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ABSTRACT

Fouling of natural organic matter is one of the common problems in water treatment plant.
Despite physical and chemical treatment normally used to recover the flux loss, membrane
surface properties also not less important to be considered. In this study, UV-photografting
technique was applied to modify commercial nanofiltration (NF) membrane surface in order
to reduce fouling tendency. Neutral hydrophilic N-vinylpyrrolidone has been chosen as the
monomer for the UV-photografting. The result revealed that the grafted membrane at opti-
mum conditions exhibits low humic acid fouling tendency compared with the unmodified
membrane. In addition, both the unmodified and the UV-grafted polyethersulfone NF
membranes were characterized in terms of structural properties (pore size, r, and ratio of
membrane thickness to porosity, Ax/Ay) using Pore Model in order to evaluate the effect of
UV-photografting modification on structural parameters and indirectly influence the
membrane performance and fouling as well.
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1. Introduction permeate flux and rejection factor) and to reduce its
fouling. Various methods have been considered such as
interfacial polymerization [1,2], plasma treatment [3,4],
ion beam [5], electron beam [6], chemical grafting poly-
merization [7,8], and UV-photografting polymerization

Membrane surface modification is extensively
applied to increase membrane performance (i.e. high
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[9-13]. Among these surface modification methods,
UV-grafting has been widely used because of its sim-
plicity, low cost, and breadth field of applications
[14,15]. Some research studies show that surface modifi-
cation by UV-grafting polymerization significantly
affects the membrane morphology and its performance
[16-18]. It was claimed that a successful membrane
modification procedure should guarantee a reasonable
permeate flux and a high rejection of the solutes under
study without providing additional data to support
their claims such as the membrane characteristics (i.e.
membrane pore size and skin layer thickness) [8-12].
The permeate flux and rejection characteristics of the
thin film composite nanofiltration (NF) membranes are
normally determined by the morphology of the top thin
layer supported by a microporous sublayer. The mem-
brane pore size determines the selectivity, while the
permeate flux depends on the thin layer thickness and
pore density. Therefore, it is important to know the
membrane pore size and the thin layer thickness not
only its permeate flux and rejection factor.

There are several methods that can be used to esti-
mate the membrane pore size: bubble point technique,
mercury porosimetry, microscopic techniques (.e.
atomic force microscopy, AFM, and scanning electron
microscopy, SEM), permporometry, thermoporometry,
and solute transport method [19].

In this study, hydrodynamic model or pore model
(PM) is applied to determine the pore size and the
thickness of the membrane thin layer. The main
objective is to characterize NF UV-grafted membranes
by N-vinylpyrrolidone (NVP) in terms of physical
properties and its effect on the membrane performance
(i.e., permeability, rejection factor, and fouling index).

1.1. Characterization of NF membranes by PM
Generally, the solute separation or solute rejection
is estimated as:

CP
R=1-2 (1)

where C, and C, are the solute concentration in the
permeate and in the bulk feed solutions, respectively.
Due to the concentration polarization effect, the solute
concentration at membrane surface is higher than in
the bulk solution. Therefore, the real rejection factor is
applicable to represent the membrane rejection as
[20,21]:

C
Rreal - 1 - C_P (2)
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where the membrane surface concentration, C,, is not
obtained directly from the experimental work. Based
on the concentration polarization model, C, can be
correlated with the other measurable parameters (i.e.
solute permeate flux, Jv, permeate concentration, C,,,
and bulk concentration, Cp) as [20,21]:

Co—GC,

J, =kln G =G,

©)

k is the mass transfer coefficient in the boundary layer
and can be determined from the following correlation
[20,22]:

ShD;.

k= .

4)

where D; . is the solute diffusion coefficient, dy; is the
hydraulic channel diameter, and Sh is the Sherwood
number.

1.2. Hydrodynamic model/PM

The most common approach used to model the trans-
port of uncharged solute inside the membrane can be
expressed by the hydrodynamic model or PM [23] as:

dCi

Ji = _Di-pa

+ K,"CC,‘V (5)

where j; is the flux of solute i and the terms on the
right hand side represents the transport due to diffu-
sion and convection, respectively. Further details can
be found elsewhere [23,24].

In order to obtain an expression for the rejection of
the solute, Eq. (5) is integrated along the membrane
thickness (0 <x<Ax) with the solute concentrations in
the membrane expressed in terms of the external con-
centration (C,, and C,) using the equilibrium partition
coefficient, ®:

= (1) (6)

where 1 = :—;

Eq. (5) can be integrated and combined with Eq.
(6) to give the following expression for the calculation
of the real rejection factor:

G, K; @

R =1 — C—w =1- 1— exp(fpem)[l - (DKLC] (7)

where the Peclet number, Pe,,, is defined as:
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Kz‘,c VAx
= (8)
Kz,d Dz,ocAk

Pe,,

According to Deen [25], the hindrance factors K;.
and K;, are function of 1 and are related to the hydro-
dynamic coefficients K, the enhanced drag coefficient
and the lag coefficient (G) as follows:

Kig = K™'(2,0) ©)

KLC = (2 - (D)G(;“a O) (10)

These hydrodynamics coefficients with a limited
range of 1 (0<4<0.95) are well-expressed by Bowen
and Mohammad [24] through third-order polynomial
equations:

K7'(2,0) = 1.0 — 2.401 4 1.5304* — 0.1182° (11)

G(2,0) = 1.0 + 0.042/. — 0.941)% + 0.399.° (12)

In this model, the pure water flux is described by
Hagen-Poiseuille equation, which relates the mem-
brane structure parameters, r, and Ax/Ak as:

2
"y AP

]w = m (13)

where Ax is an effective membrane thickness and Ak
is membrane porosity.

2. Experimental
2.1. Materials

The flat sheet membrane NFPES10 supplied by
NADIR filtration GmbH (Germany) was used as
support for UV-photografting polymerization tech-
nique. Its characteristics as specified by the manufac-

turer are summarized in Table 1. The neutral
Table 1

Membrane characteristics provided by the manufacturer
Membrane NFPES10
Material type Hydrophilic
Pure water flux (1/m”h) 200-400
MWCO (Da) 1,000

NaCl rejection (0.5%) 10-20
Na,SOy rejection (1.0%) 40-70
Lactose retention (4.0%) 30-50

pH range 0-14
Maximum temperature (‘C) 95
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Table 2
Characteristics of PEG solutes used in this study
Solutes D; o X 1071 (m%™h ds (nm)
PEG200 7.18 0.64
PEG600 3.89 1.18
PEG1000 2.93 1.57
PEG3350 1.49 3.08
Table 3
Summary of membrane modification parameters
Membrane Monomer Irradiation

concentration (g/L) time (min)
NFPES10 - -
BNVP-3° 5 3
15NVP-1 15 1
30NVP-1 30 1
50NVP-1 50 1

#Concentration of monomer.
Plrradiation time.

monomer NVP, used for UV-photgrafting polymeri-
zation was purchased from Acros Organics Co. In
this study, to determine the membrane pore size,
polyethylene glycol (PEG) of different molecular
weights in the range of 200g/mol to 3,350g/mol
were chosen for NF membrane characterization. All
PEG solutes were purchased by Sigma-Aldrich Co.
The solute diameter and diffusivity of each PEG are
shown in Table 2.

2.2. UV irradiation

UV-light system of wavelength 365nm using a B-
100 lamp (Ultra-Violet Products Ltd) with a radiation
intensity of 21.7mW/cm® was used to modify the
membrane surface by immersion method. The UV-
light intensity was measured by the light intensity
meter (Cole Parmer Instrument Co., VLX-3W). The
reactor system and the modification protocol were
described previously (Abu Seman et al, 2012). The
membrane was modified using different concentration
of monomers for a predetermined irradiation time.
Table 3 shows the summary of the membrane modifi-
cation conditions.

2.3. Membrane characterization

2.3.1. Membrane permeability and natural organic mat-
ter fouling

NF experiments have been carried out using a
plate-and-frame membrane module with an effective



4858

area of 12.6 cm?, which can be operated under a trans-
membrane pressure in the range of 100-900kPa. For
each membrane, three samples were considered and
the results were averaged. The feed solution is circu-
lated through the membrane module by a pressure
pump (D series, Tuthill Pump Co., California). In all
NF experiments, the feed and retentate flow rates
were maintained at 0.4L/min. The permeate flux (J)
of each membrane sample was determined by
weighing the obtained permeate during a predeter-
mined time using an electronic balance (Precisa,
Model XB3200C) connected to a computer and calcu-
lated by the following equation.

w

J=7x (14)

where W is the weight of the obtained permeate dur-
ing a predetermined NF operation time (At) and A is
the membrane area.

Before all NF experiments, each membrane was
pressurized at 700kPa for at least 2h using deionized
water to reduce compaction effect. Subsequently, the
pure water experiments were conducted at different
transmembrane pressures, AP (400, 500, 600 and
700kPa) in order to determine the pure water
permeation flux (J,,) using Eq. (14). The membrane
permeability, P,, was determined from the slope of
the straight line that can be obtained by plotting the
permeate flux (J,) against AP following the following
equation.

e

Pi’ﬂ -
AP

(15)

Humic acid (Sigma Aldrich) aqueous solutions
were used as a NOM model and tested at transmem-
brane pressure of 600kPa. In this study, the pH
of humic acid feed solution with a concentration of
15mg/L was adjusted at pH 7 and pH3 by using 0.1
MNaOH or 0.1 MHCI For both the un-grafted and
the UV-grafted membranes, before and after NF
experiments with humic acid solution, the system was
washed with deionized water and the pure water per-
meation flux (J,) was measured again in order to
evaluate the irreversible fouling in terms of pure
water flux reduction, called hereafter irreversible
fouling factor (FR,). This is determined as follows
[26,27].

— ]wO - ]wf

w0

FRy x 100

(16)
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2.3.2. Determination of structural parameters

In order to estimate membrane pore radius (r,),
NF experiments were conducted using aqueous solu-
tions containing PEG solute with a concentration of
200 ppm, a feed operating pressure of 600kPa and a
feed flow rate of 0.4L/min. The feed solution temper-
ature was maintained constant at room temperature.
The solute concentration in the feed, retentate, and
permeate were measured by the total organic carbon
analyzer and solute rejection (R) was calculated using
Eq. (D).

2.3.3. AFM analysis

The surface of both the un-grafted and the grafted
membranes were characterized by a multimode AFM
(Veeco Instruments (USA)). Comprehensive reviews
on membrane characterization by AFM are available
in the literature [28,29]. The images were obtained
over different areas of each membrane sample. In this
study, tapping mode was used, and the same tip was
employed to scan the surface of all membranes.
Finally, all captured images were treated in the same
way. From the obtained AFM images, the root mean
square roughness, RMS, was determined considering
the same scan range of 5pum x 5 pm for all images.

3. Results and discussions
3.1. Membrane water permeation

The water permeation of each membrane was
determined from the measurements of the water flux
as a function of the applied pressure. The obtained
pure water permeability (P,) of the un-grafted and
the UV-grafted membranes are summarized in Table 4.
The permeability of the NVP UV-grafted membranes
was found to be lower than that of the unmodified
NFPES10. In our previous study [18], this phenome-
non was discussed in terms of monomer hydrophilic-
ity, monomer reactivity and monomer size based on
other research findings without considering the mem-

Table 4
Membrane permeability of the un-grafted NFPESI0
membrane and NVP UV-grafted membranes

Membrane Water permeability, P,, (m®/m?sPa) x 10~
Un-grafted 432
5NVP-3 3.46
15NVP-1 3.70
30NVP-1 3.16
50NVP-1 2.86
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brane structure parameters. In order to understand
this phenomenon, the PM was considered to deter-
mine the membrane structure properties (ie. 7, &
Ax/Ak) and its effect on the membrane performance.

3.2. Membrane characterization using PM

Based on PM, the membrane pore radius (r,) can
be determined by solving Eq. (7). The results are
given in Table 5 for the membrane NFPES10 and the
UV-grafted membranes. It was observed that different
pore radius was obtained from different individual
PEG solutes. For example, the obtained pore radius of
the membrane NFPES10 using PEG200 is 0.58nm;
however, it is 1.62nm when the PEG molecular
weight is higher (PEG3350). It seems that when the
molecular weight of the used solute is higher the
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obtained membrane pore size is larger. The variation
of r, values represented by the individual PEG solutes
indicates that the membrane possess a wide range of
pore size. An average value (i.e. mean) and the corre-
sponding standard deviation were calculated and the
obtained results are also shown in Table 5. For all
membranes, the 7, value calculated using PEG3350
was excluded from the calculation of the average
value due to the limitation of value. It was observed
that for all membranes, the A value given by PEG3350
is more than 0.95, which is not valid for PM
(0<A<0.95). This phenomenon could be explained by
the membrane MWCO as well. For example, in the
case of NFPES10 membrane with a MWCO of
1,000Da (as provided by manufacturer), any solute
with a molecular weight higher than this value is not
preferable for membrane characterization since the

Structure parameters obtained from PM model of the un-grafted NFPES10 and NVP UV-grafted membranes

Table 5

Membrane Solutes Ryen1 (%)

Un-grafted PEG200 40.04
PEG600 84.55
PEG1000 95.74
PEG3350 99.78
Average

5NVP-3 PEG200 26.90
PEG600 88.14
PEG1000 96.09
PEG3350 99.84
Average

15NVP-1 PEG200 27.10
PEG600 86.19
PEG1000 95.67
PEG3350 99.88
Average

30NVP-1 PEG200 18.22
PEG600 88.93
PEG1000 96.91
PEG3350 99.89
Average

50NVP-1 PEG200 25.93
PEG600 92.33
PEG1000 98.05
PEG3350 99.91
Average

(A=ry 1, (nm) Ax/Ai (um)?

Tp)

0.552 0.58 1.02

0.670 0.88 2.36

0.809 0.97 2.87

0.951 1.62° -
0.81+0.20 2.08+0.96

0.451 0.71 1.92

0.702 0.84 2.69

0.818 0.96 3.51

0.963 1.60° -
0.84+0.13 2.71+0.80

0.457 0.70 1.74

0.686 0.86 2.63

0.818 0.96 3.28

0.969 1.59P -
0.84+0.13 2.55+0.77

0.368 0.87 3.15

0.711 0.83 2.87

0.835 0.94 3.68

0.969 1.59P -
0.88£0.06 3.23+0.41

0.451 0.71 2.32

0.756 0.78 2.80

0.872 0.90 3.73

0.975 1.58° -
0.80£0.10 2.95+0.72

“Calculated based on Hagen-Poiseuille (Eq. (13)).

"These data were excluded from the average value of 1, due to the limitation of / value (0<7<0.95).
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solute radius (r,) is bigger than the pore radius (r,)
and almost all the solutes are rejected. In order to
keep the value of A=r,/r, less than 0.95 to maintain
the validation of the PM model, the r, value must be
always less than r, (r;<r,). However, in the case of
PEG3350, where the solute radius is almost similar or
greater than the pore radius (r; > r,), the obtained A
values are deviated from the limitation.

As can be seen from Table 5, all membranes exhi-
bit pore radius in the range of NF membranes. Based
on the PM model, with exception of the membranes
modified using the highest monomer concentration
(50NVP-1), the NVP UV-grafted membranes exhibit
slightly larger pores size than the un-grafted mem-
brane NFPES10. In terms of water permeability, the
NVP UV-grafted membranes exhibited lower values
than the un-grafted NFPES10 membrane (Table 4),
although the NVP UV-grafted membranes possess lar-
ger pore sizes. This may be due to the thickness of the
formed grafted polymer layer. Using the average r,
values given by the PM model, another important
parameter, ratio of the membrane thickness and
porosity (Ax/Ay) was determined using Eq. (13). The
results are summarized in Table 5. The NVP UV-
grafted membranes show a higher value of Ax/Ai
compared with the un-grafted membrane NFPES10.
The results show that NVP UV-grafting modification
produced a thicker membrane top layer that contrib-
utes to the increase in the membrane resistance (i.e.
decrease in the membrane permeability compared
with the un-grafted NFPES10 membrane), although
the pore size of the NVP UV-grafted membranes are
greater. This result clarified our previous speculation
[18] that the neutral NVP monomer grafted on the
membrane surface produced a thicker layer than the
un-grafted NFPES10 membrane. In general, even there
is a slight change in pore size was observed after
modification, this changes, however, is not too signifi-
cant compared with the other structure parameter
(Ax/Ap). As can be seen in Fig. 1, regardless of irradia-

1+ +35

09 + % 13
08+

07+ +25
0.6 + > 1y

0:4 T + 15

x/A, (m)

+0.5

Average pore radius, r, (nm)
j=}
W

un-grafted SNVP-3 15NVP-1 30NVP-1 S0NVP-1
Membrane

Fig. 1. Comparison of the average pore size, r, and Ax/Ay
of the un-grafted NFPESI0 and the NVP UV-grafted
membranes obtained from PM.
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NFPES10 5NVP-3 15NVP-1 30NVP-1 50NVP-1
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Fig. 2. Correlation between membrane roughness, (RMS)
and irreversible fouling factor, (FR,) of un-grafted
NFPES10 and UV-grafted membranes at different pH
environment.

tion time, the ratio of membrane thickness to porosity
(Ax/Ap) increased as the NVP monomer was
increased.

3.3. NOM fouling

The results of the NOM irreversible fouling factor,
FRy, of the un-grafted and the UV-grafted mem-
branes by NVP are shown in Fig. 2 using humic acid
aqueous solutions of pH 7 and 3, respectively. At neu-
tral pH, all UV-grafted membranes exhibited a lower
irreversible fouling factor than that of the un-grafted
membrane. This may attributed by the existence of a
new thicker grafted hydrophilic PVP layer on the
membrane reduce the interaction between humic acid
molecules and membrane surface, hence reduce foul-
ing. Moreover, for all membranes, it can be observed
that the irreversible fouling at a pH 7 is less than that
at pH3. This result is influenced by the change of the
humic acid characteristics at different pH environ-
ments [30]. When humic acid molecules become
coiled, spherical in shape and compact at pH 3, the
effect of roughness on fouling is more significant than
at pH7. As can be seen clearly in Fig. 2, even 5NVP-3
membrane has higher thickness (correspond to thicker
hydrophilic PVP layer) than un-grafted NFPES10
membrane, it still exhibits the highest FRy, value at
pH 3 and this may due to the highest value of rough-
ness as indicated by RMS. This means that at pH3, the
membrane hydrophilicity becomes less important but
the surface morphology (i.e. roughness in this study)
more significant effects on the membrane fouling.

4. Conclusions

The commercial NF NFPES10 membrane was
successfully modified by UV-photografting polymeri-
zation method using the neutral hydrophilic monomer
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NVP. The result reveals that UV-grafting significantly
affects the membrane structure parameter (pore size
and skin layer thickness) and consequently the mem-
brane performance. The obtained pore size values of
all membranes are in the range of commercial NF
membrane characteristics [24]. In terms of membrane
thin layer thickness, membranes grafted with NVP are
thicker than the un-grafted NFPES10. NOM-fouling
experiment showed that the grafted NVP membranes
exhibited high antifouling characteristics than un-
grafted one at neutral pH environment. However,
under acidic condition of pH3, membrane roughness
significantly affects the membrane fouling than hydro-
philicity characteristic.

In general, it can be concluded that under both pH
environments (neutral and acidic), a moderate NVP
concentration (15g/L in our study) is enough to pro-
duce a good membrane with lower fouling.
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