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Abstract: The degradation and detachment of the polyamide (PA) layer for the conventional thin-film
composite (TFC) membranes due to chemical disinfectants cleaning with chlorine and material
difference of PA layer and substrate are two major bottlenecks of forward osmosis (FO) technology.
In this study, a new type of FO membranes was first prepared by controlling dopamine (DA) as the
sole amine in the aqueous phase and the reaction with trimesoyl chloride (TMC) as the acyl chloride
during interfacial polymerization (IP) process. The influence of membrane synthesis parameters
such as monomer concentration, pH of the aqueous phase, IP reaction time and IP temperature were
systematically investigated. The optimized membrane showed both improved structure stability
and chlorine resistance, more so than the conventional TFC membrane. In general, novel DA/TMC
TFC membranes could be an effective strategy to synthesize high-performance FO membranes with
excellent structural stability and chlorine resistance.

Keywords: forward osmosis; thin-film composite; dopamine; interfacial polymerization;
structural stability; chlorine resistance

1. Introduction

Recently, FO has attracted increasing interest in seawater desalination [1–3], municipal sewage
treatment [4,5], membrane bioreactors [6,7], agriculture fertilizers [8,9] and power generation [10,11],
as a potential energy-saving and promising technology [12]. Forward osmosis (FO) is a self-driven
process that drives pure water molecules across a semi-permeable membrane from the feed solution
(with a low osmotic pressure or high chemical potential) to the draw solution (with a high
osmotic pressure or low chemical potential). Thin-film composite polyamide (TFC-PA) membranes,
which consist of ultra-thin and dense polyamide (PA) layers and porous and thick substrate layers,
have been studied for their applications in FO process due to their high salt rejection capability,
wide range pH stability and independently modifiable support layer and active layer ability [13–16].

Conventionally, the thin and dense polyamide (PA) layer is synthesized by a interfacial
polymerization process onto the substrate layer by two different monomers with amine and acyl
chloride [17]. In order to obtain PA layers with good mechanical properties, at least one selected
monomer must have more than two functional groups as well as an aromatic material [18]. However,
if the conventional TFC-PA membranes are used in some wastewater containing ethanol, the active PA
layer could easily be detached from the top of the substrate layer, because there is no strong linkage
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between these layers. So the membrane structural stability should be taken into careful consideration
for more practical membrane separation applications. Apart from the membrane structural stability,
membrane chlorine resistance is also another bottleneck for TFC-PA membrane applications. This is
because membrane fouling is inevitable in the FO process, for example, in biological fouling it
is the main cause of decreasing membrane performance [5,13,19]. Therefore, membrane cleaning
with oxidizing agents to control membrane biofouling is also needed in FO applications. However,
the antioxidant ability of the conventional PA layer is poor, and its polymer chain structure would be
degraded by the active chlorine in the oxidizing agents easily and consequently bring a significantly
reduced membrane separation performance [20,21]. Hence, TFC-PA membranes with both improved
structural stability and chorine resistance are highly desirable.

Recently, dopamine (DA) or polydopamine (PDA) inspired chemistry has shown a new route for
the synthesis of high-performance membranes. PDA with adhesive proteins has been used to enhance
the anti-fouling property of ultra-filtration (UF) [22] and Reverse Osmosis (RO) membranes [23],
by forming surface-adherent films onto either the active PA layer or the substrate layer to increase
hydrophilic property of membranes. Han et al. first designed time-different PDA coated substrates for
FO membrane synthesis and found that FO membrane based on 1 h-PDA-coated substrate showed
the best FO performance [16]. Inspired by Han’s work, Ping Yu’s group [24] prepared three different
kinds of UF substrates (PDA coated for 1 h on the topside, on the bottom and on both sides of the
substrate before the interfacial polymerization (IP) process, respectively) for TFC-PA membranes
fabrication, observing a reduction of reverse solute flux for the PDA topside-coated substrate based
TFC-PA membranes. Very recently, Guo et al. [25] proved that only 0.5 h coating was enough for PDA
deposition and modification on the PA active layer, which would enhance FO membrane selectivity as
well as anti-fouling property.

Inspired by these works, DA was first investigated as a sole amine in aqueous phase in IP process
to prepare TFC membranes for FO process. The DA monomers with amine and phenol groups, as the
PDA formed by DA self-polymerization with the catechol groups [26,27] can all react with trimesoyl
chloride (TMC) with acyl chloride groups to obtain a new type of thin film active layer for separation
applications, which is strongly adhered to the top of the substrate. At the same time, the novel
active layer, with ester bonds formed by DA/TMC, is much more stable than the amide bonds of
the conventional PA layer when exposed to solutions with active chloride. This study sheds light on
developing high-performance FO membranes by improving the membrane structure stability as well
as the membrane chlorine resistance.

2. Materials and Methods

2.1. Materials

Polysulfone beads (PSf, average molecular weight (MW) ~22 kDa, Sigma-Aldrich,
St. Louis, MO, USA), polyvinylpyrrolidone (PVP, average MW ~10 kDa, Sigma Aldrich, St. Louis, MO,
USA) and 1-methyl-2-pyrrolidinone (99%, NMP, RCI LABSCAN LIMITED, Samutsakorn, Thailand)
were used to fabricate the substrates in this work. Trimesic acid trichloride (98%, TMC, Sigma-Aldrich,
St. Louis, MO, USA) monomers were dissolved in n-hexane (Anhydrous, 95%, Sigma-Aldrich,
St. Louis, MO, USA) as the organic phase and dopamine hydrochloride (Reagent grade, for research
purpose, Sigma-Aldrich, St. Louis, MO, USA) and piperazine (PIP, ReagentPlus®, 99%, Sigma-Aldrich,
St. Louis, MO, USA) were dissolved in phosphate buffer saline (PBS) solution as the aqueous phase
for IP process. For membrane performance tests, magnesium chloride (MgCl2, 98%, Sigma-Aldrich,
St. Louis, MO, USA) was dissolved in deionized water (DI). For membrane structural stability and
chlorine resistance tests, ethanol (ACS, ISO, Reag. Ph EMSURE®, Darmstadt, Germany) and sodium
hypochlorite (NaClO) solution (Chem Supply Pty Ltd, Adelaide, Australia) with 8–12.5% available
chlorine were used, respectively.
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2.2. Preparation of Polysulfone Substrates

The porous substrate was synthesized by the classical phase inversion process [28]. To prepare
the casting dope for substrate, a mixture containing PSf beads, PVP powders and NMP solvent was
kept stirring till the homogenous yellow solution was obtained (this process normally needs 8 h) and
then left the solution degassing for at least 12 h. Detail of the procedure can be found in our previous
work [28].

2.3. Preparation of Thin Film Composite (TFC) Membranes

The TFC membranes were prepared by interfacial polymerization reaction between the DA
monomers and TMC monomers. To be more specific, a series of DA-containing solutions were
prepared by mixing PBS and 0.10, 0.30, 0.50 wt% DA, respectively, as shown in Table 1. The PSf
substrate was first immersed into DA solution for 0.5 h [29] (0.5 wt% DA saturated PSf substrate,
named M-DA, was prepared to verify if DA has become part of this membrane or not). Afterwards,
the rest of the DA solution was dried by an air-knife. Then the saturated substrate was followed by
immersing into 0.15 wt% TMC solution for 1 min. TMC solution was drain and the substrate was
held vertically 120 s to evaporate n-hexane thoroughly. Afterwards, a heating post-treatment process
was conducted by putting these as-prepared membranes into an oven at 90 ◦C for 300 s. After that,
the as-prepared TFC membranes were washed 3 times with DI water to remove the unreacted residues
and stored in 4 ◦C DI water in fridge until further testing. The obtained membranes were denoted
as M-1, M-2 and M-3, containing 0.10, 0.30 and 0.50 wt% of DA in the aqueous phase in IP process,
respectively. For comparison, conventional TFC-PA membranes formed by PIP/TMC (denoted as M-0)
were also prepared as the control membranes.

Table 1. Reagents for thin-film composite (TFC) Membranes Preparation.

Membranes DA (wt%)
in Aqueous Phase

PIP (wt%)
in Aqueous Phase

TMC (wt%)
in Organic Phase

M-0 0 1.0 0.15
M-DA 0.50 0 0

M-1 0.10 0 0.15
M-2 0.30 0 0.15
M-3 0.50 0 0.15

2.4. Membrane Characterizations

The morphology of the obtained membrane surfaces was observed by field emission
scanning electron microscopy (FESEM, Merlin ZEISS GEMINI2, Oberkochen, Germany).
Membrane surface chemistry of the active layer was determined by X-ray photoelectron spectroscopy
(XPS, ESCALab220IXL, Abingdon, UK). Water contact angles (WCA) were tested by a static sessile
drop contact angle system (Dataphysics OCA20, Filderstadt, Germany). The functional groups of the
membranes were analysed by Attenuated Total Reflection-Fourier Transform Infra-Red, (ATR-FTIR,
Thermo Scientific Nicolet 6700, Midland, ON, Canada).

2.5. FO Performance Tests

FO performance tests were conducted by using a commercial PTFE cell (CF042-FO,
Sterlitech Company, Kent, WA, USA). The flow velocities for the feed solution side and draw solution
side were maintained at 4.9 cm·s−1. The temperatures of both sides were controlled at 20 ± 0.5 ◦C to
reduce the water flux variations caused by temperature changes. 1 M of MgCl2 solution was used as
the draw solution and DI water was used as the feed solution. The obtained TFC membranes were
tested under only one mode, namely, active layer facing feed solution mode. Each experiment was
tested for 1 h in triplicate from two independent batches.
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The water permeation flux (Jw) (L·m−2·h−1, LMH) and the reverse solute flux, (Js) (g·m−2·h−1)
were calculated by the same methods detailed in our previous work [28]. The specific reverse solute
flux (g·L−1) [30,31], which means the ratio of Js/Jw, was calculated to measure the FO selectivity of the
resultant TFC membranes.

2.6. Evaluation of Membrane Structural Stability and Chlorine Resistance

The structural stability of the as-prepared TFC membranes was studied by immersing them in
pure ethanol for a fixed period. And the chlorine resistance of these membranes was evaluated by
exposing their surfaces into a 1000 ppm NaClO solution over different periods at ambient temperature.
The NaClO solution was kept in dark and replaced every 2 h during the chlorine resistance test to keep
the constant concentration. Before the membrane FO testing, these TFC membranes were removed
from ethanol or NaClO solution and then washed 3 times with DI water to avoid the residual chlorine
attacking and ethanol swelling during performance tests.

3. Results and Discussion

3.1. Membrane Surface Characterization

3.1.1. Membrane Surface Chemistry

In this study, DA/TMC TFC membranes possesses novel dense and thin active layers on top of the
substrates, which are critical for high FO water flux and membrane selectivity [32]. ATR-FTIR and XPS
tests were utilised to confirm the formation of these layers. The ATR-FTIR spectra for PSf-substrate,
M-1, M-2 and M-3 are presented Figure 1a. It is clear that, apart from the bands of the PSf substrates,
the DA/TMC TFC series membranes showed enhanced peaks at 1660 cm−1 at the same time additional
peaks at 1750 cm−1, which are attributed to the C=O breathing in the obtained amide bonds and the
C=O stretching in ester bonds, respectively. The increase in the peak intensity of hydroxyl groups
at about 1660 cm−1 was also found in all the DA/TMC TFC membranes, which are attributed to
amide II band stretching vibration in the new-formed active layers. These newly formed bands
indicated that the active layers were successfully formed onto the top of the PSf substrates. Moreover,
nitrogen was detected by XPS on the DA/TMC membrane surfaces (Figure 1b), which confirmed
the existence of the DA or PDA on the top of PSf substrates because the amine groups were the
exclusive N source while no N sources can be detected in the PSf substrate [16]. As the concentration
of DA increased from 0.10 wt% to 0.50 wt% in the aqueous phase, the nitrogen percent increased
from 1.24% to 2.44%, accordingly. High-Resolution XPS spectrum C 1s spectra of the M-2 surface
is also shown in Figure 1c, the peaks at bonding energies of 285.2, 286.1, 287.4 and 288.2 eV can
be ascribed to the C-C, C-N and C-O, O=C-N and O=C-N groups, respectively. The presence of
287.4 and 288.2 eV peaks further confirmed the successful formation of amide and ester groups in
this novel active layer which is synthesised by the reaction between the catechol of PDA (or phenolic
hydroxyl and amine groups in DA) and acyl chloride in TMC monomers. Based on ATR-FTIR and XPS
analysis results, the formation of additional novel active layers on the top of PSf substrates has been
successful. Moreover, these chemical changes indicated that more DA monomers were incorporated in
the as-prepared membranes with the monomer concentrations.
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Figure 1. (a) Attenuated Total Reflection-Fourier Transform Infra-Red (ATR-FTIR) spectra of PSf
substrate, M-1, M-2 and M-3; (b) X-ray photoelectron spectroscopy (XPS) spectra of the M-1, M-2 and
M-3 membrane surface and (c) High-Resolution XPS spectrum C 1s spectra of M-2 surface.

3.1.2. Membrane Surface Morphology

Figure 2 shows the surface SEM images of these as-prepared membranes. Obviously, the PSf
substrate surface was smooth, but after DA immersion, the surface of M-DA was rougher due to
the DA self-polymerization. As for the PIP/TMC conventional TFC-PA (M-0), a typical “valley and
peak” structure was found, confirming the formation of polyamide, which is similar to Dong et al.’s
work [33]. As for the DA/TMC membrane surface (M-1, M-2 and M-3), structures with globules on
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membrane surfaces were found in the SEM images. When the DA concentration was low (0.1 wt%)
in the aqueous phase, a relatively smooth surface with small and random globules could be found.
As the DA concentration increased to 0.3 wt% (M-2), the appearance of these globules became more
uniform and frequent, resulting in a rougher surface could be beneficial for enhancing water molecules
transfer while reject salt ions. However, when the DA concentration was increased to 0.5 wt% (M-3),
PDA particles agglomeration were clearly observed, which may reduce the membrane rejection due to
their limited salt rejection abilities.

Figure 2. SEM images of PSf substrate, M-DA, M-0, M-1, M-2 and M-3 membrane surface.

3.1.3. Membrane Surface Hydrophilicity

The DA monomers and PDA particles in the aqueous phase with abundant amine and hydroxyl
groups would improve the membrane surface hydrophilicity, as shown in Figure 3. WCA is a classical
measurement to test the wettability of membrane surfaces: the lower the WCA, the easier for water
molecules to wet the membrane surface and the higher the hydrophilicity. The WCA of the PSf substrate
was relatively high at 75.3◦, after the DA immersion, the WCA of M-DA was improved, indicating
DA has been incorporated in the substrate. The WCA of the conventional membrane (M-0) was
51.0◦, which is similar to Mohsen et al.’s work [34]. For the DA/TMC membranes with different DA
concentrations, the WCAs only decreased from 55.9◦ to 50.2◦ when the DA concentration in aqueous
phase was increased 5 times (from 0.1 wt% to 0.5 wt%). These results indicate that the incorporation of
DA in the aqueous phase would enhance the membrane hydrophilicity while the concentrations of DA
had slight influence on the membrane surface hydrophilicity.

Figure 3. Water contact angles of PSf substrate, M-DA, M-0, M-1, M-2 and M-3.
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3.2. Membrane FO Performance and Preparation Parameter Optimization

Figure 4a shows the influence of DA monomers concentration in the aqueous phase on FO
performance of the obtained TFC membranes. The FO water flux increased from 3.22 to 6.55 LMH
when the DA concentration was increased from 0.1 wt% to 0.3 wt%. However, further increasing
the DA concentration showed little influence on the water flux in the meanwhile the specific reverse
flux was almost doubled with high error bars. This is because high DA concentration would easily
aggregate on the top of the membrane and thus some PDA particles formed globules (see Figure 2)
might randomly increase the FO water flux but at the price of FO membrane selectivity. Based on,
0.3 wt% was selected in the following work.

The formation the novel active layer was determined by not only the concentration of DA
monomers, but also the pH value of the aqueous phase. This is because, firstly, according to Zhu’s
study, DA self-polymerization of activity would be highly enhanced in alkaline solutions and reached
the most drastic level at pH 8.5 [35]. Apart from this, this IP reaction between amine and phenol
groups in DA monomers and acyl chloride groups in TMC monomers would produce hydrochloric
acid. Thus, pH value of the aqueous phase would certainly have influence on the processing of the
reaction of the chemical equilibrium [36]. Therefore, Figure 4b shows the influence of the pH value
of the aqueous phase on the FO performance of the DA/TMC TFC membranes. At the pH of 6.0,
the FO water flux was relatively high (9.51 LMH) as well as the specific reverse solute flux (1.62 g·L−1),
which indicated that acidic aqueous environment had an adverse impact the formation of the active
layer. When the pH value was increased to 7, the water flux decreased to 6.55 LMH, and the specific
reverse solute flux decreased further to 0.4 g·L−1, indicating an enhanced FO membrane selectivity
and a dense active layer was formed. When the pH value was further increased to 7.5 and 8.0, the FO
water flux continuously decreased while the specific reverse solute flux slightly increased. This could
be due to the process of DA self-polymerization was greatly enhanced in alkali solution [37], thus,
more PDA particles was formed thus less amine and phenolic hydroxyl groups of DA can react with
TMC in IP process. As a result, a low salt selectivity and loose active layer was thus formed. From this,
pH 7 was chosen in the following experiments.

Figure 4c shows the influence of IP reaction time on the FO performance of the DA/TMC TFC
membranes. When the IP reaction time was 10 s, only a little amount of amine and phenol groups in
DA monomers could react with TMC, as a result, the main component of the active layer was loose
PDA particles, which is attributed to the high FO water flux and low salt selectivity. When the reaction
time increased from 60 s to 120 s, FO water flux decreased from 8.32 to 6.55 LMH and the specific
reverse solute fluxes decreased from 1.37 to 0.4 g·L−1. However, further increase in the reaction time
did not decrease the specific reverse solute flux obviously as well as the FO water flux. Therefore, 120 s
was selected in the following experiments to reduce the membrane fabrication time.

Figure 4d shows the influence of IP reaction temperature on the FO performance of the DA/TMC
TFC membranes. When the IP reaction temperature was 15 ◦C, a very high FO water flux (9.08 LMH)
and low salt selectivity (0.65 g·L−1) was obtained. When the reaction temperature was increased from
25 to 55 ◦C, FO water flux decreased from 6.55 to 2.54 LMH and the specific reverse solute fluxes
gradually decreased from 0.40 to 0.32 g·L−1, respectively. This might be attributed to the fact that
higher IP reaction temperature increased the reaction between DA and TMC. The obtained relative
dense active layer lowered the FO water flux but maintained membrane selectivity. Based on the above
experimental results, the synthesis parameters for IP process were fixed at 25 ◦C and 120 s, 0.3 wt%
DA and pH value 7 in the aqueous phase, respectively.
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Figure 4. (a) The influence of dopamine (DA) concentration (0.1 wt%, 0.3 wt% and 0.5 wt%) in aqueous
phase on the forward osmosis (FO) performance of the DA/trimesoyl chloride (TMC) TFC membranes;
(b) The influence of pH value (6, 6.5, 7, 7.5 and 8) in aqueous phase on the FO performance of the
DA/TMC TFC membranes; (c) The influence of reaction time (10–300 s) on the FO performance of the
DA/TMC TFC membranes and (d) The influence of temperature (15, 25, 35, 45 and 55 ◦C) in aqueous
phase on the FO performance of the DA/TMC TFC membranes.

3.3. Membrane Structural Stability and Chloride Resistance

In practical applications, membrane characteristics such as structural stability and chloride
resistance are important for the lifetime of FO TFC membranes. In the first scenario, some feed
solutions may contain organic solvents like ethanol which could massively swell the substrates and
separation layers, which are generally comprised of two different materials, causing the detachment
of active layers from the substrates, thus shortening membrane lifetime and increasing the total cost
of membrane separation applications. In the second scenario, in order to control the bio-fouling in
FO process, some disinfectants with free chloride are widely used, which can inevitably cause the
conformational changes of the PA chains, leading to drastic damages for FO membrane separation
performance. In order to evaluate the structural stability and chloride resistance of the as-prepared
membranes quantitatively, in our study, a doubled increase value in specific reverse solute flux
was chosen as an upper limit [38], resembling when the PA layers were detached or degraded too
dramatically to be acceptable in practical applications.

3.3.1. Membrane Structural Stability

The optimized DA/TMC membrane (M-2) and the conventional PIP/TMC membrane (M-0) were
separately immersed in ethanol to test the structural stability, their FO performances are shown in
Figure 5. For M-2, its FO water flux gradually increased from 6.55 to 9.22 LMH after the ethanol
immersion, and the specific reverse solute flux also increased to 0.81 g·L−1. The whole process for the
initial specific reverse solute flux value to double took as long as 228 h. On the other hand, it only
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took 32 h for M-0 to double its specific reverse solute flux. This enhancement of structural stability of
M-2 (~7.1 times stronger) might be ascribed to the strengthened bond formation between the novel
active layer and the substrate under the selected optimal conditions. Namely, when the pH value
of the aqueous phase was fixed at 7.0, DA monomers in the aqueous phase were readily able to
self-polymerize [35] to form tightly adhesive PDA particles with plenty of π-π and hydrogen-bonding
interactions in between the newly-formed active layer and substrate [39].

Figure 5. (a) The influence of ethanol immersion on the FO performance of M-2 membrane;
(b) The influence of ethanol immersion on the FO performance of M-0 membrane. The FO performance
was tested in active layer-feed solution (AL-FS) mode with 1 M MgCl2 as draw solution and deionized
water (DI) water as the feed solution.

3.3.2. Membrane Chlorine Resistance

Chlorine-resistance studies were conducted for both DA/TMC (M-2) and PIP/TMC membranes
(M-0) as shown in Figure 6. For M-2, similar to the test in ethanol immersion, a gradual increase
of water flux and specific reverse solute flux were observed during the test of chlorine exposure,
which lasted up to as high as 12,000 ppm·h, before the specific reverse solute value was doubled.
Both the water flux and specific solute flux increase of M-2 for the whole chlorine resistance test (up to
18,000 ppm·h) were mild and slow. This is because the ester bonds in M-2’s active layer were much
more stable than amide bonds of conventional PA layers when exposed to active chlorine. Therefore,
a gradual increase of water flux due to the slow degradation of the novel active layer was observed.
Meanwhile, due to a relatively complete active layer structure, the sudden rise in reverse solute flux
on top of the membrane was avoided. As for the M-0 membrane, the water flux increase was firstly
observed like the trend for M-2 but eventually decreased to approximately 65% of the initial flux in
500 ppm·h, while the specific reverse solute flux was finally increased from 0.45 to 3.05 g·L−1. This is
because the amide bonds of the PA layers were vulnerable to free chlorine owing to their high electron
density. At the beginning of the degradation of PA layer, the water molecules can easily pass through
the membrane, however, because of the drastic degradation of the PA layer a highly increased reverse
solute flux was observed, which caused an RO-like concentration polarization on top of the active layer
thus decreasing water permeability and FO selectivity. Such significant failure of membrane separation
performance may hinder the application of PIP/TMC TFC-PA membranes in wastewater treatment,
which usually involves frequently chemical cleaning to avoid high bio-foulants. On the contrary,
the M-2 portrayed by the novel dense and stable active layer showed a much slower destruction due
to its ester bonds, which are much stronger than amide bonds of conventional PA layers when exposed
to chlorine, therefore showing far superior chlorine resistance characteristics (72.3 times enhancement).
Additionally, due to its more complete active layer structure, the surging reverse solute flux on the top
of membrane was avoided.
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Figure 6. (a) The influence of chlorine immersion on the FO performance of M-2 membrane;
(b) The influence of chlorine immersion on the FO performance of PIP/TMC conventional membrane.
The FO performance was tested in active layer-feed solution (AL-FS) mode with 1 M MgCl2 as draw
solution and DI water as the feed solution.

4. Conclusions

A new type of DA/TMC TFC membranes was prepared via the IP reaction of DA monomers and
TMC monomers on PSf substrates. DA as an amine was first explored in aqueous phase in IP process
for TFC FO membrane preparation. Uniform hydrophilic structure with globules was generated on the
membrane surface of the novel membranes at a moderate (0.3 wt%) DA concentration. The optimized
parameters for this novel membrane synthesis process were obtained, including DA concentration
(0.3 wt%), IP reaction temperature (25 ◦C), IP reaction time 120 s and the aqueous phase pH value 7,
respectively. The optimized membrane showed enhancement of 7.1 times more structurally stable and
72.3 times more chloride-resistant characteristics than the conventional PIP/TMC membrane due to
the poly-dopamine (PDA) strong linkage between the active layer and substrate as well as the polyester
groups in the active layer. The excellent structural stability and chloride resistance shown by this new
type of membrane could facilitate wider applications of FO membranes in wastewater treatment.
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