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ABSTRACT

The high-performance polyamide reverse osmosis nanocomposite membrane for desalination
was prepared by tetraethylorthosilicate (TEOS)-assisted interfacial polymerization (IP) of
1,3-phenylenediamine in the aqueous phase with 1,3,5-benzenetricarbonyl trichloride in the organic
phase on polysulfone ultrafiltration supports. The different contents of TEOS and different IP
time were investigated. TEOS is slightly soluble in water and partially hydrolyzed under alkaline
conditions. The addition of TEOS during the IP process not only influenced the IP as a co-solvent but
also generated inorganic nanoparticles in the polyamide layer in situ as nanofillers to form thin-film
nanocomposite membrane. The permeability test showed that the polyamide nanocomposite
membrane prepared with 20 wt.% TEOS possesses improved desalination performance. The water
flux increased more than twice the pure polyamide composite membrane, and the rejection has been

maintained over 95%.
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1. Introduction

With the rapid development of the global economy,
the problem of water shortage has become increasingly
prominent. Seawater or brackish water desalination is one
of the important ways to solve the serious shortage of water
resources. In recent years, desalination technology based
on reverse osmosis (RO) membrane has attracted extensive
attention because of its environment-friendly and low energy
consumption [1-4]. However, the current cost of producing
fresh water by RO technology is still high, which limits its
widespread use in desalination. At present, polyamide thin-
film composite (TFC) membrane prepared by interfacial
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polymerization (IP) method is widely used in RO technology
[5,6]. In order to improve the separation performance
(especially increase the water flux) of the polyamide TFC
membrane, researchers have studied a variety of methods to
optimize the polyamide membrane. The large quantity and
high quality of freshwater from desalination depends on high
water flux and high salt rejection, respectively. Therefore,
the effective membrane-modified methods should avoid the
trade-off between flux and rejection.

Among the modification methods, the addition of
additives (solid and liquid) in organic phase or aqueous
phase during the polymerization process has attracted wide
attention because the preparation process is same as that
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of the pure polyamide composite membrane without addi-
tional steps. In 2007, Jeong et al. [7] reported the formation of
zeolite-polyamide thin-film nanocomposite (TFN) RO mem-
brane by dispersing zeolite into the organic phase during the
IP, which lead to RO membrane with dramatically improved
water permeability. Since then, many nanoparticles and
nanotubes have been used as the nanofillers to prepare the
TFN membrane, and the enhanced separation performance
has been obtained [8-15]. Kong et al. [16,17] reported an IP
procedure by adding acetone into the organic phase, which
was referred to as co-solvent-assisted interfacial polymer-
ization (CAIP). Polyamide membranes prepared via CAIP
possess controlled thin dense layer and effective nanopores,
which results in high water flux and no considerable salt
rejection loss. Since then, different types of organic solvents
such as ethyl acetate, diethyl ether, toluene, isopropyl alco-
hol, and N,N’-dimethyl formamide have been used as co-sol-
vent in the CAIP method to improve the permeate property
of the TFC membrane [18,19]. The results showed that water
flux and salt rejection could be controlled by the types and
amount of co-solvents added into organic phase. Although
the addition of additives, both solid nanomaterials and liquid
organic compound, can effectively improve the separation
performance of the polyamide composite membrane, there
are still inherent shortcomings.

It is found that the uniform dispersion of solid nano-
material in the organic or aqueous phase is difficult due to
the incompatibility between inorganic nanoparticles and
solvent, when the nanomaterial was used as nanofiller to pre-
pare TFN membrane. Furthermore, when higher amount of
nanomaterials were added, the agglomeration would occur
and lead to the defection of the membrane. On the other
hand, liquid additives can be easily dispersed in the organic
phase, which overcomes the shortcoming of the addition of
inorganic nanomaterials. However, the organic compound
would remove out during IP, heat treatment, and immersion
in DI water, making the membrane with loose structure. Our
previous study shows that the loose structure of the mem-
brane prepared by CAIP method will be compacted under
higher operation pressure, leading to the decline of water
flux [20].

The metal alkoxide can solute in organic solvent and can
transform to nanoparticles by hydrolysis and condensation
reaction. Therefore, it is possible to generate nanoparticles
in situ into/on the polymer matrix of membrane. The com-
posite membranes containing silica nanoparticles formed in
situ by dispersing the tetraethylorthosilicate (TEOS) in cast-
ing solution were reported [21-27]. These studies reported
composite membranes fabricated by the phase-inversion
process to form polyvinylidene fluoride, polyvinyl alcohol
(PVA), polyethersulfone, polyvinyl chloride, and polyether
imide membranes and introduced inorganic nanoparticles
into membranes successfully. Noteworthy, silane cross-
linked PVA/chitosan (CS) membrane was prepared by CS/
PVA/TEOS and was applied to the RO process [27]. Another
kind of organosilane bis(triethoxy silyl)ethane was used
to modify the ultrafiltration membrane and nanofiltration
membrane via the surface coating method, and enhanced
performance was obtained [28,29]. Kong et al. [30] reported
the nanocomposite polyamide membrane prepared by
metal-alkoxide-assisted IP. The nanocomposite membrane

prepared with phenyltriethoxysilane showed 2-fold water
flux compared with the pure membrane with no rejection
loss. It indicates that metal alkoxide can form nanoparticles
in situ during the IP process.

However, to the best of our knowledge, the addition
of TEOS in organic phase during the IP to form silica
nanoparticles in situ has not been reported. Therefore, it is
important to investigate the influence of the more common
TEOS on the performance of polyamide composite mem-
brane. The TEOS was added to the organic phase assisting
the IP to fabricate the polyamide nanocomposite membrane.
The influence of TEOS on the structure and performance
of polyamide nanocomposite membrane was investigated
by scanning electron microscopy (SEM), energy-dispersive
spectroscopy (EDS), Fourier transform infrared (FT-IR),
contact angle, and so on.

2. Experimental
2.1. Materials

Sodium dodecyl sulfate (SDS), 1,3,5-benzenetricarbonyl
trichloride (TMC, 98%), and 1,3-phenylenediamine (MPD,
>99%) were obtained from Aladdin Co. Ltd (China). TEOS
(98%) and n-hexane were obtained from Sinopharm
Chemical Reagent Co. Ltd (Shanghai, China). All chemicals
were analytical grade and used without further purification.
Ultrafiltration polysulfone (PSF) support was purchased
from Hangzhou Water Treatment Center (China).

2.2. Membrane fabrication

The polyamide nanocomposite membranes were pre-
pared by IP assisted with TEOS on the PSF support. The
detailed processis as follows. First, the PSF support was placed
in an aqueous solution of 2 wt.% MPD and 0.15 wt.% SDS for
2 min, and then the excess aqueous solution was removed.
After drying, the soaked PSF support was immersed in a
hexane solution of 0.1 wt.% TMC and 0-35 wt.% TEOS for
5 min. Then, the excess organic phase solution was removed,
and the membrane was dried for 2 min at room temperature
followed by heat treatment at 80°C for 5 min. Finally, the
prepared membranes were immersed in deionized water to
remove unreacted monomer and solvent.

2.3. Characterization

The surface morphology of the resultant membrane was
investigated by SEM (HitachiS-4800, Japan). The samples
were deposited on sample holders with adhesive carbon
foil and were sputtered with gold before measurement. The
hydrophilicity of the membrane was determined through
the sessile drop method with a contact angle analyzer
(KRaSSDSA100, Germany). An FT-IR spectrum was recorded
by FT-IR spectrometer (Bruker TENSOR27, Germany).

2.4. RO performance

The RO performance was characterized by measuring
the water flux and salt rejection through cross-flow
permeation test on the RO performance evaluation equipment
(Fig. 1) with an effective membrane area of 19.6 cm? and
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Fig. 1. Permeability test equipment schematic diagram.

operating pressure of 1.6 MPa at 25°C. An aqueous solution
of 2,000 ppm NaCl was used as feed solution. The water flux
was measured after pre-compressed for 0.5 h at 1.8 MPa.
Salt rejection (R, %) and water flux (F, L m~h™) were
calculated with the following Egs. (1) and (2), respectively:

R:[l—czjxloo% 1)
Cl
|4
F= 2
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where C, (mg L™) is the feed concentration, C, (mg L) is
the permeate concentration, V is the permeate volume (L),
t is the permeate time (h), and S is the effective membrane
area (m?).

3. Results and discussion
3.1. Influence of IP time

The permeability properties of the pure polyamide
composite membrane prepared by the conventional IP
method and the nanocomposite membrane prepared by
TEOS-assisted IP method are shown in Fig. 2. With the
extension of the IP time, the water flux of the pure polyam-
ide membrane decreased from 22.1 to 14.8 L m~h™ with all
the salt rejection over 97%. It was believed that the longer
IP time would lead to thicker polyamide layer, resulting in
the decrease of water flux [31]. When the IP took for 1 min,
the nanocomposite membrane prepared by adding 15 wt.%
TEOS in organic phase had high water flux (88 L m~h™) and
low salt rejection (30%). It indicated that the effective poly-
amide layer cannot form during 1 min of IP assisted with
TEQOS, although 1 min of IP time was usually chosen to pre-
pare the pure polyamide membrane and the other nano-
composite membrane. When the IP time reached 3 min, the
water flux decreased to 32.1 L m~h™ and the salt rejection
increased to 94.5%. Further prolonging the IP time to 5 min,
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Fig. 2. Permeability properties of the pure polyamide composite
membrane and the nanocomposite membrane prepared by

adding 15 wt.% TEOS in organic phase as a function of time of
interfacial polymerization (IP).

the water flux remains unchanged with the salt rejection
increased to 95.9%, similar to the pure polyamide membrane.
It showed that the TEOS may influence the IP process. In
order to balance the water flux and the rejection and con-
sidering the slow hydrolysis of TEOS, the nanocomposite
membranes prepared by TEOS-assisted IP were fabricated
via IP for 5 min.

3.2. Characterization of the membranes
3.2.1. Scanning electron microscopy

Fig. 3 shows the surface morphologies of pure
polyamide membranes with different IP times (4, b) and
the nanocomposite membranes prepared with differ-
ent TEOS contents (c-g). The surface morphology of the
pure polyamide membrane prepared with IP time for
1 min clearly shows the typical ridge-and-valley structure
(Fig. 3(a)), which is the common morphology of polyamide
layer with large roughness and surface area [32]. The
surface morphology of the pure polyamide membrane
prepared with IP time for 5 min exhibits larger leaf-like
structure (Fig. 3(b)).The change of the surface morphol-
ogy was due to the thicker polyamide layer with longer IP
time. It was the reason that the water flux decrease with the
longer IP time (Fig. 2).

The less widespread polyamide layer can be clearly
detected on the surface of the membrane prepared with less
amount of TEOS (0.5 wt.%) (Fig. 3(c)), although the ridge-
and-valley structure of the modified membrane is similar to
the pure polyamide layer (Fig. 3(b)). The ridge-and-valley
structure of the modified membrane changed to widespread
layer with the increased content of TEOS (Fig. 3(d)—(g)).
The widespread polyamide layer structure was similar to
the membranes prepared assisted by organic compound
as co-solvents. It indicated that the TEOS could work as
co-solvent during the IP process. It is believed that the
co-solvent added in the organic phase was intended to form
a narrow miscibility zone, which led to the thicker reaction
zone, resulting in widespread polyamide layer structure [17].
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Fig. 3. SEM surface images of the pure polyamide membranes prepared with different IP time: (a) 1 min and (b) 5 min, and the
nanocomposite membranes prepared by adding different TEOS contents with IP time for 5 min: (c) 0.5 wt.%, (b) 5 wt.%, (e) 10 wt.%,
(f) 20 wt.%, and (g) 35 wt.%.
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3.2.2. Energy-dispersive spectroscopy

The Si peak can be detected in the EDS spectrum in
Fig.4(b), which is absent from the pure polyamide membranes
in Fig. 4(a). The Si element was from the TEOS, indicating
that the TEOS resided in the polyamide layer during the IP
process, heat treatment, and immersion in DI water. TEOS is
a kind of metal alkoxide, which can hydrolyze and condense
to form solid particles. The nanocomposite membranes were
calcined at 550°C in order to remove the polymer materials in
the membrane. After calcining, white powder was obtained,
and the EDS of the white powder was shown in Fig. 4(c). The
Si peak with high intensity is found in Fig. 4(c), indicating the
white powder consisting mainly of oxides and silicon.

3.2.3. Fourier transform infrared

Fig. 5 shows FT-IR spectra of the pure polyamide
membrane, the nanocomposite membrane prepared with
35 wt.% TEOS, and silica nanoparticles. All polyamide mem-
branes showed the typical spectra of polyamides which were
polymerized by MPD and TMC [17]. The vibrational band
at about 1,660 cm™ (amide I) was assigned to C=O stretch,
the band around 1,540 cm™ (amide II) was belonging to
C-N stretch, and the band around 1,609 cm™ was due to
polyamide aromatic ring breathing [17]. The bands at about
1,090 and 800 cm™ were evidently identified in the spectra of
the nanocomposite membrane prepared with 35 wt.% TEOS,
which was similar to the polyamide membranes incorporated
with hydrophilic SiO, nanoparticles [33]. The antisymmetric
stretching vibrational band of Si-O-Si was around 1,090 cm™!
and the symmetrical stretching vibrational band of Si-O was
near 800 cm™. This character confirms that the TEOS was
converted to Si0O, in the polyamide membrane.

3.2.4. Contact angle

Water contact angle is an important parameter to reflect
the membrane surface hydrophilicity. In general, the smaller
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Fig. 5. FT-IR spectra of the pure polyamide membrane (PA), the
nanocomposite membrane prepared with 35 wt.% TEOS, and
silica nanoparticles (SiO,).

the contact angle value, the more hydrophilic the membrane
[34]. Fig. 6 shows that the contact angle decreases with the
addition of TEOS, indicating the increase of hydrophilicity of
the membrane with TEOS. There were some carboxyl groups
(by hydrolysis of the unreacted acid chloride) and amino
groups on the surface of the polyamide layer, which resulted
in a certain hydrophilicity of the membrane. It was believed
that the degree of cross-linking of polyamide layer would
be decreased with the addition of co-solvent [16]. And, the
low cross-linking of the polyamide layer with the addition of
TEQOS into the organic phase could introduce more carboxyl
and amino groups in the polyamide layer. This was the rea-
son for the increase in the hydrophilicity of the membrane
prepared assisted with TEOS. Some co-solvents such as
alcohols, esters, and ketones did not change or react during
the IP process and heat treatment and could be eliminated
during the formation of polyamide layer. Different from the
above compounds, TEOS would undergo hydrolysis and
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Fig. 4. EDS of (a) pure polyamide composite membrane, (b) the nanocomposite membrane prepared with 20 wt.% TEOS, and
(c) calcination residue of the nanocomposite membrane prepared with 20 wt.% TEOS.
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Fig. 6. Contact angles of the nanocomposite membranes
prepared with different TEOS contents.

condensation, resulting in solid silica particles. Moreover,
the solid silica particles had hydroxyl groups on the surface,
which contributed the increase of hydrophilicity of the
modified membrane.

3.2.5. RO performance

Fig. 7 shows the salt rejection and water flux trends of
the nanocomposite membranes prepared with different
TEOS contents. With the increase of TEOS content from
0 wt.% to 20 wt.%, the water flux of the membrane obviously
increased from 14.8 to 37.6 L m?h™ and the salt rejection
slightly decreased from 97.9% to 95.5%. The TEOS could
act as a co-solvent during the IP process, resulting in the
polyamide layer with lower cross-linking degree. The lower
cross-linking degree made the polyamide layer with higher
hydrophilicity and larger pore, which contributed to the
increase of water flux and decrease of salt rejection. However,
when the addition of TEOS reached 35 wt.%, the salt rejection
sharply reduced to 75%, although the water flux increased
to 45.6 L m~h™. It indicated that the excessive amount of
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Fig. 7. Water flux and salt rejection of the nanocomposite
membranes prepared with different TEOS contents.

co-solvent would lead to larger pore or defection in the
polyamide layer due to the further decrease in the degree of
cross-linking of polyamide layer.

3.3. Effect of TEOS on MPD diffusivity/permeability

Researchers found that the MPD solubility and
diffusivity in the organic phase influenced the polyamide
thin-film structure and further affected the water permeabil-
ity. The diffusivity of MPD was negatively proportional to
the viscosity, while the solubility was positively proportional
to the surface tension [35]. The surface tension and viscosity
of hexane and TEOS were listed in Table 1.

It should be noted that the viscosity and surface tension
of TEOS were both larger than that of n-hexane. Therefore,
the addition of TEOS in n-hexane increased the viscosity
and surface tension of mixed solvent. In order to verify the
improved solubility, the diffusion trend of MPD from water
phase to the organic phase was investigated. First, 5 mL of
water phase (2 wt.%, 98 wt.% H,O) was added to the test tube,
and then 5 mL of n-hexane or mixed solvent (80 wt.% hexane,
20 wt.% TEOS) was slowly added and allowed to stand for 1,
2, 3, 4, and 5 min. Then the absorbance of the upper organic
phase was measured by ultraviolet spectrophotometry. The
results were shown in Fig. 8.

Fig. 8 shows that the absorbance increases with the
increase in contact time. The absorbance could represent the
MPD concentration, and the variation trend of MPD could

Table 1
Properties of solvents used to form RO membranes
Hexane TEOS
Surface tension (N m™) 18 23
Viscosity (mPa s) 0.300 17.900

Data obtained for 25°C from “CRC Handbook of Chemistry and
Physics,” David R. Lide, 84th Edition (2003-2004), CRC Press.
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Fig. 8. The absorbance variation trend of MPD in organic layer at
different time by UV spectrophotometry.
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indicate the diffusion of MPD from the water phase to the
organic phase. The absorbance of the organic solvent with
the addition of TEOS was higher than that of the organic sol-
vent without TEOS, indicating that the concentration of MPD
was large in the organic solvent with the addition of TEOS.
This meant higher concentration of MPD in the IP zone.

The addition of TEOS as co-solvent in the organic
phase increased the viscosity and surface tension and then
enhanced the solubility and reduced the diffusivity of MPD.
The solubility and diffusivity of MPD affected the IP process
and thus affected the degree of membrane cross-linking and
membrane surface. Water permeability strongly correlated
with MPD diffusivity and moderately correlated with MPD
solubility, while salt permeability moderately correlated
with MPD solubility and had little correlation with MPD
diffusivity [35]. MPD solubility correlation reinforced the
potential mechanistic connection between film structure
(cross-linking) and effective membrane surface area [36-38].
Researchers found that the hydrophilicity, thickness, and
the surface roughness of the membrane increased, while
the membrane surface area and the degree of cross-linking
decreased with the increase of the solubility of MPD in differ-
ent organic solvents. In general, water flux was proportional
to hydrophilicity and roughness but inversely proportional
to membrane thickness and cross-linking [35].

3.4. Stability of membranes

The stability tests were conducted for 48 h at the oper-
ating pressure of 1.6 MPa with 2,000 ppm NaCl aqueous
solution. As can be seen from Fig. 9, both the pure polyamide
composite membrane and the nanocomposite membrane
prepared with 20 wt.% TEOS had a drop of about 10% in
water flux in the first 10 h of operation. It indicated that
the modified membrane with TEOS was stable and simi-
lar to the pure polyamide membrane. Our previous study
showed that the water flux decreased by near 20% after 10 h
test for the modified polyamide membrane prepared with
ethylformate as co-solvent [20]. The typical multilayered
polyamide structure with large “valleys and ridges” formed
through the IP assisted by co-solvent may be compacted
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Fig. 9. Stability of the pure polyamide composite membrane and
the nanocomposite membrane prepared with 20 wt.% TEOS.

during the filtration with higher pressure, leading to the
decline of the water flux. During the formation process of
polyamide layer and posttreatment, TEOS would undergo
hydrolysis and condensation to form the solid silica parti-
cles and resided in the polyamide layer. It was different with
the other co-solvents, such as alcohols, esters, and ketones,
which did not change or react during the IP process, and
heat treatment could be eliminated. Therefore, the TEOS-
modified membrane had enhanced mechanical stability.
This was the advantage of the TEOS as co-solvent, voiding
the compaction of polyamide layer and the agglomeration
of nanoparticles, which could combine the superiority of
co-solvent and nanofiller method.

3.5. Mechanism of membrane formation assisted with TEOS

The schematic diagram of polyamide membranes was
formed based on previous reports by Kong et al. [17], Kwak
et al. [37], and Freger et al. [39]. With the MPD from the
water phase to the organic phase diffusion, the deeper into
the organic phase, MPD concentration was lower. Therefore,
the network pore and aggregation pore became larger, result-
ing in lower cross-linking degree of the polyamide layer. As
shown in Figs. 10(a) and (b), the diffusion distance of MPD
with IP for 5 min was much longer than that of IP for 1 min,
leading to larger peak valley structure and thickness of the
polyamide layer. This was consistent with the surface mor-
phology of the membrane shown in Figs. 4(a) and (b). The
number of polyamide layers and the thickness increased with
longer IP time, resulting in decrease in the water flux.

Due to slightly soluble in water, TEOS diffused to the
water phase and consequently formed a relatively narrow
miscible zone. As shown in Fig. 10(c), the reaction zone com-
posed of organic reaction zone and miscible reaction zone.
During the first period of the IP, MPD and TMC diffuse to
the miscible phase. A loose widespread polyamide layer
was quickly formed within this zone. Then, the MPD dif-
fused through the initially formed loose polyamide layer and
reacted with TMC at a slow rate in the organic reaction zone,
leading to larger network pore and aggregate pore [16-19].
This was consistent with the surface morphology of the
membrane shown in Figs. 4(b)—(g).

As shown in Fig. 10(c), since the molecular diameter of
TEOS was relatively large, TEOS was encapsulated in the
polyamide layer during the polymerization reaction. When
the IP time was too short, the polyamide layer was defective,
resulting in a low rejection and high water flux. Therefore,
the IP time was prolonged to 5 min to ensure the thicker and
perfect polyamide layer. As a result, encapsulated TEOS in
the polyamide could transform to nanoparticles in situ by
hydrolysis and condensation reaction.

Fig. 11 presents the SEM images of the cross section of
the pure polyamide TFC membranes prepared with differ-
ent IP times and the nanocomposite membranes prepared by
adding TEOS with IP time for 5 min. It can be seen that the
thicker polyamide layer could be obtained with IP for 5 min
(Fig. 11(b)) than that of IP for 1 min (Fig. 11(a)). And the poly-
amide layer of the nanocomposite membranes prepared by
adding TEOS is thicker than the pure polyamide TFC mem-
brane. The results validate the above formation mechanism
of the membranes.
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4. Conclusions

In summary, polyamide nanocomposite RO membrane
with higher water flux and salt rejection was prepared with
TEOS in the hexane solution. In the process of IP, TEOS not
only acts as a co-solvent to improve the membrane structure
to provide effective “nanopore” sizes but also hydrolyzes
and condenses to produce hydrophilic silica in situ to
improve membrane RO performance. Compared with the
pure polyamide membrane, the nanocomposite membrane
by TEOS-assisted IP showed high desalination performance.
Such kill two birds with one stone strategy is very meaningful
and worthy for further study.
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