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ABSTRACT

The main goal of this study was to determine the desirable conditions to modify the surface
properties of poly(piperazineamide) thin-layer membranes using UV irradiation without
using any chemical reagents. The obtained membranes were exposed to UV irradiation
under different conditions such as irradiation time (30, 60, and 120s) and its power
(125 and 250 w) as well as irradiation distance (5, 10, and 15 cm) between the UV lamp and
the thin layers. SEM, AFM, ATR-IR, water contact angle, and nanofiltration setup were uti-
lized to determine the properties of the obtained thin layers. SEM images clearly illustrated
the alterations in the surface morphology. Reduction in pore sizes of the thin layers was
proven by AFM results under different conditions. The rejection capability of the unmodi-
fied thin layer against NaCl and Na,SO, was 12 and 60%, respectively; which was increased
to about 42 and 82%. Flux recovery ratio test showed the ability of the modified thin layers
to prevent the settlement of foulants. The results showed that irradiation time was more
important than irradiation distance and irradiation power.
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1. Introduction

Since energy is too expensive, the use of mem-
brane technology in separation applications plays an
important role in reducing the environmental impacts
and costs of industrial processes. The membrane pro-
cess has been used in many applications such as
wastewater treatment, industrial water production,
water softening, and the separation of compounds
having different molecular weights. Most commercial
membranes have a thin-film composite (TFC) structure
which presents key advantages compared to asymmet-
ric membranes [1,2]. In a TFC membrane, the support
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layer provides appropriate mechanical strength with
low resistance to permeate flux and each layer can be
optimized for the desired combination of permeate
flux and solute rejection. Several processes have been
reported for the preparation of composite NF mem-
branes and interfacial polymerization which was first
introduced by Morgan in 1965 [3-6].

A composite membrane is obtained by forming an
ultra-thin dense layer on a porous support. Control-
ling the structure and surface properties of the thin
layers are vital for the membrane performance. The
composition and morphology of composite mem-
branes prepared by interfacial polymerization depend
on various parameters such as thin-layer preparation
conditions and post-treatment [2]. The most active
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TFC membrane prepared so far is polyamide (PA)
[7,8], which employs amine and acid chloride com-
pounds as monomers in interfacial polymerization.
The separation performances of the TFC membranes
are highly dependent on the conditions used in the
interfacial polymerization such as humidity, ambient
temperature, and experimental conditions of the
reaction [1,3].

Several surface modification techniques have been
developed over the recent years (chemical [9], plasma
irradiation [10], or UV photo-grafting [11-17]). UV
light can be used for surface modification of TFC mem-
branes and has been intensively explored for the con-
trolled functionalization of polymeric membranes [18].
It is well known that photo-induced polymerization is
a desirable method for surface modification of poly-
mers. Photo-induction can be used due to its relative
simplicity, energy-efficiency, and cost-effectiveness,
also photo-induced polymerization is well suited for
integration with other technologies to produce desired
chemical changes in well-defined two-dimensional
regions on a surface.

Absorption of high-energy radiations by polymers
induces excitation and ionization and these excited
and ionized species become the initial chemical reac-
tants for a series of complicated reactions to release
free radicals that may induce the polymerization of
the monomers. The polymer to be surface modified is
usually immersed in a monomer solution, so that the
radicals produced on the polymer surface can immedi-
ately initiate the copolymerization of the monomer. In
addition to producing free radicals, exposure of poly-
mers to radiations can lead to other extensive chemical
reactions and physical changes which may have both
detrimental and beneficial consequences in determin-
ing the end uses of the polymers. The main chemical
reactions are radical producing, chain scission reac-
tions, cross linking reactions, formation of peroxide
groups, decomposition of peroxide groups producing
radicals, and graft copolymerization. In the whole
chemical reaction, the beneficial consequences
included the production of cross-linking, grafting on
the surface of the polymers, and copolymerization and
the detrimental consequences included inducement of
chain scission reactions (bond breaking) [19]. While a
moderate number of cross-linkers improve the physi-
cal properties of the polymers, chain scission reactions
are usually detrimental and result in soft and weak
materials. However, in many cases, cross-linking and
chain scission reactions occur simultaneously. Chemi-
cal nature and morphology of the material can deter-
mine the predominance of these two reactions [20-22].

Comprehensive literature review showed several
works that had used UV irradiation accompanied by
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chemical regents [23-27]. In this study, a few thin-film
composite nanofilteration membranes [poly(piper-
azineamide) thin layer] were fabricated and modified
with UV irradiation without using any chemical
regents. For this purpose, the obtained thin layers
were exposed to UV irradiation under different times,
powers, and distances. UV irradiations were used
instantaneously with interfacial polymerization reac-
tion. Our study focused on changing and modifying
the thin-layer characteristics without using any chemi-
cal reagents to determine optimal conditions. The rela-
tionship between the membrane characteristics and
different time/power/distance of UV irradiation was
investigated. The rejection capability and separation
performance of the flat-sheet composite NF mem-
branes were measured using NaCl and Na,SO, as feed
solutions. The membrane fouling resistance was stud-
ied using Bovine Serum Albumin (BSA) solution. The
structure and chemical composition of the obtained
TFC nanofiltration membranes were investigated
using SEM, AFM, water contact angle, and ATR-IR
techniques.

2. Experimental
2.1. Materials and apparatus

Polyethersulfone (PES Ultrason E6020P with MW =
58,000 g/mol) was obtained from BASF Company
(Germany). Polyvinylpyrrolidone (PVP, 25,000 g/mol),
dimethylformamide (DMF), piperazine (PIP), and
polyethylene glycol 600 (PEG-600) from Merck were
used. Na,SO, and NaCl salts (Merck) were chosen to
investigate the rejection capabilities of the membranes.
BSA powder [some properties are as follows: assay >
96%, mol wt.; 66 kDa, pH ~ 7, solubility > 40 mg/mL
inH,O] was obtained from Sigma. Trimesoyl chloride
(TMC) was purchased from Fluka. UV apparatus
was similar to Ref. [28]. Distilled water was used
throughout the study.

2.2. PES support preparation

PES support was prepared by dissolving 18 wt.%
PES in DMF with 10 wt.% PVP, 3 wt.% acrylic acid,
and 5 wt.% PEG 600 as additives and stirring for 4 h
at 50°C. The stirring was carried out at 300 rpm. After
formation of a homogeneous solution, the dope solu-
tion was held at the ambient temperature for around
4 h to remove the air bubbles. Afterward, the dope
solution was cast on the non-woven polyester (with
150 pm thickness) at 150 pm heights using a film
applicator at room temperature and in 37% humidity
without evaporation. After coating, the membrane was
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immersed into a distilled water bath for at least 24 h
to ensure complete phase separation.

2.3. Fabrication of thin-film composite membranes

The PES support membrane was clamped between
two Teflon (height: 0.7 cm, inner cavity: 7.5 x 20 cm?).
An aqueous phase containing PIP (0.15 wt.%) and
TEA (0.4 wt.%) was poured on the top of the support
membrane and was allowed to get wet for 10 min at
the ambient temperature. The surface was rolled by a
soft roller to eliminate any little air bubbles during the
wetting procedure. After draining off the excess solu-
tion, the organic solution (n-hexane) of TMC
(0.1 wt.%) was poured into the frame where the con-
ventional interfacial polymerization reaction took
place. The membrane was immediately exposed to UV
irradiation and the reaction was carried out between
TMC and PIP. The schematic of the process is shown
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in Fig. 1. After 10 min excess organic solution was
removed and the membrane was exposed to 70°C hot
air for 5 min. To form a poly(piperazineamide) skin
layer, the dipping process was carried out in such a
way that only the external surface was coated with
the reactants.

The concentration of TMC and PIP and their pro-
portions (2(TMC)/3(PIP)) were selected according to
the available literature [29]. Table 1 shows the condi-
tions of the fabrication of the thin-layer membranes.
TEA was used as a base to progress the interfacial
polymerization reaction to form the polyamide layer.

2.4. Characterization of membranes

The surface and the cross section of the mem-
branes were examined by using a Philips Scanning
Electron Microscope model X130 (SEM). The mem-
brane samples were frozen in liquid nitrogen and

interfacial polymerization
reaction

Fig. 1. The schematic illustration of UV irradiation.

Table 1

Conditions of the thin-layer fabrication

Name Power (W) Distance (cm) Time (s)
EO - - -
E; 250 15 30
E, 250 15 60
Es 250 15 120
E, 250 10 30
Es 250 10 60
Eq 250 10 120
E, 250 5 30
Es 250 5 60
Eo 250 5 120
Eqo 125 15 30
En 125 15 60
Ei» 125 15 120
Es 125 10 30
Eq4 125 10 60
Eis 125 10 120
E1s 125 5 30
Eq; 125 5 60
Eis 125 5 120




19680

H. Soltani Afarani and Y. Mansourpanah | Desalination and Water Treatment 57 (2016) 19677-19689

concentrate

Tap water

fois

Out

Fig. 2. Cross-flow filtration system.

Notes: (1) feed tank; (2) pumb, (3) value, (4) pressure guage, (5) cassflow cell, (6) membrane, (7) permeate, (8) balance, (9)

concentrate, (10) by-pass, (11) flow meter, (12) cooling system.

Table 2
Contact angle measurements with different irradiation
times

Membrane Contact angle (°)
Eo 53 (+1.00)
Eo 49 (+0.81)

were fractured to the pieces with 1-cm” surface area.
Afterward, they were sputtered with gold and viewed
at 25 kV.

Chemical alteration of the membranes was investi-
gated using an Equniox 55 Bruker FT-IR spectrometer
(purchased from Germany) equipped with an attenu-
ated total reflection (ATR) attachment.

Atomic force microscopy (AFM, non-contact mode)
was used to analyze the surface morphology and
roughness of the membranes. The AFM apparatus was

(DME model C-21, Denmark). Small square pieces of
the prepared membranes (approximately 1 cm? were
cut and glued on a glass substrate. The membrane
surfaces were analyzed in a scan size of 1 x 1 pm.

The contact angle is the angle at which a liquid
interface meets a membrane surface. The contact angle
results from the surface free energies between the lig-
uid and membrane. The contact angle is commonly
used in membrane material science to describe the rel-
ative hydrophobicity/hydrophilicity of a membrane
surface [30]. The static contact angles were measured
with a contact angle measuring instrument (G10,
KRUSS, Germany). Deionized water was used as
probe liquid in all measurements and the contact
angles between water and the membrane surface were
measured for the evaluation of the membrane
hydrophilicity. To minimize the experimental error,
the contact angles were measured at five random loca-
tions for each sample and their average value was

a DualScope™ scanning probe-optical microscope reported.
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Fig. 3. The mechanism of interfacial polymerization.
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Fig. 4. FTIR/ATR spectra of the PA membrane surface.
2.5. Membrane performance evaluation I m -
The performances of the prepared membranes were At

analyzed by applying a batch cross flow system
(Fig. 2). The membrane surface area in the filtration cell
was 22 cm®. The flux of each membrane was deter-
mined at 10 min intervals under 0.8 MPa transmem-
brane pressures. The experiments were carried out at
25°C. The cross-flow velocity was approximately
0.6 m/s for all tests. Test results are displayed in
Table 2.

Permeation rate and salt rejection were determined
for all membranes using different ionic solutions
(NaCl, NaySOy4) of 1,000 ppm concentration. The rejec-
tion values were calculated using the following
equation:

R% = [l—ﬁ] x 100 1
Af

where 4, and /; are ion conductivities in permeate and
feed, respectively [31]. The ion rejection was investi-
gated by measuring the permeate conductivity using a
conductivity meter (Hanna 8733 Model, Italy).

2.6. Antifouling properties and flux recovery

Fouling can be quantified by the resistance appear-
ing during the filtration and cleaning can be specified
by the removal of this resistance. The resistance occurs
due to the formation of a cake or gel layer on the
membrane surface. The flux (J) through the cake and
the membrane may be described by the following
equation:

Dett WD F———— @@ um
SE 92 SW0

AccV  Spot Magn

170V 40 7500%

Fig. 5. SEM images of the surfaces of: (a) PES support and
(b) non-irradiated PIP-TMC thin layer.
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Fig. 6. Polymerization process in 3D.

where m is the mass of the permeated water, A is the
membrane area, and At is the permeation time.

After water flux measurement (J,;), the solution
reservoir was refilled with a 0.1-g/L BSA solution,
and the flux was measured (]p). After 2 h of filtration,
the membrane was washed with deionized water for
10 min and the water flux of the cleaned membranes
was measured (J,o). In order to evaluate the fouling
resistance capability of the membrane, the flux recov-
ery ratio (FRR) was calculated using the following
equation:

FRR = (W°> x 100 3

Wi

R, and R;; which are described by Eqs. (4) and (5)
show reversible deposition and irreversible fouling,
respectively [32]:

R (%) = <]W°_]p> x 100 @

w1

Ri (%) = (M) % 100 (5)

]wi

3. Results and discussion
3.1. Mechanism of interfacial polymerization reaction

In this study, TMC and PIP were used as reactants
and triethylamine was used as acid acceptor. The
interfacial polymerization reaction mechanism is
shown in Fig. 3. The terms acyl and aryl halides refer
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to aliphatic and aromatic derivatives, respectively.
They react with water, alcohols, and amines and are
widely used in organic synthetic processes whereby
the acyl group is incorporated into the target mole-
cules by the substitution of addition—elimination
sequence called the acylation reaction.
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Fig. 7. Effect of irradiation time on the flux and rejection
of the thin layer membrane at 250 W.



H. Soltani Afarani and Y. Mansourpanah | Desalination and Water Treatment 57 (2016) 19677-19689 19683
Table 3
Details of membranes cross-flow filtration for NaCl and Na,SO;, salt solution
Name % R NaySOy % R NaCl
E, 60.42 12.81
E; 82.20 35.70
E, 62.41 25.00
Es 76.02 32.00
E, 56.52 23.93
Es 75.56 28.32
Es 58.41 32.34
E; 80.47 41.92
Eg 57.45 27.57
Eo 46.38 23.70
Eqo 72.84 39.05
Eiq 50.95 17.24
Ei» 30.56 18.18
Es 75.57 26.40
E1is 71.53 26.29
Eis 52.68 20.90
E1s 80.47 41.92
Eiy 76.47 27.63
Eig 24.64 12.50

The poly(PIP-TMC) chain is expected to contain
both cross-linked and non-cross-linked structures con-
taining carboxylic acid groups. The carboxylic acid
functional group arises due to the partial hydrolysis of
the acyl chloride moiety of TMC. The performance of
the poly(piperazineamide) composite membranes is
mainly determined by polymerization conditions such
as the degree of UV irradiation, monomer types,
monomer concentrations, reaction time, curing time,
and curing temperature.

3.2. Characterization of the skin layer structure

In order to grasp the chemical structure of the skin
layer of the NF membrane, ATR-IR characterization
was carried out. The ATR-IR spectrum (Fig. 4), in
comparison with the neat PES membrane, indicated
that the interfacial polymerization had successfully
occurred since a strong band at 1,640 cm™' was pre-
sent. This is the characteristic of the C=O band of an
amide group. The peaks at 1,350 cm™' were assigned
to C-N stretching in polyamide. A wide and weak
peak at 3,400 cm™' was assigned to some —-COOH
groups in the obtained skin layer.

In addition, SEM images clearly showed the forma-
tion of an established thin layer over the support
membrane. Fig. 5(a) belongs to the PES support
surface. Based on this image, the membrane support
surface presents a smooth and flat surface. On the
other hand, Fig. 5(b) which belongs to the thin-layer

membrane surface shows a rough and uneven surface
due to the formation of a thin layer over the support.

The hydrophilicity of the obtained membranes was
evaluated by measuring the static water contact angle.
For comparing, Table 2 represents the water contact
angles of Ey and Ey membranes. The results demon-
strated that the hydrophilicity of the thin layers was
increased by increasing the UV irradiation time. The
contact angle degree of E, membrane was 53°, while
the UV-irradiated membrane (Ey) showed lower con-
tact angle, 49°. The modification of the thin-layer
membrane by UV irradiation prominently increased
the hydrophilicity of the membranes due to the
appearance of -COOH groups on the membrane sur-
face. However, E; membrane with a long UV irradia-
tion time exhibited a higher flux and less rejection,
that may be attributed to the increase in hydrophilicity
as well as destruction of poly(piperazineamide) thin
layer.

Although the formation of a skin layer occurs in a
short period of time, the UV irradiation might have
two secondary effects:

(@) The UV irradiation can break or weaken some
bonds (-COCl and N-H) which causes more reactiv-
ity. This phenomenon prevents from the hydrolyzation
of the remaining —-COCI groups to -COOH. Accord-
ingly, some existing undestroyed —-COCI groups in the
PA chains are used to cross-link when they meet the
diffusing diamine, resulting in an increase in 3D
growth (Fig. 6) and more densification of the thin film
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Fig. 8. SEM images of the surfaces of thin-layer membranes:
(a) E7, (b) Es and (c) E.

[33]. Obviously, this phenomenon declines the flux
and increases the rejection capability. (b) The UV irra-
diation has a wavelength degradation effect on the
bonds. This phenomenon affects support membrane
(PES) and poly piperazineamide bonds, resulting in
higher flux and lower rejection. Details are fully dis-
cussed in literature [34]. In fact, the UV irradiation of
poly(ethersulfone) membrane involves two parallel
compensating processes, cross-linking, and chain
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scission that determines final membrane transport
properties [35]. As will be described in the next sec-
tions, in some situations chain scission is predominant
and in some other situations cross-linking overcomes
the chain scission.

3.3. Effect of irradiation time

The effect of irradiation time (30, 60, and 120 s) on
the membrane performance was investigated. The
results clearly indicated that the irradiation time
affects the membrane performance. As mentioned pre-
viously, more polymerization at the beginning of the
irradiation results in the 3D growth of polymerization
by inducing the diffusing PIP molecules to replace the
—-OH group of carboxylic acid. Fig. 6 clearly indicates
the anticipated mechanism of polyamide layer forma-
tion. 3D growth of polymerization results in the elimi-
nation of -COOH groups and formation of —-CON
groups. Consequently, a dense and compressed thin
layer is formed. Therefore, polymerization and its 3D
growth were accelerated by expanding the UV irradia-
tion time from 30 to 60s. However, the opposite
phenomenon occurred in longer time of UV irradia-
tion (120s). In other word different UV irradiation
times induced two parallel competing processes,
cross-linking, and chain scission.

As can be seen in Fig. 7(a) and (b), the lowest flux
was achieved for the membranes with 30 s irradiation
time. The water fluxes of the non-irradiated and 30, 60,
and 120 s irradiated membranes at 250 W and 5 cm
interval were approximately 61, 38, 48, and 74 kg/ m? h,
respectively. The flux of salty solutions showed a
similar trend. However, the lowest flux in 15 cm dis-
tance was achieved for 30 s-irradiated membranes. The
water fluxes of 30, 60, and 120 s-irradiated membranes
at 250 W and 15 cm distance were approximately 22,
28, and 32 kg/m” h, respectively.

The rejection values of NaCl and Na,SO, solutions
were also measured. As can be seen in Table 3, the
rejections were reduced by increasing the time of UV
irradiation. The same rejection trend was observed for
NaCl salt. The rejection capability of the membranes
for Na,SO, was higher than that of the membranes for
NaCl. The performances of the obtained membranes
may be explained on the basis of charge, diffusion
coefficient, and the size of ions. Cross-linking or 3D
growth of polymerization provides fewer passage
routes for water and salt through the membrane lead-
ing to lower flux and higher rejection. According to
the SEM images, the thin layer was formed from the
reaction between PIP and TMC. This reaction was cat-
alyzed by UV irradiation at the shortest times (initial
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Fig. 9. Effects of UV radiation distance on the flux and
rejection of the thin-layer membrane at 125 W.

stages) for the formation of poly(piperazineamide). As
can clearly be seen in Fig. 8, the membrane surface
structure was changed at longer times of UV irradia-
tion (at next stages) because of the degradation effect
of UV irradiation on the bonds and the thin layers
(Fig. 5(c)). In fact, SEM images showed that a dense
and more compressed thin layer was formed in
shorter UV irradiation times. In contrast, some defects
were observed due to the damaging of the thin layer
at longer UV irradiation time, resulting in higher flux
and less rejection.

3.4. Effect of irradiation distance

Generally, UV irradiation is helpful in the forma-
tion of thin layers, but not at long times and close dis-
tances. In fact, the increase in time and decrease in
distance improved the degradation and damaging of
the thin layers along with the compressing effect of
UV irradiation. In fact, short distances destroyed poly
(piperazineamide) thin layer.

Fig. 9 shows the effect of irradiation distance on
the performance of the obtained membranes. In
lower irradiation powers and longer distances, the
flux of the thin-layer membranes was slightly
decreased and the rejection was increased (Table 3).
The lowest fluxes were recorded for the membranes
at the irradiation distance of 15 cm. By increasing the
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irradiation time, it was clearly seen that the fluxes of
most membranes were increased (at distance of 10
and 15cm). As can be seen in Fig. 9(a), the flux
reduction of 60 and 120 s-irradiated membranes was
less than that of 30s. The results obtained from
lower power (125 W) irradiation were also reported
(Fig. 9(b)).

Fig. 10 belongs to E;, E;, and Ej; thin-layer mem-
branes. The comparison of the images indicated that a
well established and compressed skin layer was

(b)

Fig. 10. SEM images of the surfaces of thin layer membranes:
(a) E1, (b) E, and (c) Es.
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Fig. 11. AFM images of the surfaces of PIP-TMC thin layer membranes: (a) E;, and (b) E;s.

formed using UV irradiation in longer distances. How-
ever, comparing Figs. 10(c) and 8(c) clearly shows that
the degradation of the thin layer occurred in shorter
distances.

On the other hand, Fig. 11 shows the two- and
three-dimensional AFM images of thin layer surfaces.
For better comparing, E;; and E;s with the same
irradiation powers and irradiation times were chosen.
The main difference of these membranes was the
irradiation distance. Based on AFM results, E;g thin
layer (Fig. 11(b)) showed a dense and compressed
thin layer in comparison with E;, (Fig. 11(a)). The
flatter structure was formed in shorter distance.
These AFM images clearly showed the effect of irra-
diation distance on the morphology of the irradiated

Table 4

thin layers. The surface roughness parameters of the
membranes which were explained in terms of the
mean roughness (S,), the root mean square of the Z
data (Sq), and the mean difference between the high-
est peaks and lowest valleys (S,) were calculated by
SPM DME software. The obtained results, which are
presented in Table 4, indicated that the roughness
parameters of the thin-layer membranes decreased
by reducing the irradiation distance. According to
the data in Table 4, the values of Sy, S,, and S, for
Ei» were 63.7, 63.7, and 332 nm, respectively, which
were reduced to 37.1, 28.2, and 202 nm (for Eig).
However, comparing Ej; and E;g indicated that the
roughness parameters were decreased by decreasing
the irradiation distance.

Surface roughness parameters of different membranes obtained from AFM images

Roughness parameters (nm)

Membrane Power (w) Distance (cm) Time (s) Sq Sa S,
Ei 125 15 120 63.7 63.7 332
Eqg 125 5 120 371 28.2 202
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Fig. 12. Effects of UV irradiation power and irradiation
times on the flux and rejection of thin layer membranes:
(a) 15 cm, (b) 10 cm, and (c) 5 cm.

3.5. Effect of irradiation power

In this work, two different irradiation (source)
powers (125 and 250 w) were studied. Lower power
of irradiation had a slight effect on the weakening
of -COCl and N-H bonds and on degrading of chains.
As can be seen in Fig. 12, no significant changes in the
flux were observed in two powers except in the long-
est time of irradiation (120 s).

According to Fig. 12(a) and (b), the fluxes of the
thin-layer membranes were decreased by increasing
the irradiation power and distance. This may be due
to the 3D growing of chains, resulting in the formation
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of a dense and compressed thin layer. On the other
hand, for 5cm distance, the opposite phenomenon
occurred. In fact, by increasing the irradiation power
along with decreasing the distance to 5 cm the flux of
the thin layer membranes were increased (Fig. 12(c)).
As mentioned previously, this may be due to the
degradation of thin layer chains. Accordingly, the sen-
sible differences between two powers might be seen at
longer distances.

Fig. 13 represents the surface images of poly(piper-
azineamide) thin layers in the presence of 125 W

Fig. 13. SEM images of the surfaces of thin-layer membranes:
(@) E16, (b) E17, and (c) Eqs.
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Table 5
Performance of thin-layer membranes at presence of UV
irradiation

Membrane R;; R, FRR
E, 45 22 55
E; 15 10 85
Eg 24 12 76
Eo 45 20 55
E1s 32 30 68
Ei7 33 32 67
E1s 35 40 65

irradiation power and 5 cm distance. Figs. 13(a) and
(b) illustrate the well established and compressed thin
layers whose morphologies were slightly changed to
form a defected structure at 120s irradiation. As
Table 1 shows, the fabrication conditions for E;, Eg,
and Eo with Ej¢, Ei7, and E;g were the same except in
the irradiation powers.

According to the obtained results, we found that
the order of the importance of the conditions was
as follows: irradiation time > irradiation distance >
irradiation power.

3.6. Investigating the fouling properties

As mentioned in performance trials, the feed was a
BSA suspension with a superior fouling tendency. Pro-
tein molecules can deposit on the surface of the mem-
brane and gradually form a layer on the membrane
surface [32]. The flux properties of the membranes
were remarkably declined during 2 h of filtration by
BSA solution.

The antifouling properties, i.e. FRR, reversible
resistances (R,), and irreversible resistances (R;,) of the
irradiated and non-irradiated membranes are summa-
rized in Table 5. The FRR was increased from 55% for
non-irradiated membrane (E, membrane) to about
85% for E; membrane.

We believe that the main factor responsible for the
reduction of fouling tendency is increasing the
hydrophilicity of the thin layers due to the presence of
more -COOH functional groups and UV-irradiation.
On the other hand, the creation of cracks and defects
on the thin layer surface resulted in lower FRR (see
Fig. 8(c) for Eg). The FRR of E; membrane was about
55%. However, E; membranes showed the least foul-
ing tendency due to the formation of a more establish
and uniform surface. On the other hand, E¢ membrane
revealed lower FRR in spite of more compressed and
flatter surface and higher surface hydrophilicity. Eie,
Ei7, and E;g membranes with the FRR amounts near
68, 67, and 65% respectively, showed FRR more than
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Ey membrane which may be due to the effect of lower
irradiation power.

4. Conclusion

According to this study, shorter time of irradiation
(about 30 s) caused slightly high rejection and low flux.
This was probably due to the increase of polymerization
process as well as the formation of a more established
poly(piperazineamide) thin layer. However, longer time
of irradiation resulted in thin layer degradation and,
therefore, declined the rejection value but, at the same
time, led to the formation of -COOH functional groups.
The formation of further -COOH functional groups
decreased the fouling tendency and increased the sur-
face hydrophilicity of the membranes. Finally, it can be
concluded that the UV irradiation might be considered
as a physical modification procedure and it showed a
remarkable and outstanding effect on the modification
of the thin layers. In contrast, longer times and shorter
distances of UV irradiation showed no significant and
desirable effect.
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