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ABSTRACT

The influence of various types of titanate nanotubes (TNTs) on the morphology, water permeabil-
ity and antifouling performance of the mixed matrix polyethersulfone (PES) ultrafiltration (UF)
membranes was examined. Moreover, the effect of the procedure of the dispersion of the nanoma-
terial (direct sonication — using ultrasonic probe vs. indirect sonication — using ultrasonic bath) in
the polymer solvent on the membrane properties was determined. The membranes were prepared
via wet-phase inversion using N,N-dimethylformamide as a solvent. Three types of TNTs (1 wt.%
vs. PES) were applied as nanofillers: nanotubes prepared hydrothermally from Aeroxide® TiO, P25
(Evonik, Germany) — P25-TNTs or pure anatase (Sigma-Aldrich, USA) — A-TNTs, as well as com-
mercially available XFJ46 (XFNANO). The membranes were characterized based on scanning elec-
tron microscopy and atomic force microscopy. Both the procedure of casting dope preparation and
the TNTs morphology had an influence on the properties of the membranes. The highest resistance
to fouling by bovine serum albumin exhibited the membrane prepared with application of P25-
TNTs and indirect sonication. The membranes fabricated using direct sonication were characterized
by the highest pure water flux. Addition of fine P25-TNTs and XF]J-TNTs was more beneficial for
improvement of water permeability than incorporation of larger and thicker A-TNTs.

Keywords: Titanate nanotubes; Polyethersulfone membrane; Ultrafiltration; Bovine serum albumin;
Fouling

1. Introduction

Membranes have gained an important place in chemical
technology and are used in a broad range of applications.
However, despite numerous advantages, one of the main
drawbacks is permeate flux decline resulting from mem-
brane fouling due to the deposition of feed components
on a membrane surface and/or within its pores [1]. Hence,

* Corresponding authors.

development of novel membranes with improved resis-
tance to fouling plays a crucial role. The attempts focused
on modification of surface properties and structure of
membranes towards mitigation of fouling phenomenon are
usually insufficient to solve the problem [2]. Therefore, a
different approach is being developed nowadays. Namely,
nanotechnology creates an opportunity to prepare mem-
branes modified by various nanoparticles with superior
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antifouling and hydrophilic properties [3]. The nanopar-
ticles are incorporated into polymer membranes matrix
or are deposited/immobilized on membranes surface to
enhance their hydrophilicity, mechanical stability, selectiv-
ity, permeability and fouling resistance [2].

One of the most common polymers applied for micro-
filtration (MF) and ultrafiltration (UF) membranes fabri-
cation is polyethersulfone (PES). However, despite several
advantages such as high chemical and temperature resis-
tance, it is characterized by a relatively low hydrophilicity.
This parameter contributes to a low permeate flux and the
proneness of membranes to fouling due to the enhanced
attraction of hydrophobic particles and molecules to the
membrane surface. Thus, numerous attempts of modifica-
tion of PES membranes with various nanomaterials have
been described in the subject literature. One of the most
common approaches is the application of carbon nano-
tubes (CNTs). It was reported [4,5] that CNTs-modified
PES membranes exhibited improved permeate flux and supe-
rior fouling resistance. The modifications of PES membranes
with Ag and Cu nanoparticles have also been described.
The results were very promising, especially in terms of (bio)
fouling reduction [6]. Moreover, the PES membranes were
modified with nanoparticles such as TiO, [7-12], SiO, [13],
ALQ, [14], ZnO [15], halloysite nanotubes [16,17] and others.

Very few reports refer, however, to the application
of pure titanium (TiO,) or titanate (Na H, Ti,O,(OH),
Na H, Ti,O, etc.) nanotubes (TNTs) for polymeric mem-
branes fabrication [18-22]. Similarly, the works referring
to utilization of functionalized or modified TNTs are also
limited [19,23-28]. Shen et al. [29] proposed the deposi-
tion of hydrothermally manufactured Na,Ti,O, ultralong
nanotubes onto porous cellulose filter by a facile vacuum
filtration to obtain the self-cleaning and photocatalytically
active membranes. Another approach for fabrication of
photocatalytic membranes was based on incorporation of
TiO, nanotubes via anodization of the titanium layer sput-
tered onto the PES membrane surface [7,21]. TNTs were
also used for modification of PES membranes dedicated
to water desalination via vacuum membrane distillation
[30,31] and reverse osmosis [32,33], as well as for prepara-
tion of membranes for nanofiltration [32], UF [18] and MF
[7]. Shaban et al. [31] obtained TNTs-modified PES mem-
brane for vacuum membrane distillation from a casting
solution containing the polymer, 1-methyl-2-pyrrolidone
(NMP) as a solvent, sodium dodecyl sulfate as dispersing
agent and TNTs (0.18-0.85 wt.%) as a nanofiller. The TNTs
were synthesized hydrothermally from commercial ana-
tase TiO, and post-treated at 500°C for 3 h. They exhibited
diameter of around 13 nm and length of about 300 nm [33].
To improve the nanofiller dispersion, the TNTs were stirred
with SDS before addition to NMP and PES [31]. Gohari et
al. [34] prepared PES UF membranes for adsorptive arse-
nate (As(V)) removal. The membranes were modified with
TNTs synthesized hydrothermally from Aeroxide® TiO,
P25 (length 250-300 nm, diameter 9-10 nm). The TNTs/PES
ratio was very high and ranged from 0.125 to 1.500. The
nanofiller was first dispersed in NMP containing dissolved
polyvinylpyrrolidone using sonication for 12 h and sub-
sequently the granular PES was added to the suspension

under continuous stirring at 60°C. The prepared casting
dope was again sonicated for 30 min and then the mem-
brane was casted. Such obtained membranes exhibited high
adsorption capacity towards As(V) (up to ca. 125 mg g)
and high water permeability (up to 1,250 L m=?h™bar™), and
both parameters were increasing with rising TNTs content.

Based on the above reports, two main directions of the
mixed matrix membranes fabrication have been distin-
guished, depending on the strategy applied for NPs intro-
duction, that is, incorporation in the membrane matrix vs.
deposition onto its surface. In case of the mixed matrix
membranes modified with TNTs, the mechanical mixing,
especially magnetic stirring, is a widely used method of
preparation of NPs dispersion in a polymer casting dope
[31,35,36]. However, the main drawback of the procedure
utilizing mechanical stirring is reaggregation of NPs due to
the action of van der Waals forces [35]. Therefore, at var-
ious stages of preparation of the casting dope containing
NPs, ultrasounds are used to counteract this unfavorable
phenomenon and to improve the dispersion of the nano-
filler in the membranes structure [37]. A crucial role of
homogenous TNTs dispersion within polymeric membranes
matrices for the enhancement of their antifouling properties
and water permeability was reported previously [24].

The literature review presented above revealed also
that different researchers applied various TNTs for mem-
branes fabrication via different approaches. Direct compar-
ison of the influence of the procedure of TNTs dispersion
in polymer solvent with reference to the membrane per-
formance is, however, impossible. Moreover, none of the
published papers refers to the effect of the type of TNTs
on the properties of the modified membranes. In view
of the above, the aim of the present work was the inves-
tigation of the influence of the physicochemical proper-
ties of various types of titanate nanotubes (TNTs) on the
morphology, water permeability and antifouling perfor-
mance of the mixed matrix polyethersulfone ultrafiltra-
tion membranes. Moreover, the effect of a method of TNTs
dispersion (direct vs. indirect sonication) on membranes
properties was also evaluated.

2. Experimental setup
2.1. Materials

PES polymer (Veradel® 3000F, Solvay Speciality Polymers
Belgium SA, Belgium) and N,N-dimethylformamide (DMF)
solvent (Avantor Performance Materials Poland S.A.,
Poland) were used for preparation of membrane casting
solution, while pure water (Elix 3, Millipore, USA) was
applied as a non-solvent. TNTs were prepared hydrother-
mally from Aeroxide® TiO, P25 (Evonik, Germany) or TiO,
anatase (Sigma-Aldrich, USA) using NaOH and HCl solu-
tions (Avantor Performance Materials Poland S.A., Poland).
The TNTs were denoted later as P25-TNTs and A-TNTs,
respectively. Moreover, the commercial XFJ46 TNTs (denoted
later as XFJ-TNTs) purchased from XFNANO (China) were
applied. Bovine serum albumin (BSA, 66,000 g moL™;
Merck Millipore, Germany) at a concentration of 1 g L
was used as a model foulant.
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2.2. Preparation of TNTs

TNTs were prepared using hydrothermal method [38]
in the BLH-800 pressure reactor (Berghof, Germany). First
0.5 g of TiO, P25 or TiO, anatase, and 60 mL of 10 M NaOH
were added into 75 mL Teflon vessel and sonicated in an
ultrasonic bath for 1 h. Then the vessel was mounted in the
reactor and the hydrothermal reaction was performed for
24 h at the temperature of 140°C. Subsequently the obtained
suspension was washed with ultrapure water (Simplicity®,
Millipore), 0.1 M HCI and again with ultrapure water.
The obtained nanomaterial was then dried (80°C for 24 h)
and ground using agate mortar.

2.3. Preparation of membranes

The membranes were prepared using wet-phase inver-
sion method. The casting solution for fabrication of the
unmodified membrane (M1) was obtained by dissolution of
8.38 g of PES (15 wt.%) in 50 mL of DMF in a tightly closed
bottle. Then the casting dope was degassed and casted on
a glass plate using an automatic film applicator (Elcometer
4340, Elcometer Ltd., UK) with a knife (gap set at 0.1 mm).
Subsequently the casted film was immersed in the pure
water coagulation bath at 20°C for 24 h.

The preparation procedure of TNTs-modified mem-
branes (1 wt.% of TNTs in relation to PES) consisted of three
stages:

e Stage 1: Dispersion of TNTs in DMF (suspension A - SuA).

® Stage 2: Preparation of casting dope by addition of SuA to
the solution A (SoA) containing PES in DMF.

e Stage 3: Casting on a glass plate and immersing in a
water coagulation bath.

The suspension A (83.8 mg of TNTs in 10 mL of DMF)
was prepared by sonication for 30 min using either (a) indi-
rect method with application of an ultrasonic bath (Sonic-6D,
Polsonic, Poland; output power 320 W, frequency 40 kHz)
or (b) direct method utilizing an ultrasonic probe (Vibra-
cell VCX-130, Sonics & Materials Inc., USA; output power
130 W, frequency 20 kHz, amplitude 80%). The obtained
SuA was subsequently added to the solution A containing
8.38 g of PES dissolved in 40 mL of DMF and mixed for

Table 1
Membranes preparation procedures
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2 h alternating between stirring at 55°C-60°C using mag-
netic stirrer (50 rpm) for 15 min and sonication in ultrasonic
bath at 20°C-25°C for 15 min. Such prepared casting dope
was casted using the automatic applicator equipped with a
knife (0.1 mm gap) and then immersed in a water coagula-
tion bath at 20°C + 1°C for 24 h. The surface of the obtained
sheets of membranes was 0.06 m?, and their thickness mea-
sured with a micrometric screw ranged from 35 to 40 um.

A summary of the procedures applied during pre-
paration of the membranes is presented in Table 1.

2.4. Membrane installation

Membrane installation applied in the experiments
is shown in Fig. 1. The feed was pumped from the feed
tank using a plunger pump equipped with a pressure damp-
ener into two parallel stainless steel membrane modules
with manometers and needle valves. The effective (work-
ing) area of each membrane was 0.0025 m?. The 1.194 mm
feed spacers were used. The feed temperature was main-
tained at 20°C + 1°C. During measurement of pure water
flux (PWEF), the transmembrane pressure (TMP) was set
at 0.1-0.3 MPa and the feed cross-flow velocity (v) was
1 m s™. The TMP for the fouling studies was set at 0.2 MPa.
The changes of the permeate flux were evaluated by mea-
suring the volume of the permeate passing through the
membrane during a fixed period of time. Each experiment
was repeated at least three times in order to confirm the
reproducibility of the results.

2.5. Characterization of TNTs and membranes

The specific surface area (SSA) of TNTs was assessed using
the Brunauer-Emmett-Teller method with a Quadrasorb SI
analyzer (Quantachrome Instruments, USA) and N, at 77 K
as an adsorbate. Before the measurements, the samples
were degassed at 100°C for 24 h under high vacuum. The
phase composition of the nanotubes was evaluated based
on X-ray diffraction (XRD) analysis (PANalytical Empyrean
X-ray diffractometer) using CuKa radiation (A = 1.54056 A).
The morphology of TNTs was examined with application
of transmission electron microscope (TEM) FEI Tecnai F20.
Before analysis, the sample was dispersed in ethanol by
sonication and the obtained suspension was dropped on a

Procedure Unmodified Modified
M1 M2 M3 M4 M5
- P25-TNTs P25-TNTs A-TNTs XFJ-TNTs
Stage1 SuA (TNTs+DMF)  Ultrasonic bath - 05h - - -
Ultrasonic probe - - 0.5h 0.5h 0.5h
Stage2 SuA+SoA Stirring (55°C-60°C; 15 min)
(PES + DMF + TNTs) + sonication (20°C-25°C; 15 min) - 2h 2h 2h 2h

- by turns
Stage 3: casting
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Fig. 1. Schematic diagram of membrane installation utiliz-

ing ultrafiltration. 1 — membrane modules, 2 — plunger pump,
3 — manometers, 4 — needle valves with manometers, 5 — feed tank.

copper grid (300 mesh). The isoelectric point (pH(I)) of the
TNTs was measured with application of Zetasizer Nano-ZS
(Malvern Instruments Ltd., Great Britain) equipped with
Multipurpose Titrator MPT-2 and a degasser. Before mea-
surement, the NPs were dispersed in ultrapure water and
the pH was adjusted using HCl and NaOH solutions.

The surface morphology of the membranes was inves-
tigated using atomic force microscopy (AFM) with appli-
cation of NanoScope V Multimode 8 scanning probe
microscope (Bruker Corp., USA). The measurements were
performed with the silicon nitride ScanAsyst-Air probe in
the ScanAsyst mode, which uses the so-called PeakForce
Tapping Mechanism. The scanned area was 10 um x 10 um.
The cross-section of the obtained membranes was exam-
ined using Hitachi SU8020 Ultra-High-Resolution Field
Emission Scanning Electron Microscope (UHR FE-SEM).
Before analysis, the samples of the membranes were soaked
in ethanol-water and ethanol solutions to keep the struc-
ture unchanged and subsequently broken in liquid nitro-
gen and sputtered with Cr under vacuum. Hydrophilic
properties of the prepared membranes were determined
based on water contact angle measurements performed
with the use of a goniometer (Surface Energy Evaluation
System, Advex Instruments, Czech Republic). The con-
tact angle values were calculated as an average of at least
10 measurements from 5 different membrane pieces. The
antifouling performance of the membranes was evalu-
ated during ultrafiltration of BSA solution. The fouling
resistance (R) was calculated as a difference between the
total resistance of the fouled membrane (R, and the resis-
tance of the clean membrane (R) according to the resis-
tance-in-series approach using the following equations:

R,=R,-R, M
R - TMP ®
" PWF-n
R = ©)
J-m

where | - permeate flux during UF of BSA solution,
N — viscosity.

The concentration of BSA in feed and permeate was
determined using the total organic carbon measurements
(multi N/C 3100 analyzer, Analytik Jena, Germany). The
rejection coefficient was calculated on the basis of Eq. (4):

¢ ermeate

R(%)=| 12 1.100% (4)
Cfeed

where ¢ . and ¢, represent the concentrations of

BSA in permeate and feed, respectively.

3. Results and discussion
3.1. Physicochemical properties of TNTs

The morphology of the applied TNTs was investigated
with the use of transmission electron microscopy. In case
of TNTs obtained from TiO, P25, the mean values of outer
diameter and length were 9(2) nm and 78(25) nm, respec-
tively (Fig. 2a). TNTs from anatase (Fig. 2b) exhibited mean
diameter of 13(3) nm and length of 188(41) nm, while XFJ-
TNTs had diameter and length of ca. 10(2) and 61(20) nm,
respectively (Fig. 2c).

The XRD patterns of the prepared nanotubes (Fig. 3)
exhibited three peaks positioned at 20 angle of ca. 24.5°
(110), 28.5° (211) and 48.5° (020), which could be ascribed to
the A Ti,O,-H,0, A,Ti,O,, and lepidocrocite titanates [39,40].

All the TNTs were characterized by a well-developed
surface area, and the SSA reached 250 and 277 m? g™ for
XFJ-TNTs and A-TNTs, respectively. Significantly larger SSA
was noted in case of P25-TNTs (322 m?g™). The differences
can be attributed to the visibly higher volume of micropo-
res measured for P25-TNTs (0.11 cm® g”') compared with
XFJ-TNTs (0.088 cm® g™) and A-TNTs (0.097 cm?® g™). The
total pore volume of P25-TNTs was similar to that deter-
mined for A-TNTs (1.4 cm®g™), while the value measured in
case of XFJ-TNTs was slightly higher (1.6 cm®*g™).

The TNTs were characterized by various values of the
isoelectric point pH(I). This parameter defines the pH at
which the NPs surface carries no net electrical charge,
meaning that the positive and negative charges cancel out.
Above pH(I), the surface of the nanotubes is negatively
charged while below the isoelectric point it is positively
charged. The lowest pH(I) was observed in case of A-TNTs
(3.1). The isoelectric point of P25-TNTs was 3.4, while
that of XFJ-TNTs amounted to 3.9.

The results discussed above show that the TNTs
applied in the investigations exhibited different morphol-
ogy, porosity and surface charge. Therefore, it was postu-
lated that their effect on the properties of the mixed-matrix
membranes could also be different.

3.2. Physicochemical properties of membranes

To evaluate the influence of the TNTs dispersion pro-
cedure and the TNTs type on the morphology of the mod-
ified membranes, the SEM observations were realized. The
results are presented in Fig. 4. All the membranes were
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Fig. 2. Transmission electron microscope images of the TNTs applied for membranes modification: (a) P25-TNTs, (b) A-TNTs,

and (c) XFJ-TNTs.

XFJ-TNTs —P25-TNTs —A-TNTs

Intensity [a.u.]

T T T T T T 1

10 20 30 40 50 60 70 80
26°]

Fig. 3. XRD patterns of TNTs.

asymmetric with a thin skin layer and a porous support
layer containing finger-like pores and a spongy structure
between them. Moreover, some oval macrovoids can be
observed in the bottom part of the cross sections.

The microphotographs of the membranes prepared
under various TNTs sonication conditions (M2 and M3)
revealed significant differences in size and distribution of
TNTs agglomerates in the polymer matrix. The applica-
tion of indirect sonication (using ultrasonic bath) resulted
in formation of larger TNTs agglomerates compared with
the direct method (i.e., with the use of ultrasonic probe).
The mean size of the agglomerates calculated on the basis
of SEM analysis amounted to ca. 5.4(4.4) um in case of
M2 and ca. 2.3(1.3) um in case of M3. These data confirm
the superior effect of sonication by the direct approach.
Application of a probe allows to obtain a more efficient cav-
itation in the TNTs suspension in DMEF, due to focusing of
the ultrasound energy in a localized sample zone. In case
of the indirect sonication, the ultrasonic waves first need
to pass the liquid inside the ultrasonic bath, then cross the
wall of the sample container and after that reach the suspen-
sion. Thus, the efficiency of the process is lower [41,42].

Fig. 4 presents also a comparison of the cross sections
of membranes prepared under the same sonication con-
ditions but containing various type TNTs (M3-M5). The
finest TNT agglomerates were observed in case of M5
membrane (mean size of ca. 1.3 um), while the mean diam-
eter of the structures found in M4 membrane was sim-
ilar to that observed in M3 (ca. 2.1-2.3 pm). These data
are in agreement with the dimensions of various TNTs
calculated on the basis of TEM analysis (Fig. 2). The XF]J-
TNTs were characterized by the shortest length (61(20)
nm), which resulted in formation of the smallest aggre-
gates. The dimensions of P25-TNTs and A-TNTs were larger
(78(25) nm and 188(41) nm, respectively) leading to for-
mation of larger agglomerates. In case of all membranes,
the presence of TNTs was observed in various parts of the
cross section.

The results presented in Fig. 4 revealed that both the
procedure of TNTs dispersion and the type of TNTs have
an influence on the morphology of the membranes. In
the next stage of the research, the topography of the mem-
branes surface was also analyzed in detail. Fig. 5 shows the
AFM images of the obtained membranes. The differences
in the distribution of the TNTs are clearly visible. On the
surface of the M2 membrane prepared under gentle soni-
cation, the large agglomerates of TNTs were present along
with some small convex formations, confirming the high
non-uniformity of the nanofiller dispersion. In case of the
M3 membrane, fabricated using the direct sonication of
TNTs suspension, the NPs agglomerates are also visible;
however, their diameters are significantly lower compared
with those observed for M2. Moreover, some fine nee-
dle-like structures are present. These observations revealed
that the direct method of TNTs dispersion was more effec-
tive in the NPs deagglomeration compared with the indirect
approach. The membranes prepared under the same direct
sonication conditions, but containing various type TNTs
(M3-M5) exhibited some differences in their topography.
The agglomerates of the nanotubes observed for M5 mem-
brane, modified with XFJ-TNTs, were smaller compared
with the M3 and M4 membranes. Nevertheless, for all of
the membranes, the presence of the needle-like structures was
noted. The obtained results are well reflected in the TNTs
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Fig. 4. SEM cross-sections of the unmodified membrane M1 and the modified M2-M5 membranes. TNTs agglomerates are

marked with circles.

dimensions (Fig. 2) showing that the finest NPs agglomer-
ates were formed when the smallest XFJ-TNTs were applied.

The mean surface roughness (R ) values calculated on the
basis of the AFM images revealed that all the mixed-matrix
membranes exhibited more rougher surface than the
unmodified one (R, of M1 was 4.9(0.8) nm). The roughness
of the M3 membrane, prepared according to the procedure
utilizing direct sonication, was higher (11.6(6.0) nm) com-
pared with R of the M2 membrane fabricated with appli-
cation of ultrasonic bath (9.6(2.0) nm). These results are in
compliance with the aforementioned results of SEM analy-
sis. Namely, poor dispersion of TNTs in case of the appli-
cation of the indirect sonication caused formation of larger
aggregates, which remained below the membrane skin, as
can be observed in Fig. 5. The number of the needle-like
structures contributing to the increase of R, was in case of

M2 very limited. The surface roughness of the membranes
modified with various TNTs utilizing direct sonication
followed the order: XFJ-TNTs (13.5(4.7) nm) > P25-TNTs
(11.6(6.0) nm) > A-TNTs (9.8(2.3) nm). These data sug-
gest that application of TNTs with smaller dimensions
could lead to formation of a more rougher surface.

3.3. Transport properties of membranes PWF

Fig. 6 presents mean values of permeate fluxes measured
during ultrafiltration of pure water. A linear dependence
between PWF and TMP was observed for all the examined
membranes. The lowest permeate fluxes were noted in case
of the unmodified M1. The addition of TNTs resulted in a
significant improvement of PWF in case of all the mixed
matrix membranes. Nonetheless, both the TNTs dispersion
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M1

Fig. 5. AFM images of the prepared membranes.

procedure and the type of the NPs affected the water per-
meability of the membranes. The lowest increase of PWF
was found in case of the M2 membrane, for which the flux
measured at 0.3 MPa was higher for only ca. 12% compared
with M1. Under the same conditions, the PWF value deter-
mined for M3, also containing TNTs-P25 but dispersed
using ultrasonic probe, was higher compared with M1
for about 38%. The increase of PWF in case of M4 and M5
membranes reached ca. 16% and ca. 31%, respectively.

The data presented in Fig. 6 revealed that the membrane
prepared using direct sonication of TNTs (M3) exhibited
higher permeability than the one prepared with application
of the indirect method (M2). These results are in agreement
with AFM and SEM analyses and can be attributed mainly
to the improved dispersion of TNTs within the membranes
structure (Figs. 4 and 5). The importance of good TNTs dis-
persion for water permeability of the modified membranes
was also underlined by Ng et al. [24]. Moreover, it was con-
firmed that the type of TNTs had a significant impact on the
membrane performance (Fig. 6). The most beneficial effect
in terms of water permeability improvement was obtained
upon addition of P25-TNTs and XFJ-TNTs. The increase of
permeability can be attributed to the presence of a larger
number of pores formed in the PES matrix due to the action
of nanotubes at the stage of phase inversion process as well
as to the additional pores formed by the TNTs themselves.

600

oo

500 4

o

400 4

JIL m2h-]
w
o
o

N
o
o
1
<0

100 -
oM3 M4
0 , : :
0 0.1 0.2 0.3
TMP [MPa]

oM5

Fig. 6. Effect of TMP on the pure water flux through M1-M5
membranes.

That results from the open-ended nanotubular morphology
of the TNTs and could be affected by the structural proper-
ties of the nanotubes. The data summarized in Fig. 6 suggest
that the application of short nanotubes such as P25-TNTs and
XFJ-TNTs could lead to the formation of a greater number of
pores within membrane than in case of longer and thicker
A-TNTs. Additionally, the M3 membrane exhibited slightly
higher hydrophilicity (water contact angle: 51°) than M4
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(54°), which could affect the adsorption of water molecules
and thus water permeation through the membranes.

3.4. Investigations on permeate flux during
ultrafiltration of BSA solution

In order to evaluate the antifouling properties of the
prepared membranes, a series of experiments with the
application of bovine serum albumin was carried out.
Fig. 7 shows the permeate fluxes (J) during ultrafiltration
of BSA solution through the unmodified M1 membrane and
the membranes modified with TNTs (M2-M5). For all of
the tested membranes, the decrease of permeate flux was
observed from the beginning of the process and the high-
est decline was found during the initial 30 min of experi-
ment. After that, the flux started to stabilize. Such course
of the flux changes results from the mechanism of mem-
brane fouling by BSA. The albumin molecules are attracted
easily by the negatively charged surfaces of the membranes.
The force of BSA-membrane adhesion is the strongest at the
very beginning of the fouling, which corresponds to the high-
est decline of permeate flux (Fig. 7) [43]. At this stage, a very
thin and uniform layer of albumin molecules is formed on
the surface of membranes. The fouled membranes change
their surface charge to more positive values, which weak-
ens the attraction of BSA. Due to a simultaneous repulsive
force experienced by the neighboring BSA molecules and a
membrane surface, the formed gel layer exhibits lesser ten-
dency to compress [44]. As a result, the stabilization of per-
meate flux is observed, similarly as that presented in Fig. 7.

From the results summarized in Fig. 7, it can be also
found that the lowest permeate flux values were measured
for the unmodified membrane (M1), that is, 124 L m2h™ at
the end of the process. The highest flux was found in case
of M2 modified with TNTs-P25 dispersed using ultrasonic
bath (170 L m2h! after 120 min). The flux measured for M3,
also modified with TNTs-P25, but dispersed with applica-
tion of the ultrasonic probe, was lower and amounted to
153 L m?h™. These data show that the effect of the TNTs
dispersion procedure in case of BSA fouling was oppo-
site to that observed for PWE. One explanation can be that
fouling is a flux-dependent phenomenon [45] and there-
fore the decrease of permeate flux noted for M2, which
was characterized by lower PWF than M3 (Fig. 6), was also
less severe. A higher surface concentration of BSA mole-
cules being a result of improved mass transfer caused by
a higher permeability of M3, led to its stronger fouling [45].

The permeate flux after 120 min of ultrafiltration of
BSA solution through M4 and M5 membranes was slightly
lower compared with M3 and reached 142 and 129 L m~h,
respectively. These results confirm that the type of TNTs
had an influence not only on membranes permeability
but also on their proneness to fouling. The highest value
of fouling resistance (R) was noted for M1 (unmodified)
and M5 membranes (4.1 x 10?m™and 3.7 x 10 m™, respec-
tively), in which cases the deterioration of permeate flux
compared with PWF was the highest (70%). The fouling
resistance calculated for M3 and M4 membranes was sim-
ilar to each other and amounted to 3.1 x 10> m™. The low-
est R, value was observed for the M2 (2.3 x 10> m™), which
corresponded with the lowest permeate flux deterioration
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Fig. 7. Permeate fluxes during ultrafiltration of BSA solution
for different kind of membranes.

during UF of BSA through that membrane compared with
PWF (54%). Analyzing the value of permeate flux ] at the
end of the experiment with reference to pure water flux,
the following order was observed for the mixed-matrix
membranes: M2 < M4 < M3 < M5. This order confirms the
importance of the permeability of the membranes, which
was discussed above. The M4 membrane was characterized
by lower PWF than M3 and M5 and, therefore, was also
slightly less fouled. Moreover, the order presented above is
the same as that observed for the R values, which increased
as follows: M2 (9.6 nm) < M4 (9.8 nm) < M3 (11.6 nm) < M5
(13.5 nm). Thus, another explanation for the observed dif-
ferences in the severity of membrane fouling can be surface
roughness. The rougher surface could promote adsorption
of BSA molecules, which results in fouling intensification.

The obtained results clearly show that both the physi-
cochemical characteristics of TNTs and their dispersion
within membrane matrix have significant influence on the
membrane fouling by BSA. Although all the mixed-matrix
membranes exhibited improved resistance to fouling, the
highest permeate flux was found in case of the M2 and M3
membranes containing TNTs-P25. Nonetheless, the per-
meate flux decline was the least severe in case of the M2
sample, despite it contained larger TNTs agglomerates
than M3. These results can be attributed to the lower water
permeability of the former membrane compared with the
latter one as well as to its lower roughness.

No influence of the TNTs type and distribution on the
BSA separation by the modified membranes was found.
The rejection coefficient (R%) in case of all the mixed-matrix
membranes was 99.5%, which was slightly higher com-
pared with that determined for the unmodified M1 (99.0%).

4. Conclusions

The influence of the presence of various TNTs and
methods of their dispersion on the physicochemical,
transport and antifouling properties of the polyethersul-
fone ultrafiltration membranes has been presented and
discussed. The AFM and SEM analyses revealed that the
direct sonication with the use of ultrasonic probe during
the dispersion of the TNTs in DMF helped to create smaller
aggregates of the NPs and allowed to distribute them more
uniformly in the membrane matrix than the indirect method
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with application of the ultrasonic bath. The improved dis-
persion of the NPs resulted in an increase of PWF, as was
observed in case of M2 and M3 membranes modified with
P25-TNTs. Moreover, it was found that application of fine
TNTs, such as P25-TNTs and XFJ-TNTs, was more beneficial
in terms of improvement of water permeability than incor-
poration of larger and thicker A-TNTs. That was explained
in terms of formation of additional pores in the mem-
branes structure. The modification of PES membrane with
TNTs improved its resistance to fouling. The best antifoul-
ing performance exhibited the membranes modified with
P25-TNTs. The decline of the permeate flux during UF of
BSA solution was the least severe in case of M2 membrane
characterized by the lowest water permeability and surface
roughness. These data show that the effect of various TNTs
on water permeability and fouling resistance of the mem-
branes was opposite. Based on the obtained results, it was
concluded that both the procedure of casting dope prepa-
ration and the morphology of the TNTs have significant
influence on membranes properties and performance.
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R, — Resistance of clean membrane
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