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ABSTRACT

Due to its toxicity to ecosystem, phenol removal from industrial wastewater before discharge is a priority
concern. Extractive membrane bioreactor (EMBR), a novel wastewater treatment process combining
aqueous-aqueous extractive membrane process and biodegradation, has shown potential in treating
phenol in wastewater. In this paper, composite hollow fiber membranes with different levels of poly
(dimethylsiloxane) (PDMS) intrusion were prepared by coating a layer of PDMS on a Polyetherimide (PEI)
hollow fiber substrate. Their applicability to EMBR for phenol removal was studied. The prepared
membranes were characterized by microscopy and gas permeation test, and their performances were
evaluated in aqueous-aqueous extractive membrane processes and EMBR process. The overall mass
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Phenol removal

Extractive membrane bioreactor

transfer coefficient for phenol, or ko, was found to be significantly affected by the level of PDMS intrusion
in the composite membranes. This is because the penetration of PDMS into the porous substrate results
in a denser membrane structure, which consequently increases the membrane resistance. A slight pe-
netration of PDMS into the substrate was found to be necessary for the composite membranes to achieve
high ko while maintaining low inorganic flux across the membranes. Wilson-plot analysis suggests that
membrane resistance dominated over liquid boundary layer resistances. After more than 250 h of EMBR
operation, significant biofilm growth was observed on the composite membranes and the ko, was
dropped but stabilized at around 7.5 x 10~7 m/s. This ko was 7.5 times higher than commercial PDMS
tubular membranes (without biofilm development) reported in previous studies, confirming the su-
periority of thin film composite membranes prepared in this work. It was also found that process op-
timization to control biofilm thickness is important in order to enhance phenol removal rate in EMBR.

© 2015 Elsevier B.V. All rights reserved.

oxidation [6], and biodegradation [7], as well as advanced tech-
niques such as electro-chemical oxidation [8], photo-oxidation [9]

1. Introduction

Phenol is an organic that often presents in wastewater of many
industries such as chemical, pharmaceutical, petrochemical, and
paint production industries [1]. Due to its toxicity to human and
ecosystem even at low concentration, phenol and phenolic com-
pounds are listed as a priority pollutant by United States En-
vironmental Protection Agency [2]. Therefore, it is essential to
remove phenol from wastewater before discharge using reliable
and economically feasible technologies. Currently, methods used
for phenol removal include traditional techniques such as steam
distillation [3], liquid-liquid extraction [4], adsorption [5], wet air
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and membrane extraction [10]. Among these, biodegradation of-
fers some advantages such as low cost and high energy efficiency.
However, microorganisms can be inhibited by the toxicity of
phenol at high concentration, making biodegradation suitable only
for treating wastewater with low phenol concentration.
Extractive membrane bioreactor (EMBR), first proposed by Li-
vingston, is a novel wastewater treatment process combining
aqueous—aqueous extractive membrane process and biodegrada-
tion [11]. In EMBR, target organic pollutants transport through a
non-porous membrane from the feed solution to the receiving
solution by solution-diffusion mechanism, driven by the con-
centration gradient across the membrane; the organic pollutants
are then biodegraded by specific microorganisms at the receiving
side. Wastewater with inhibitory compounds and harsh conditions
such as extreme pH and high salt concentration can be treated by
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this process as the bioreactor is separated with the feed solution
by the membrane. In addition, the ongoing biodegradation helps
to maintain low (or zero) organic concentration at the receiving
side, maintaining the organic concentration gradient across the
membrane as the driving force.

The membranes used in EMBR should have a high organic flux
while being effectively impermeable to inorganics and water. Most
commonly used membrane materials for this application are sili-
con-based rubbers such as poly(dimethylsiloxane) (PDMS) and
poly(vinylmethylsiloxane) (PVMS) [12,13]. The Si-O units that
comprise the PDMS backbone make it a highly flexible polymer
and thus small molecules are able to transport through the free
volume of PDMS. In addition, PDMS exhibits hydrophobicity and
organophilicity, making it highly permeable for organic com-
pounds [14,15]. However, phenol transfer rate across PDMS
membranes has been found to be much lower compared with
those of other aromatic compounds such as toluene, benzene, and
monochlorobenzene [16,17]. This is due to the relatively hydro-
philic nature of phenol that causes phenol to have a lower affinity
to PDMS. Therefore, membrane resistance was reported to always
dominate over liquid boundary layer resistances in the case of
phenol extraction [11]. In most of the previously reported studies
on EMBR, commercial silicon rubber tubes which had a thickness
of at least 0.2 mm were used as the membranes for phenol ex-
traction [11,12,17]. The large thickness of silicon tubes further in-
creased membrane resistance to phenol transfer and thus limited
the feasibility of removing phenol via EMBR.

A strategy to reduce the membrane resistance to phenol
transfer is to prepare thin film composite membranes, which
consist of a thin PDMS film as the selective layer and a porous
substrate as the mechanical support. The use of PDMS composite
membranes have been reported to significantly enhance organic
transfer in other organic extraction applications such as aqueous-
aqueous extractive membrane process and membrane aromatic
recovery system [18,19]. However, the use of composite membrane
and its systematic performance study in EMBR have not been re-
ported so far. Therefore, for the first time, this paper discusses the
preparation of thin film composite hollow fiber membranes to
address the issue of low phenol transfer in EMBR.

When doing coating of PDMS on a porous substrate, one issue
that often arises is the intrusion of PDMS into the pores of the
substrate. While PDMS intrusion may help in enhancing the ad-
hesion between the coating layer and the substrate, it also in-
creases the membrane resistance. It has been reported that the
mass transfer resistance of a composite membrane increases lin-
early with the PDMS intrusion depth [20]. Therefore, PDMS in-
trusion is normally undesirable and hence various techniques,
such as pre-wetting of substrate pores by liquid and use of high-
viscosity coating solution, have been employed to minimize it
during coating [20,21]. In this work, PDMS was coated on Poly-
etherimide (PEI) hollow fiber substrate to prepare composite
membranes, while membranes with different levels of PDMS in-
trusion were prepared for comparison. Through various char-
acterization methods including microscopy, gas permeation test,
and performance evaluation in aqueous-aqueous extractive pro-
cesses, the efficiency for phenol transfer, structural integrity, long-
term stability, and significance of membrane resistance/liquid
boundary layer resistances of the resultant composite membranes
were examined. Finally, selected membranes were subjected to
EMBR operation. By carrying out the abovementioned studies, this
paper aims to demonstrate the applicability of composite hollow
fiber membranes to EMBR process and the importance of mem-
brane optimization to enhance phenol removal while maintaining
minimum salt and water flux.

2. Experimental
2.1. Materials and chemicals

Polyetherimide (PEI) (Ultems® 1000, M,=12,000, GE Plastics)
was used as the hollow fiber membrane material. A silicon elas-
tomer and a curing agent were dissolved in an appropriate solvent
to prepare the coating solution. Phenol (pK, in water=9.95) was
obtained from Sigma-Aldrich while NaCl, HCl (37%), and NaOH
were purchased from Merck. MgSO,4-7H,0, KH,PO4, KHyPO,,
FeCls, CaCl, - 2H,0, and NH4CI from Merck were used as the nu-
trients for biomedium, All the reagents were used as received.
Deionized water (DI water) was produced from a Milli-Q® water
purification system. High-purity gases including O, and N, were
supplied by Singapore Oxygen Air Liquide (SOXAL). For experi-
mental setups involving phenol solution, tubings and fittings
made of Viton®, polytetrafluoroethylene (PTFE), or polypropylene
(PP) were used to prevent phenol absorption.

2.2. Preparation of PDMS-PEI composite membranes

PEI hollow fiber membranes were prepared via dry-jet wet
spinning technique as described elsewhere [22,23], and the
membrane characteristics are listed in Table 1. Lab-scale hollow
fiber modules were made by sealing 5 pieces of 20-cm-length
hollow fibers in plastic tubing. Coating solution was then injected
through the lumen side of the hollow fibers to create a PDMS layer
on the PEI substrate. Different levels of PDMS intrusion were
achieved on the composite membranes by changing coating con-
ditions. The codes of prepared composite membranes (CI, PI-a, PI-
b, and PI-c) were listed in Table 2.

2.3. Membrane characterizations

The cross-sectional and surface morphologies of hollow fiber
membranes were observed using a field emission scanning elec-
tron microscope (FESEM) (JSM-7600F, JEOL). The membranes were
broken in liquid nitrogen and sputtered with platinum prior to the
test. The PDMS intrusion in the composite membranes was char-
acterized by examining the distribution of silicon element at dif-
ferent locations along the membrane cross-section using Energy-
dispersive X-ray spectroscopy (EDX) (coupled with FESEM). The
contact angle of hollow fibers was measured based on the proce-
dure mentioned in previous studies [24,25]. The contact angle for
shell surface was measured by sealing the lumen using epoxy glue.

2.4. Gas permeation test

0,/N, selectivity can serve as an indicator to check if the
composite membranes are defect free. The setup for gas permea-
tion test was similar to that described in the literature [26]. Feed
gas flowed through the lumen of hollow fibers while the gas flow
rate (100 mL/min) was controlled by a mass flow controller (Model
32907-63, Cole Parmer). The feed pressure was adjusted to 0.5 bar

Table 1
Characteristics of PEI hollow fiber
substrate.
Parameter Value
OD (pm) 1020 + 8
ID (um) 740+ 9
Thickness (um) 140+ 4
Pore size (um) 0.05 +0.01
Overall Porosity (%) 82+1
Contact angle (deg) 77 +3
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Table 2
Prepared composite membranes with different levels of PDMS intrusion.

Code of prepared Level of PDMS Remarks

membrane intrusion

Cl Complete intrusion

Pl-a Partial intrusion lincreasing coating flow
PI-b Partial intrusion velocity

Pl-c Partial intrusion

using a back pressure regulator. The permeate flow rate was
measured at the shell side of hollow fibers by a bubble flow meter
(Defender 510, Bios International). The gas permeances for O, and
N, and the O,/N, selectivity were calculated based on the fol-
lowing equations:

P__Q
L~ AAP )
. (P[L)o,

(P[L)n, @

where P/L is the gas permeance (GPU or 10~%cm?(STP)/
(cm? s cm Hg)); Q the permeate gas flow rate (cm?[s); A the
membrane surface area (cm?); AP the transmembrane pressure
(cm Hg); a the 03/N, selectivity.

2.5. Aqueous-aqueous extractive processes

Fig. 1 shows the crossflow aqueous—aqueous extractive setup
used for phenol removal using the prepared composite mem-
branes. A steady state can be achieved after a certain period of
time by applying a constant purge flow of DI water through the
receiving solution. The efficiency of phenol transfer across a
composite membrane was characterized by the overall mass
transfer coefficient, which is independent of concentration driving
force [16]. The overall mass transfer coefficient can be determined
from the following mass balance equation, which shows that the
rate of change of phenol in receiving solution equals to the dif-
ference between the phenol flux across the membrane and the
phenol loss through the purging:

.46,

ot = kAG - C) - QG

3)
where V; is the volume of receiving solution; Crand C. the phenol
concentration at feed side and receiving side, respectively (g/m?);
dC,/dt the rate of change of receiving side phenol concentration (g/
m?s), which becomes zero at steady state; k, the overall mass
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transfer coefficient (m/s); A the membrane surface area; Q the
purging flow rate (m>/s).

Four sets of aqueous—-aqueous extractive tests were carried out
for different purposes:

(a) Effect of pH on kg was studied using feed solutions containing
1 g/L phenol and 50 g/L sodium chloride. The pH of the feed
solutions, ranging from 2 to 11, was adjusted by hydrochloric
acid or sodium hydroxide. A purging flow rate of 15 mL/min
was applied at the receiving side to achieve a steady state
within 3 h of operation. Reynolds numbers of 1000 were ap-
plied at both sides.

Effect of PDMS intrusion on ko, was studied using feed solu-
tions containing 1 g/L phenol and 50 g/L sodium chloride
without pH adjustment (pH ~ 6). Reynolds numbers of 1000
were applied at both sides while the purging flow rate was
15 mL/min.

Wilson-plot method, which has been described in the litera-
ture [16,27], was utilized to examine the relative influence of
membrane resistance and liquid boundary layer resistance.
The experiment conditions were same as (b) but the Reynolds
numbers were changed from 400 to 2000 at one side while
fixed at the other side.

To examine if the prepared composite hollow fibers were de-
fect-free and remained stable over long operating period un-
der harsh conditions (i.e., high phenol concentration), a solu-
tion containing 2 g/L phenol and 50 g/L sodium chloride was
used as the feed. The phenol concentration was maintained by
periodically adding concentrated saline phenol to the solution.
Theoretically, membranes with defect-free PDMS layer should
show no inorganic flux across the membrane. Therefore, as an
indicator for membrane defect detection, NaCl flux was
monitored by measuring the sodium concentration in the re-
ceiving solution using inductively coupled plasma optical
emission spectrometry (ICP-OES) (Optima 8000, Perkin El-
mer). No purging flow was applied in this set of experiment to
avoid significant dilution of sodium chloride concentration in
the receiving solution. Reynolds numbers of 1000 were ap-
plied at both sides.

(d)

2.6. Extractive membrane bioreactor process

The set up of crossflow extractive membrane bioreactor (CF-
EMBR) was similar to that of aqueous-aqueous extractive tests as
shown in Fig. 1, except that DI water was replaced by biomedium
as the receiving solution and no purging flow was applied. Hollow
fiber module information is as per stated in Section 2.2. Sludge,
which had been acclimated to 750 ppm phenol, was inoculated
into the bioreactor at the start of the experiment. To provide

Purging
overflow

0
0

Receiving
solution

Purging inflow
(D1 water)

!1 _\
/\

Fig. 1. Experiment setup for aqueous-aqueous extractive process.
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essential inorganic nutrients to the bioreactor, a concentrated in-
organic feed comprising of 20 g/L MgS0O,-7H,0, 84 g/L KHyPOy,,
75 g/L KH,POy, 0.1 g/L FeCls, 10 g/L CaCl, - 2H,0, and 120 g/L NH4Cl
were dosed at a rate of 20 mL/d to the bioreactor. The only source
of carbon for the bioreactor was the phenol diffusing across the
composite membranes from the feed solution. The feed solution
used in this series of experiment was 1 g/L phenol with 50 g/L
sodium chloride; the phenol concentration was maintained by
periodically adding concentrated saline phenol to the solution. The
Reynolds numbers for the feed and receiving sides were both
around 1000. Feed and bioreactor volumes were 1L and 4L, re-
spectively. pH in bioreactor was maintained at 6.9 + 0.4 through-
out the experiment while conductivity remained at 4.7 + 0.4 mS/
cm, indicating negligible salt flux from the feed solution. Analysis
of biomedium (eg. total suspended solids (TSS)) and membrane
autopsy methods were mentioned in a previous study [28].

Since the phenol concentration at receiving side would be
undetectable due to complete biodegradation of phenol, Eq. (3)
was modified to consider the rate of change of feed side phenol
concentration for kg calculation:

v I35 _ac - ¢
(i koAC = Cp) @
Since G~ 0, (C~-C;) = G; the daily ko can be determined from the
following equation, obtaining by integrating Eq. (4):
V
ko= —fln—0
AL G ®)

where C} and C}’ are the feed phenol concentrations at time t and
time O, respectively.

3. Results and discussion
3.1. Membrane characterizations

3.1.1. Morphology of PEI substrate and composite membranes

Fig. 2 shows the surface and cross-sectional morphologies of
the PEI hollow fiber membranes used in this work. Both the shell
and lumen surface appeared to be highly porous while the cross-
section exhibited needle-like structure, indicating that the phase
inversion process was dominated by instantaneous demixing
during membrane formation [24]. The needle-like macrovoids are
favorable as they provide low tortuosity to permeate transport
without compromising too much of mechanical strength. As listed
in Table 1, the membrane also showed a high overall porosity of
82%. The high porosity and low tortuosity of the membrane make
it a suitable candidate as the substrate for preparing PDMS-PEI
composite membranes.

The morphology near the lumen side of PDMS-coated hollow
fibers is depicted in Fig. 3. A uniform layer of PDMS coating layer
can be observed on top of all the composite membranes (Fig. 3a-
d). The PDMS thickness on top of substrate was 1-5 pm for
membrane CI while that for membranes PI-a, PI-b, and PI-c were
0.5-2 pm. The lumen surface for all the composite membranes
(not shown in figure) was smooth and no surface pore was ob-
served, suggesting that the surface was fully covered by PDMS.

3.1.2. PDMS distribution across the composite membranes

Elemental analysis for prepared composite hollow fibers was
carried out using EDX. For the coating layer, elements detected
include carbon, oxygen, and silicon, which are in accordance to the
chemical formula of PDMS. Since PEI substrate does not contain
silicon element, distribution of PDMS across the membranes can
be characterized by the presence of silicon. As shown in Fig. 4,
silicon can be detected across the whole cross section for mem-
brane CI. This indicates that coating occurred not only on mem-
brane surface but also in the substrate matrix, forming composite
hollow fibers with complete PDMS intrusion. For membranes PI-a,
PI-b, and PI-c, silicon can only be detected in the region of sub-
strates within 2-um distance from PDMS coating layer, no silicon
was detected in the rest part of the substrates. In other words,
these membranes exhibited partial PDMS intrusion. The PDMS
intrusion into the substrate of membrane CI can also be observed
in Fig. 3a, which shows a much denser substrate structure com-
pared with the composite membranes with partial PDMS intrusion
(Fig. 3b-d).

In Fig. 4, it can be observed that the silicon content near the
shell side (location F) is relatively high despite that the coating
was employed at the lumen side. In fact, the PDMS amount near
the shell side of membrane CI is so high that it almost fully cov-
ered the shell surface, making the original porous structure of
uncoated shell surface no longer visible after coating, as shown in
Fig. 3e. In contrast, the shell surface of composite membranes with
partial PDMS intrusion still remained porous, as shown in Fig. 3f.

3.1.3. 0y/N, selectivity

To detect possible defects in the prepared composite hollow
fibers, 02/N; selectivity for the membranes was compared with
that for PDMS. PDMS was reported to have high gas permeability
and good selectivity: Markel et al. reported that the intrinsic O,/N;
selectivity for PDMS was 2, while Li et al. observed values between
19 and 2.4 for their defect-free PDMS composite hollow fiber
membranes [14,20]. The higher O, permeance across PDMS com-
pared with N, is mainly due to a higher solubility of O, in PDMS
[14]. Table 3 lists the gas permeance and O/N, selectivity for
composite hollow fiber membranes prepared in this work. It can
be seen that the 0,/N, selectivity for the prepared composite
membranes was about 2.2-2.4, which agrees well with the values

Fig. 2. Surface and cross-sectional morphologies of PEI hollow fiber substrate: (a) lumen surface, (b) shell surface, and (c) cross section.
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Fig. 3. Cross section showing PDMS coating layer (a to d) and shell surface (e and f) for composite membranes: (a) CI, (b) PI-a, (c) PI-b, (d) Pl-c, (e) CI, and (f) Pl-c.

A (near PDMS coating layer)
15.00 4

10.00 -

5.00

Si Content (atomic%)

0.00

Location across membrane Cl

Fig. 4. Distribution of silicon element across the cross section of membrane CI.

Table 3
Gas transport properties of composite hollow fiber membranes.

Membrane O, permeance (GPU) N, Permeance (GPU)  0,/N, selectivity
Cl 83+7 38+5 22
Pl-a 243 +6 104 +7 23
PI-b 240+ 1 101 +1 24
Pl-c 248 +7 108 +1 23

reported in literature, indicating that the PDMS coating layer was
defect-free for all the prepared hollow fibers. On the other hand,
the O, and N, permeances for membrane CI were significantly
lower than those for the other membranes, suggesting that
membrane with complete PDMS intrusion exhibited a higher mass
transfer resistance. This is because the gases need to transport
through a thicker PDMS layer due to the penetration of PDMS into
the porous substrate. It can also be observed that a change in
coating flow velocity did not significantly affect the membrane

resistance, as evidenced by the similar gas permeances for mem-
branes PI-a, PI-b, and PI-c.

3.2. Aqueous-aqueous extractive process

3.2.1. Effect of pH on phenol mass transfer

Being a weak acid, a portion of phenol will dissociate into its
ionic state (i.e.,, HA<>H™ +A~). The fraction of phenol undergoing
dissociation is pH dependent and can be theoretically determined
based on its pK,. In Eq. (3), the phenol concentrations Crand C, are
total concentration including both the undissociated and the ionic
phenol concentrations (C=[HA]+[A~]). While the total phenol
concentration does not vary with pH, [HA] will vary with pH.
Therefore, the observed ko determined based on Eq. (3) might
differ with varying pH.

To investigate the effect of pH on the observed kg, selected
composite hollow fibers were operated using feeds with pH ran-
ged from 2 to 11. Fig. 5 shows the effect of feed pH on the observed
ko for membrane CI. It can be seen that the observed ko maintained
at around 14 x 10~ 7 m/s when the feed pH was increased from

15 ¢ S L 10 o
: '
N * 08 8
210 -
= 06 22
X > %
? 5 ¢k 2 0.4 g
2 . . . 5
o —Fraction of undissociated 02 §
(e] phenol i
0 ; ¢ 0.0
0 2 4 6 8 10 12 14
pH

Fig. 5. Effect of feed pH on ko for membrane CI compared with the theoretical
fraction of undissociated phenol.
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Fig. 6. (a) ko and (b) salt flux of composite hollow fibers prepared with different levels of PDMS intrusion.

2 to 7. A sharp decrease in the ko was then observed when the feed
pH was over 8. This change in observed kg over pH of feed solution
agrees well with the dissociation behavior of phenol in aqueous
solution as shown by the theoretical line for fraction of un-
dissociated phenol, which is also plotted in Fig. 5. This suggests
that only undissociated phenol was able to transport through the
composite membrane. Since PDMS is hydrophobic and non-polar,
it is reasonable that solution and diffusion of phenol through
PDMS is only for its uncharged species. Therefore, feed solutions
with pH 6 or below were used in the following studies in this work
to ensure negligible dissociation of phenol.

3.2.2. Effects of coating conditions on ko and salt flux

The kg and salt flux of composite hollow fiber membranes with
different PDMS intrusions are shown in Fig. 6. As shown in Fig. 6a,
membrane CI possessed a ko of 13 x 10~7 m/s, an order of mag-
nitude higher than the ko, of commercial silicon tubing
(1x 1077 m/s) and comparable to k, of commercial PDMS-PES
composite membrane (12 x 10~7 m/s) reported previously [16,18].
The significantly higher ko of membrane CI compared with silicon
tubing can be attributed to the much thinner PDMS selective layer
of composite membrane, which significantly reduces membrane
resistance. In addition, no salt flux was detected for membrane CI
as shown in Fig. 6b, indicating that the membrane remained de-
fect-free and allowed only phenol diffusion across the membrane
during the extractive process.

The ko, was observed to be significantly enhanced to
39x 10~ 7 m/s for membrane Pl-a, which exhibited only slight
PDMS intrusion as discussed in Section 3.1.2. Apparently, PDMS
intrusion into the substrate should be minimized to reduce
membrane resistance. However, salt flux of about 150 mg/m? h
was detected for the membrane, suggesting that there was also an
increase in water diffusion across the membrane. Considering that
all the prepared composite membranes exhibited defect-free
coating layer as evidenced by their O,/N, selectivity (Section 3.1.3),
the increase in water flux for membrane PI-a might be attributed
to swelling of PDMS by phenol absorption. It has been reported
that PDMS swelling would induce shear stress at the interface
between the skin layer and the substrate, affecting the structural
stability of the composite membranes [29,30]. The integrity be-
tween the coating layer and the substrate is believed to be weaker
for membrane Pl-a since it has very little PDMS intrusion into the
substrate compared with membrane CI. As a result, an increased
salt flux was observed for membrane PI-a.

To enhance integrity between the PDMS coating layer and the
substrate while still preventing severe PDMS intrusion, a slightly
enhanced penetration of coating solution into the substrate might
be beneficial. This could be achieved by increasing the coating flow
velocity, which would generate a higher pressure in the lumen of
hollow fibers. By comparing membranes PI-a, PI-b, and PI-c which

were prepared with increasing coating flow velocity, it can be
observed that the salt flux decreased almost 90% from 153 to
16 mg/m? h (Fig. 6). This suggests that the integrity between the
PDMS coating layer and the substrate was improved with in-
creasing coating flow velocity, probably due to slightly enhanced
PDMS intrusion. Meanwhile, the decrease in kg was less than 20%,
revealing that the thickness of PDMS coating layer did not sig-
nificantly change with coating flow velocity.

3.2.3. Analysis on membrane resistance and liquid boundary layer
resistances

Wilson-plot method was employed to examine the significance
of membrane resistance with respect to boundary layer resistance
for the composite hollow fiber membranes. Membranes with the
lowest and the highest ko, i.e., membranes CI and Pl-a, were se-
lected for the test. The value of exponent for the Reynolds number
was taken to be 0.8 as it showed the best linear fit. The mass
transfer resistance at one liquid side can be determined by the
slope of Wilson plot while the intercept gives the sum of the
membrane resistance and the mass transfer resistance at the other
liquid side. The mass transfer resistance for the boundary layer at
different Reynolds numbers and the membrane resistance can
then be determined.

As shown in Fig. S1, the Wilson plots show reasonably well-
fitted straight line using the data points tested within the Reynolds
number value of 400-2000, indicating that the value of exponent
used for the Reynolds number is reasonable for laminar flow. From
these Wilson plots, mass transfer resistance at the boundary layers
and the membrane resistance at different Reynolds numbers were
calculated, as shown in Fig. 7. The membrane resistance for
membrane CI (7.0 x 10° s/m) was 3 times higher than that for
membrane Pl-a (2.3 x 10° s/m). It can be seen that the membrane
resistance was dominating over boundary layer resistances at
Reynolds number > 500 for both membranes CI and Pl-a. How-
ever, for the case of membrane Pl-a, the boundary layer resistance
become relatively significant compared with membrane CI due to
the former's much lower membrane resistance. Nevertheless, the
dominance of membrane resistance for both developed mem-
branes at even laminar flow suggests that further increasing
Reynolds number may bring limited improvement in k, for the
aqueous-aqueous extractive process.

3.24. Long-term performance

To examine the stability (in terms of ko and salt flux variation
with time) of the developed composite membranes, the mem-
branes were continuously run in the aqueous-aqueous extractive
process with feed containing high phenol concentration (2 g/L of
phenol) for more than 350 h. Both membrane CI with complete
PDMS intrusion and membrane PI-c with partial PDMS intrusion
were selected for the long-term stability test. As shown in Fig. 8,
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Fig. 8. Long-term performance of aqueous-aqueous extractive process for mem-
branes CI and PI-c.

there was no significant change in ko over the testing period for
both membranes. In addition, no salt flux was detected for
membrane CI, revealing its stable structural integrity over longer
period of time. Due to little PDMS intrusion compared with
membrane CI as discussed in Section 3.2.2, membrane PI-c showed
a salt flux of 15-18 mg/m? h. However, the salt flux remained
stable over the whole operating period. This implies that the
membrane integrity did not deteriorate when the membrane was
in prolonged contact with phenol. The salt flux detected for
membrane PI-c might not be an issue if it is not significantly high
to bring impact to the EMBR performance. Therefore, both mem-
branes CI and PI-c showed potential for EMBR application, with
the former exhibited better structural integrity and the latter
possessed much higher ko. Both membranes were selected to test
their performance in EMBR process, as discussed in the following
section.

3.3. Performance of composite hollow fibers in EMBR

Periodic sampling from the bioreactors showed that the phenol
concentration in the bioreactor remained at zero, demonstrating
that the acclimated sludge was capable of removing all phenol that
had diffused from the feed solution to the receiving side. Con-
ductivity in the bioreactor remained at 4.7 + 0.4 mS/cm, indicating
negligible impact of salt flux from the feed solution. From Fig. 9, a
sharp decrease in ko can be observed for membrane PI-c within
the first few days, while decrease in ko for membrane CI was less
significant. The higher initial ky for membrane PI-c might have
encouraged a faster biofilm growth on the membrane surface,

C.H. Loh et al. / Journal of Membrane Science 500 (2016) 236-244

. 7,
N
[ZAR, - _
% 7
— 200000 7
£ 2
o 150000 - 7
= -
4 100000 7
D % Z %
) % % %
50000 7 :
// /, / 7
Nl B 7 l J 07
500 1000 1500 2000
Re

7. Boundary layer resistance at feed side (Ry), receiving side (R;), and membrane resistance (R;;) for (a) membrane CI and (b) membrane PI-a derived from Wilson plot.

> BTy PI
'Y N
25 * oy &
£ 20 ¢ sl
215 o .
[ ]
L0, % evpe y
xo ° ®e P o Co ” 0’
I AN IR
0
0 50 100 150 200 250
Time (h)

Fig. 9. EMBR performance for membranes CI and Pl-c.

since the biomedium in this system received a greater amount of
phenol from the feed side. As a result, despite the higher initial kg
exhibited by membrane PI-c with partial PDMS intrusion, the
stabilized ko at the end of the test were similar at around
75x 10" " m/s for both membranes. Visual inspection of the
membranes after more than 250 h of operation showed that a
thick layer of biofilm had encased the hollow fibers in both cases
(Fig. S2). This reveals that without process optimization to control
the biofilm thickness, the thick biofilm would become the domi-
nant mass transfer resistance in the EMBR system. Membrane
autopsy showed that the amount of biomass deposited on surface
of membrane PI-c was 19.3 + 4.5 mg TSS/cm?, which was slightly
higher than the 14.6 + 2.9 mg TSS/cm? observed on membrane CI.
Again, the higher phenol loading rate due to the high kq at the
start of the experiment may have resulted in the greater biomass
growth in membrane Pl-c. However, the slight difference in
mg TSS/cm? did not affect the biofilm resistance significantly, as
demonstrated by the similar ky exhibited in both modules after
250 h of operation. Nevertheless, the stabilized kg after more than
250 h of operation were 7.5 times higher than the k, exhibited by
commercial PDMS tubular membranes (1 x 10~7 m/s before bio-
film development) in an earlier extractive membrane study [16].
Fig. 10 shows SEM images of the membranes before and after
they were cleaned via ultra-sonication during membrane autopsy.
Before ultra-sonication, a dense thick biofilm layer was observed
(Fig. 10a and c) on the shell surface of both membranes. EDX
analysis showed that the dominant elements in the biofilm were
carbon and oxygen, indicating that the main component of the
biofilm was organic. Ultra-sonication appears to remove most of



C.H. Loh et al. / Journal of Membrane Science 500 (2016) 236-244 243

Fig. 10. SEM images of membrane shell surface after EMBR operation: CI (a) before and (b) after ultra-sonication; PI-c (c) before and (d) after ultra-sonication.

the organic and biofilm from the surface of membrane Pl-c
(Fig. 10d) while a dense layer of organic remains on the surface of
membrane ClI after ultra-sonication (Fig. 10b). As discussed in
Section 3.1.2, the complete PDMS intrusion led to coverage of
PDMS on the shell surface of membrane CI. In contrast, shell sur-
face of membrane PI-c remained free of PDMS. As a result, the
shell surface of membrane CI became more hydrophobic (contact
angle=126 +3°) while that of membrane Pl-c (contact
angle=79 + 1°) was relatively hydrophilic with a contact angle
similar to the PEI substrate (80 + 9°). The relatively hydrophilic
shell surface of membrane PI-c might have led to weaker attractive
forces between the membrane and the biofilm so the biofilm can
be dislodged more easily. This could be a favorable point in terms
of biofilm control; however, it is believed that a thin biofilm is still
necessary to create a concentration gradient on the membrane
surface. Further studies applying biofilm control strategies (eg.
aeration) in the EMBR system is required to ascertain the benefits
of having a more hydrophilic membrane surface for biofilm
attachment.

4. Conclusions

In this work, PDMS-PEI composite hollow fiber membranes
with different levels of PDMS intrusion have been prepared for
removal of phenol via extractive membrane bioreactor (EMBR).
Composite membranes with partial PDMS intrusion exhibited an
overall mass transfer coefficient (ko) 2.5 to 3 times higher than the
composite membrane with complete PDMS intrusion. However,
the former membranes suffered from weaker structural integrity
and showed some salt leakage, which was mitigated by increasing
the coating flow velocity. A study of the effect of feed solution pH
on ko suggested that only undissociated phenol was allowed to
transport across the prepared composite membranes. Wilson-plot
analysis for the prepared membranes demonstrated that

membrane resistance is dominating over liquid boundary layer
resistances while long-term performance test confirmed the sta-
bility of prepared membranes in prolonged operation.

After more than 250 h of EMBR operation, both composite
membranes with complete and partial PDMS intrusions exhibited
similar stabilized ko of around 7.5 x 10~7 m/s, despite the much
higher initial ko for the membrane with partial PDMS intrusion.
This is due to the dominance of mass transfer resistance con-
tributed by the thick biofilm deposition, suggesting the im-
portance of process optimization to control biofilm thickness.
Nevertheless, the stabilized EMBR ko for the composite hollow
fiber membranes was still 7.5 times higher than commercial PDMS
tubular membranes (without biofilm development), confirming
the superiority of thin film composite membranes.
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