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ABSTRACT

Perfluorooctanoic acid (PFOA) is one of the major perfluorinated compounds (PFCs) contaminating
global water sources. Considering the difficulty faced in current treatment for removal of concen-
trated PFOA in industrial wastewater, there is a need to develop an effective treatment system. This
study focused on the development of an adsorption-based hybrid membrane technology to remove
high concentration of PFOA from industrial sources. The most effective process was the combina-
tion of hydrotalcite and nanofiltration (NF), which showed a 95% removal, without adverse effect
on flux reduction as compared to direct membrane filtration. NF alone removed varying PFOA
concentrations in the range of only 60-85% and severe flux reduction was observed at high PFOA
concentrations. Due to the dense layer of hydrotalcite which formed on the membrane’s surface,
membrane rejection was increased by 30% in the hydrotalcite hybrid NF system. Moreover, signifi-
cant increase in permeate flux was observed in powder activated carbon (PAC) hybrid membrane
process, although removal efficiency was decreased as compared to direct membrane filtration.
In conclusion, the hydrotalcite-PAC hybrid membrane process showed effective removal of high
concentrations of PFOA bringing about: a) effective adsorption with adsorbent; b) enhanced mem-

brane rejection by adsorbent layer; and c) enhanced permeate flux by adsorbent.
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1. Introduction

At present, perfluorinated compounds (PFCs) are re-
ported to be a synthetic organic compound of concern in
the global environment. Perfluorooctanoic acid (PFOA),
PFC, is an anthropogenic compound, mainly used in the
industrial sector. Various industries use PFOA in their
processes such as fluoropolymer/fluorotelomer relat-
ing processes, material surface coating, metal plating,
etc. Thus, high concentrations of PFOA are reported in
industrial wastewater. For example, in a semiconduc-
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tor industry, wastewater from the photolitho process
was estimated to have 1,000 mg/L of PFOA [1]. While
conventional wastewater treatments such as activated
sludge processes do not treat PFOA, it enhances PFOA
concentration in effluent through degradation of PFOA’s
precursor.

PFOA is also reported to be found in seawater sources
[2,3]. As compared to other PFCs, PFOA dissolves and
disperses quickly in water. Due to this property, PFOA
is found in many water sources far from the source of
pollution. For example, in the Pacific Ocean, PFOA con-
centration was found to be around 50 ng/L [3], whereas
the concentration increased to 19.2 ug/L in Tokyo Bay
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where municipalities and various industries of Japan
are located [2].

Moreover, another important issue is contamination
of tap water and drinking water with trace concentrations
of PFOA. For example, 45.9 ng/L of PFOA was found in
tap water in Shenzen, an urban city of China [4]. Higher
concentrations ranging up to 560 ng/L were reported
in the drinking waters of Hochsauerland, a district of
Germany (Cited in [5]). Similar values were found in
nearby surface waters which were water sources of local
treatment plants. The conventional water treatment units
are not designed to remove even low concentrations of
PFOA reported in surface water sources.

While the adverse effects of PFOA on humans (that
is, its toxicity levels) have not been well characterized, a
correlation between the death of workers in PFOA/PFOS
industries and the number of bladder and prostate can-
cers were observed (cited in [6]). In addition, its effect on
aquatic organisms should be given much attention as they
are the first victims of pollution discharge. Expression
of estrogenicity (female characteristics) after exposure
to water contaminated with lower than 5 mg/L of PFOA
and PFOS has been reported in male aquatic organisms,
namely, the rare minnow and tilapia [7,8]. Finally, PFOA
was also found to have bioaccumulation and biomagni-
fications in living species through food chain. Thus, the
current situation of treated concentrations of PFOA in
industrial wastewater indicates the need for research in
the development of an effective treatment system.

Oxidation, photolysis/photocatalysis, sonochemical
and sorption processes are the most common treatment
technology for removal of low PFOA concentration.
Moreover, application of these technologies to treat large
volumes of diluted PFOA wastewater, which contains
various impurities, is not a technically and economically
viable option. For example, granular activated carbon
(GAC) was used in 3M® (US) industries to treat second-
ary effluent from wastewater treatment plants before
discharging the water into the Mississippi river. Due to
the presence of other dissolved organic substances in
the secondary effluent, a rapid breakthrough of GAC
filtration was observed. Similar observations were also
reported with trial ion-exchange resin, even though it
removed >99% of concentrated PFOA prepared in pure
water [1]. Furthermore, low adsorption capacity of pow-
der activated carbon (PAC) and GAC with concentrated
PFOA was reported by many researches [9,10].

In order to avoid the above technical issues on treat-
ment of PFOA at the end of pipe system, one possible
alternative would be to develop an in-line treatment
system. Here, PFOA containing waste is segregated at the
industrial process level, thus one obtains a highly concen-
trated wastewater with limited additional contaminants.

Membrane filtration is a promising technology for
compound removal/separation at high concentrations.
Reverse osmosis (RO) was reported to be very effective for

PFOS removal, which provided greater than 99% removal
[11]. But severe reduction of permeate flux was observed
at high PFOS concentrations (= 1000 mg/L). Moreover,
membrane pre-treatment, such as adsorption process,
coagulation, membrane filtration, etc., was indicated as a
need to remove impurities contained in actual wastewater
to enhance RO efficiency. In the case of PFOA, however,
current literature does not discuss membrane treatment.

A number of researchers have developed hybrid
membrane processes (that is, the combination of sorp-
tion process and membrane filtration) to improve the
drawbacks of individual methods. The adsorbent applied
in previous studies include activated carbon, resin, poly-
aluminum chloride, oxide particles, etc. Higher removal
efficiency in the hybrid membrane process was observed
as compared to membrane treatment alone [12-14]. In
addition, permeate flux decreased [13,15]. Similar com-
pound removal of hybrid membrane processes and direct
membrane filtration were also reported [16].

This study is designed to develop a hybrid membrane
filtration with the application of an effective adsorbent
for the removal of high PFOA concentrations. The mem-
branes used in this study were both of nanofiltration (NF)
and ultrafiltration (UF).

2. Materials and methods
2.1. Chemical and materials

PFOA [CF,(CF,),COO, 414 g/mol] was purchased
from Wako Pure Chemical Industry, Ltd., Japan. The
required concentration of PFOA was prepared using
Milli-Q water of high purity. Commercial adsorbents
were purchased and used, including: a) hydrotalcite
[Mg AL (CO,)(OH),,.4H,0] from SIGMA-ALDRICH, Inc.,
St. Louis, USA; and b) PAC (Fluka: 72343) from SIGMA-
ALDRICH, Netherland. Hydrotalcite was pre-treated in
an oven at 500°C for 2 h to remove impurities. PAC was
heated at 105°C for 48 h to remove humidity then kept
in desiccators until it was used.

2.2. Membrane and membrane filtration unit

XN45 (NF type) and UE10 (UF type) flat sheet
membranes were purchased from Trisep Corporation.
Molecular weight cut-offs (MWCOs), reported by the
manufacturer, were 200 Da and 10 kDa for XN45 and
UE10, respectively. Membrane properties are presented
in Table 1.

The bench-scale membrane filtration unit with cross
flow module is illustrated in Fig. 1. Ten liters of feed
tank (double wall) was connected to a cooling system to
keep the feed solution at a constant temperature, 25+1°C.
Hydra-Cell Industrial Pump (Model G-20), which is con-
nected with an inverter (VS mini ]J7 Series), delivered feed
solution from the feed tank to the membrane filtration
unit. A dampener was installed immediately after the



264

Table 1
Membrane properties
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Type Membrane MWCO®*  Pure water flux Material of mem- Zp (mV) at Contact angle Salt rejection (%)°
3 -2 J-1 -1 o
(Da) (m*m=d'b") brane surface pH6 °) NaCl Mg,SO,
UF UE10 10,000 0.86 +0.11 Polyethersulfone 92 [17] 493+35[17] - -
NF XN45 <200 0.26 £0.02 Polyamide -15[18] 57 +1[19] 42.25 61.97
2Data from the Manufacturer.
PInitial concentrations were 1,000 mg/L for NaCl and 2,000 mg/L for MgSO,.
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Fig. 1. Schematic diagram of the membrane experimental unit.

pump to stabilize the flow before reaching other instru-
ments. The circular membrane module with an effective
membrane area of 32 cm? was used. Flow rate of feed
solution was fixed at 2,060 mL/min to provide average
cross flow velocity of 15 cm/s over the membrane. This
membrane filtration unit was constructed from two types
of material, including: a) 316 stainless steel was used at
high pressure levels; and b) polymer material was used
atlow pressure levels. Adsorptions of PFOA in these two
materials were reported to be negligible. Permeate flux
was measured automatically by an electronic balance
which was connected to a computer. The pressure levels
applied in the membrane system were 3 and 15 bar for
UF and NF, respectively.

A new membrane was soaked in Milli-Q water at least
for 5 days prior to use. During this period, Milli-Q water
was replaced every day with a new volume of Milli-Q
water. Prior to starting the experiment, the new mem-
brane was inserted in the membrane module and pre-

Computer ‘
=

S

compacted with Milli-Q water for 10 hours at operating
pressures to stabilize the permeate flux. In order to main-
tain constant feed concentration, the membrane system
was operated in a recycling mode in which concentrates
and permeates were recycled back to the feed tank.
Permeate flux (J) could be calculated by Eq. (1):

4 (1)
Axt
where V'is volume of permeate, A is effective membrane
area and t is time.
Rejection or removal (R) of PFEOA by membranes was
determined using Eq. (2):

J(m®/m?3d) =

)

1-C
R(%) = 2 1x100
Cf
where R is percent rejection/removal of tested membrane,
C, is the concentration of PFOA in permeate, and C, is the
concentration of PFOA in feed.
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2.3. Experimental procedure

To study the efficiency of hybrid membrane treatment,
two sets of experimental runs were conducted. The first
included membrane filtration with varying PEFOA concen-
trations tested. The run used both UF and NF membranes
aimed to investigate the efficiency of the membrane alone
as well as to compare it with hybrid processes. In the
second experimental run, that is, using the hybrid mem-
brane filtration mode, a combination of adsorption and
membrane filtration was conducted. Initially, laboratory
scale adsorption studies were conducted with various
adsorbents. Based on this study, the suitable adsorbent
amount was estimated for PAC and hydrotalcite to give
70% PFOA removal. Based on this lab-scale data, bench-
scale adsorption runs were conducted, and the superna-
tant was collected and used as the feed solution.

2.3.1. Membrane filtration

Each membrane was initially run with PFOA concen-
tration of 0.1 mg/L, followed by 10 mg/L, then 1,000 mg/L.
The membrane was operated for 12 h with each concentra-
tion. Permeate samples were collected every 4 h for PFOA
measurement. The permeate volumes were measured
every two hours in direct filtration and hourly in hybrid
experiment.

2.3.2. Hybrid membrane filtration

Based on the preliminary adsorption test, 0.62 g/L
of hydrotalcite and 3.12 g/L of PAC were applied to
achieve around 70% PFOA removal. A sample contain-
ing 1,000 mg/L of initial PFOA was shaken with PAC and
hydrotalcite at 140 rpm and 25°C for 4 h. After shaking,
the sample was allowed to settle for 1 h. A supernatant
was used as the feed solution for the hybrid membrane
experimental solution.

2.4. Analyses

For PFOA measurement, samples of membrane feed
and sorption were filtered with a 0.22 um PVDF filter.
This filtrate was further diluted by acetronitrile in an
ultrapure water (40/60, v/v) mixture to the required range
for measurement with liquid chromatography-mass
spectrometry (LC-MS). Whereas, the membrane permeate
sample was directly diluted for its measurement.

PFOA concentration was determined by LCMS
(Agilent 6400 Series) using a column (Eclipse Plus C18,
2.1X100 mm 0.18 um) from Agilent Technologies, USA.
The mixture of acetronitirle/10 mM CH,COONH, in ul-
trapure water (40/60, v/v) was used for the mobile phase
at a flow rate of 0.25 mL/min. Membrane and adsorbent
characteristics were analyzed using a scanning electron
microscope (SEM).

3. Results and discussion
3.1. Membrane filtration

Fig. 2 presents the PFOA removal as a function of feed
concentration for both NF and UF direct filtration. In
general, the rejection rate is higher in NF than it is in UF.

To understand the mechanisms of rejection, PFOA
properties are summarized as: molecular weight (MW)
of 414 g mol™, solubility of 3.4 g/L, and pKa of 2.5 [6].
Moreover, log Kow, which indicates the hydrophobicity
of the compound, was reported to be 6.28 [20]. The pHs
of the feed solution in all experiments were found to vary
in ranges of 3-5.5 in which the functional group of PFOA
showed a negative charge (COO).

As the MWCO of NF was less than 200 Da, one
expects the complete removal of PFOA. However, this
relatively higher passage of PFOA through the membrane
is linked to the low salt rejection (60-70% NaCl rejection)
as reported in Table 1. In addition, the linear molecular
structure of PFOA under high operating conditions could
have assisted the passage through the membrane. The
higher rejection (85%) at a low concentration of 0.1 mg/L

NF
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Fig. 2. PFOA removal as a function of feed concentration:
(a) NF; and (b) UF.
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indicates that adsorption of PFOA on the membrane
surface plays a predominant role.

In contrast to the NF operation, UF resulted in the low-
est PFOA removal at 0.1 mg/L. The removal was enhanced
with increasing concentrations (Fig. 2b). Hence, the UF
membrane pores are relatively large, thus one expects
all the PFOA to penetrate through its pores. However, at
higher concentrations, more PFOA were proportionally
adsorbed by both the internal and surface areas of the
membrane pores which led to progressive pore reduc-
tion. This phenomenon is accelerated at higher feed con-
centrations. The progressive pore plugging phenomena
improved PFOA removal. For example, a maximum of
60% removal was observed at 1,000 mg/L.

PFOAhasa>2oflog K  thatshow its hydrophobicity.
Due to its hydrophobicity nature, PFOA tends to adsorb
on the hydrophobic NF and UF membrane. However,
PFOA rejection-based mechanism of XN45 might be
slightly different from UE10. Adsorption of PFOA on the
membrane surface might be a major initial rejection by
XN45; thus, the highest removal appeared at the lowest
feed concentration. When the membrane surface was
saturated with PFOA, lower removal was demonstrated.
It corresponded to a slow reduction of permeate flux in
NF filtration. Easier sorption of PFOA on the surface of
XN45 as opposed to UE10 might be supported by mem-
brane surface properties including more hydrophobicity
(more contact angle) and less negative surface charges
repelling PFOA (Table 1).

The pH values of the feed solutions in all experiments
were found to vary in ranges between 3 and 5.5 as a func-
tion of feed concentration. Normally, the pH of a solution
affects the charge of a compound and the membrane
which directly relates to rejection due to their electrostatic
interaction. However, the pH affects the membrane re-
moval mainly at the period before membrane saturation.
Moreover, average removals with both membranes at
10 mg/L, with pH levels of 5.5, were not much different
from removals at 1,000 mg/L, with a pH of 3, in both
membranes. This indicates that in PFOA removal, the
feed solution pH within the range tested does not play a
significant role in removal efficiency.

Fig. 3 presents the permeate flux reduction as func-
tion filtration time for both direct and hybrid membrane
filtration operations. Here, both UF and NF operations for
direct filtration, showed that as the feed PFOA concentra-
tion increases, the flux decreases. This demonstrates the
effect of the concentration polarization on the membrane
surface. During filtration of low concentrations of PFOA
(0.1 and 10 mg/L PFOA), the initial flux reduction was
relatively small, that is <20%. When the feed concentra-
tion was increased to 1,000 mg/L, around 40% flux reduc-
tion was measured in both UF and NF membranes. This
observation reveals the possible adsorption of PFOA on
the membrane surface. Furthermore, the flux reduction
is more significant in UF than in NF, which could be
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Fig. 3. Permeate flux of direct and hybrid membrane processes:
(a) NF; and (b) UF.

linked to the adsorption of PFOA molecules within UF
membrane pores, thus forming addition internal fouling
resistance.

In conclusion, both of UF and NF observations have
shown 60% removal at >10 mg/L of PFOA and severe
permeate flux reduction of >40% at 1,000 mg/L.

3.2. Hybrid membrane process
3.2.1. Adsorption

Detailed laboratory scale adsorption studies were
conducted to identify the best adsorbent to remove
PFOA. Based on these experimental results, for an initial
feed concentration of 1,000 mg/L, 0.62 g/L of hydrotalcite
and 3.12 g/L of PAC resulted in 72% and 69% removal of
PFOA. The initial pH of the feed solution was 3, which,
by the end of the adsorption process, increased to 6-7
in both cases. Normally, hydrotalcite has large positive
charges on the surface due to composed metals (AlI** and
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Mg?"). The positive zeta potential values of 35-50 mV
observed at that pH range in the preliminary test indicate
the presences of positive charges on the surface. CO; ion,
originally intercalated between layers of hydrotalcite,
could have been exchanged with other existing anions
in the solution. Then the electrostatic bond, classified as
a strong bond, was formed between the metal and func-
tional group of PFOA (COO). For PAC, it showed the
range of zeta potential values of +17 to —-13 mV at a pH
variation of 3—7. Moreover, hydrophobicity of PAC was
reported to play a role on PFOA adsorption [10]. Based on
those mentioned properties, PAC adsorbs PFOA through
hydrophobic and possibly electrostatic bonds.

3.2.2. Hybrid membrane process

The different efficiency of hybrid membrane processes
is related with properties of its membrane, compounds,
adsorbent bonding, impurities, etc. However, this study
found that the hybrid membrane process showed higher
compound removal and permeate flux than membrane
treatment alone. The details are described below.

Fig. 4 presents the PFOA removal by the hybrid pro-
cess for both UF and NF membrane systems. The overall
removal in the case of the UF process was not much
different from both adsorbents, which was around 80%.
However, the NF system revealed higher PFOA removal
with 95% in hydrotalcite application. The main PFOA
removal in all membrane hybrid processes was taken at
part of sorption as demonstrated in Section 3.2.1 above.

The permeate flux in hybrid membrane processes is
illustrated in Fig. 3. At the same initial PFOA concentra-
tion of 1,000 mg/L, the permeate flux of hybrid membrane
processes were larger than that of the membrane treat-
ment alone. One reason for the flux increase might be
the reduction of PFOA concentration from 1,000 mg/L to
300 mg/L due to sorption (around 70% removal). Howev-

[l Membrane filtration

[0 Sorption 1000 mg/L PFOA
100
80 -
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o
S 60 -
=
>
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UE10 with HT UE 10 with XN45with HT XN45 with
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Type of hybrid process

Fig. 4. PFOA removal by the hybrid membrane process.
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er, interestingly enough, the permeate flux of some hybrid
processes were even higher than that of the membrane
filtration alone with 10 mg/L initial concentration. Hence,
the presence of adsorbent in the feed might decrease the
PFOA fouling on membrane surface.

The permeate flux of hybrid PAC processes fluctuated
as compared to other cases, especially in NF. It indicates
unstable sorption among PFOA, PAC and the mem-
brane. PFOA has a hydrophobic-fluorinated chain that
could adsorb on membrane surface and PAC while its
functional group (COO") could dissolve back into water.
Yet, in the case of hydrotalcite, it attached the functional
group of PFOA strongly by electrostatic interaction while
the membrane surface was adsorbed with hydrophobic-
fluorinated chain of PFOA. Thus, a more stable flux
reduction of the hydrotalcite hybrid process than that of
the PAC was observed. Moreover, the layer of hydrotalcite
formed on the membrane was very dense as compared
to PAC as shown in Figs. 5c and 5d. Thus, lower perme-
ate flux of hydrotalcite over that of PAC application was
shown in the hybrid NF process.

In contrast to NF, hydrotalcite provided larger per-
meate flux than PAC in hybrid UF processes. There are
many possible reasons to explain this observation, one
of which is that the particle of hydrotalcite could pass
through UF pores and decrease pore fouling. This was
true even while agglomerated hydrotalcites were bigger
than UF pores as shown in Figs. 5¢c and 5b, respectively.
Hydrotalcite formed the denser layer on the membrane
surface, while original hydrotalcite of lateral dimension
was around a few hundred nanometers of hexagonal
platelets and a few ten nanometers of thickness [21].
Moreover, low pressure in the UF might assist to form
a loose and movable layer of hydrotalcite that was sup-
ported with fluctuation of permeate (Fig. 3b). PAC was
reported to have an original size of 10-50 um (data from
the manufacturer). As shown in Figs. 5b and 5d, some
PAC particles might block the top of the UF pores. Thus,
a more permeate flux in hydrotalcite application than
PAC was found in UF, as opposed to NF.

The permeate flux reduction in all cases of hybrid pro-
cesses were less than 20% of its initial value. However, for
membrane treatment alone at the same 1,000 mg/L initial
PFOA concentration, flux reduction was 40-50%, which is
much higher as compared to the hybrid processes (Fig. 3).
The highest improvement of permeate was found in the
hybrid hydrotalcite UF process. The most stable permeate
flux was observed in the hybrid hydrotalcite NF process.

Moreover, the removal efficiency of the hybrid hy-
drotaclite NF process (95%) was higher than that of
adsorption (70%), NF alone (~60% at > 10 mg/L PFOA)
or the removal efficiency of combined adsorption and
NF processes (88%: from calculation). Therefore, it is
interesting to compare membrane rejection between the
hybrid membrane process and the membrane treatment
alone. For the membrane hybrid process, the solution
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Fig. 5. Scanning electron microscope (SEM) images (X 35,000) of virgin membranes and appearance of adsorbents after the
hybrid experiment: (a) NF (XN45); (b) UF (UE10); (c) hydrotalcite; and (d) PAC.

containing PFOA (~ 300 mg/L) and non-settleable (within
1 h) adsorbent were fed to the membrane system. The
comparison of averaged membrane rejection between the
membrane treatment alone and the hybrid membrane is
shown in Fig. 6.

The efficiency of the membrane treatment increased
for only the hydrotalcite pretreated PFOA with NF. In
membrane filtration alone, XN45 showed less than 60% of
removal with an applied PFOA concentration of 210 mg/L.
But it showed around 86% removal in the presence of
hydrotalcite in the hybrid membrane system at applied
initial PFOA concentrations of 300 mg/L. The enhanced
removal efficiency of hybrid hydrotalcite NF could be due
to adsorption by hydrotalcite and densed layer forming

which acts as a barrier on the surface of membrane as
shown in Figs. 6b and 6c.

In the case of PAC, the efficiency of XN45 with PAC
application decreased while its permeate flux increased
as discussed in the previous section. Considering the pore
size, PAC could not pass through NF pores, however it
formed a movable layer filtration as shown in Fig. 5d.
Thus, decreased efficiency of XN45, as compared to
membrane treatment alone, might result from unstable
sorption or movement of PAC on the membrane sur-
face, followed by the minimized PFOA sorption on the
membrane. Further, the movable PAC layer could have
resulted in the fluctuating permeate flow as shown in
Fig. 3a.
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Fig. 6. Comparison of PFOA rejection by membrane in direct
filtration and in hybrid filtration (HT is hydrotalcite).

The efficiency of membrane rejection in the hybrid UF
process was around half of that in UF alone (Fig. 6). In
Section 3.1, it was described that adsorption on membrane
surface and sieving size by fouled pores are involved in
PFOA rejection of UF. Thus, decreasing PFOA rejection
in the hybrid UF process might have resulted from the
lower adsorption and fouling on the membrane. This cor-
responded with improved permeate flux in the UF hybrid
process. Furthermore, the movable PAC layer retained
on the membrane surface could decrease membrane
rejection. But in the case of hydrotalcite, it was possible
for some particles to pass through UF pores and then
decrease pore fouling. This may have been another cause
of it having the lowest PFOA removal and the highest
permeate flux among all UF processes.

Even though the PAC membrane hybrid process has
shown low membrane rejection as compared to mem-
brane alone, UF application is interesting to be coupled
for PFOA removal by PAC adsorption. This is because
low fouling occurred and long membrane filtration cycle
could be operated.

In addition, less amount of adsorbent applied in the
hybrid membrane process is another important aspect
of this technique. A preliminary test demonstrated that
sorption alone required around 2 g/L of hydrotalcite for
complete removal (for 1,000 mg/L of initial concentration),
whereas when hybrid hydrotalcite NF was used, 0.62 g/L
of hydrotalcite was needed to achieve a high comparable
removal (~95%: as presented in Fig. 4). For PAC, around
half of adsorbent amount required in sorption alone was
used in membrane hybrid process to achieve similar
removal.

Earlier reported RO and resin sorption technologies
[1and 11] revealed higher removal efficiency in compari-
son with this hybrid NF and UF processes. However, the
filtration flux obtained in this hybrid study was higher
than the RO system. It is also important to note that the
RO membrane has higher permeate flux reduction, thus

making hybrid systems to be more attractive in long term
practical applications. However, there is a need to further
investigate to improve the PFOA removal efficiency by
adopting membrane in series (UF-NF or NF-RO) combi-
nation with sorption processes.

4. Conclusions

Hybrid membrane filtration was found to be effective
for the removal of high PFOA concentrations as compared
to the adsorption process or UF/NF alone. High removal
has been observed in the case of the combination of NF
with adsorbents, specifically with hydrotalcite. The
hybrid hydrotalcite NF process enhanced membrane
rejection without adverse effects on the permeate flux
as compared to NF alone. The amount of adsorbents re-
quired in the NF hybrid membrane process were less than
1/2 of one applied in sorption alone to achieve a highly
comparable removal. Moreover, it is interesting to note
that the presence of PAC in the membrane feed enhanced
the permeate flux as compared to UF and NF alone even
though the removal efficiency of the membrane was de-
creased. Thus, hybrid NF process was effective for PEOA
removal with regards to removal efficiency, amount of
treated water produced and the amount of adsorbent
used. Further, UF application is the viable option to be
coupled with adsorbent sorption for PEOA removal due
to long membrane operation cycle.

Symbols

A — Effective surface area of membrane, m?

G — Concentration of compound in membrane feed,
mg/L

C, — Concentration of compound in permeate, mg/L

J —Membrane permeate flux, m*/m*d

logk ~—Logarithm of octanol-water partitioning
coefficient

PFOA — Perfluorooctanoic acid

PAC —Powdered activated carbon

pK,  —Acid dissociation constant

R — Rejection/removal of compound, %
t —Time, h

Vv — Volume of membrane permeate, m?
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