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ABSTRACT
Membrane surface modification via grafting poly(ethylene glycol) (PEG) onto the coated polydopamine (PD) layer is an
attractive strategy because it can improve the hydrophilicity of the membrane surface. Sodium alginate (SA), bovine serum
albumin (BSA), and humic acid (HA) were used as model foulants to investigate the fouling mechanism and cleanability
of modified membranes. The modification narrowed or blocked the membrane pores, which led to a reduction in the
permeability of ultrafiltration membranes. A Hermia model was used to explore the fouling mechanism of the modified
membranes. PD-g-PEG modified membranes exhibit a lower adsorption for the model foulants and a better cleanability

than the unmodified membranes.
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INTRODUCTION

Because of the pressing demand for purified water, membrane
processes, including microfiltration (MF), ultrafiltration (UF),
nanofiltration (NF), and reverse osmosis (RO), have received a
great amount of attention over the last few decades (Dulebohn
et al., 2014; Fane and Fane, 2005; Geise et al., 2010). Membrane
fouling, which is responsible for continuous flux decline, is con-
sidered to be a major hurdle in the application of membranes
for water and wastewater treatment. A large number of studies
concluded that most of the fouling resistance was induced by
dissolved organic matter in the feed. Consequently, frequent
membrane cleaning and, ultimately, membrane replacement
are required to maintain the membrane permeability, which
increase the operational cost of membrane processes.

Membrane biofouling in water and wastewater treatment,
especially irreversible fouling, is usually caused by dissolved
organic matter (Mannina et al., 2010). These organic com-
pounds are termed as extracellular polymeric substances
(EPS), when they are bound to the flocs, or as soluble microbial
products (SMP), when freely suspended in the supernatant.
Numerous research studies have been conducted on membrane
organic fouling, particularly related to EPS (Sheng et al., 2010;
Mannina and Di Bella, 2012). These biopolymers include poly-
saccharides, proteins, humic acids, nucleic acids, and fatty acids
(D’Abzac et al., 2010; Drews et al., 2006).

Membrane surface modification is an effective technology
to improve the anti-fouling performance of the membranes
(Shannon et al., 2008; Byun et al., 2013). Surface hydrophiliza-
tion is one of the most attractive methods to reduce membrane
fouling because it can decrease the adsorption and deposition
of the contaminants onto membrane surfaces. The assumption
appears to be reasonable because hydrophilic surfaces are able
to attract a layer adjacent to them composed of water molecules
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and prevent hydrophobic foulants from adhering to membranes
(Peeva et al., 2012), which leads to a stable and higher water flux
at a constant pressure.

The use of PD-g-PEG is currently considered to be an attrac-
tive strategy in the membrane surface modification field, because
it is able to remarkably enhance the surface hydrophilicity (Zhang
etal, 2013; Eshet et al., 2011; Rana and Matsuura, 2010). Recently,
some researchers developed a facile, two-step, dopamine-based
process to coat a very thin PEG layer onto a membrane sur-
face (Cao et al., 2013; Lee et al., 2007; Lee et al., 2009). A tightly
adhesive polydopamine coating layer can be formed by treating
a surface with an atris(hydroxymethyl) amino methane hydro-
chloride (TRIS HCI) buffered dopamine solution, regardless of
the substrate material (Lee et al., 2008). Moreover, the coating
process is simpler and more economical than alternative pro-
cesses. A variety of membranes, including MF, UF, NF, and RO
membranes, have been modified by PD and PD-g-PEG to exhibit
areduced BSA adhesion (McCloskey et al., 2010). In addition,

PD and PD-g-PEG modifications are found to influence the
pure water flux differently for each membrane, according to the
layer thicknesses of the PD deposition; the coated layer thickness
resulting from the subsequent PEG-grafting modification was
much smaller than the pore size of the MF and UF membranes,
but was larger than the pore size of the NF and RO membranes.
However, recent reports revealed that membranes modified only
by PD-coating did not behave as ideally as expected. Araujo et
al. (2012) used PD coating of the membrane and the spacer to
enhance biofouling control and found that biofouling was not
eliminated. Similar results were obtained by Miller et al. (2012),
who found that no reduction in biofouling was observed during
longer biofouling experiments with PD-modified membranes,
despite the reduced adhesion of BSA demonstrated in short-
term tests. These phenomena have still not been fully explained.
Furthermore, the coated PD and grafted PEG layer might be
unstable because of the physical adsorption of PEG-derivatized
blocks or graft co-polymers on substrates (Wei et al., 2013). In
addition, more research work should be conducted to understand
the anti-fouling performance of organic foulants of membranes
that are surface modified by PD-g-PEG.
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In this paper, PES membranes with a molecular weight
cut-off value (MWCO) of 6 000 and 20 000 were used as virgin
membranes to investigate the fouling mechanism and clean-
ability of the modified membranes after PD coating and PEG
grafting. The contact angles were measured after the membrane
samples were dipped into the model foulant solution to investi-
gate the adsorption of the organic dissolved matter.

MATERIALS
Membrane

Commercial PES UF membranes were provided by Sepro
(Oceanside, CA, USA) with nominal MWCO values of 6 000
(PES2) and 20 000 (PES20) Da. The membrane samples were
wetted with isopropanol for 1 h and then soaked in Milli-Q water
overnight prior to use. Dopamine, Trizma HCI, isopropanol,
ethanol, bovine serum albumin (BSA), alginic acid sodium salt,
humic acid sodium salt (A2158), sodium dihydrogen phosphate,
sodium hydrogen phosphate, potassium hydroxide, sodium
chloride, and benzoylated dialysis tubing (2,000 NMWCO) were
purchased from Sigma-Aldrich (St. Louis, Mo.). A micro BCA
protein assay kit was obtained from Thermo Scientific (Rockford,
IL), and poly(ethylene glycol) monoamine (5 000 Da) was pur-
chased from JenKem Technology (Allen, TX). The tris buffer (15
mM) used in the membrane modifications was prepared by dis-
solving Trizma HCI (2.634 g-¢™') in Milli-Q water and adjusting
the pH of the resultant solution to 8.8 using sodium hydroxide
(Fisher Scientific, Pittsburgh, PA).

Humic acid purification

Humic acid (HA) was pretreated extensively to remove the
fulvic, metal, and ash content, based on the method described
by Tang et al. (2007), which is a slightly modified version of the
International Humic Substances Society method. Hydrochloric
acid was added to HA to yield a solution with a final concentra-
tion of 0.1 gme™" and final pH of 1.0. The suspension was shaken
for 1 h and then centrifuged. The residue from centrifugation
was adjusted to 0.1 gm¢™ at pH 13 with NaOH. The mixture
was shaken and then centrifuged. The supernatant was filtered
twice through a 0.2-pm polyethersulfone filter under a nitrogen
headspace. The filtered solution was adjusted to pH 1.0 with 6
mol-¢' HCl and then settled overnight prior to being centrifuged
the next day. The residue was transferred to benzoylated dialysis
tubes (molecular weight cut-off of 2 000 Da, Sigma-Aldrich) and
dialyzed in a large MilliQ water bath. The dialyzing water was
changed every few hours during the first day and then once each
day. Dialysis was stopped when the conductivity of the dialyzing
water became lower than 1 uS-cm™. The purified Aldrich humic
acid was freeze-dried and stored in the dark at 4°C.

Membrane modification
PD modification

The wetted and soaked membranes were placed onto a clean
glass plate with the edges pressed firmly by a square rubber
casting ring (~ 5 inch side length). Dopamine (0.4 g) was dis-
solved in 50 m¢ of a Tris buffer solution, and the solution was
then poured into the casting ring. The membrane was gently
rocked for 1 h. The solution was open to allow for airflow over
the membrane surface. After reaction, the membrane samples
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were soaked in ethanol for 10 min to remove the weakly-bound
PD, and rinsed in deionized (DI) water for 30 min.

PD-g-PEG modification

PEG was grafted onto the PD layer to create PD-g-PEG modi-
fied membranes. PEG-NH, (MWCO = 5000) with a 1 g-¢™*
concentration was dissolved in 50 m¢ of a Tris buffer solution
and heated to 60°C. This solution was poured into a 150-mm
diameter Petri plate, and the PD-modified membrane was then
floated, PD modified side down, in the PEG-NH, solution for

1 hin an oven at 60°C. After 1 h, the membranes were rinsed
with DI water to remove the loosely connected PEG-NH,.

The membranes were then stored in a zip-lock bag under dark
conditions at 4°C.

METHODS
Flux and rejection measurement
Flux

The filtration experiments were performed by using dead-end
stirred cells (UHF-76, 11.0-cm diameter, MFS, Inc., Japan).
During the initial flux measurement of Milli-Q water, the zero
time point was set when the Milli-Q water filtration remained
approximately stable for over 10 min. Next, the cells were emp-
tied and refilled with a feed solution of 300 m¢. The stirring rate
was set at 300 rmin™ to minimize the influence of concentration
polarization. Filtration was stopped when the retention volume
was approximately 75 m£. To obtain similar filtration dura-
tions across the different membranes, pressure was provided

by a nitrogen gas cylinder at 2.90 kPa (20 psi) for the unmodi-
fied membranes, 4.35 kPa (30 psi) for the PD-coating modified
membranes, and 5.80 kPa (40 psi) for the PES-g-PEG modified
membranes. The concentration of the model foulant solution was
100 mg-£". The specific membrane flux was measured as:

v
J =127 @)

where: V is the permeate volume through the membrane with
an active area A collected within time t at the trans-membrane
pressure AP. The relative flux is defined as J /J ;, and ]  is the
initial specific membrane flux.

Concentration

Total organic carbon (TOC) analysis using a TOC-V,,, system
from Shimadzu, Japan, was performed to measure the model
foulant concentration. Both TOC and UV/Vis measurements
(UV-visible spectrophotometer from Shimadzu, Japan) were

conducted simultaneously for the measurement of the HA con-
centration at 254 nm and BSA concentration at 562 nm.

Particle size distribution measurement

To aggravate the fouling effect, calcium chloride was added
into an alginate and humic acid solution to create a CaCl,
concentration of 1.0 mg-€™'. The particle size distribution of
the model foulant solution was measured using the dynamic
light scattering (DLS) method (Zeta sizer nano ZS, Malvern,
UK). The model solution was prepared 1 h prior to the DLS
measurement.
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Membrane cleaning test

The membrane cleaning test consisted of 3 steps: hydraulic
washing, back flushing and chemical cleaning. First, the cell was
refilled gently with pure water to measure the flux of the fouled
sample. Next, external cleaning was performed by stirring with
150 m¢e of pure water at 600 rmin' for 10 min, followed by the
pure water flux measurement. Then, the membrane sample was
turned over and a back-flushing process was applied at 2.18 kPa
(15 psi) for 10 min. Subsequently, a pure water flux measure-
ment was performed, with the skin layer facing the feed solution.
Finally, the sodium hydroxide solution at pH ~ 12 was filtered
for 10 min under the corresponding pressure. After each fouling
test was finished, the residual solution was removed. The water
permeability was tested after chemical cleaning.

RESULTS
Pure water flux

Table 1 presents the specific flux values of pure water for modi-
fied and unmodified membranes of PES20 and PES2 under

the corresponding pressure. Although the applied pressure is
known to have a large effect on the flux because of the compress-
ibility of most composite membranes, different pressures were
used to determine the permeability of the modified and unmod-
ified membranes, in order to achieve a similar filtration duration
for all of the membranes. The membranes were clearly observed
to have a lower permeability after the PD and PD-g-PEG modifi-
cation. To achieve similar filtration durations in the subsequent
pore-blocking model analysis, a lower pressure (2.90 kPa; 20 psi)
was used for the unmodified membrane and a higher pressure
(5.80 kPa; 40 psi) was used for the modified membrane. Despite
the PES20 membrane having a slightly larger pore size than that
of the PES2 membrane, the water flux reduction for the PES20
membrane after modification was much more remarkable than
that for the PES2 membrane. The PES20 membrane displayed

a flux reduction of ~ 80% for the PD coating modification and

~ 92% for the PD-g-PEG modification, while the PES2 mem-
brane displayed ~ 22% and ~ 65% flux reductions for the PD and
PD-g-PEG modifications, respectively.

Filtration of the model foulant solution

To characterize the particle size distribution of the organic
matter, a DLS measurement was conducted. As the particle size
of the macromolecules changed with time, all of the measure-
ments were conducted 1 h after the feed solutions were pre-
pared. The particle size distributions of the model foulants,

i.e,, SA, BSA, and HA, are shown in Fig. 1. Due to the effect of

calcium on promoting molecular binding and aggregation, SA
and HA have the largest mean particle sizes, 138 and 121 nm,
respectively. An interesting phenomenon is the bimodal nature
of the particle size distribution of BSA. One potential reason
for this bimodal nature is the ability of BSA molecules to be
structurally rearranged and to agglomerate in an unstable state
at pH ~ 7 because the emulsion inversion point of BSA occurs
at pH ~ 5 (Huisman et al., 2000). Another possible reason is
related to the measurement method, that is, the fraction with

a smaller size cannot be detected when the size distribution is
very broad. Regarding the SA, many physicochemical studies
have revealed that calcium ions induce chain-chain associations
among alginate molecules; the structural features involved in
this gelation process were proposed in a model called the ‘egg-
box model’ (Li et al., 2007).

The general sequence of the rejection rates of the three model
foulants for both the modified and unmodified membranes was:
SA > BSA > HA, as indicated in Table 2. This observation is in
line with the common view that the membrane with narrower
pores is subjected to higher rejection rates. Interestingly, the
TOC removal of BSA was higher than that of HA, although the
medium particle size of BSA was smaller than that of HA.

For the three model solutions, the relative reductions in flux
were different, as shown in Fig. 2. The flux reduction in the BSA
solution filtration, in the range of 70-77% for the correspond-
ing PES20 membranes and 89%-95% for the corresponding
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Figure 1

Particle size distributions of SA, BSA, and HA at 100 mg-€' concentration,
measured by DLS. BSA was resolved in phosphorus buffer solution with
pH =7, SA and HA were resolved in Milli-Q water with Ca** 1 mg-€~' and

conductivity 1000 uS-cm™'.

Table 1
Flux of virgin membrane. The specific flux of unmodified membrane, PD-coating membrane, and PD-g-PEG membrane
were measured under the pressure of 2.90, 4.35, and 5.80 kPa (20, 30 and 40 psi), respectively.
Membrane Specific flux Mean resistance
(8-m~"-h-"-kPa™) (102m™)

PES20 2.880+0.087 1.25
Unmodified

PES2 0.509+0.014 7.07

PES20 0.547+0.048 6.58
Coated by PD

PES2 0.398+0.073 9.05

PES20 0.222+0.071 16.22
Grafted by PEG PES2 0.179+0.056 20.11
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PES2 membranes, was much lower than that in SA. For the HA
solution, a flux decline of less than 10% was observed. Figures
2a and 2b show the results for relative flux of the SA solution as
a function of time, with the highest flux decline observed for
the unmodified membrane and the lowest flux decline observed
for the PD-g-PEG. The modified membranes of both PES20
and PES2 have lower initial flux values than the unmodified
membranes because the pores of the membrane were narrowed
by the modification procedure. In all cases of SA solution
filtration, a drastic flux decline was observed at the start of the
filtration, especially for the unmodified membrane. In the later
filtration process, the increase in the flux values slowed down
and the fluxes approached a steady-state. This trend in behav-
iour is much more marked for the PES2 membrane modified by
PD-g-PEG, which has the lowest pore size, as shown in Fig. 2b.
These pieces of evidence indicate that the pore size of the mem-
brane influences the membrane fouling rate remarkably, which
is consistent with the report of Luo (Luo et al., 2013).

Comparing the rate of decline of the flux curve between the
three model solutions, the effect of particle size was observed.
As shown in Fig. 2¢, the flux declined linearly with time in the
case of unmodified and modified PES20 membranes. For the
PES2 membrane samples, the flux curve exhibited 2 stages, the
rapid decline stage and the levelling-oft stage, similar to the
performance of the SA solution. From Figs 2e and 2f, the rela-
tive flux of the HA solution decreased linearly with filtration
time. The rate of flux decline for HA is lower than that for SA,
but is higher than that for BSA.

Adsorptive fouling

Table 3 presents the contact angles of the membranes before
and after being soaked in the various model foulant solu-

tions of SA, BSA, and HA. The contact angles of the modified
membranes are clearly smaller than those of the unmodified
membranes, that is, the surface of the modified membranes

is more hydrophilic than the surface of the unmodified mem-
branes. Note that due to the smoother and denser surface of the
unmodified PES2 membranes, the unmodified PES2 membrane
has a larger contact angle than the PES20 membrane. A pro-
nounced decrease in the contact angles was observed after these
membrane samples were soaked in model foulant solutions,
with the ranking of the decrease following a trend of SA > HA

> BSA. This result indicates that adsorption occurred while the
membranes were being soaked in these solutions. The mem-
branes soaked in SA displayed the largest reduction, and those
soaked in BSA the smallest reduction, in the contact angle
value. This result also implies that the order of hydrophilicity of
the model foulants is: SA > HA > BSA.

Cleaning efficiency

To accelerate membrane fouling, 1 mg-¢™' calcium ions were
added to the SA and HA solutions. Calcium ions are able to bind
with carboxylic functional groups from both solutions and form
bridges between adjacent molecules, enhancing their aggrega-
tion and thus influencing the rate of flux decline and enabling
the reversibility of fouling and membrane rejection (Han et al.,
2012). After each filtration test was finished, a membrane clean-
ing procedure, including surface flushing, back flushing, and
chemical cleaning with a NaOH solution, was performed. The
pure water flux, as shown in Fig. 3, was measured after each step.
Based on the comparison of the membrane pore size, the UF
membranes with higher MWCO, i.e., PES20, tend to lose more
permeability because of pore blockage (due to fouling), which

is consistent with many other reports. In addition, membranes
with larger pore sizes were also found to obtain higher cleaning
efficiencies in most cases. Similar results have also been observed
by other researchers (Katsoufidou et al., 2008). It is assumed that
for the membranes with larger pore sizes, the higher proportion
of resistance is induced by pore blockage or constriction. These
macromolecules in larger pores are more readily washed out by
hydraulic force than are those stuck in small pores. However,
such a conclusion can only be drawn when the interaction
between the foulants and the membrane surface is negligible
compared to the large difference in the pore sizes.

Moreover, it is apparent that the flux recovery by surface
flushing for the SA solution filtration is higher than that for the
BSA and HA solutions. The other interesting phenomenon is that
the membrane samples in the HA fouling tests can recover more
flux after NaOH solution cleaning. The reason for this phenom-
enon is that the HA is more soluble in the high pH solution. Note
that the coated PD layer or the grafted PEG layer is stable enough
to resist both the hydraulic force and NaOH solution erosion, as
was shown in our previous work (Li et al., 2014).

Rejection of model foulants by unmodified and modified membranes through TOC measurement (%)

TABLE 2

bubble measurement of oil-in-water

UM-PES2 PES2-PD PES2-PD-PEG UM-PES20 PES20-PD PES20-PD-PEG
SA 97.2 98.6 98.6 97.0 98.1 98.2
BSA 97.9 98.5 98.1 97.5 98.3 97.9
HA 90.4 93.7 95.2 82.1 93.8 95.2
Table 3

Contact angles of membranes before and after the membranes soaked in model foulants with 100 mg-£-" for 5 h, by captive

PES2 PES20
Unmodified PD coating PEG grafting Unmodified PD coating PEG grafting

Clean 442+6.2 26.0+£5.3 251+2.7 40.7+£79 25.6+6.1 22.7+3.8

SA fouled 29.1 + 5.0 22.2+3.6 21.0+4.1 27.5+5.5 20.7+£2.7 191+2.4

BSA fouled 36.2+3.9 30.5+2.8 29.2+3.3 37.6+4.1 29.0+2.0 31.7+4.2

HA fouled 29.0 £ 6.6 28.1+5.7 29.6 £3.1 31.0+£4.0 27.1+2.7 23.6+29
http://dx.doi.org/10.4314/wsa.v41i4.03
Available on website http://www.wrc.org.za
ISSN 1816-7950 (On-line) = Water SA Vol. 41 No. 4 July 2015
Published under a Creative Commons Attribution Licence 451


http://dx.doi.org/10.4314/wsa.v41i4.03
http://www.wrc.org.za

unmodified PES20
PES20 PD
PES20 PD-g-PEG

= ]
% J
3
w
& ]
© i
Q
o
02| -
A (a)SA |
0.0 P SRS (VI M| [SSER [N (RS |
0 20 40 60 80 100 120 140
Time (min)
.,
1.0 A

0 unmodified PES20

08 E
g
= 06 g
=
e .
("]
=
T 04} -
(7]
14 )}
02| s
(c) BSA
0.0 i 1 i 1 i 1 M 1 i
0 20 40 80 80
Time (min)
¥ T ¥ T X T i T % T 4 T 5 T
1.0 =
0 unmodified PES20
O PES20PD 1
A PES20 PD-g-PEG
;:? !
o o
=
[ L .
o
=
T o4 -
D
o L .
02
(e) HA
0.0 i 1 i 1 i 1 i 1 n 1 n 1 L 1
0 20 40 60 80 100 120 140
Time (min)

Relative flux J /J  versus time during dead-end filtration: (a) unmodified and modified PES20 membranes; (b) unmodified and modified PES2

O unmodified PES2
O PES2PD
A PES2 PD-g-PEG

08 |- N
< ]
‘;(’ -
=
o ]
o
=
E -
[}

o L |

02} J

L (b) SA |

00 " 1 1 i 1 i 1 i 1

0 100 200 300 400 500
Time (min)
1.05 T L. T L I " T T T
| O unmodifed PES2
o PES2PD
1.00 & PES2 PD-g-PEG
2 095 -
x
=
= ]
o
2 090 ]
o
]
14 . ]
085 |- _.
- (d) BSA 1
080 i 1 i i 1 i 1 i 1 i L i 1
0 20 60 80 100 120 140
Time (min)
T s T T T ¥ T . T L
0 unmodified PES2
© PES2PD
1.0 4 PES2PD-g-PEG 1
Q drm m
9; t(«r(n:}:}r&rﬂi'.'l|.h| .
-
i 09 -
2
5
©
E | ]
x
081 (f) HA &
1 " 1 1 i 1 " L i 1 "
0 20 40 60 80 100 120
Time (min)
Figure 2

membranes; (c) unmodified and modified PES20 membranes; (d) unmodified and modified PES2 membranes; (e) unmodified and modified PES20

http://dx.doi.org/10.4314/wsa.v41i4.03
Available on website http://www.wrc.org.za

membranes; (f) unmodified and modified PES2 membranes.

ISSN 1816-7950 (On-line) = Water SA Vol. 41 No. 4 July 2015
Published under a Creative Commons Attribution Licence

452


http://dx.doi.org/10.4314/wsa.v41i4.03
http://www.wrc.org.za

DISCUSSION

The results of the pure water flux measurement seem to lead to
increased flux reduction for the UF membranes with larger pore
sizes after surface modification. This result is consistent with
McCloskey’s report (McCloskey et al., 2012), as a small reduction
in the flux for the UF membranes was observed in our work. The

[_1Base cleaning PES2
1.0 - @ Back flush (a) SA BESS
I Surface flush PES2
I Fouled
08 L PES20
PES20
o L
X PES20
>
% 06
>
Q
o L
o)
o
x 04
=
L +
02 |
0.0
Umodified PD coated PD-g-PEG Umodified PD coated PD-g-PEG
1.0 | [C]Base cleaning (b) BSA oess PES2
I Back flush SEes
| I Surface flush
0 M Fouled
= PES20
e
0.6 |-
9 PES20
3 PES20
&
% 04}
=
[
0.2

Umodified PD coated PD-g-PEG Umodified PD coated PD-g-PEG

12
| [JBasecleaning (c) HA
[ Back flush
1.0 | I Surface flush PES2

I Fouled

Flux Recovery (%)

Umodified PD coated PD-g-PEG  Umodified

PD coated PD-g-PEG
Figure 3
Flux recovery after 3-step membrane cleaning for the model foulants:
(a) SA, (b) BSA, and (c) HA. The flux was measured with Milli-Q water
under a pressure of 2.90 kPa (20 psi) for unmodified membrane, 4.35 kPa
(30 psi) for PD-coating membrane, and 5.80 kPa (40 psi) for PD-g-PEG
membrane, respectively.
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assumption for the flux reduction is that PD and PEG are depos-
ited conformally onto the membrane surface and pore structure
to constrict the pores or bridged over the membrane surface to
block the pores. The TOC removal for BSA was higher than that
for HA, despite the median particle size of BSA being smaller
than that of HA. This result is in disagreement with the general
view that larger particles are rejected with higher probability.
This behavior may be attributable to the fact that the real aver-
age particle size of the BSA is larger than the measurement result
because of the details of the DLS method. The other assumed
reason is that the BSA molecules exhibit a stronger charge per-
formance and the modified membranes are negatively charged.
To further investigate the fouling mechanism in the unmodi-
fied and modified membranes, the relative fluxes, as a function
of time, and Hermia model fitting were plotted. Hermia (Hermia
etal,, 1982) proposed an empirical model for dead-end filtration
under constant pressure, which can be described by Eq. (2). Based
on Hermia’s filtration law, there are 4 types of fouling mechanisms:
complete blocking, intermediate blocking, standard blocking, and
cake layer blocking. The type of fouling mechanism considered
depends on the value of the dimensionless parameter, 7.

@

& _ o (de )
dv? dv
where: k is a constant. Here, n = 2 for complete pore blocking, which
presumably applies to the case of the particle size being larger than
the size of the pore opening; n = 1.5 for standard pore blocking,

i.e., pore constriction, which refers to the case that the particles are
smaller than the membrane pore size and pore blocking occurs
inside the membrane pores; and 1 = 0 for cake layer filtration.

Because dV/dt=A], it follows that

dt _ 1

oA ©)
Where ] is the permeate flux at time .

2 _1d]

dv: T A’Pdt @

To more clearly understand the membrane fouling due to dis-
solved organic matter, the trend of log(-dJ/df) versus log(J) is
plotted in Fig. 4. In Figs 4a and 4b, two different regions are
observed during the filtration process for both the PES2 and
PES20 membranes for the SA solution. The first region can be
considered to be the pore-blocking condition because the filtra-
tion curve shape is a sloped line. The second region corresponds
to the steady-state condition, in which the trend of log(-dJ/
dt) versus log(J) is presented as vertical straight lines, indicat-
ing that the flux varied very slightly with the filtration time.
Therefore, the cake layer on the membrane surface was inhib-
ited from forming because of the vigorous stirring. For the BSA
and HA solutions during PES20 membrane filtration, as shown
in Figs 4c and 4e, the flux curves were similar to that of the SA
solution, that is, they included two regions. In these two cases,
the first region can be considered to be the pore constriction
condition because of the smaller particle size of the BSA and
HA molecules. In Figs 4d and 4f, a vertical line of log(-dJ/dt)
versus log(J) was observed because the change in flux with time
was quite insignificant given the small pore size of the PES2
membranes and low initial permeate flux.

The features of the organic molecules and the modified
surface also affect the membrane fouling behaviour. Calcium
ions can bridge more alginate molecules to the deposited ones,
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resulting in the formation of a cross-linked alginate gel layer
on the membrane surface (Ye et al., 2005). This process can be
used to explain the phenomenon that SA apparently leads to

a greater flux reduction compared to BAS and HA. Another
reason for the observed phenomenon may be related to the
structure of the SA molecules. Because the SA molecules are
present as a wrapped sphere in solution with flexible features,
they can be easily pushed into the membrane pores under
pressure. Thus, the membrane fouling mechanism is not solely
determined by the relative particle/pore size. BSA is considered

to be a prolate ellipsoid, which has more than 200 positively
and negatively charged functional groups, relatively good
hydrophilicity, and perfect solubility. Regarding HA, the addi-
tion of CaCl, leads to inter-molecule linkages between the HA
molecules. However, these aggregated HA particles still have
relatively smaller sizes, resulting in severe pore constriction
rather than pore blocking.

Adsorptive fouling was used to simply evaluate the anti-
fouling performance of the coated PD layer and grafted PEG
layer. Although short-timescale studies cannot reveal the

3 . : : 7 e - ; . . . . . . r . .
O unmodified PES20 10 | O unmodified PES2 4
© PES20PD O PES2PD
g & PES20 PD-g-PEG A PES2 PD-g-PEG
i b 05 i
= % oo} £ 4
o 1 T & N
' = L é&
i - M
= = 05| .
B 2 e
3 o} 4 3 FSa
e D 10k g
3 3
At 8 A5t -
(b) SA
(a) SA
L L L - 20 L . L i 1 . | . L
1.0 12 1.4 16 1.8 1.1 1.2 13 14 15
T 4
Log[J(L.m? h™)] Log[J(L h'm?)]
3.0 - T . . . : . T - T 20 T T T T T
O unmodified PES20 15 O UM PES2
25 L O PES20 PD _ | = O PES2PD T
’ A PES20 PD-g-PEG I A PES2PD-g-PEG ]
10 b - i
| g
— 20| a —_
“"E Ddi)&l[] T 05 F o 4
L) i u] o F
¥
4 g J E 00 | il
5 g |
]
3 3 05 4
> B =) L
(=]
S 3 ok -
7 Eran (d) BSA il
(c) BSA i
A o
" 1 N 1 s 1 " 1 " 20 " 1 o Qg " Il " 1 " 1 n
1.20 135 1.50 1.65 1.80 1.95 210 110 115 1.20 1.25 1.30 1.35 1.40
LoglJ(L h" m?)]
24 T T T T T r T T T T
0 unmodified PES20 i O unmodified PES2
O PES20 PD 1.0 | © PES2PD o
20 A PES20 PD-g-PEG 4 £ A PES2PD-gPEG
FooA
o A
— 16} o 4 — 05} rt i
o e A
£ IE s
= 12 [ i = oo} 2 i
5 ] 5
| =
5, 3 L
o 08 R " £
b il O 05} A .
3 1 = f—\%
04| B [ A8
(e) HA | A
A0F A -
0.0 1 1 1 1 1 1 1 !
1.0 12 14 16 18 20 22 14 12 13 14 15
g 15t
LoglJ(L m*h™)] LoglJ(L h'm?)]
Figure 4

Fouling mechanism analysis basing on log(-dJ /dt) versus log(J ) during dead-end filtration: (a) unmodified and modified PES20 membranes; (b)
unmodified and modified PES2 membranes; (c) unmodified and modified PES20 membranes; (d) unmodified and modified PES2 membranes; (e)
unmodified and modified PES20 membranes; (f) unmodified and modified PES2 membranes.
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complete anti-fouling performance of the modified membranes,
short-term organic adhesion tests may be an initial screen for
potential antifouling approaches because most organic adhe-
sion occurs within 2 h (Ridgway et al., 1985). Further, it is quite
difficult to translate many laboratory membrane surface modifi-
cations to assembled membrane modules that can be used in the
long-term bacterial fouling test. There is a need for systematic
studies to link the modified membranes to representative results
in the practice of long-term anti-fouling studies. An interesting
phenomenon observed in this investigation is that the contact
angle of the membranes fouled by SA was even lower than that
of clean membranes. One possible reason for this phenomenon
is that SA is considered to have a more hydrophilic property
than PD and PEG. Another possible reason is that PEG mol-
ecules grafted on the PD layer form a rough layer, which appears
as a ‘brush’. The PEG brush is able to reduce the adsorption of
organic matter as it prevents the organic molecules from attach-
ing to the membrane surface directly.

In the cleaning tests section, both PES2- and PES20
PD-modified membranes did not exhibit a better cleaning
efficiency than the unmodified membranes according to the flux
recovery data, although the membrane pores were narrowed after
modification. The likely explanation for this is the negatively-
charged PD layer. The presence of Ca®* induces a binding force
between the macromolecules, and the PD is stable during SA and
HA solution filtration. The hydroxyl groups of the polydopamine
layer surface complexed with divalent cations to boost nuclea-
tion (Han et al., 2012). The force of the complexed interaction
between Ca®*and the PD layer is strong enough to survive the
hydraulic force and chemical reaction. In all cases, the PEG-
grafting modified membranes have a higher flux recovery than
the other two membrane samples. This phenomenon could be
promoted by the neutral and hydrophilic characteristics of the
PEG molecules. The ‘brush’ layer formed by the PEG molecules
prevents the foulant molecules from entering into membrane
pores or contacting the membrane surface and PD layer directly.
Consequently, the complexation was induced by the Ca?* and not
formed on the PD-g-PEG modification membrane surface.

CONCLUSION

In this study, the fouling mechanism and cleanability of the
UF membrane modified by PD-g-PEG were investigated. After
the modification, PES20 UF membranes exhibited a greater
decrease in permeability than PES2 UF membranes due to the
PD and PEG layer that formed on the pore walls resulting in
narrower pores. A lower reduction was observed in the relative
flux for the modified membranes during model solution filtra-
tion. The fouling mechanism mainly depends on the relative
relationship of the particle size to the membrane pore size. The
shape and structure of the foulant molecules also influences the
membrane fouling mechanism. In the adsorption anti-fouling
tests, the grafted PEG layer is able to reduce the adsorption

of organic matter because it prevents organic molecules from
attaching to the membrane surface directly. In the membrane
cleaning test, the results demonstrated that the membranes
with larger pore sizes presented better cleanability. The PD-g-
PEG-modified membranes have a higher flux recovery than the
other two membrane samples considered.
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