact angle of the TFC-LDH membrane further in-
creased to 85°, which was attributed to the increased surface roughness
(Fig. S2d) and larger grain size (Fig. S3b). After deposition of LDHs,
contact angles of LDH@TFC and LDH@TFC-LDH membranes sig-
nificantly reduced to 30° and 32°, respectively, owing to the intrinsic
hydrophilicity of MgAl-CO3 LDH nanoparticles. It was therefore de-
duced that increasing the surface hydrophobicity via LDH nanoparticle
modification should be beneficial for improving the water flux of TFC
membranes. In addition, since there existed a strong hydration layer on
a highly hydrophilic surface, anti-fouling capacity of the LDH-modified
TFC membrane was anticipated to be improved [34].

3.2. Investigation of the effect of LDH location on the membrane
microstructure

Fig. S4 presented top and cross-sectional SEM images of PSf and PSf-
LDH substrates, respectively. It was observed that incorporation of LDH
nanoparticles induced slight changes in the surface morphology of
substrates. Top SEM images indicated that the surface porosity became
higher upon incorporation of LDH nanocrystals into the PSf substrate
(Fig. S4b). Cross-sectional SEM images further indicated that after
blending with LDH nanoparticles, a well-interconnected pore archi-
tecture was generated within the substrate (shown in Fig. S4c and d).
This morphological change could be explained by delayed de-mixing
induced by incorporation of hydrophilic LDH nanoparticles during the
phase separation process [6,33]. It was believed that improvements in
both porosity and pore structure favored the reduction of water per-
meation barrier [35].

Fig. S3 showed top views of four types of composite membranes
with different LDH locations. The pristine TFC membrane showed a
typical “ridge-valley” morphology [7,21,22,36]. After blending with
LDHs, grain size of the TFC-LDH membrane became larger. Surface
deposition of LDH nanoparticles led to smoother surface morphology.
In comparison, LDH nanoparticles were more densely packed on the
LDH@TFC-LDH membrane (shown in Fig. S3d), which was beneficial
for improving the chlorine resistance and anti-fouling capacity.

3.3. Investigation of the influence of LDH locations on the osmosis
performance of composite membranes

Fig. 4 showed the separation performance of prepared composite
membranes with different LDH locations in both FO and PRO modes. In
the FO mode, water flux of pristine TFC membrane reached

Fig. 2. XRD patterns of the MgAl-CO3 LDH nanoparticles, PSf, PSf-LDH, TFC,
TFC-LDH, LDH@TFC and LDH@TFC-LDH membranes. Fig. 3. Contact angles and interfacial free energy analysis of PSf, PSf-LDH, TFC,

TFC-LDH, LDH@TFC and LDH@TFC-LDH membranes.
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12.6 Lm−2 h−1, and the reverse salt flux reached 5.6 gm−2 h−1. After
blending with LDH nanoparticles, the water flux of TFC-LDH membrane
significantly increased from 12.6 Lm−2 h−1 to 15.2 Lm−2 h−1 in the
FO mode and from 21.5 Lm−2 h−1 to 25.9 Lm−2 h−1 in the PRO mode.
The significantly enhanced water flux could be attributed to higher
porosity and well-interconnected pore architecture of the PSf-LDH
substrate, which effectively alleviated the undesired ICP effect [3,6]. In
contrast, both water flux and reverse salt flux of the LDH@TFC mem-
brane were remarkably reduced in both FO and PRO modes possibly
due to the higher hydraulic resistance [21]. In the case of LDH@TFC-
LDH membranes, the water flux again reached 12.5 Lm−2 h−1 and
21.4 Lm−2 h−1 in FO and PRO modes respectively, which were close to
that of pristine TFC membrane. This could be attributed to the trade-off

effect of LDH nanoparticles in different locations. In addition, the re-
verse salt flux of the LDH@TFC-LDH membrane was comparable with
the pristine TFC membrane. A detailed performance comparison with
other TFC FO membranes as reported in the literature was listed in
Table 2.

3.4. Investigation of the chlorine resistance of composite membranes

Chemical cleaning with NaOCl represents a facile and economical
approach to alleviate the membrane fouling. When compared with
pressure-driven processes, e.g. RO, the fouling of FO membranes is less

Fig. 4. Performance of membranes with different LDHs location. (a) Forward
osmosis (FO) mode (FS facing the selective layer), and (b) Pressure retarded
osmosis (PRO) mode (DS facing the selective layer). Operating conditions: 1M
NaCl as draw solution and DI-water as the feed solution, each test was con-
ducted for 1 h in triplicate.

Table 2
A summary of the performance of commercial FO membranes.

Membranes FO mode PRO mode Test condition References

Jw Js Jw Js

TFC 12.6 5.6 21.5 9.2 1M NaCl as draw, DI-water as feed This work
TFC-LDH 15.2 9.2 25.9 12.6 1M NaCl as draw, DI-water as feed This work
LDH@TFC 8.3 4.2 15.1 6.5 1M NaCl as draw, DI-water as feed This work
LDH@TFC-LDH 12.5 4.3 21.4 9.9 1M NaCl as draw, DI-water as feed This work
HTI TFC 18.5 6.7 44 11 2M NaCl as draw, DI-water as feed [36]
Oasys Water TFC 20 – 50 – 1.5 M NaCl as draw, DI-water as feed [38]
HTI TFC 15.1 4.4 – – 1M NaCl as draw, DI-water as feed [39]
HTI TFC ∼8.5 ∼6 ∼21 ∼12 1M NaCl as draw, DI-water as feed [40]

Fig. 5. The normalized water flux (a) and reverse salt flux (b) of composite
membranes tested in FO mode (FS facing the selective layer). Operating con-
ditions: 1 M NaCl as draw solution, 1000 ppm NaOCl aqueous solution as feed
solution and 1M HCl used to adjust pH value was 4.
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severe and can be cleaned more efficiently. However, membrane
fouling remains a great challenge in FO, and NaOCl cleaning is required
in case a highly contaminated FS is used. Herein the anti-chlorination
properties of TFC, TFC-LDH and LDH@TFC-LDH membranes were
further evaluated in the FO mode. Chlorine resistance tests were con-
ducted under both acidic (pH=4) and alkaline (pH=10) conditions
[10,11]. Fig. 5 showed the effect of LDHs locations on the separation
performance of prepared TFC membranes after chlorination at pH=4.
It was observed that the water flux and reverse salt flux of composite
membranes were significantly changed upon exposure to 1000 ppm
NaOCl solution. Notably, water flux and reverse salt flux of TFC
membranes quickly increased twice within 75min, which could be at-
tributed to irreversible degradation of the PA active layer as was ob-
served in previous studies [10,21]. In contrast, both water flux and
reverse salt flux of the TFC-LDH membrane remained unchanged within
50min in case LDH nanoparticles were incorporated into the PSf sub-
strate, owing to the relatively larger grain size of the PA active layer
(shown in Fig. S3b). Moreover, both water flux and reverse salt flux of
the LDH@TFC-LDH membrane was stable within the exposure time of
210min, therefore confirming that surface deposition of LDH nano-
particles (see Fig. S3d) had effectively protected the PA active layer
from the nucleophilic attack of active chlorine species [21].

Anti-chlorination properties of TFC, TFC-LDH and LDH@TFC-LDH
membranes upon exposure to 1000 ppm NaOCl solution at pH=10
were shown in Fig. 6. Results showed that the water flux and reverse

salt flux of both TFC and TFC-LDH membranes followed the same trend
as in the case of pH=4. Nevertheless, the increase rate slowed down
since hypochlorite anions (OCl−) instead of hypochlorous acid (HOCl),
which were considered more oxidative, became dominant species as the
pH value increased from 4 to 10 [10]. In contrast, the LDH@TFC-LDH
membrane remained stable even upon exposure to NaOCl solution for
5 h at pH=10. As shown in Fig. 6(a), a gradual decrease in the water
flux of the LDH@TFC-LDH membrane with the prolongation of ex-
posure time could be attributed to unavoidable dilution of the DS. To
summarize, the above results clearly indicated that LDH@TFC-LDH
membranes exhibited excellent chlorine resistance, owing to the unique
barrier effect of post-modified LDH nanoparticles.

3.5. Investigation of the anti-fouling capacity of composite membranes

Fig. 7 illustrated the normalized water flux decline of TFC, TFC-LDH
and LDH@TFC-LDH membranes due to organic fouling on the mem-
brane surface. The effective flux was plotted as a function of the fouling
time. The pristine TFC membrane retained ∼50% of its initial water
flux after runing for 10 h, owing to the irreversible alginate fouling in
the presence of CaCl2, which was known as the bridging effect caused
by calcium ions [37]. In contrast, the TFC-LDH membrane retained only
∼40% of its initial water flux in the FO mode, which was attributed to
the higher water flux (15.2 Lm–2 h−1) and surface roughness
(Ra=132 nm). These factors aggravated the preferential adhesion of
pollutants on the membrane surface [37]. In contrast, the LDH@TFC-
LDH membrane retained ∼75% of the initial water flux. The sig-
nificantly improved anti-fouling capacity could be attributed to the
enhanced surface hydrophilicity caused by surface deposition of LDH
nanoparticles (Fig. 3), which effectively alleviated the preferential ad-
sorption of alginate onto the membrane surface. Table 3 showed the
specific mass of alginate adsorbed on different composite membrane
surface. It was found that the LDH@TFC-LDH membrane exhibited the
least adsorbed mass towards alginate (2.5 mg L−1), which was

Fig. 6. (a) Normalized water flux and (b) reverse salt flux of composite mem-
branes tested in FO mode (FS facing the selective layer). Operating conditions:
1 M NaCl as draw solution, 1000 ppm NaOCl aqueous solution as feed solution
and 1M NaOH used to adjust the pH value to 10.

Fig. 7. The normalized water flux of composite membranes tested in FO mode
(FS facing the selective layer) in the presence of 200mg L−1 sodium alginate,
50mM NaCl, and 0.5 mM CaCl2. Operating conditions: 2M NaCl was used as
draw solution, each test was conducted for 10 h in triplicate.

Table 3
Effect of the type of composite membranes on the specific mass of alginate
adsorbed during fouling.

Membranes Modes Specific mass of alginate adsorbed (mg L−1)

TFC FO mode 9.6
TFC-LDH FO mode 11.9
LDH@TFC-LDH FO mode 2.5
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consistent with the trend in water flux decline.

4. Conclusions

In this study, LDH nanoparticles were incorporated in the pristine
TFC membrane to improve the chlorine resistance and anti-fouling
capacity. Results showed that simultaneous depositing LDH nano-
particles on the PA active layer and blending the PSf substrate with LDH
nanoparticles were beneficial for enhancing the chlorine resistance at
pH=10 without sacrificing the water flux in comparison with the
pristine TFC membrane. At pH=4, both water flux and reverse salt
flux of the LDH@TFC-LDH membrane remained stable within 210min.
Prepared LDH@TFC-LDH membranes were highly promising for mass
production, owing to the low manufacturing cost of LDH nanoparticles
[24] and the simple manufacturing process. Once fouled, prepared
LDH@TFC-LDH membranes could be quickly and easily recovered.
Further research should be conducted on enhancing the LDH@TFC-LDH
membrane stability under acid conditions.
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