
Chemical Engineering Research and Design 1 6 1 ( 2 0 2 0 ) 232–239

Contents lists available at ScienceDirect

Chemical  Engineering  Research  and  Design

journa l h om epage: www.elsev ier .com/ locate /cherd

High-Performance  thin  film  composite  forward
osmosis membrane  on  tannic  Acid/Fe3+ coated
microfiltration  substrate

Seyed Reza Razavia, Alireza Shakeria,∗,
Seyed Mohammad Mirahmadi Babaheydaria, Hasan Salehia,
Rob  G.H. Lammertinkb,∗∗

a School of Chemistry, College of Science, University of Tehran, P.O. Box 14155-6619, Tehran, Iran
b Soft matter, Fluidics and Interfaces, Membrane Science and Technology, MESA+ Research Institute, University of
Twente, P.O. Box 217, NL- 7500 AE, Enschede, The Netherlands

a  r  t  i  c  l  e  i  n  f  o

Article history:

Received 26 November 2019

Received in revised form 20 June

2020

Accepted 30 June 2020

Available online 11 July 2020

Keywords:

Polyamide active layer

Tannic acid

TA-Fe3+interlayer

Forward osmosis

a  b  s  t  r  a  c  t

Herein, a triple-layer thin film composite (TFC) forward osmosis (FO) membrane was fab-

ricated via interfacial polymerization (IP) of m-phenylenediamine (MPD) and trimesoyl

chloride (TMC) on a tannic acid-Fe3+(TA-Fe3+)-coated microfiltration (MF) PVDF substrate.

The  polyphenol interlayer is prepared by coordination of TA using ferric (Fe3+) ions as

cross-linker on the MF substrate. The effect of the TA-Fe3+ interlayer on the hydrophilic-

ity,  structure and roughness of the TFC-FO membranes was entirely investigated by using

several instrument characteristics. The TA modified TFC(TA-TFC) membrane presented

approximately tripled water flux when compared to the control TFC membrane without

TA  modification. Specially, a membrane perm-selectivity or reverse salt flux (Js) to water

flux  (Jw) (Js/Jw value) ratio of 0.10 g/L was obtained for the TA modified composite membrane

where DI water and 1 M NaCl were used as feed and draw solutions, respectively. In addition,

this  approach is versatile, facile, green, and easy to scale-up, giving controllable chemical
Thin film composite membrane and physical structures to TFC-FO membranes.

©  2020 Institution of Chemical Engineers. Published by Elsevier B.V. All rights reserved.

a skin polyamide (PA) rejection layer (Shakeri et al., 2019a). The three-
1.  Introduction

During the last decades, clean water shortage has become an impor-

tant worldwide concern due to the seriously rapid population growth

and climate changes (Shakeri et al., 2018a). Desalination of seawater

and recycling wastewater have been proposed as promising solutions

to solve this issue (Soroush et al., 2015; Shakeri et al., 2018b). Membrane

technology for desalination, such as reverse osmosis (RO), forward

osmosis (FO) and nanofiltration, (NF) has the potential merit of mitigat-

ing the problem of freshwater scarcity (Ulbricht, 2006; Klaysom et al.,

2013; Ghaemi and Khodakarami, 2018). At present, RO is the most gen-

erally used technology for seawater desalination (Homaeigohar and
Elbahri, 2017). Compared to pressure-driven RO, FO requires much
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lower operating pressure conditions and removes the requirement for

high hydraulic pressure (Rastgar et al., 2017; Shakeri et al., 2018c; Qiu

and He, 2018). In FO process, water moves from draw solution (DS) to

feed solution (FS), which has a lower osmotic pressure than draw solu-

tion (Chi et al., 2018; Salehi et al., 2019; Shakeri et al., 2017; Kang et al.,

2019). Low energy consumption, high water recovery, and minimal foul-

ing tendency in comparison to RO process are the main features that

make FO a viable candidate for future water purification and desalina-

tion applications (Ma et al., 2017a).

In most investigations, TFC membranes are used for FO, which gen-

erally consists of two key layers: a porous polymeric support layer and
tink@utwente.nl (R. G.H. Lammertink).

dimensional cross-linked PA active layer is typically prepared by IP

ier B.V. All rights reserved.
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eaction of an acyl chloride monomer (e.g., trimesoyl chloride, TMC)

nd an amine-functionalized monomer (e.g., m-phenylenediamine,

PD) at the interface of two immiscible phases (Shakeri et al., 2019b).

he irreversible IP reaction is mostly controlled by the physicochem-

cal properties of the sublayer (Shakeri et al., 2019c; Ghosh and Hoek,

009). The porosity, hydrophilicity, as well as the pore size of the sub-

ayer, have a significant role in the separation characteristics of the TFC

embrane (Salehi et al., 2018; Suwaileh et al., 2018; Sharabati et al.,

019). Defects in polyamide thin films are more likely on substrates

ith large surface pore size (Zhao et al., 2018a; Yasukawa et al., 2015;

ui and McCutcheon, 2013). Recently, numerous studies have been

ocused on optimizing the structure of thin film active layers by intro-

ucing a hydrophilic interlayer on the micron-sized substrate before

he IP reaction to enhance both permeability and selectivity of the

O membranes. Examples include carbon nanotube (CNT) (Zhou et al.,

018), multi-wall carbon nanotube and graphene oxide (MWCNT/GO)

omposite layers (Zhao et al., 2018b), polydopamine/graphene oxide

Choi et al., 2019) and cellulose nanofibers (CNF) (Soyekwo et al., 2017).

A-Fe3+coordination complexes have a three-dimensionally reinforced

hemical structure with oxygen-rich functional groups in the form of

wo adjacent hydroxyl groups on galloyl or catechol groups (Huang

t al., 2019; Kaspchak et al., 2019; Lee et al., 2018). The TA-Fe3+ com-

lexes are inexpensive, porous, generally nontoxic, highly hydrophilic,

nd they can be easily coated on a wide range of sublayers (Yang et al.,

015). These superior characteristics of metal-polyphenol coordina-

ion complexes make it a good candidate for improving FO membrane

erformance. In the current study, we have fabricated a stable and

ydrophilic coating layer on a PVDF MF sublayer using Fe3+ ions and TA

o construct a high-performance TFC-FO membrane for the first time.

he effect of the TA-Fe3+interlayer on membrane surface characteris-

ics was analyzed in detail. Subsequently, the separation performance

f the prepared TFC-FO membranes was demonstrated.

.  Experimental

.1.  Materials  and  methods

he polyvinylidene fluoride (PVDF) MF  sublayer with pore size
f 0.1 �m was provided by Sterlitech. TMC  and MPD were pur-
hased from Merck company and used as the active monomers
o form PA layers on PVDF supports. n-hexane (99%, Merck)
nd distilled water were used as TMC  and MPD  solvent, respec-
ively. Tannic acid (TA, MW = 1701.23 Da) as the organic
igand and iron (III) chloride (FeCl3) as the metallic cross-linker
ere purchased from Sigma–Aldrich (USA). In FO performance

ests, NaCl (Iran Mineral Salt Company) was used to prepare
raw solutions with different concentrations.

.2.  Synthesis  of  TFC  and  TA-TFC  membranes

he ultrathin PA barrier layer was deposited on top of the PVDF
nd TA modified PVDF sublayers via interfacial polymeriza-
ion (IP) to obtain the control TFC and TA-TFC FO membranes,
espectively. To obtain the TA-Fe3+interlayer, the PVDF sublay-
rs were immersed into DI-water for 1 h. After that, the top
urface of the sublayer was saturated in an Fe3+/water solu-
ion (4 g/L) for 5 min, and then, the excess aqueous phase was
iscarded. Next, the TA aqueous solution (1.9 g/L) was poured
nto the Fe3+absorbed PVDF sublayer for 5 min  to establish
he TA-Fe3+interlayer. Finally, this metal-polyphenol coating
ayer dried at room temperature for about 30 min  to perform
he coordination process successfully. The TA-Fe3+interlayer
oated PVDF sublayer was denoted as TA-PVDF. For fabricat-
ng the composite membrane (TA-TFC), TA-PVDF was soaked

n MPD  solution (2 wt.%) for 2 min  to ensure that the solution
hase penetrated into surface pores of the TA-PVDF sublayer.
After that the aqueous phase was discarded, the soaked sur-
face was carefully dried by using a tissue paper to prevent
defect formation during IP reaction. Next, TMC/n-hexane (0.1
wt.%) organic phase was dripped on the membrane surface
to form the final PA layer and drained off after polyconden-
sation process for 1 min. Then, the as-prepared membranes
were cured in a vacuum oven at 60 ◦C for 1 min. In the case of
TFC, the preparation protocol was similar to the TA-TFC one
but without any TA-Fe3+ interlayer on the PVDF support prior
to IP process. The constructed TFC and TA-TFC membranes
were stored in a fresh DI-water before permeation tests.

2.3.  Membrane  characterization

The surface composition of the PVDF substrate, TA-PVDF
substrate, control TFC, and the TA-TFC membranes were
studied by using Attenuated total reflection -Fourier trans-
form infrared spectroscopy (ATR-FTIR, Bruker, Equinox 55).
Additionally, the elemental analysis of the obtained mem-
branes was carried out by using an energy dispersive X-ray
spectroscopy (EDS). The water contact angle (WCA)  of the com-
mercial MF PVDF sublayer and all of the fabricated membranes
(TA-PVDF, TFC, and TA-TFC) were characterized by contact
angle goniometry (Dataphysics, OCA 15 plus) in triplicate. The
surface roughness of the prepared membranes was measured
by using atomic force microscopy (AFM, ENTEGRA AFMNT-
MDT) through scanning an effective area of 5 �m × 5 �m.
Morphological characteristics of the membranes were qual-
itatively assessed by scanning electron microscopy analysis
(SEM, Zeiss, DSM 960 A, Germany). The bottom morphology of
the PA rejection layer was investigated as follows: a piece of
the dried membrane (2 cm × 2 cm)  was fixed on a silicon wafer
with their PA side facing the silicon wafer. After that, 15 mL
of NMP solvent was dropped onto the membrane surface to
dissolve the PVDF sublayer. In case of the TA-TFC sample, HCl
solution (pH = 2) was used to remove the TA-Fe3+ interlayer,
allowing the observation of the back surface morphology of
the PA film. Next, the isolated PA samples coated with gold
using a sputter coater machine to create electric conductivity
before SEM experiments.

2.4.  FO  performance  test

A bench-scale cross-flow permeation cell with an effective sur-
face area of 4.9 cm2 was used to determine water flux (Jw, LMH)
and reverse salt flux (Js, gMH) of the lab-fabricated membranes
(TFC and TA-TFC) in an FO configuration. For this assessment,
both the DS (2 L of NaCl aqueous solution 1 mol/L) and FS (2
L of DI-water) were pumped at a cross-flow velocity of 100
mL/min on both side of the membrane. All the fabricated
membranes evaluated at room temperature. Before recording
the final data, the FO operation initially performed for 15 min
until steady water flux was obtained. In all permeation exper-
iments, each fabricated membrane was tested at least three
times for 1 h and the averaged data was reported. A digital
mass balance (A&D FZ-5000i, Tokyo, Japan) with a precision of
0.001 was placed underneath the DS tank to record the perme-
ated water mass, followed by converting into reverse salt flux.
Also, a potable conductivity meter (WTW GmbH, Germany)

with a precision of 0.0001 was installed in the FS tank to detect
the variations in ion conductivity of feed solution, followed by
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Fig. 1 – Surface properties of pristine PVDF and TA-PVDF substrates: (a) SEM (scale bar is 10 �m)  and (b) AFM, (c) water
contact angle.
converting into reverse salt flux. The governing equations for
Jw and Js in the FO operation is presented as follows:

Jw = �Vd

A · �t
(1)

Js = �(CtVt)
A · �t

(2)

Where �Vd is the change volume of draw solution while �t is
the FO operation time. Ct is the change solute concentration

after the FO process and Vt is the change in the volume of draw
solution at the end of the permeation test.
3.  Results  and  discussion

3.1.  Impact  of  TA  coating  on  MF  substrate  properties

The metal-organic acid interlayer was coated on the porous
PVDF sublayer through crosslinking of TA molecules with Fe3+

as a crosslinking agent. The impact of TA deposition on the
surface of the PVDF support layer was systematically inves-
tigated since it would play a vital role in the formation of
the PA thin film. Fig.1a displays the top surface morphology
of the PVDF substrate. After crosslinking of TA with Fe3+ions,
a uniform TA-Fe3+ thin film was established on the PVDF sub-
layer. Besides, it is clear that the pores of the PVDF sublayer

are well coated by a thin metal-polyphenol layer. AFM images
confirm the reduction of surface roughness from about 84 nm
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Fig. 2 – (a) ATR-FTIR spectrum of PVDF, TFC and TA-TFC membranes, (b) SEM/EDS elemental mapping of the TA-TFC
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embrane for C, N, O, F, and Fe (from left to right).

or bare PVDF to 73 nm for the TA coated-PVDF substrate.
n addition, the hydrophilic hydroxyl groups in the TA-Fe3+

esults in a low WCA (55◦ vs. 64◦ of PVDF, Fig. 1c), despite the
ower surface roughness. These results confirm that the TA
oating has a substantial effect on the surface characteristics
hat can affect the coatings during the IP process (Wu  et al.,
018).

.2.  Characteristic  of  TFC  membranes

ig. 2a shows the ATR-FTIR spectra of the modified and
nmodified composite membranes. The characteristic absorp-
ion peaks of the PVDF polymer is found in all the membrane
amples. As seen in Fig. 2a, the spectra of the TFC and TA-
FC membranes presents several new peaks related to the
A thin film. The absorption peak at 3100−3450 cm−1 was
ssigned to the −OH stretching vibration. The peaks observed
t 1589 cm−1 and 1683 cm−1 were ascribed to the -NH and
CO stretching vibration, respectively (Shakeri et al., 2019d;
ark et al., 2017). These observations confirm the successful
eposition of the PA layer on a PVDF substrate. The character-

stic peaks of the TA-Fe3+ interlayer in the TA-TFC membrane
re less obvious because the peaks of the PA layer obscure
hem. However, surface EDS-mapping of Fe element presents

 homogeneous distribution of Fe on the TA-TFC membrane
Fig. 2b), which indicates the successful introduction of the
A-Fe3+interlayer.

Fig. 3 displays the top, backside and cross-sectional SEM
mages of PA thin film formed on both control and TA coated
ubstrates. As observed in many  previous studies, a ridge and
alley structure was generated by the interfacial reaction of
MC  and MPD  monomers for all the PA thin films (Shakeri
t al., 2019a; Salehi et al., 2018; Li et al., 2016; Ma et al., 2017b;
u et al., 2016; Shi et al., 2019). The TFC membrane without
A-Fe3+interlayer presents a rough surface morphology. On

he other hand, by introducing the TA-Fe3+ interlayer between
he PVDF substrate and PA thin film, a smoother surface
morphology is obtained. The interlayer in the TA-TFC mem-
brane may favor the formation of a thin and smooth PA film
by improved adhesion. For the unmodified TFC membrane,
MPD  monomers can easily transfer from substrate pores to the
reaction area with no limitation, leading to formation of a thick
and rough PA thin film. The incorporated TA-Fe3+interlayer in
TA-TFC membranes can retard the IP reaction of MPD  with
TMC  monomers due to the hydrogen bonding of the hydroxyl
functional groups of the TA with the amine functional groups
of MPD monomers (Shakeri et al., 2019a). Consequently, a thin
and smooth thin film with a leaf-like morphology is obtained
for the triple-layer TA-TFC membrane. To further survey the
effect of the TA-Fe3+ interlayer, SEM characterization of the
backside of the PA layers was performed by peeling off the
PA thin film from the PVDF substrates. As shown in Fig. 3b a
granular morphology appeared at the back surface of the PA
thin film formed on the neat PVDF substrate. This observation
could be attributed to the penetration of MPD  into the large
pores of the PVDF substrate, and consequently, forming the PA
film inside the PVDF pores (Zhang et al., 2016). By the depo-
sition of the interlayer on the PVDF support layer, a smooth
surface was found on the backside of the PA layer, indicating
that no polyamide has been formed in the PVDF pores. These
results present that the TA-Fe3+ interlayer with its uniform
structure blocked the penetration of MPD monomer aqueous
solution into the PVDF support, and thus, it has limited the
growth of polyamide in the PVDF supporting layer. In addi-
tion, several voids can be seen on the backside of the PA thin
films. These voids assist the migration of MPD  monomers to
the reaction side during the IP reaction (Pacheco et al., 2016).
These voids also serve as water transport channels through
the PA thin film (Zhou et al., 2018). Comparing the thickness
of the PA thin film of the control TFC and TA modified mem-
branes, displayed in Fig. 3c, it is obvious that the introduction
of the TA-Fe3+ interlayer can considerably reduce the thickness

of the PA thin film from 350 nm for TFC to 210 nm for TA-TFC
membrane. The reduced thickness of the PA thin film could be
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p su
Fig. 3 – TFC and TA-TFC membrane SEM images, (a) to

ascribed to the influence of the interlayer on the IP reaction.
The presence of a TA-Fe3+interlayer can hinder the growth of
the PA thin film by controlling the MPD  diffusion rate.

The AFM images of the TFC-FO membranes, shown in Fig. 4,
were used to study the effect of the TA-Fe3+interlayer on the
roughness of the PA thin film. Consistent with the SEM results,
the formed PA layer on the TA-PVDF substrate has a smoother
surface with lower thickness in comparison to the mem-
brane prepared on a bare PVDF support layer. Furthermore,
the surface hydrophilicity of the TFC-FO membranes (Fig. 4)
decreased slightly for the TA-Fe3+ interlayer coated membrane
when compared to the control. This improvement in wettabil-
ity surface is generally due to the hydrophilic nature of TA-Fe3+

interlayer that possesses plentiful amount of hydroxyl groups.
This specific structure of TA-Fe3+ interlayer facilitates the PA
surface to absorb a large amount of water molecules which
in turns, forming a hydration layer that provide fast diffusion
of water molecules through the TA-TFC membrane. Addition-
ally, with the uniform deposition of the TA-Fe3+ interlayer on
the PVDF sublayer, the TA-Fe3+ interlayer disturbs the IP reac-
tion of TMC  with MPD  monomers, which leads to a decrease
in the MPD  monomers migration rate, and then, forms more
and more  unreacted acyl chloride. After the IP process, the
−COOH from hydrolysis of acyl chloride appeared on the PA
surface. The hydrophilic nature of the carboxyl groups may
be responsible for the improved hydrophilicity of the TA-TFC
membrane.

3.3.  Effect  of  the  TA  coating  on  the  FO  performance

The separation properties of TFC and TA-TFC membranes
were investigated in the FO mode, by using 1M NaCl and DI
water as draw and feed solutions, respectively. It was found
that the presence of the interlayer significantly improved the
water flux (26.9 LMH  compared to the bare TFC membrane 10.7

LMH). This observation can be described via several factors,
including: firstly, the PA layer thickness of the TA-Fe3+ thin
rface, (b) backside, and (c) cross section of active layer.

film dramatically decreases. Secondly, the TA coating reduces
the formation of the PA thin film within the substrate pores.
The formation of the granular structure inside the substrate
pores considerably enhances the effective thickness of the PA
film, and consequently, declines its water flux. Thirdly, the
high hydrophilicity of the PA layer in the TA-TFC membrane
raises the affinity of water to the membranes surface (Salehi
et al., 2017).

The reverse salt flux of the TA-TFC membrane is about
2.7 gMH, which is about 2-fold lower than that of the control
composite membrane (5.5 gMH). The lower reverse salt flux of
the TA-TFC membrane shows that the TA-Fe3+interlayer min-
imizes the formation of defects in the rejection layer and thus
increases its rejection (Zhao et al., 2018a). The selectivity ratio
(Js/Jw) was determined in order to better evaluate the effect of
the TA coating on the efficiency of PA thin film. Results showed
a selectivity ratio of 0.52 g/L for TFC and 0.10 g/L for TA-TFC
in FO mode (Fig. 5b), which further confirm a superior overall
performance of the TA-TFC membrane compared to the bare
TFC one.

The separation performance of both modified and unmodi-
fied membranes in FO mode as a function of DS concentrations
(0.5, 1.0, 1.5 and 2.0 mol/L NaCl) are displayed in Fig.6. As can
be seen for both membranes, high water flux and reverse salt
flux were obtained for DS with high concentrations. The rise
in water flux and reverse salt flux can be ascribed to the higher
osmotic pressure, and rise in the salt concentration gradient,
respectively. In addition, the TA-TFC membrane shows better
overall performance than the TFC membrane for all studied
DS compositions.

To provide a reasonable comparison, Table 1 exhibits water
flux and reverse salt flux of the TA-TFC membrane, the control
TFC in present study, together with other FO-based mem-
branes studied in the published literature. It can be seen
that the TA-TFC membrane in our investigation shows better

water flux and lower reverse salt flux when compared with
commercial and in-house triple-layer TFC membranes. This
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Fig. 4 – AFM images and contact angle of TFC and TA-TFC membranes.

Fig. 5 – Membrane performance (a) water flux and reverse salt flux, (b) selectivity of TFC and TA-TFC membranes.

Fig. 6 – Performance comparison of TFC and TA-TFC membranes, (a) water flux (b) reverse salt flux.

Table 1 – comparison of FO performance for TA-TFC with various TFC and triple-layer TFC membranes in literature.

Membrane Jw(LMH) Js(gMH) Selectivity(g/L) Membrane orientation DS Reference

TA-TFC 26.9 2.7 0.1 FO 1 M NaCl This work
TFC 10.7 5.5 0.51 FO 1 M NaCl This work
CNT-TFC 23 7.75 0.33 FO 2M NaCl Zhao et al. (2017)
GO/MWCNT-TFC 17.24 3.73 0.21 FO 1 M NaCl Zhao et al. (2018a)
HTI CTA 8 2 0.25 FO 1 M NaCl Ren and McCutcheon, (2014)
HTI TFC 22.9 6.4 0.27 FO 1 M NaCl Ren and McCutcheon, (2014)
Dopant TFC 18 2.5 0.13 FO 1 M NaCl Chowdhury et al. (2017)
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result suggests that the TA-Fe3+ interlayer presents significant
advantages over other interlayers on the sublayers in control-
ling the salt reverse flux.

4.  Conclusion

Herein, a high performance TFC-FO membrane was suc-
cessfully prepared by IP reaction on a tannic acid coated
microfiltration membrane. Compared to the control TFC mem-
brane, the TA-Fe3+ interlayer reduced the roughness and
improved the surface hydrophilicity of the membrane sub-
strate. A thin and smooth PA thin film with fewer defects and
high hydrophilicity was formed on the TA coated substrate.
The as-prepared TA-TFC membrane reveals enhanced FO per-
formance with a water flux of 26.9 LMH  and reverse salt flux of
2.7 gMH  using DI water and 1 M NaCl aqueous solution as feed
and draw solutions, respectively. This study provides a novel
approach to fabricate high-performance FO membranes.
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