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ABSTRACT

In this study, the effect of metal oxide particle distribution pattern on the performance and physical
characteristics of 0.03, 0.05 and 0.1 Al,03/PES and ZrO,/PES composite membranes was investigated.
Membrane morphology was characterized by field-emission scanning electron microscopy (FESEM) and
the metal oxides particles distribution patterns were determined using Image ] software (U.S. National
Institutes of Health, Bethesda, MD, USA). The prepared metal oxides/PES membranes were skin-type
membranes and showed a structural change from finger- to sponge-type structure. The finger structure
was associated with high metal oxides percentage of the total metal oxide particles entrapped in the
membrane (60-95% and 52-100% for Al,03/PES and ZrO,/PES, respectively) in the membrane matrix.
No statistical correlations have been observed between either the particles densities at the 0-10 or
10-20 wm depths and membrane physical characteristics or performance parameters. However, strong
inverse correlations were observed between the metal oxides particles densities at the membranes depths
of 30-40 and 40-50 pm, respectively, and membrane fouling resistances (Ry). According to the constant
pressure models, the experimental results for sludge filtration using all tested membranes were in good
agreement with the standard blocking model (SBM).

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The effect of membrane morphology and surface chemistry
on fouling mechanisms has been studied by many researchers
with various biological fluids, particularly protein solutions. Exten-
sive works [1-4] attributed lower fouling to smooth hydrophilic
membranes with high porosity and narrow pore size distribu-
tion. Metsamuuronen et al. [5] reported that much lower critical
fluxes were observed for the ultrafiltration of baker’s yeast when
a hydrophobic polysulfone membrane was used as opposed to a
hydrophilic regenerated cellulose membrane.

Surface modification of membranes is an attractive approach
to change the surface properties of the membrane in a defined
selective way while preserving its macroporous structure. Recently,
considerable effort has been devoted to the fabrication of metal
oxides/polymer composite membranes in order to develop pho-
tocatalytic membrane reactors [6-8] or to import anti-fouling
properties to neat polymeric membranes [9-14].

Membrane roughness and porosity were suggested as poten-
tial reasons for the different fouling behaviors [15]. He et al. [16]
reported that for the treatment of a high-strength food process-
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ing wastewater using an MBR, membranes with a larger molecular
weight cut-off size fouled more rapidly and to a greater extent than
the one with smaller molecular weight cut-off. These results sug-
gested that membranes with a larger nominal pore size may foul
more readily as a result of blocking by macro colloids, which can
completely block the entrance of the pores. It is quite clear from the
literature [17-21] that the pore size alone cannot predict hydraulic
performances as no general trend was observed between these two
parameters. The complex and changing nature of the biological sus-
pension present in MBR systems and the large pore size distribution
of the membrane generally used in MBR are the main reasons for
the undefined general dependency of the flux propensity on pore
size [17,21].

In our previous work [12-14], investigation of the effect of
ZrO, or Al,0O3 particles on the membrane fouling characteristic
was studied by casting different weight ratios membranes of metal
oxides/polyethersulfon (PES). The results showed that metal oxides
entrapped membranes showed lower flux decline during activated
sludge filtration compared to neat polymeric membranes. How-
ever, previous studies of blending membranes with metal oxides
particles focused primarily on membrane performance and over
looked the effect of the metal oxides particles distribution pat-
tern on the membrane performance and structure [6-14]. Although
literature studies did not address the impact of membrane prepa-
ration conditions on metal oxide distributions, it is expected that
the solvent evaporation time, polymer concentrations, and com-
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positions of the precipitant will impact the particles distribution
patterns, with the role of the aforementioned process variables
requiring further investigation. Therefore, this research aims at
investigating the effect of metal oxide particles distribution pattern
on the performance and physical characteristics of Al,03/PES and
ZrO,/PES composite membranes. To eliminate the factor of par-
ticles load in the membrane casting solutions, membranes with
same metal oxide/PES (w/w) ratios of 0.03, 0.05 and 0.1 were
compared. The membranes morphology was characterized by field-
emission scanning electron microscopy (FESEM) and the metal
oxides particles distribution patterns were determined using Image
] software (U.S. National Institutes of Health, Bethesda, MD, USA).
The membranes strengths, molecular weight cut-off (MWCO), DIW
permeability, filtration resistances and fouling rates were deter-
mined and compared.

2. Experimental
2.1. Membrane preparation

PES Radel A-100 (Solvay Advanced Polymers, Alpharetta, GA,
USA) was used as a membrane material and metal oxide entrapped
membranes of 0.03, 0.05 and 0.1 metal oxide/PES ratios (w/w) were
prepared by phase inversion [22]. The detailed preparation method
is presented in our previous work [12-14]

2.2. Membrane characterization and performance

The deionized water (DIW) flux was determined for the PES
control membranes as well as the metal oxide/PES membranes
at different TMPs of 0.345, 0.69, 1.034, 1.38 and 1.724 bars. The
cross-sectional morphologies of the membranes were character-
ized using field-emission scanning electron microscopy (FESEM,
Leo 1530, LEO Electron Microscopy Ltd) at 1 kV with no conductive
coating. To expose the membrane cross-section for SEM charac-
terization, the membranes were cryogenically fractured in liquid
nitrogen. The distribution of the metal oxides particles, the dimen-
sions of the membranes and the metal oxides particles density per
membrane unit area were measured using the Java-based image
processing program, Image | (U.S. National Institutes of Health,
Bethesda, MD, USA). The effect of metal oxides particles on the
membrane strength has been studied in terms of maximum TMP
sustained by the tested membranes.

Molecular weight cut-off of the membranes was determined
using 10% polyethylene oxide (PEO) MW 100, 200, 300 and 600 kDa
aqueous solutions. The concentrations of PEO were measured
using LEICA Auto ABBE refractometer model 100500B (Letica Co.,
Rochester, MI, USA) [23]. Rejection was calculated by Eq. (1):

%R = (1_ CP”) x 100 (1)
Cfeed

where Cper is the concentration of PEO in permeate and Ceeq is the

concentration of PEO in the feed. The smallest molecular weight

that is rejected by 90% was taken as the MWCO of the membrane

[23]. The membrane pores sizes were calculated using Eqs. (2) and

(3)[24-27]

Log Rg = vLogMw (2)

where Mw is the polymer molecular weight in Da; Rg is the radius
of gyration of the polymer in A; v is the linear fit coefficient (equal
to 0.515 [25] or 0.583 [26])

Rh = 0.665Rg (3)

where: Rh is the effective hydrodynamic radius of the polymer in
solution.

The MWCO is an established method to measure the pore size as
the comparison with crystal structures and electron micrographs
indicated that the membrane pore radius, Rp, is close to the effective
hydrodynamic radius of the polymer in solution, Rh, of the largest
PEO able to diffuse through the pore or to block ion conductance
[25].

The performances of the membranes were assessed based on the
membranes resistances and pseudo steady-state fouling rates val-
ues during sludge filtration. Activated sludge used in this study was
cultivated in a submerged laboratory scale MBR treating synthetic
wastewater for more than 12 months. The sludge compositions and
characteristics are mentioned elsewhere [12-14]. In order to alle-
viate the impact of compaction of the new polymeric membranes
on flux, pre-filtration studies with pure deionized water (DIW)
were conducted until a steady-state flux (J;,,) was achieved. During
sludge filtration, the TMP and stirring speed were kept constant at
0.69 bar (as this is a typical TMP for submerged membranes like GE
membranes, GE Oakville, ON) and 600 rpm, respectively. The per-
meate flux was determined by monitoring the volume of permeate
with time. After the filtration test, the membrane was washed in a
cross-flow manner with DIW, the pure DIW flux (Js, ) was measured
four times after this cleaning regime. The degree of membrane
fouling was calculated quantitatively using the resistance-in-series
model [22].

TMP
I="r (4)
where J is the flux (L/m?2 h); TMP is the trans membrane pressure
(0.69 bar); n is the viscosity of water at room temperature.

Rt = R + Ry + Rc (5)
Resistances values were obtained by the following equations:
TMP
Rm = (6)
" nliw
TMP
Rf = ————— 7
" = (W) — Rom @
TMP
R = (8)

(nJ) — (Rm + Ry)

where Ry, is the intrinsic membrane resistance; Ry is the sum of the
resistances caused by solute adsorption into the membrane pores
or walls and chemically reversible cake; R. is the cake resistance
formed by cake layer deposited over the membrane surface.

Membrane fouling rate was calculated by fitting the experimen-
tal data using Sigma Plot software version 10 (Systat Software, Inc.,
Canada). The theoretical curves were generated by aforementioned
software; the data fit the exponential decay (3-parameters) equa-
tion (Eq. (9)) with R? of 0.90-0.99.

y=y +ae 9)

where y is the permeability (L/m?2 h-bar), t is the time (h), y° is
the permeability at (t) equal infinity and a, b are the regression
constants. The fouling rate was determined using Eq. (10).

dy —bt
P —abe (10)

The final fouling rates are the averages of dy/dt at five points at
times varying between 2.5 and 3 h.

The fouling mechanism was investigated using Hermia’s [28]
constant pressure filtration models. The models assumed that the
membranes have single pore sizes and the main forms of membrane
fouling by colloidal particles can be described by (a) complete pore
blocking model (CBM), (b) standard pore blocking model (SBM),
(c) intermediate pore blocking model (IBM), and (d) cake filtration
model (CFM). For the complete blocking, it is assumed that each
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Fig. 1. (a) The Al,03 distribution pattern in 0.03 Al;O3/PES (the scale bar represents 1 wm). (b) The Al,O3 distribution pattern in 0.05 Al,O3/PES (the scale bar represents
1 pm). (c) The Al, O3 distribution pattern in 0.1 Al,03/PES membranes (the scale bar represents 2 jum).

particle reaching the membrane blocks a pore without superim-
posing over other particles. For the standard blocking, it is assumed
that particles deposit within pores and the pore volume decreases
proportionally to the volume of deposited particles. For the cake
filtration, it is assumed that depositing particles do not block pores
either because the membrane is dense and there are no pores to
block, or because the pores are already covered by other particles
and therefore are not available to block. For the intermediate block-

ing, it is assumed that some particles deposit on other particles (as
in cake filtration) while other particles block membrane pores (as
in complete blocking). The models also can be expressed as simple
linear equations [29] relating the filtrate flow rate (Q), volume (V),
and time (t) with the filtration constants for each model (K}, K, Ks,
Kc) and Qy, the initial flow rate. In order to obtain the filtration con-
stants Kj, K;, Ks, K- and Q, the experimental data (Q and V or t) were
plotted for each pore blocking model equations (Eq.(11)-(14)) [30].
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Fig. 2. (a) The ZrO, distribution pattern in 0.03 ZrO,/PES membranes (the scale bar represents 1 wm). (b) The ZrO, distribution pattern in 0.05 ZrO;/PES membranes (the
scale bar represents 1m). (c) The ZrO, distribution pattern in 0.1 ZrO,/PES membranes (the scale bar represents 1m).

Table 1

Membranes physical properties.
Physical properties PES control 0.03 metal oxide/PES 0.05 metal oxide/PES 0.1 metal oxide/PES

Alz 03 Zl'02 Alz 03 21'02 Alz 03 ZI'OZ

Membrane thickness (pm) 713+14 34.7+1.5 61.5+6.9 49.3+0.7 62.3+5.3 56.5+1.8 73.2+2.5
Particle density (particles/wm?) 0.0 0.51 0.368 1.21 0.277 0.98 0.551
Maximum TMP (bar) 1.724 1.034 2.758 1.034 2.758 1.724 3.1
MWCO (kDa) 600 600 600 200 600 200 600

Pore size (m) 0.06-0.15 0.06-0.15 0.06-0.15 0.05-0.13 0.06-0.15 0.05-0.13 0.06-0.15
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By smoothing each curve, a polynomial function can be obtained.
The initial slope of the curve obtained at the value of V or t equals
to zero allows the calculation of each filtration constant and the
intercept is Q. The linear equations are:

Q =Qo—kyV (11)
%:K,-tJr é (12)
Va2 =0 - (Ks\/@.%) (13)
% = é +KV (14)

where, Q is the volumetric flow rate; V is the filtrate volume; Q,
is the initial flow rate; K}, K;, Ks, K. are the filtration constants for
each model.

3. Results and discussion
3.1. Membrane morphology and structure

Fig. 1a-c shows the cross-section SEM pictures of Al,03/PES
membranes and the Al, 03 particles distribution pattern inside the
membrane matrix with respect to membranes cross-sections with
areas of 351, 651.9 and 877.3 pm? for 0.03, 0.05 and 0.1 Al,03/PES
membranes, respectively. Fig. 2a-c represents the cross-section
SEM pictures of ZrO,/PES membranes and ZrO, particles distri-
butions with respect to membranes cross-sections with areas of
990.4, 944.8 and 1034 pum? for 0.03, 0.05 and 0.1 ZrO,PES mem-
branes, respectively. The X-axis and Y-axis represent the width
and the length of the corresponding cross-section SEM pictures,
respectively. The circles show the metal oxide particle aggregates.
As apparent from the figures, the prepared membranes are skin-
type membranes and show a structural change from a finger- to
sponge-type structure. The percentage of sponge-like structure rel-
ative to the membrane structure was calculated by dividing the
length of continuous network sponge (using SEM pictures) by the
total membrane thickness (Y-axis). The finger structure is associ-
ated with high metal oxides percentage in the membrane matrix
while the sponge-like structure was formed in the lower membrane
layers (closest layer to the glass plate). It is well accepted that the
most important features in immersion precipitation are the steep
concentration and activity gradients of all components found in
the polymer solution close to the polymer-precipitation medium
interface [31]. Upon the immersion of polymer solution into a
coagulation bath, the mass transfer which is normally expressed
by the exchange rate of solvent/nonsolvent (NMP/water) at the
interface between the polymer solution and the gelation medium,
mainly determines the asymmetric structure of the membrane
[31]. This exchange rate depends upon the nonsolvent tolerance
of the polymer solution, the solvent viscosity and composition.
Changing the composition of the casting solution or in the coag-
ulation bath is a convenient method to obtain desired membrane
structures. Adding solvents in the coagulation bath can delay the
occurrence of liquid-liquid demixing in the casting solution and
thus resultin denser asymmetric membranes [32]. On the contrary,
adding nonsolvent in the casting solution can increase the porosity
of membranes. For example, adding two different nonsolvents in
the polymer solution successfully elevated the porosity of asym-
metric polysulfone membranes [33]. In addition, the membrane
morphology is strongly affected by the amount of nonsolvent addi-
tives. Reuvers [34] reported that appropriate amount of nonsolvent
additives enhanced the formation of macrovoids (finger-like pores)
while too much nonsolvent suppressed their formation. Evaporat-
ing the casting solution before immersion in the coagulation bath

is also a common treatment to improve the membrane structure
[35]. It has been reported that evaporation is an efficient method
to suppress the formation of macrovoids [36]. Generally lowering
the precipitation rate results in a transition in morphology from a
finger- to sponge-type structure [31]. Very high precipitation rates
always lead to finger structures while slow precipitation rates lead
to a sponge-like structures [31]. Since metal oxides have higher
affinity for water than PES, the penetration velocity of water into
the nascent membrane increases with the metal oxides content
especially at the film surface and hence the concentration of pre-
cipitant (water) soon reaches a value resulting in phase separation.
In the interior (near the glass plate), however, the precipitant con-
centration is still far below the limiting concentration for phase
separation. Therefore, phase separation occurs initially at the sur-
face of the film, where, due to the very steep gradient of the
chemical potential of the polymer, there is a net movement of
the polymer perpendicular to the surface which results in the for-
mation of the membrane skin [31]. In addition, the metal oxides
particles can change the activity coefficient of the polymer, the
solvent or the precipitant. Zaslavsky and Miheeva [37] found that
the inorganic additives can alter the polymer composition of the
coexisting phases depending on the type and concentration of the
salt which results in a shift in the phase boundaries during the
phase inversion process and consequently the rate of precipitation
which also leads to a change in the membrane structure [31]. The
aforementioned authors reported an increased thermodynamic
activity coefficients for the aqueous dextran-polyethyleneglycol
phase with the addition of potassium chloride (KCl), potassium
thiocyanate (KSCN) and potassium sulfate (K,SO4) at molar con-
centration of 0.1-1.0 moles/L. It is important to emphasize that the
activity coefficient changes and the phase diagram for each system
are unique and have to be determined experimentally, which was
beyond the scope of this work.

3.2. Metal oxides particles distributions

As apparent from Figs. 1a-c and 2a-c, most of the metal oxides
particles tended to locate between 0 and 30 wm of the mem-
brane thickness with density significantly decreasing beyond that
depth. For the 0.03 metal oxides/PES (w/w) membranes, the par-
ticles were fairly uniformly distributed with about 20-25% of the
particlesin each 10 wm layer througout membrane thickness. How-
ever, the 0.03 ZrO,/PES membranes showed larger numbers of
particle aggregates compared to the 0.03 Al,03/PES membranes.
For the 0.05 ZrO,/PES membranes, 45% of the particles were
located at 0-10 wm layer of the membrane versus 34% in 0.05
Al;03/PES membranes. Both membranes showed numbers of parti-
cle aggregates. However, due to the high particle density of the 0.05
Al;03/PES membranes, the number and the density of the particle
aggregates were higher than those in 0.05 ZrO, /PES. The phenom-
ena of particles aggregation is further confirmed in the 0.1 metal
oxides load. The 0.1 ZrO, /PES showed the poorest distribution of
the particles among all the tested membranes with more than 80%
of the particles located in less than 200 pum? of the total membrane
cross-section area of 1034 wm?2. However, the metal oxides parti-
cles were fairly distributed in the 0.1 Al,03/PES membranes with
considerable numbers of particles aggregates in different spots.

3.3. Membranes physical properties and performances

Table 1 shows the physical properties of the prepared
membranes in terms of membrane thickness, particles density,
maximum TMP sustained by the membranes, MWCO of the tested
membranes using PEO and membrane pore size. As apparent from
Table 1, the PES membrane thickness was slightly affected by the
ZrO, particles additions; however, with the Al,03 additions, the
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Table 2
Statistical correlations factors (R) between membrane physical characteristics and membrane performances.
Membrane Particle Maximum MWCO Steady-state Steady-state R¢ R Ry DIW
thickness density TMP fouling rate permeability permeability
Membrane thickness 1
Particle density 0.45 1
Maximum TMP 0.74 -0.43 1
MWCO 0.29 -0.89 0.51 1
Steady-state fouling rate 0.43 -0.50 -0.19 0.12 1
Steady-state permeability -0.75 -0.5 -0.43 -0.31 -0.69 1
R: 0.64 -0.55 0.08 0.21 0.94 -0.85 1
Rc 0.63 -0.59 -0.09 0.25 0.94 —-0.85 0.99 1
Ry 0.21 -0.23 -0.07 0.28 0.25 0.08 0.20 0.19 1
DIW permeability —-0.07 -0.16 0.31 0.27 -0.45 0.54 -0.48 -0.46 0.23 1

The bold values highlight the good and strong correlations.

membranes thicknesses were reduced by 30-50% relative to the
PES membrane. This observation coupled with the higher maxi-
mum TMP sustained by the ZrO,/PES membranes than the control
PES and Al,03/PES membranes of the same metal oxides/PES
ratios suggests that the PES casting solution viscosity and conse-
quently its spreading on the glass plate during the phase inversion
process may have been more affected by the addition of Al,03
particles than the ZrO, particles. Table 2 shows the effects of
the membrane physical characteristics on the membrane per-
formances as reflected by different statistical correlation factors
(R). The moderate direct statistical correlation (R=0.74) observed
between membrane thickness and maximum TMP further supports
the previous discussion. The results showed that the MWCO of
metal oxides/PES membranes and neat membranes are the same
(600 kDa) with pore size ranging between 0.06 and 0.15 pm, except
for the 0.05 and 0.1 Al,03/PES membranes (MWCO of 200 kDa and
membrane pore size of 0.05-0.13 wm). The moderate inverse sta-
tistical correlation (R=0.89) observed between membrane metal
oxides particle density and membrane MWCO may provide an
explanation for the lower MWCO of 0.05 and 0.1 Al;03/PES mem-
branes as they exhibited the highest particle density among all
tested membranes. It is also obvious from Table 2 that the mem-
brane steady-state permeability and fouling rates are functions of
membrane total and cake resistances. Since the membrane thick-
ness, pore size, and MWCO in the neat and ZrO,/PES membranes
were comparable, it can be concluded that the presence of ZrO,
particles has not exerted any negative effect on the PES membranes
physical characteristics even at higher ZrO, /PES ratios. However, it
is deemed that the high loads of Al,03 particles reduce PES mem-
branes thicknesses, membranes MWCO, and pore sizes.

Table 3 represents the different membrane resistances, pseudo
steady-state fouling rates, and steady-state permeabilities for
tested membranes. It is apparent from Table 3 that all tested
membranes have comparable membrane resistances (R;;) which
indicates that the membrane resistance is mainly due to the type
of membrane polymer and is relatively unaffected by the metal
oxide particles. It is also obvious from Table 3 that the addition of
the metal oxides particles has enhanced the PES performance by

Table 3
Membranes performances.

decreasing membranes cake and total resistances and increasing
membrane permeability. In general, Al, O3 /PES membranes showed
lower pseudo steady-state fouling rates, higher pseudo steady-
state permeabilities as well as lower cake and total resistances than
the same load of ZrO, /PES membranes. The higher pseudo steady-
state permeability observed for the Al,O03/PES membranes relative
to the ZrO,/PES membranes at the same metal oxide/PES weight
ratios (Table 3) may be attributed to the lower membrane thickness
observed for the Al,O3/PES membranes relative to the ZrO,/PES
membranes at the same metal oxide/PES weight ratios (Table 1).
This observation is further supported by the moderate inverse sta-
tistical correlation (R=0.75), between membrane thickness and its
pseudo steady-state permeability (Table 2). The higher fouling rate
observed for the ZrO,/PES membranes may be attributed to the
larger pore size observed for theses membranes (Table 1). Fang and
Shi [15] indicated that of the three membranes with sponge-like
microstructure investigated, foulants had a much higher tendency
to deposit inside the porous structure of the PES membrane with
large pore openings (up to 18-20 wm) than inside the mixed cel-
lulose ester (MCE) and polyvinylidene fluoride (PVDF) membranes
with pore openings of 0.5-3 wm. The more foulant deposits resulted
in the higher Rp.

3.4. DIW permeation

The DIW permeation profiles by different metal oxides/PES
membranes are shown in Fig. 3. The values presented in this fig-
ure are the slopes of the straight lines generated by recording the
DIW flux at different TMP (0.345, 0.6895 and 1.0342 bar) with R2
values of 0.89-0.99. The Y-error bars represent the 95% confidence
intervals. As apparent from Fig. 3, membrane DIW permeations
increased with the increase of the metal oxides particles concen-
trations up to 0.05 metal oxides/PES and decreased thereafter. The
DIW permeabilities for the ZrO,/PES were about 1.8 times that
of the PES, however, the permeabilities of Al;03/PES membranes
were 1.2-1.4 times that of the neat membrane. It is worth noting
that the permeability of 0.03 and 0.05 ZrO, /PES membranes are 19%
and 35% higher than those of the corresponding Al,03/PES, which

PES control 0.03 metal oxide/PES 0.05 metal oxide/PES 0.1 metal oxide/PES
Alz 03 Zl'02 A1203 ZrOz Alz 03 ZI'OZ
Initial fouling rate (L/m? bar-h?) 526.2 3301 3459 4387 3907 375 1172
Pseudo steady-state fouling rate (L/m? bar-h?) 0.005 6.06E—07 2.72E-05 1.25E-11 2.37E-06 0.0011 3.05E-06
Pseudo steady-state permeability (y°) (L/m? bar-h) 20.4 202 121.3 252 194.9 94.5 56.6
Rm (x107m~1) 0.34 0.39 0.33 0.32 0.32 0.61 0.46
Ry (x107m1) 1.13 0.79 0.82 1.16 0.83 0.33 0.96
Rc (x107m™1) 6.2 0.61 1.8 0.32 0.91 23 2.13
Re (x107m™1) 7.6 1.79 3.0 1.8 22 3.7 3.56
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Fig. 3. DIW permeability for different metal oxides/PES membranes.

suggests that the pore sizes are much larger in case of ZrO,/PES
membranes. The lower DIW permeation of Al,03/PES membranes
may be attributed to the higher metal oxides particles density of
the Al,03/PES membranes relative to the ZrO,/PES membranes at
the same metal oxide/PES weight ratios (Table 1). This observation
is further confirmed by the MWCO and pore size values determined
for different membranes and the metal oxides particles density in
the membrane matrix as discussed in the previous section (Section
3.3).

3.5. Correlation of membrane properties and performance with
particles distributions

In order to ensure insightful understanding of the effect that
metal oxides particles distribution may have on the membranes
performances, statistical correlations between the metal oxide
particles in each membrane depth (representing the Y-axis in
Figs. 1a-c and 2a-c) with different membranes characteristics and
performances parameters were studied. Table 4 presents correla-
tion factors (R) between the metal oxides particles density at each
membrane depth and membranes characteristics and performance
parameters.

As apparent from Table 4, no statistical correlations have been
observed between either the particles densities at the 0-10 or
10-20 pwm depths and any membranes characteristics or perfor-
mances parameters. This observation is consistent with the finding
reported in Table 2, as no statistical correlations have been observed
between metal oxides particle density and membrane character-
istics or performance parameters except for membrane MWCO.
Table 4 also shows the moderate inverse correlation (R=0.72)

between the metal oxides particles densities at a membrane depth
of 20-30 wm and membrane MWCO. This inverse correlation is
highly reflected in the 0.05 Al,O3/PES and 0.1 Al,03/PES mem-
branes with MWCO of 200kDa, as these membranes have the
highest particles densities of 2.59 and 1.37 particles/pwm?2, respec-
tively, at the 20-30 pm depth.

Surprisingly, strong inverse correlations with R of 0.84 and 0.95
were observed between the metal oxides particles densities at
the membranes depths of 30-40 and 40-50 .m, respectively, and
membrane fouling resistances (Ry). The perfect example for these
correlations is the 0.1 Al;O3 with the lowest Ry value and high-
est particles densities of 0.74 and 1.08 particles/um? at membrane
depths of 30-40 and 40-50 wm, respectively. The decrease in Ry
values with the increase in the particles density can be explained
as follows: Eqgs. (6) and (7) show that the R, value depends on
the value of J;,, while the Ry value depends on the Jg,. When
the membranes pores are already occupied with the metal oxides
aggregates, the values of Jz, and J;, were very close and conse-
quently the Ry values become very small. It is worth noting that
the membrane fouling is known to be impacted by extracellular
polymeric substances (EPS) and soluble microbial products (SMP),
which are a function of system operational conditions and nature of
feed. In our previous work [38],a comparison between the chemical
characteristics of EPS and SMP and their effect on membrane fouling
in two MBR applications, comprising a conventional MBR (C-MBR)
treating synthetic wastewater (identical in composition to the one
used here) and biological nutrient removal MBR (BNR-MBR) treat-
ing real wastewater, was conducted. The aforementioned study
concluded that in the BNR-MBR system, the membrane fouling
and consequently membrane total resistance has decreased due to
increased hydrophobicity of EPS resulting in higher floc agglomer-
ation and greater porosity of flocs. However, the membrane fouling
and the membrane pore plugging (i.e., Ry) increased with increasing
SMP concentration and hydrophobicity which were higher in the C-
MBR system. Since the membrane fouling resistance in the current
study was measured using sludge cultivated in a C-MBR treating
synthetic wastewater, it is expected that the membrane fouling
resistance will be enhanced during filtration of sludges cultivated
by real wastewater.

Although no statistical correlations were observed between
DIW permeability and particles densities at each membrane depth,
the higher DIW permeability observed for ZrO,/PES membranes
relative to Al,O3/PES membranes may be attributed to their higher
percentage of the finger structure (41%, 62% and 79% for 0.03,
0.05 and 0.1 ZrO,/PES membranes, respectively) compared to
the corresponding loads of Al,03/PES membranes (40%, 52% and
65%, respectively). It is well accepted that the finger structure is
more permeable than the sponge structure [31]. Therefore, as the
membrane morphology exhibits a high percentage of finger struc-
ture, the DIW permeability is expected to increase. However, the
increase in the DIW permeability as shown in Fig. 3 is not linear, as

Table 4
Statistical correlations (R) between metal oxides nanoparticles densities at different membrane thickness and membranes characteristics and performances parameters.
Membranes depth
0-10 wm 10-20 pm 20-30 wm 30-40 pm 40-50 pm
Membrane thickness 0.28 0.39 -0.16 0.01 —-0.40
Maximum TMP 047 0.33 -0.25 0.25 -0.16
MWCO 0.16 -0.11 -0.72 —0.46 -0.55
Steady-state fouling rate -0.32 -0.40 -0.41 -0.35 -0.12
Steady-state permeability -0.26 -0.07 0.30 —0.06 —0.057
R; -0.09 -0.22 -0.38 -0.24 -0.12
Rc -0.11 -0.26 -0.42 -0.24 -0.12
Ry 0.23 0.18 0.10 —-0.84 -0.95
DIW permeability -0.25 -0.27 -0.23 0.00 -0.29

The bold values highlight the good and strong correlations.
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Fig. 4. V-t curves estimated from the constant pressure filtration models and experimental data for a sludge filtration. (a) PES membrane, (b) 0.03 Al,03/PES membranes,
() 0.05 Al,053/PES, (d) 0.1 Al 05 /PES membranes, (e) 0.03 ZrO,/PES, (f) 0.05 ZrO, /PES membranes and (g) 0.1 ZrO, /PES.
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the highest load of the metal oxide plugged membranes pores and
led to a decrease in DIW permeability (Fig. 3).

It is worth noting that the DIW permeability trend is consis-
tent with the membranes steady-state permeability observed for
all tested membranes. For example, the DIW permeability for 0.05
Al;03/PES membranes is 11% and 42% higher than that of 0.03
Al,03/PES membranes and 0.1 Al, O3 /PES membranes, respectively.
Similarly, the pseudo steady-state permeability for 0.05 Al,03/PES
membranes is 20% and 38% higher than that of 0.03 Al,03/PES
membranes and 0.1 Al,03/PES membranes, respectively.

3.6. Fouling mechanism

The filtration constants and initial flow rates (Qq) for differ-
ent constant pressure filtration models were obtained by fitting
the experimental results with the simple linear equations (Eqs.
(11)-(14)). Using the slopes and intercepts, filtration constants
and initial flow rate were determined and then substituted into
the equations (Egs. (11)-(14)) to estimate the values of V and t
for each model. A comparison between the theoretical and the
experimental V and t values for the neat and metal oxides/PES
membranes are presented in Fig. 4a-g. As apparent from the fig-
ures, all tested membranes, except the neat PES and 0.1 Al,O3/PES
membranes only, showed initial fouling due to the four aforemen-
tioned models (up to 0.1 h filtration time) which may provide an
explanation for the high initial fouling rate observed for the other
metal oxides/PES membranes. For the neat PES and 0.1 Al,03/PES
membranes, which showed low initial fouling rates of 526.2 and
375L/m? bar-h?, respectively, the CFM model deviated from the
experimental results which suggests that the formation of cake
layer at the initial stage of filtration is the main reason for the high
initial fouling rate observed for the other membranes (Table 3).
With time, the main fouling mechanism for all tested membranes
(Fig. 4a-g) appeared to be the standard pore blocking except for
the 0.1 Al,03/PES and 0.03 ZrO,/PES membranes which showed a
complete pore plugging mechanism. Fan and Shi [15] concluded
that membranes with sponge-like structure are more vulnerable
to pore fouling due to their porous network. Fig. 2a shows that
around 59% of the 0.03 ZrO,/PES structure is in a sponge-type
(the highest sponge-like structure of all tested membranes) which
may explain the CBM mechanism observed for this membrane. For
the 0.1 Al,03/PES (Fig. 1c), the CBM fouling mechanism pertains
despite the fact that only 35% of the membrane structure was a
sponge-type, can be explained based on the relation between pre-
cipitation rate and pore size detailed further. Porter [31] concluded
that if a sponge-like structure is obtained, the pore diameters are
inversely proportional to the rate of precipitation. Higher precip-
itation rates (within the sponge-like structure) lead to finer pore
structures. Since 0.1 Al,03/PES showed the highest metal oxide
particles density of 1.08 and 1.108 particles/m? at 40-50 and
50-60 pm of membrane depth, respectively (i.e., at the sponge-like
structure), the precipitation rate within the sponge-like structure
was relatively high and lead to finer pore structures that can be
easily blocked completely during sludge filtration. It is important
to emphasize few aspects of filtration that probably led to these
complicated observations. First, the models are based on single
pore size in contrast to the range of pore sizes (Table 1) and a
change in the membrane morphology from finger to sponge-type
structure (Figs. 1a-c and 2a-c). Secondly, the models are based on
uniform spherical particles being the foulant [39] in contrast to
the wide range of the particles sizes distributions found usually
in the sludge [38] probably resulting in a combination of different
fouling mechanisms. Thus, no significant correlations between the
metal oxides distribution patterns and the fouling mechanism for
the tested membranes were observed.

4. Conclusions

This research aimed at shedding more light on the role of metal
oxide particles distribution pattern inside the membrane matrix
on in the metal oxides/PES membranes characteristics and perfor-
mances during sludge filtrations. The major findings from this study
are:

1. The prepared metal oxides/PES membranes are skin-type
membranes and show a structural change from a finger- to
sponge-type structure depending on metal oxide distribution.

2. Allthough, the PES membrane thickness was slightly affected by
the ZrO, particles additions; the Al,03 additions significantly
reduced the membranes thicknesses by 30-50%.

3. No statistical correlations have been observed between either
the particles densities at the 0-10 or 10-20 wm depths and any
membranes physical characteristics or performances parame-
ters. However, inverse moderate correlation (R=0.72) between
the metal oxides particles densities at membrane depth of
20-30 wm and membrane MWCO was observed.

4. Stronginverse correlations with Rof 0.84 and 0.95 were observed
between the metal oxides particles densities at the membranes
depths of 30-40 and 40-50 pm, respectively, and membrane
fouling resistances (Ry).

5. According to the constant pressure models, the experimental
results for sludge filtration using all tested membranes were in
good agreement with SBM model.
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