
1Scientific RepoRts |  (2018) 8:784  | DOI:10.1038/s41598-017-18724-w

www.nature.com/scientificreports

Robust fabrication of thin film 
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membranes with enhanced thermal 
stability and anti-biofouling 
propensity
Behnam Khorshidi1, Ishita Biswas1, Tanushree Ghosh2, Thomas Thundat3 & Mohtada 
Sadrzadeh1

The development of nano-enabled composite materials has led to a paradigm shift in the manufacture 
of high-performance nanocomposite membranes with enhanced permeation, thermo-mechanical, 
and antibacterial properties. The major challenges to the successful incorporation of nanoparticles 
(NPs) to polymer films are the severe aggregation of the NPs and the weak compatibility of NPs with 
polymers. These two phenomena lead to the formation of non-selective voids at the interface of the 
polymer and NPs, which adversely affect the separation performance of the membrane. To overcome 
these challenges, we have developed a new method for the fabrication of robust TFN reverse osmosis 
membranes. This approach relies on the simultaneous synthesis and surface functionalization of TiO2 
NPs in an organic solvent (heptane) via biphasic solvothermal reaction. The resulting stable suspension 
of the TiO2 NPs in heptane was then utilized in the interfacial (in-situ) polymerization reaction where 
the NPs were entrapped within the matrix of the polyamide (PA) membrane. TiO2 NPs of 10 nm were 
effectively incorporated into the thin PA layer and improved the thermal stability and anti-biofouling 
properties of the resulting TFN membranes. These features make our synthesized membranes potential 
candidates for applications where the treatment of high-temperature streams containing biomaterials 
is desirable.

Due to drastic world population growth, rapid industrialization and widespread climate change in recent years, 
the world is facing the threat of a water scarcity. Today, more than 1.8 billion people, around one-fifth of the 
world’s population, live in areas with severe water shortage; where poor access to clean and safe drinking water 
causes several million deaths every year1–4. Hence, the fulfilment of the critical global water demand with the 
energy-efficient and cost-effective technologies to produce and recycle high-quality water has become a high 
priority5,6.

Membrane technology is being widely used in many water treatment processes including sea and brackish 
water desalination as well as the industrial and municipal wastewater reclamations7,8. Currently, the major-
ity of commercial desalination and water treatment plants use thin film composite (TFC) nanofiltration (NF) 
and reverse osmosis (RO) membranes9–11. A TFC membrane consists of a thin selective layer, usually made of 
polyamide (PA), over a microporous support layer (e.g., polyethersulfone (PES), backed by a polyester fabric 
mesh)12,13. The PA layer is prepared by interfacial polymerization (IP) reaction between a polyfunctional amine, 
e.g., m-phenylenediamine (MPD), and a polyfunctional acyl chloride molecule, such as trimesyol chloride 
(TMC)14,15. The multilayer structure of the TFC membranes allows the unique opportunity to tune and enhance 
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the properties of the selective and supportive layers independently with the use of novel materials and advanced 
synthesis methods16,17. Regarding that, considerable effort has been devoted to integrate the advances in nano-
technology with the classical synthesis procedure of the polymeric membranes with the aim of fabricating novel 
multifunctional nanocomposite membranes18,19. The first instance of such work was reported for gas separation 
by adding zeolite nanofillers into silicone rubber in 197320. Later, in 2005, the application was extended to water 
filtration with the incorporation of zeolite-A NPs into a thin-film nanocomposite (TFN) PA membrane21. Since 
then, a variety of nanoparticles (NPs), including organic (carbon-based nanomaterials such as carbon nanotube, 
graphene, and graphene oxide) and inorganic (zeolite, silica, metal and metal oxide) nanofillers, have been uti-
lized to fabricate TFN membranes for diverse applications of gas separation, pervaporation, and water purifica-
tion processes22–27.

Recently, titanium dioxide (TiO2) has attracted considerable attention for improving the permselectivity and 
antifouling propensity of the TFN PA membranes owing to its low production cost, high chemical and ther-
mal stability and, most importantly, its photocatalytic activity upon UV irradiation28–31. There are two main 
approaches that have been widely utilized to incorporate TiO2 NPs in TFN PA membranes: (i) attachment via 
self-assembly to the PA surface32–34 and (ii) in-situ integration into PA matrix during the IP reaction35–37. The 
former involves dip coating of a prepared TFC membrane into a TiO2 NP suspension. In the second method 
the TiO2 NPs are directly dispersed in one of the reacting monomer (either MPD-aqueous or TMC-organic) 
solutions prior to IP reaction38. The self-assembly is highly efficient in modifying the surface properties of the 
membrane with easy implementation since the NPs are directly deposited on the membrane surface39. However, 
the weak attachment between the TiO2 NPs and the host PA membrane surface may cause the leaching of the NPs 
during the filtration process and thus limits its application for a long-term operation40. The significant advan-
tage of the in-situ integration method is to resolve this problem by the entrapment of the TiO2 NPs within the 
PA matrix during the IP reaction41. However, the critical challenge with this method is that the fabrication of a 
defect-free PA film requires first, synthesis of nanosized TiO2 NPs and second, preparation of a stable dispersion 
of the TiO2 NPs in the monomer solutions42.

In recent years, various approaches to effectively incorporate NPs in the thin PA layer via the in-situ polym-
erization have been reported43,44. Due to the strong interaction of most nanomaterials with polar solvents, much 
of the research up to now has been restricted to the dispersion of NPs in MPD-aqueous solution45. A possible 
weakness of this approach, however, is that NPs cannot be integrated into the topmost PA layer and, as a result, 
their properties are not present in the membrane/water interface46. Given that, it is preferable to have NPs dis-
persed in TMC-organic solvent (e.g. heptane). In such cases, however, the aggregation of TiO2 NPs becomes more 
challenging as the thermodynamics of the resulting multiphase system are inherently unstable.

In the present work, we report a highly robust and efficient method for incorporation of TiO2 NPs into the PA 
matrix. The synthesis and surface modification of the NPs were carried out simultaneously using oleic acid (OA) 
in heptane via a biphasic solvothermal (BST) reaction. The resulting stable TiO2 suspension in heptane was then 
added to TMC-heptane solution to fabricate a TFN PA membrane. It is anticipated that the stable dispersion of 
nanosized TiO2 particles with a very low aggregation rate in the TMC-heptane solution can efficiently result in 
nanocomposite PA films with enhanced thermomechanical, antibacterial, and permeation performance.

Results and Discussion
TiO2 NPs, synthesized using the BST reaction, were characterized applying transmission electron microscopy 
(TEM), X-ray photoelectron spectroscopy (XRD) and dynamic light scattering (DLS) techniques. The TEM 
images in panels (a) and (b) of Fig. 1 illustrate that the TiO2 NPs have a nano size core in the range of 5 to 10 nm. 
Regarding crystalline shape, TiO2 NPs are generally available in three structures, namely anatase, rutile, and 
brookite. The prepared TiO2 NPs mainly have the anatase structure as evidenced by the characteristic peaks at 
2θ degree of 25.3°, 37.8°, and 48.1° in the XRD spectra (panel c). Theses peaks correspond to the (101), (004) and 
(200) planes, respectively28. The anatase structure is known to provide higher photocatalytic activities, as will be 
discussed later. The size distribution and aggregation rate of dispersed TiO2 NPs in heptane were evaluated by 
DLS technique. The size measurement was conducted three times over a period of 30 minutes. Panel (d) in Fig. 1 
demonstrates that the TiO2 NPs were highly stable in heptane with the average size of less than 10 nm, starting 
from 7.1 nm (after 1 minute) and reaching to 8.5 nm after 30 minutes. The high stability of the TiO2 NPs in hep-
tane is essential for the synthesis of defect-free PA films.

Figure 2 illustrates the surface and cross-sectional images of the base TFC and TFN4 membranes (See Table 1 
in the Materials and Methods section for the synthesis conditions of TFC and TFN membranes). The surface 
images were obtained via field emission scanning electron microscopy (FESEM). The FESEM and TEM images 
in panels (a), (b), and (c) demonstrate that the PA layer of the base TFC membrane possesses a ridge-and-valleys 
morphology with multiple internal nano- and microvoids47,48. In contrast to the homogeneous surface feature of 
the base TFC membrane, the FESEM image of TFN4 membrane obtained using back-scattered electron detector 
(BSE) in panel (d) reveals the formation of multiple large islands at the membrane surface. These islands were 
blend of PA with a high concentration of TiO2 NPs. The elemental color map in panel (e), which was obtained 
by energy-dispersive X-ray spectroscopy (EDX), also confirmed a good distribution of TiO2 NPs within the PA 
structure. The TEM cross-sectional images of the TFN4 membrane (panel f) show that the TiO2 NPs were mainly 
integrated into the topmost layer of the PA film. It is highly desirable as it enables tuning of the surface and bulk 
properties of the nanocomposite membranes. The chemical properties of the synthesized membranes were also 
evaluated using attenuated total reflection-Fourier transform infrared (ATR-FTIR) spectroscopy and EDX tech-
niques and the results are presented in Figures S1 and S2 in the Supporting Information. The ATR-FTIR spectra 
demonstrated the presence of PA chemical functional groups that include C=O stretching vibration (amide I 
bands) and the C-N stretching vibration (amide II bands). The EDX spectroscopy showed a distinct peak for 
titanium at the membrane surface that confirmed effective addition of the TiO2 NPs to the PA layer during the IP 
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reaction. The thermomechanical stability of the base TFC and TFN4 membranes was also tested by thermogravi-
metric analysis (TGA) and the results are presented in Figure S3 in the Supplementary Information. Based on 
this figure, the onset of intense degradation temperature of the composite membrane has slightly increased from 
530 °C for the TFC to 550 °C for TFN4. The improved thermal stability is attributed to the decreased polymer 
chain mobility due to the presence of nano-sized and homogeneously distributed TiO2 NPs49.

The permeation performance of a TFC membrane highly depends on its physicochemical and structural char-
acteristics such as the thickness and crosslinking density of the PA layer, the complex interior free volumes, the 
surface charge, and hydrophilicity of the membrane50–53. In the case of TFN membranes, the surface and bulk 
properties of the incorporated nanomaterials as well as their interaction with the host polymer matrix have also a 
significant influence on the final transport properties of the TFN membranes.

The water flux and salt rejection of the synthesized TFC and TFN membranes are presented in Fig. 3. To eval-
uate the thermal stability of the membranes, ffiltration tests were initially conducted at room temperature (25 °C) 
and then elevated to 65 °C. The comparison between the water permeation results at room temperature revealed 
that the addition of TiO2 NPs into the PA layer initially improved the water flux of the resulting TFN membrane 
(22.7 LMH and 24.3 LMH for TFN1 and TFN2, respectively, compared to 21.5 LMH for base TFC membrane). 
Further incorporation of TiO2 NPs, however, resulted in TFN membranes with lower water flux (10.7 LMH and 
10.0 LMH for TFN3 and TFN4 membranes, respectively). The higher water flux of the TFN1 and TFN2 mem-
branes than that of TFC membrane suggests the existence of an optimum loading of the TiO2 NPs for the fabri-
cation of high throughput TFN membranes. Regarding salt rejection, all the synthesized membranes provided 
greater selectivity than 97% of NaCl in water. The salt rejection of the base TFC membrane and TFN1 and TFN2 
membranes were almost similar; however, TFN3 and TFN4 membranes provided a higher salt rejection follow-
ing the typical trade-off relation between the water flux and salt rejection. The lower water flux and higher salt 
rejection of TFN3 and TFN4 can be attributed to the reduced internal free volumes within the PA matrix by the 
integration of well-dispersed nanosize TiO2 particles. The presence of these NPs may have restricted the pathways 
for the transport of water and solute molecules through the TFN membranes.

By increasing the temperature of the feed solution (2000 ppm NaCl), all the synthesized membranes pro-
vided more water flux with a maximum value at 65 °C. The progressive increase in the permeation rate of the 
membranes with temperature can be attributed to the swelling of the PA layer as well as the higher diffusion 
coefficient of water molecules through the swelled membrane54–57. When the filtration test continued for a longer 
time at 65 °C, the base TFC membrane showed a stepwise flux decline from 43.5 LMH to 33 LMH over 6 hours of 
filtration test. The observed flux decline became milder for the case of the TFN1 and TFN2 and was completely 

Figure 1. (a) and (b) TEM images of the synthesized TiO2 NPs presenting the size of dried nanoparticles,  
(c) XRD spectrum of TiO2 NPs showing their anatase crystalline structure, (d) DLS measurement of TiO2 NPs 
capped with OA presenting their stability and size distribution in heptane.
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overcome in the case of TFN3 and TFN4 in which higher concentration of TiO2 NPs was integrated. A possible 
explanation for this stepwise flux decline may be the compaction of the swelled PA film under high temperature 
and pressure (65 °C and 220 psi, respectively). Hence, it can be concluded that the addition of the TiO2 NPs could 
effectively improve the thermomechanical stability of the TFN membranes by limiting the chain mobility of the 
PA matrix at high temperatures. Regarding the salt rejection, all the synthesized membranes showed higher rejec-
tion percentage at 65 °C as compared to room temperature, particularly for the case of TFN3 and TFN4 where the 
salt rejection was as high as 99.2% and 99.4%, respectively. The high salt rejection and stable water permeation of 
TFN3 and TFN4 are highly desirable for the applications that robust membrane performance and high-quality 
water is required under high temperatures of feed streams. Such an application can be found in Steam-Assisted 
Gravity Drainage (SAGD) process of oil recovery where the temperature of the produced water is as high as 
∼150 °C. In order to reuse and recycle the produced water, a significant amount of energy is wasted by cooling 
down the produced water to ∼60 °C in water treatment processes, follwed by re-heating to ∼200 °C in steam 
generators58,59. Thermally tolerant membranes have the potential to integrate into water treatment facilities and 
reduce the boiler heating requirements and greenhouse gas production in oil recovery plants.

The photocatalytic activity of TiO2 has made it a potential material to be used in a wide range of applica-
tions including food and medical industry, solar energy conversion and water purification. Under the UV light 

Figure 2. (a) and (b) FESEM images of the base TFC membrane; (c) TEM images of the TFC membrane;  
(d) FESEM images with BSE detector of the TFN4 membrane showing the TiO2-rich spots brighter than the 
other regions; (e) EDX color map of Ti element at the surface of TFN4 membrane; (f) TEM images of the TFN4 
membrane.

Membrane

MPD 
concentration in 
DI water (wt.%)

TMC 
concentration in 
heptane (wt.%)

Volume of TiO2 NP 
suspension added 
to TMC-heptane 
solution (µl)

Estimated 
concentration of TiO2 
NPs in TMC-heptane 
solution (wt.%)

TFC 2 0.2 0 0

TFN1 2 0.2 125 0.006

TFN2 2 0.2 250 0.0124

TFN3 2 0.2 375 0.0185

TFN4 2 0.2 500 0.0245

Table 1. Concertation of MPD, TMC and TiO2 NPs for the fabrication of TFC and TFN membranes. The 
invariant synthesis conditions were: 0.2 wt.% SDS, 1 wt.% CSA, 1 wt.% TEA in MPD-water solution, 30 sec IP 
reaction, 4 minutes heat curing at 60 °C.
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Figure 3. Water permeation and salt rejection of the synthesized TFC and TFN membranes at 25 °C and 65 °C 
showing the effect of TiO2 NPs on permselectivity and thermal stability of the TFN membranes. Operating 
conditions: 220 ± 5.0 psi of transmembrane pressure and 1.0 ± 0.1 LPM of feed flow rate.

Figure 4. (a) Schematic view of the measurement of the antibacterial activity of TFN membranes; (b) Images  
of the E. coli colonies formed in the plate of UV-treated (i) TFC, (ii) TFN2 and (iii) TFN4 membranes;  
(c) Mechanism for photocatalytic activity of TiO2 NPs under UV irradiation; (d) Number of E. coli colonies 
counted on the plate of TFC, TFN2 and TFN4 membranes after 30 minutes of UV irradiation.
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(Fig. 4a), the TiO2 NPs generates active radical species (such as hydroxyl and superoxide radicals) which decom-
pose organic matter and inactivates living organism like bacteria in the water (Fig. 4c)60,61. A moderate band 
gap (~3.2 ev) along with low toxicity has made TiO2 NPs promising nanofillers for water treatment applications, 
particularly for mitigating the bio- and organic fouling62–64.

The antibacterial activity of the synthesized TFN membranes in this study was evaluated by counting the 
number of bacteria (E. coli) colonies formed over the UV-illuminated membranes65,66. Figure 4b illustrates the 
image of three plates of base TFC, TFN2 and TFN4 membranes after 30 minutes of UV irradiation. As can be 
observed, the exposure of the UV light on TFN membranes effectively lowered the viability of the E. coli bacteria. 
The number of bacteria colonies dramatically decreased from 12.2 log (cfu/ml)10  for the base TFC membrane to 
10.7 log (cfu/ml)10  for the TFN2 membrane as presented in Fig. 4d. Further increase in the concentration of TiO2 
NPs in TFN4 membranes provided a slightly higher antibacterial efficiency compared to TFN2 membrane. The 
distinct difference between the numbers of bacteria colonies on the surface of the TFN membranes compared to 
the base TFC membrane shows the high photocatalytic activity and thus the antibacterial efficiency of the inte-
grated TiO2 NPs within the PA network. This property is highly beneficial for those membrane-based separation 
processes where mitigation of biofouling and organic deposition at the membrane surface is essential.

Discussion
The permeation properties and the fouling propensity of TFC and TFN membranes are strongly influenced by the 
surface physicochemical characteristics (such as morphology, thickness, surface roughness, charge density, the 
degree of cross-linking, and hydrophilicity) as well as the complex inter-connected free volumes within the PA 
structure. In the present study, the main objective was to incorporate the TiO2 NPs into the PA matrix to improve 
the thermal stability and antibiofouling properties of the resulting TFN membranes. The permeation results at 
the elevated temperature (Fig. 3) revealed that the thermal stability of all TFN membranes improved as compared 
to the base TFC membrane. The higher thermal stability is likely due to formation of a denser structure by the 
addition of nanosized TiO2 NPs into the PA structure. This result can be confirmed by comparing the water per-
meability of the TFN4 and TFC membranes where the addition of high concentration of TiO2 NPs led to a denser 
membrane with lower water flux but higher salt rejection and greater thermal stability. However, there was an 
optimal concentration of NPs in which the synthesized TFN2 membrane showed both higher water flux and ther-
mal stability than the base TFC membrane. Furthermore, the antibiofouling test with E. coli bacteria under the 
UV irradiation revealed that all the TFN membranes demonstrated higher photocatalytic activity and antifouling 
propensity compared to the base TFC membrane.

The main two challenges of using biphasic solvothermal method for the synthesis of TiO2 NPs are related 
to the high energy requirement and scaling up the mass production of NPs. Solvothermal synthesis proce-
dure is typically more energy-intensive than the conventional hydrolysis (such as sol-gel) methods due to the 
high-temperature treatment of solvents (often higher than 140 °C) for a long period. However, it must be noted 
that the NPs synthesized by the conventional hydrolysis methods also require thermal post-treatment to obtain 
proper crystalline shape. The production rate of NPs in the hydrolysis process is also higher than the solvother-
mal method; however, the size of the NPs, which is highly critical in the present study, is more controllable in 
the solvothermal method. It is worth mentioning that, one-pot synthesis procedure without the need for the 
post-synthetic crystallization annealing provides a great potential for scaling up the hydrothermal and solvo-
thermal methods67–69. Finally, in the present study, to make robust TFN membranes, the synthesized NPs were 
required to be well dispersed in an organic solvent (heptane). Therefore, employing a hydrolysis method requires 
an additional surface functionalization to make the NPs dispersible in the organic solvent. In order to skip this 
extra surface functionalization step, the biphasic solvothermal method was applied for in-situ synthesis and sur-
face functionalization of the TiO2 NPs. The resulting NPs were stable in heptane and were directly added into the 
TMC-heptane solution for the IP reaction.

Materials and Methods
Materials and chemicals. m-phenylenediamine (MPD, ≥99%) and 1,3,5-benzenetricarbonyl trichloride 
(TMC, 98%) were purchased from Sigma-Aldrich and used as reacting monomers for the synthesis of the PA 
films. Sodium dodecyl sulfate (SDS), camphorsulfonic acid (CSA), and triethylamine (TEA) were obtained from 
Fisher Scientific and utilized as the chemical additives in MPD-aqueous solution70. Titanium (IV) isopropoxide 
(98%, density of 0.96 g/ml and molar mass of 284.215 g/mol), oleic acid (OA, ≥99%) and heptane (≥99%) were 
purchased from Sigma-Aldrich and employed for the synthesis of the TiO2 NPs. All chemicals were used as 
obtained without further purification. Polyethersulfone (PES) microfiltration sheets with average pore size of 
100 nm were obtained from Sterlitech Co. (WA, USA) and applied as a supporting layer for the fabrication of the 
composite membranes.

Synthesis of TiO2 NPs using biphasic solvothermal (BST) reaction. TiO2 NPs were prepared using 
a biphasic solvothermal (BST) reaction where the reaction takes place at the interface of water and organic solu-
tions at an elevated temperature71,72. First, a water solution consisting of 20 ml of DI water and 200 µl of TEA (as 
a pH regulator) was added into a PTFE Teflon liner. Afterward, the organic solution was prepared by adding 
800 µl of titanium (IV) isopropoxide and 1200 µl OA to 20 ml of heptane. The heptane solution was sonicated for 
30 minutes in an ultrasonic bath (FS30H, Fisher Scientific) and then was poured gently over the water phase in the 
PTFE liner. The Teflon vessel was placed into a stainless steel autoclave, then sealed and heated in a vacuum oven 
(Thermo Scientific Heratherm™, USA) for 8 hours at 200 °C. Titanium (IV) isopropoxide reacted with water at 
the water/heptane interface to generate TiO2 as follows73:
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+ → +Ti[OCH(CH ) ] 2H O TiO 4(CH ) CHOH (1)3 2 4 2 2 3 2

The autoclave was cooled down for 12 hours at room temperature and the supernatant organic solution which 
contained TiO2 NPs capped with OA was carefully extracted. Assuming 100% conversion for the progress of the 
above reaction, the produced TiO2 was found to be 0.01 mg/μl. Figure 5a schematically illustrates the synthesis 
route of the TiO2 NPs using BST reaction.

Synthesis of TFC and TFN membranes. TFC membranes were prepared by utilizing the interfacial 
polymerization reaction between MPD-water and TMC-heptane solutions at the surface of the PES micro-
porous layer (Fig. 5b). Initially, the PES substrate was placed between a plexiglass frame and a rubber gasket 
(15 × 20 cm2), which were firmly attached using stainless steel binder clips. Next, the MPD solution containing 2 
wt.% MPD, 0.2 wt.% SDS, 1 wt.% CSA, and 1 wt.% TEA was poured on the PES surface and allowed to saturate 
the PES sheet for 10 minutes. The amine solution was then drained off from the surface, the plexiglass and rubber 
gasket were disassembled, and the excess MPD droplets were removed from PES surface using a rubber roller. 
Afterward, the MPD-impregnated PES sheet was again fixed between the plexiglass frame and gasket and 0.2 
wt.% TMC solution in heptane was gently poured on the surface. The polymerization reaction was allowed to 
proceed for 30 seconds, and then the resulting composite PA membrane was thermally cured in a digital oven 
at 60 °C for 4 minutes74. Finally, the membranes were thoroughly washed with DI water and stored in a covered 
polyethylene tub filled with DI water at 25 °C temperature. To prepare TFN membranes, different volumes of the 
extracted TiO2 NP suspension (125 µl, 250 µl, 325 µl and 500 µl) were added into 20 g of TMC-heptane solution. 
Table 1 presents the synthesis conditions for fabrication of TFC and TFN membranes.

Characterization of TiO2 NPs and TFN membranes. The crystalline structure of the TiO2 NPs was 
examined by XRD technique (Rigaku XRD Ultima IV, Cu-Kα source, 40 kV, 44 mA). The collected spectrum was 
analyzed using JADE software. Particle size and stability of the dispersed TiO2 NPs in heptane were measured 
by DLS technique (ALV/CGS-3 compact goniometer, ALV-GmbH, Langen, Germany). Particle size distribu-
tion (PSD) of TiO2 NPs was extracted by CONTIN analysis through scattering results obtained from He-Ne 
laser at 632.8 nm. The size of TiO2 NPs was also measured using TEM (Philips/FEI Morgagni 268, Netherlands) 
device. The sample was prepared by placing a drop of TiO2-heptane solution on a copper grid. Within a short 
period, the heptane evaporated and TiO2 NPs attached to the supporting copper grid. TEM was also used to 
obtain the cross-sectional images of the synthesized membranes. Membrane samples were first stained with lead 
citrate and uranyl acetate, and then embedded in Spurr’s resin. Ultrathin sections of the samples were then pre-
pared using an ultramicrotome (Reichert-Jung Ultracut E, USA) and finally, examined by TEM. The surface 
morphology of the TFC and TFN membranes was characterized by FESEM (Zeiss Sigma 300 VP) technique. 
The microscope was also equipped with EDX (Bruker) detector for elemental mapping and phase identification. 
The samples were carbon-coated and examined with a SE and BSE detectors. The chemical composition of the 
prepared TFC and TFN membranes were analyzed using ATR-FTIR spectroscopy (DIGILAB FTS 7000 Series, 

Figure 5. (a) Schematic synthesis route of TiO2 NPs via biphasic solvothermal (BST) reaction and (b) fabrication 
of TFN membranes via adding TiO2 NPs during interfacial polymerization (IP) reaction.
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Marlborough, MA). The thermal stability of the composite polymers was evaluated by thermogravimetric analysis 
(TGA) using TGA-Q500 (TA instrument, USA). The water flux and salt (NaCl) rejection of the prepared mem-
branes were measured using a cross-flow filtration setup (Sterlitech Co., USA). The operating test condition was 
set to 220 ± 5 psi (1.52 ± 0.03 MPa) of transmembrane pressure and a constant feed flow rate of 1 ± 0.1 Lmin−1 
(16.7 ± 1.7 cm3/s). The filtration test was initially started with feed solution (2000 ppm NaCl) at room temperature 
for 30 minutes, and then the feed temperature was elevated to 65 °C using a circulating water bath (Isotemp3013, 
Fisher Scientific). Afterward, the filtration test was continued for 5 hours at 65 °C to evaluate the permeation 
performance and thermal stability of the membrane at high temperature. The permeate volumetric flux (JW) was 
obtained by measuring the mass of permeate water (ΔM) over the specific time (Δt) of data recording (every 
minute in this work using LabVIEW software) divided by the effective membrane surface area (A = 42 × 10−4 m2):

=
Δ

ρ. . Δ
J M

A t (2)W

where ρ is the density of the permeate water. The apparent salt rejection (R) was evaluated using:

= − ×( )C CR 1 / 100 (3)p f

where Cp and Cf are the salt concentration in the permeate and feed water (2000 NaCl solution), respectively. The 
values of Cp and Cf are obtained using a calibration curve of the solution electrical conductivity measured by a 
conductivity meter (Accumet AR50, Fisher Scientific).

The antibacterial activity of the membranes was evaluated using Escherichia coli (E. coli DH5α) bacteria 
strain. Bacterial culture was prepared in Luria–Bertani (LB) broth media (Fisher Scientific, Canada) and grown 
for 36 h at 30 °C in a shake-flask at 180 rpm. A piece of base TFC, TFN2 and TFN4 membranes were cut into 
7.5 cm2 and placed at the bottom of three separate petri plates (30 mm diaHandheld Lamp, CA, USA) was placed-
meter, Fisher Scientific, Canada). Bacteria solution (2 ml each) was poured in the petri plates on top of the mem-
brane surface. UV light lamp (254 nm, UVGL – 58 Handheld Lamp, CA, USA) was placed at a height of 4 cm from 
the open surface of petri plates (Fig. 4a). The irradiance of the UV light (6 W) was measured as 2.10 mW/cm2 
(100 C power meter, AB-M Inc. CA, USA). After 30 minute of UV exposer, a 10:1 serial dilution was carried out 
for each petri plates with LB broth. Then, 250 µl of diluted bacteria solution from each plate was poured in LB agar 
plate. After overnight incubation at 30 °C, the antibacterial property of the membrane was observed by counting 
the number of colony formation on the plates.

References
 1. Global Risks Report. (World Economic Forum, 2016).
 2. Progress on sanitation and drinking water– 2015 update and MDGassessment. (World Health Organization and UNICEF Joint 

Monitoring Programme (JMP)).
 3. Water: a shared responsibility. (UNESCO: World Water Development Report, 2006).
 4. Hightower, M. & Pierce, S. A. The energy challenge. Nature 452, 285–6 (2008).
 5. Montgomery, M. A. & Elimelech, M. Water and sanitation in developing countries: including health in the equation. Environ. Sci. 

Technol. 41, 17–24 (2007).
 6. Shannon, M. A. et al. Science and technology for water purification in the coming decades. Nature 452, 301–10 (2008).
 7. Singh, R. Membrane Technology and Engineering for Water Purification. (Elsevier, 2015).
 8. Logan, B. E. & Elimelech, M. Membrane-based processes for sustainable power generation using water. Nature 488, 313–9 (2012).
 9. Fritzmann, C., Löwenberg, J., Wintgens, T. & Melin, T. State-of-the-art of reverse osmosis desalination. Desalination 216, 1–76 

(2007).
 10. Geise, G. M. et al. Water purification by membranes: The role of polymer science. J. Polym. Sci. Part B Polym. Phys. 48, 1685–1718 

(2010).
 11. Ismail, A. F., Padaki, M., Hilal, N., Matsuura, T. & Lau, W. J. Thin film composite membrane — Recent development and future 

potential. Desalination 356, 140–148 (2015).
 12. I. Pinnau & B. D. Freeman. Membrane Formation and Modification. 744, (American Chemical Society, 1999).
 13. Cadotte, J. E. In Materials Science of Synthetic Membranes 273–294 (ACS Publications, 1985). https://doi.org/10.1021/bk-1985-0269.

ch012.
 14. Li, D., Yan, Y. & Wang, H. Recent advances in polymer and polymer composite membranes for reverse and forward osmosis 

processes. Prog. Polym. Sci. 61, 104–155 (2016).
 15. Lau, W. J., Ismail, A. F., Misdan, N. & Kassim, M. A. A recent progress in thin film composite membrane: A review. Desalination 287, 

190–199 (2012).
 16. Petersen, R. J. Composite reverse osmosis and nanofiltration membranes. J. Memb. Sci. 83, 81–150 (1993).
 17. Cadotte, J. E. & Petersen, R. J. Thin-film composite reverse-osmosis membranes: Origin, development, and recent advances. 

305–326, https://doi.org/10.1021/bk-1981-0153.ch021 (1981).
 18. Jhaveri, J. H. & Murthy, Z. V. P. A comprehensive review on anti-fouling nanocomposite membranes for pressure driven membrane 

separation processes. Desalination 379, 137–154 (2016).
 19. Hernandez, S., Saad, A., Ormsbee, L. & Bhattacharyya, D. In Emerging Membrane Technology for Sustainable Water Treatment 

389–431 (Elsevier, 2016).
 20. Paul, D. R. & Kemp, D. R. The diffusion time lag in polymer membranes containing adsorptive fillers. J. Polym. Sci. Polym. Symp. 41, 

79–93 (2007).
 21. Jeong, B.-H. et al. Interfacial polymerization of thin film nanocomposites: A new concept for reverse osmosis membranes. J. Memb. 

Sci. 294, 1–7 (2007).
 22. Pendergast, M. M. & Hoek, E. M. V. A review of water treatment membrane nanotechnologies. Energy Environ. Sci. 4, 1946 (2011).
 23. Ng, L. Y., Mohammad, A. W., Leo, C. P. & Hilal, N. Polymeric membranes incorporated with metal/metal oxide nanoparticles: A 

comprehensive review. Desalination 308, 15–33 (2013).
 24. Khorshidi, B., Hajinasiri, J., Ma, G., Bhattacharjee, S. & Sadrzadeh, M. Thermally resistant and electrically conductive PES/ITO 

nanocomposite membrane. J. Memb. Sci. 500, 151–160 (2016).
 25. Das, R. et al. Multifunctional carbon nanotubes in water treatment: The present, past and future. Desalination 354, 160–179 (2014).

http://dx.doi.org/10.1021/bk-1985-0269.ch012.
http://dx.doi.org/10.1021/bk-1985-0269.ch012.
http://dx.doi.org/10.1021/bk-1981-0153.ch021


www.nature.com/scientificreports/

9Scientific RepoRts |  (2018) 8:784  | DOI:10.1038/s41598-017-18724-w

 26. Hegab, H. M. & Zou, L. Graphene oxide-assisted membranes: Fabrication and potential applications in desalination and water 
purification. J. Memb. Sci. 484, 95–106 (2015).

 27. Qu, X., Alvarez, P. J. J. & Li, Q. Applications of nanotechnology in water and wastewater treatment. Water Res. 47, 3931–46 (2013).
 28. Khataee, A. & Mansoori, G. A. Nanostructured Titanium Dioxide Materials. (WORLD SCIENTIFIC, 2011). https://doi.

org/10.1142/8325.
 29. Lee, S.-Y. & Park, S.-J. TiO2 photocatalyst for water treatment applications. J. Ind. Eng. Chem. 19, 1761–1769 (2013).
 30. Ong, C. S., Goh, P. S., Lau, W. J., Misdan, N. & Ismail, A. F. Nanomaterials for biofouling and scaling mitigation of thin film 

composite membrane: A review. Desalination 393, 2–15 (2016).
 31. Rajaeian, B., Heitz, A., Tade, M. O. & Liu, S. Improved separation and antifouling performance of PVA thin film nanocomposite 

membranes incorporated with carboxylated TiO2 nanoparticles. J. Memb. Sci. 485, 48–59 (2015).
 32. Kwak, S. Y., Kim, S.H. & Kim, S. S. Hybrid organic/inorganic reverse osmosis (RO) membrane for bactericidal anti-fouling. 1. 

Preparation and characterization of TiO2 nanoparticle self-assembled aromatic polyamide thin-film-composite (TFC) membrane. 
https://doi.org/10.1021/ES0017099 (2001).

 33. Madaeni, S. S. & Ghaemi, N. Characterization of self-cleaning RO membranes coated with TiO2 particles under UV irradiation. J. 
Memb. Sci. 303, 221–233 (2007).

 34. Mo, J., Son, S.-H., Jegal, J., Kim, J. & Lee, Y. H. Preparation and characterization of polyamide nanofiltration composite membranes 
with TiO2 layers chemically connected to the membrane surface. J. Appl. Polym. Sci. 105, 1267–1274 (2007).

 35. Rajaeian, B., Rahimpour, A., Tade, M. O. & Liu, S. Fabrication and characterization of polyamide thin film nanocomposite (TFN) 
nanofiltration membrane impregnated with TiO2 nanoparticles. Desalination 313, 176–188 (2013).

 36. Lee, H. S. et al. Polyamide thin-film nanofiltration membranes containing TiO2 nanoparticles. Desalination 219, 48–56 (2008).
 37. Emadzadeh, D. et al. Solvothermal synthesis of nanoporous TiO2: the impact on thin-film composite membranes for engineered 

osmosis application. Nanotechnology 27, 345702 (2016).
 38. Kim, J. & der Bruggen, V. B. The use of nanoparticles in polymeric and ceramic membrane structures: Review of manufacturing 

procedures and performance improvement for water treatment. Environ. Pollut. 158, 2335–2349 (2010).
 39. Zhang, R.-X., Braeken, L., Luis, P., Wang, X.-L. & Van der Bruggen, B. Novel binding procedure of TiO2 nanoparticles to thin film 

composite membranes via self-polymerized polydopamine. J. Memb. Sci. 437, 179–188 (2013).
 40. Al Aani, S., Wright, C. J., Atieh, M. A. & Hilal, N. Engineering nanocomposite membranes: Addressing current challenges and future 

opportunities. Desalination 401, 1–15 (2017).
 41. Li, D. & Wang, H. In Functional Nanostructured Materials and Membranes for Water Treatment https://doi.org/10.1002/9783527668502.

ch7 (2013).
 42. Krumpfer, J. W., Schuster, T., Klapper, M. & Müllen, K. Make it nano-Keep it nano. Nano Today 8, 417–438 (2013).
 43. Li, R. et al. Rational design of nanomaterials for water treatment. Nanoscale 7, 17167–17194 (2015).
 44. Xu, G.-R., Wang, J.-N. & Li, C.-J. Strategies for improving the performance of the polyamide thin film composite (PA-TFC) reverse 

osmosis (RO) membranes: Surface modifications and nanoparticles incorporations. Desalination 328, 83–100 (2013).
 45. Saleh, T. A., Gupta, V. K., Saleh, T. A. & Gupta, V. K. In Nanomaterial and Polymer Membranes 135–160, https://doi.org/10.1016/

B978-0-12-804703-3.00005-X (2016).
 46. Yin, J. & Deng, B. Polymer-matrix nanocomposite membranes for water treatment. J. Memb. Sci. 479, 256–275 (2014).
 47. Kłosowski, M. M. et al. Micro-to nano-scale characterisation of polyamide structures of the SW30HR RO membrane using 

advanced electron microscopy and stain tracers. J. Memb. Sci. 520, 465–476 (2016).
 48. Dutta, D., Bhattacharyya, A. & Ganguly, B. N. Microstructural study of aromatic polyamide membrane material. J. Memb. Sci. 224, 

127–135 (2003).
 49. Askadskii, A. A. Computational materials science of polymers. (Cambridge International Science Publishing, 2003).
 50. Khorshidi, B., Thundat, T., Fleck, B. A. & Sadrzadeh, M. A novel approach toward fabrication of high performance thin film 

composite polyamide membranes. Sci. Rep. 6, 22069 (2016).
 51. Kim, S. H., Kwak, S.-Y. & Suzuki, T. Positron annihilation spectroscopic evidence to demonstrate the flux-enhancement mechanism 

in morphology-controlled thin-film-composite (TFC) membrane. Environ. Sci. Technol. 39, 1764–1770 (2005).
 52. Yan, H. et al. The porous structure of the fully-aromatic polyamide film in reverse osmosis membranes. J. Memb. Sci. 475, 504–510 

(2015).
 53. Khorshidi, B., Soltannia, B., Thundat, T. & Sadrzadeh, M. Synthesis of thin film composite polyamide membranes: Effect of 

monohydric and polyhydric alcohol additives in aqueous solution. J. Memb. Sci. 523, 336–345 (2017).
 54. Geise, G. M., Paul, D. R. & Freeman, B. D. Fundamental water and salt transport properties of polymeric materials. Prog. Polym. Sci. 

39, 1–42 (2014).
 55. Mills, R. Self-diffusion in normal and heavy water in the range 1–45.deg. J. Phys. Chem. 77, 685–688 (1973).
 56. Harris, K. R. & Woolf, L. A. Pressure and temperature dependence of the self diffusion coefficient of water and oxygen-18water. J. 

Chem. Soc. Faraday Trans. 1 Phys. Chem. Condens. Phases 76, 377 (1980).
 57. Tofts, P. S. et al. Test liquids for quantitative MRI measurements of self-diffusion coefficient in vivo. Magn. Reson. Med. 43, 368–374 

(2000).
 58. Khorshidi, B., Bhinder, A., Thundat, T., Pernitsky, D. & Sadrzadeh, M. Developing high throughput thin film composite polyamide 

membranes for forward osmosis treatment of SAGD produced water. J. Memb. Sci. 511, 29–39 (2016).
 59. Sadrzadeh, M., Hajinasiri, J., Bhattacharjee, S. & Pernitsky, D. Nanofiltration of oil sands boiler feed water: Effect of pH on water flux 

and organic and dissolved solid rejection. Sep. Purif. Technol. 141, 339–353 (2015).
 60. Diebold, U. The surface science of titanium dioxide. Surf. Sci. Rep. 48, 53–229 (2003).
 61. Fujishima, A., Rao, T. N. & Tryk, D. A. Titanium dioxide photocatalysis. J. Photochem. Photobiol. C Photochem. Rev. 1, 1–21 (2000).
 62. Leong, S. et al. TiO2 based photocatalytic membranes: A review. J. Memb. Sci. 472, 167–184 (2014).
 63. Mills, A. & Le Hunte, S. An overview of semiconductor photocatalysis. J. Photochem. Photobiol. A Chem. 108, 1–35 (1997).
 64. Schneider, J. et al. Understanding TiO2 photocatalysis: Mechanisms and materials. Chem. Rev. 114, 9919–9986 (2014).
 65. Joost, U. et al. Photocatalytic antibacterial activity of nano-TiO2 (anatase)-based thin films: Effects on Escherichia coli cells and fatty 

acids. J. Photochem. Photobiol. B Biol. 142, 178–185 (2015).
 66. Guo, M., Hu, H., Bolton, J. R. & El-Din, M. G. Comparison of low- and medium-pressure ultraviolet lamps: Photoreactivation of 

Escherichia coli and total coliforms in secondary effluents of municipal wastewater treatment plants. Water Res. 43, 815–821 (2009).
 67. Li, J., Wu, Q. & Wu, J. in Handbook of Nanoparticles (ed. Aliofkhazraei, M.) 1–28 (Springer International Publishing, 2015).
 68. Hayashi, H. & Hakuta, Y. Hydrothermal Synthesis of metal oxide nanoparticles in supercritical water. Materials (Basel). 3, 3794–3817 

(2010).
 69. Caramazana-Gonzalez, P. et al. Assessing the life cycle environmental impacts of titania nanoparticle production by continuous flow 

solvo/hydrothermal syntheses. Green Chem. 19, 1536–1547 (2017).
 70. Khorshidi, B., Thundat, T., Pernitsky, D. & Sadrzadeh, M. A parametric study on the synergistic impacts of chemical additives on 

permeation properties of thin film composite polyamide membrane. J. Memb. Sci. 535, 248–257 (2017).
 71. Mohan, R., Drbohlavova, J. & Hubalek, J. Water-dispersible TiO2 nanoparticles via a biphasic solvothermal reaction method. 

Nanoscale Res. Lett. 8, 503 (2013).
 72. Forster, P. M., Thomas, P. M. & Cheetham, A. K. Biphasic solvothermal synthesis: A new approach for hybrid inorganic−organic 

materials. Chem. Mater. 14, 17–20 (2002).

http://dx.doi.org/10.1142/8325
http://dx.doi.org/10.1142/8325
http://dx.doi.org/10.1021/ES0017099
http://dx.doi.org/10.1002/9783527668502.ch7
http://dx.doi.org/10.1002/9783527668502.ch7
http://dx.doi.org/10.1016/B978-0-12-804703-3.00005-X
http://dx.doi.org/10.1016/B978-0-12-804703-3.00005-X


www.nature.com/scientificreports/

1 0Scientific RepoRts |  (2018) 8:784  | DOI:10.1038/s41598-017-18724-w

 73. Gupta, S. & Tripathi, M. A review on the synthesis of TiO2 nanoparticles by solution route. Open Chem. 10, 279–294 (2012).
 74. Khorshidi, B., Thundat, T., Fleck, B. A. & Sadrzadeh, M. Thin film composite polyamide membranes: Parametric study on the 

influence of synthesis conditions. RSC Adv. 5, 54985–54997 (2015).

Acknowledgements
The authors gratefully acknowledge the financial support provided by the Natural Sciences and Engineering 
Research Council of Canada (NSERC) and Canada’s Oil Sands Innovation Alliance (COSIA).

Author Contributions
B.K. conceived the design and carried out experiments; I.B. and T.G. conducted experiments and analysis related 
to the antibacterial properties of membranes; M.S. and B.K. developed the research methodology, performed data 
analysis, and materials characterization; T.T. assisted with the analysis of the results; and all authors contributed 
to the writing of the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-18724-w.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-017-18724-w
http://creativecommons.org/licenses/by/4.0/

	Robust fabrication of thin film polyamide-TiO2 nanocomposite membranes with enhanced thermal stability and anti-biofouling  ...
	Results and Discussion
	Discussion
	Materials and Methods
	Materials and chemicals. 
	Synthesis of TiO2 NPs using biphasic solvothermal (BST) reaction. 
	Synthesis of TFC and TFN membranes. 
	Characterization of TiO2 NPs and TFN membranes. 

	Acknowledgements
	Figure 1 (a) and (b) TEM images of the synthesized TiO2 NPs presenting the size of dried nanoparticles, (c) XRD spectrum of TiO2 NPs showing their anatase crystalline structure, (d) DLS measurement of TiO2 NPs capped with OA presenting their stability and
	Figure 2 (a) and (b) FESEM images of the base TFC membrane (c) TEM images of the TFC membrane (d) FESEM images with BSE detector of the TFN4 membrane showing the TiO2-rich spots brighter than the other regions (e) EDX color map of Ti element at the surfac
	Figure 3 Water permeation and salt rejection of the synthesized TFC and TFN membranes at 25 °C and 65 °C showing the effect of TiO2 NPs on permselectivity and thermal stability of the TFN membranes.
	Figure 4 (a) Schematic view of the measurement of the antibacterial activity of TFN membranes (b) Images of the E.
	Figure 5 (a) Schematic synthesis route of TiO2 NPs via biphasic solvothermal (BST) reaction and (b) fabrication of TFN membranes via adding TiO2 NPs during interfacial polymerization (IP) reaction.
	Table 1 Concertation of MPD, TMC and TiO2 NPs for the fabrication of TFC and TFN membranes.




