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ABSTRACT

The presence of pharmaceuticals, hormones, endocrine disruptors, and their metabolites in
aquatic environments has recently attracted particular attention due to their potential risks
and adverse health effects. Membrane processes as widely used technologies in wastewater
treatment have played a significance role in elimination of pharmaceuticals, hormones,
endocrine disruptors, and their metabolites from wastewaters. In the current research, mem-
brane processes which are used for the removal of these pollutants have been classified into
three main categories, namely membrane filtration processes (UF, NF, and RO), membrane
bioreactors (MBRs) (aerobic submerged and external systems), and membrane contactors
(liquid–liquid extraction, supported liquid membranes, forward osmosis, and membrane
distillation). Filtration processes have been applied for the removal of a large number of the
contaminants; however, NF has been the most used one and the results were significant in
most of the cases. Performance of MBRs has been also investigated for extensive number of
contaminants. These systems have also showed great performance in many of the studies.
Nevertheless, there are only a few researches on the removal of these pollutants by mem-
brane contactors; thus, they have the potential for growth. Membrane processes have also
been used in combination with other processes.

Keywords: Membrane filtration; Membrane bioreactor; Membrane contactor; Pharmaceutical
pollutant; Wastewater

1. Introduction

In recent years, occurrence of pharmaceutical
compounds in surface waters and wastewaters has
caused environmental concern. Several papers have
investigated the presence of the mentioned pollutants
especially in wastewaters [1,2]. However, no legal
requirements have been set for discharge of these per-
sistent and biologically active substances into aquatic

environments [2]. The presence of pharmaceuticals in
water is attributed to personal hygiene products, phar-
maceutical industry waste, hospital waste, and thera-
peutic drugs [3]. Concentrations of individual
compounds and their derivatives are relatively low in
drinking water and its sources (ng/L to μg/L) [4].
Despite low concentration, it has been a matter of
public concern that these pollutants could be uninten-
tionally ingested via drinking water. This is because
most of these substances are pharmacologically and
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physiologically active, and therefore may affect home-
ostatic mechanisms in the human body at very low
concentrations [5].

Among different wastewater treatment processes,
the development of membrane-based processes is sig-
nificant, since they offer three clear advantages over
conventional techniques [6]:

(1) Separation is achieved without the requirement
of a phase change; therefore, it is more energet-
ically efficient than distillation.

(2) Unlike adsorptive separation processes, little or
no accumulation takes place in the membrane
process, as a result of which, it operates contin-
uously under steady-state condition without
necessitating regeneration cycles.

(3) Little or no chemical addition is required,
unlike conventional clarification which gener-
ally relies on the addition of chemical coagu-
lants and flocculants.

Although membrane processes are a relatively new
type of separation technology, several membrane pro-
cesses, particularly pressure-driven membrane pro-
cesses including RO, NF, UF, and MF have already
been applied in an industrial scale [7]. RO systems
were the first type of membrane systems used in
advanced wastewater treatment [8]. Generally, UF,
NF, and RO processes have high efficiencies for the
removal of conventional micro-pollutants and natural
organic matter from aqueous solutions and groundwa-
ters, even generating permeates during industrial
wastewater treatments that can frequently be reused.
Particularly, these technologies have been widely
tested in recent studies for the elimination of pharma-
ceuticals with high efficiency. The main advantages of
these pressure-driven membrane processes are the
quality of the purified permeate, the moderate operat-
ing temperatures and the low energy requirements,
the absence of chemicals, and the possibility to be
combined with other separation processes [9].

Membrane bioreactors (MBRs) have also attracted
serious attention for the treatment of municipal
wastewater [10]. MBR technology, combining the bio-
logical degradation process using activated sludge
with membrane filtration, serves several advantages
over CAS systems. MBRs are more useful for disinfec-
tion purposes. They have smaller footprints and pro-
duce less sludge as well. Therefore, these systems
result in better effluent qualities have longer sludge
retention times (SRT) independent of hydraulic
retention times and allow for the rapid start-up of
biological processes [11,12]. MBRs have been used to

remove pharmaceuticals from wastewater in several
studies [2].

Membrane contactors have been studied since the
mid-1980s for a wide range of applications, such as
extraction of metal ions from industrial waste and
hydrometallurgical process streams and recovery of
sulfur aroma compounds from food industry wastew-
aters. Several different operations can be performed
with these devices, e.g. liquid–liquid extraction, osmo-
tic evaporation, and membrane distillation [13]. In
recent studies, the removal of several pharmaceutical
pollutants by membrane contactor processes such as
liquid–liquid extraction and forward osmosis has been
studied [14,15].

Regarding the significance of public concern on
occurrence of pharmaceutical pollutants in aquatic
environments and the position of membrane processes
in wastewater treatment, a review is presented in the
current research on application of membrane
processes in the removal of these pollutants from
wastewater.

1.1. Review framework

The survey drew data from papers published in
international journals, regarding the membrane pro-
cesses used for the removal of pharmaceuticals, hor-
mones, endocrine disruptors, and their metabolites
from wastewaters. In this study, the membrane pro-
cesses used for the removal of these contaminants
have been classified into three main groups, i.e. pres-
sure-driven membrane processes (membrane filtra-
tions), MBRs, and membrane contactors. Since the first
two groups are relatively large, the data have been
presented through tables. After each table, valuable
highlights have been derived. The membrane pro-
cesses which do not come into any of these major
groups have been discussed in another section which
comes after the main groups. Thereafter, papers which
have discussed membrane processes in combination
with other treatment processes have been summarized
in a table.

2. Pressure-driven membrane processes

Pressure-driven membrane processes are similar to
classical filtration with much finer mesh or much
smaller pores to enable the separation of tiny particles,
even molecules. In these processes, the separation of a
mixture is achieved by the rejection of at least one
component by the membrane and passage of the other
components through the membrane [7].
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The membrane filtration processes primarily used
in wastewater treatment are classified as MF, UF, NF,
and RO [8]. Table 1 compares some of the characteris-
tics of these four processes.

The most important part of a membrane separation
process is the membrane itself [18,19]. In filtration pro-
cesses, membrane effectiveness depends on fouling,
flux, and selectivity. In fact, a major concern for mem-
branes applications is fouling phenomenon, i.e. rever-
sible and irreversible blocking of pores by
colloidal/particulate matter and in case of drinking
water by macromolecules of natural organic matters
[20]. Fouling limits the membrane performance,
reduces the working life of the membrane, and
increases the cleaning costs [21]. Generally, increasing
the hydrophilicity of the membrane surfaces and pore
walls can remarkably reduce or suppress the mem-
brane fouling [22,23]. Flux is the volume of water that
passes through a membrane per unit of time and per
unit of surface area of the membrane; it is measured
in either liter per square meter per hour or gallon per
day per square feet and is affected by water tempera-
ture [8]. Flux depends on the membrane, application,
and operating conditions and is usually a function of
time too. In pressure-driven membrane processes,
pressure-normalized flux of a membrane at a certain
temperature (often 20˚C) is also used. The selectivity
of a membrane is generally expressed by the retention
or rejection of specific substances [7].

High separation efficiency, low energy require-
ment, and simplicity of the operation with modern
compact modules are advantages of the membrane fil-
tration processes. Moreover, there is no need for any
chemical substances to be added. It is also easy to
increase the process capacity (modular system). In
these systems, the separation occurs in the continuous
mode and is carried out in mild environment condi-
tions. Furthermore, membrane processes can get
joined with other unit processes (hybrid processes)
easily [24–27].

There are five principal configurations used in
membrane processes: flat sheet, hollow fibers, tubular,
spiral-wound cylinders, and rotating flat plates [8].
Each type has dark and bright sides. Hollow fibers are

generally the cheapest on a per square meter basis;
however it is harder to make very thin selective mem-
brane layers in hollow fiber form than in flat sheet
form. Furthermore, hollow fiber modules require more
pretreatment of the feed than is usually required by
capillary or spiral-wound modules [28].

Membrane filtration processes are widely used
either separately or as a combination of membranes in
series in wastewater reclamation/reuse and drinking
water treatment to remove pharmaceuticals and endo-
crine disruptors. Several studies investigating the
rejections of these pollutants have been published.
Table 2 is an overview of these works.

According to Table 2, the following results can be
obtained:

(1) Applications of several commercial membranes
have been investigated; besides, laboratorial
prepared polymeric membranes were also
evaluated.

(2) Commercial membranes have been used in
most of the studies.

(3) MF has not been employed. In fact, UF, NF,
and RO have been the filtration processes
which were used.

(4) NF has been the most used filtration process.
(5) Flat sheet has been the most common configu-

ration.
(6) In most of the cases, RO could successfully

reject more than 80% of each of the pollutants
regardless of the membrane material.

(7) There have been cases in which UF could do
no elimination; however, in some cases,
removal efficiencies of more than 80% have
been observed for UF process.

(8) In nanofiltration processes, the removal effi-
ciencies have lied within a wide range.

(9) Generally, NF performance has been notable.
(10) NF90 seems to have carried out the best per-

formance among nanofiltration membranes. In
most of the studies, the removal efficiency
obtained by NF90 has been in the range of
96–100% which indicates the great perfor-
mance of this commercial membrane.

Table 1
Comparison of four membrane processes [7,16,17]

RO NF UF MF
Membrane Asymmetric Asymmetric Asymmetric Asymmetric/symmetric

Thickness (μm) 150 150 150–250 10–150
Pore size <1 nm 0.5–10 nm 1–100 nm 0.1–5 μm
Operating pressure (bar) 10–100 5–20 1–5 0.1–2
Flux range (L m−2 h−1 bar−1) 0.05–1.4 1.4–12 10–50 >50
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%

[3
2]

P
ri
m
id
o
n
e

P
o
ly
et
h
er
su

lf
o
n
e

11
7
n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

25
%

[3
4]

T
h
in

fi
lm

p
o
ly
am

id
e

N
F

–
H
L

F
la
t
sh

ee
t

72
%

[3
4]

–
45

,
55

n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

N
F

–
U
T
C
-6
0

F
la
t
sh

ee
t

27
–8

4%
[3
6]

–
R
O

–
L
F
10

F
la
t
sh

ee
t

86
–9

9%
[3
6]

A
n
ti
n
eo

p
la
st
ic
s

C
y
cl
o
p
h
o
sp

h
am

id
e

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
10

0
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
10

0%
[3
3]

N
F

–
D
es
al

H
L

–
94

%
[3
3]

A
n
x
io
ly
ti
c
se
d
at
iv
es

h
y
p
n
o
ti
cs

an
d
an

ti
p
sy
ch

o
ti
cs

D
ia
ze
p
am

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
su

lf
o
n
at
ed

p
o
ly
et
h
er
su

lf
o
n
e

co
at
ed

w
it
h
an

u
lt
ra
th
in

p
o
ly
im

id
e

2–
<
15

0
n
g
/
L
su

rf
ac
e
w
at
er

U
F

G
M

F
la
t
sh

ee
t

4%
[3
1]

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
ar
o
m
at
ic
p
o
ly
am

id
e
co
at
ed

w
it
h

an
u
lt
ra
th
in

p
o
ly
im

id
e

N
F

E
S
N
A

F
la
t
sh

ee
t

50
%

[3
1]

–
58

n
g
/
L
E
ffl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
–

–
84

%
[3
2]

M
ep

ro
b
am

at
e

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
ar
o
m
at
ic
p
o
ly
am

id
e
co
at
ed

w
it
h

an
u
lt
ra
th
in

p
o
ly
im

id
e

2–
<
15

0
n
g
/
L
su

rf
ac
e
w
at
er

N
F

E
S
N
A

F
la
t
sh

ee
t

37
%

[3
1]

–
56

1
n
g
/
L
E
ffl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
–

–
5.
7%

[3
2]

B
ro
n
ch

o
d
il
at
o
rs

an
d
an

ti
-

as
th
m
a
D
ru
g
s

C
af
fe
in
e

A
ro
m
at
ic

p
o
ly
am

id
e

5–
18

μg
/
L
sy
n
th
et
ic

N
F

1
n
m

N
F
-9
0

F
la
t
sh

ee
t

91
%

[3
0]

N
F

1.
3
n
m

N
F
-2
00

F
la
t
sh

ee
t

67
%

[3
0]

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
su

lf
o
n
at
ed

p
o
ly
et
h
er
su

lf
o
n
e

co
at
ed

w
it
h
an

u
lt
ra
th
in

p
o
ly
im

id
e

2–
<
15

0
n
g
/
L
-s
u
rf
ac
e
w
at
er

U
F

G
M

F
la
t
sh

ee
t

1%
[3
1]

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
ar
o
m
at
ic
p
o
ly
am

id
e
co
at
ed

w
it
h

an
u
lt
ra
th
in

p
o
ly
im

id
e

N
F

E
S
N
A

F
la
t
sh

ee
t

29
%

[3
1]

–
85

n
g
/
L
E
ffl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
–

–
7%

[3
2]

–
19

6,
31

1
n
g
/
L
S
al
in
e
g
ro
u
n
d
w
at
er

R
O

–
–

–
83

.3
%

[3
2]

C
le
n
b
u
te
ro
l

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
2.
5
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
90

%
[3
3]

N
F

–
D
es
al

H
L

–
88

%
[3
3]

S
al
b
u
ta
m
o
l

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
3
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
92

%
[3
3]

N
F

–
D
es
al

H
L

–
94

%
[3
3]

T
er
b
u
ta
li
n
e

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
40

μg
/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
10

0%
[3
3]

N
F

–
D
es
al

H
L

–
87

–9
3%

[3
3]

C
ar
d
io
v
as
cu

la
r
d
ru
g
s

A
te
n
o
lo
l

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
50

μg
/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
91

%
[3
3]

N
F

–
D
es
al

H
L

–
88

–9
5%

[3
3]

P
o
ly
et
h
er
su

lf
o
n
e

14
35

n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

11
%

[3
4]

M
ad

e
o
f
th
in

fi
lm

p
o
ly
am

id
e

N
F

–
H
L

F
la
t
sh

ee
t

76
%

[3
4]

B
ez
afi

b
ra
te

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
50

μg
/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
10

0%
[3
3]

N
F

–
D
es
al

H
L

–
99

–1
00
%

[3
3]

P
o
ly
et
h
er
su

lf
o
n
e

28
8
n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

70
%

[3
4]

M
ad

e
o
f
th
in

fi
lm

p
o
ly
am

id
e

N
F

–
H
L

F
la
t
sh

ee
t

91
%

[ 3
4]

C
lo
fi
b
ri
c
ac
id

2–
10

0
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
10

0%
[3
3]

(C
on
ti
n
u
ed
)
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T
ab

le
2
(C
on
ti
n
u
ed
)

T
h
er
ap

eu
ti
c
cl
as
s

R
em

o
v
ed

p
h
ar
m
ac
eu

ti
ca
ls
,

h
o
rm

o
n
es
,
en

d
o
cr
in
e

d
is
ru
p
to
rs
,
an

d
th
ei
r

m
et
ab

o
li
te
s

M
em

b
ra
n
e
m
at
er
ia
l

In
it
ia
l
co
n
ce
n
tr
at
io
n
-s
o
u
rc
e

F
il
tr
at
io
n

ty
p
e

E
ff
ec
ti
v
e

p
o
re

si
ze

C
o
m
m
er
ci
al

co
d
e

C
o
n
fi
g
u
ra
ti
o
n

R
em

o
v
al

ef
fi
ci
en

cy
ra
n
g
e

R
ef
s.

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

N
F

–
D
es
al

H
L

–
99

%
[3
3]

–
32

,
80

n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

N
F

–
U
T
C
-6
0

F
la
t
sh

ee
t

56
–9

0%
[3
6]

–
R
O

–
L
F
10

F
la
t
sh

ee
t

78
–1

00
%

[3
6]

F
en

o
fi
b
ri
c
ac
id

P
o
ly
et
h
er
su

lf
o
n
e

18
0
n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

86
%

[3
4]

M
ad

e
o
f
th
in

fi
lm

p
o
ly
am

id
e

N
F

–
H
L

F
la
t
sh

ee
t

88
%

[3
4]

F
u
ro
se
m
id
e

P
o
ly
et
h
er
su

lf
o
n
e

45
1
n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

70
%

[3
4]

M
ad

e
o
f
th
in

fi
lm

p
o
ly
am

id
e

N
F

–
H
L

F
la
t
sh

ee
t

78
%

[3
4]

G
em

fi
b
ro
zi
l

A
ro
m
at
ic

p
o
ly
am

id
e

5–
18

μg
/
L
su

rf
ac
e
w
at
er

N
F

1
n
m

N
F
-9
0

F
la
t
sh

ee
t

95
%

[3
0]

N
F

1.
3
n
m

N
F
-2
00

F
la
t
sh

ee
t

90
%

[3
0]

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
ar
o
m
at
ic
p
o
ly
am

id
e
co
at
ed

w
it
h

an
u
lt
ra
th
in

p
o
ly
im

id
e

2–
<
15

0
n
g
/
L
su

rf
ac
e
w
at
er

N
F

E
S
N
A

F
la
t
sh

ee
t

45
%

[3
1]

–
82

n
g
/
L
E
ffl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
–

–
N
o

E
li
m
in
at
io
n

[3
2]

–
23

0,
23

4
n
g
/
L
S
al
in
e
g
ro
u
n
d
w
at
er

R
O

–
–

–
89

.1
%
<

[3
2]

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
10

0
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
10

0%
[3
3]

N
F

–
D
es
al

H
L

–
99

–1
00
%

[3
3]

P
o
ly
et
h
er
su

lf
o
n
e

12
80

n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

59
%

[3
4]

M
ad

e
o
f
th
in

fi
lm

p
o
ly
am

id
e

12
80

n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

N
F

–
H
L

F
la
t
sh

ee
t

85
%

[3
4]

H
y
d
ro
ch

lo
ro
th
ia
zi
d
e

P
o
ly
et
h
er
su

lf
o
n
e

23
58

n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W
W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

44
%

[3
4]

M
ad

e
o
f
th
in

fi
lm

p
o
ly
am

id
e

N
F

–
H
L

F
la
t
sh

ee
t

56
%

[3
4]

M
et
o
p
ro
lo
l

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
80

μg
/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
90

%
[3
3]

N
F

–
D
es
al

H
L

–
90

–9
4%

[3
3]

M
ad

e
o
f
th
in

fi
lm

co
m
p
o
si
te
,
w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

1.
34

m
g
/
L
-s
y
n
th
et
ic

U
F

–
G
K

F
la
t
sh

ee
t

14
–6

0%
[9
]

M
ad

e
o
f
ce
ll
u
lo
se

ac
et
at
e

N
F

–
C
K

F
la
t
sh

ee
t

83
–8

4%
[9
]

P
en

to
x
if
y
ll
in
e

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
su

lf
o
n
at
ed

p
o
ly
et
h
er
su

lf
o
n
e

co
at
ed

w
it
h
an

u
lt
ra
th
in

p
o
ly
im

id
e

2–
<
15

0
n
g
/
L
su

rf
ac
e
w
at
er

U
F

G
M

F
la
t
sh

ee
t

4%
[3
1 ]

T
h
in

fi
lm

co
m
p
o
si
te

w
it
h
ar
o
m
at
ic
p
o
ly
am

id
e
co
at
ed

w
it
h

an
u
lt
ra
th
in

p
o
ly
im

id
e

N
F

E
S
N
A

F
la
t
sh

ee
t

38
%

[3
1]

–
49

n
g
/
L
E
ffl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
–

–
10

.2
%

[3
2]

–
16

9,
45

8
n
g
/
L
S
al
in
e
g
ro
u
n
d
w
at
er

R
O

–
–

–
90

.2
%

[3
2]

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es
w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
10

0
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
99

%
[3
3]

2–
10

0
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
D
es
al

H
L

–
95

%
[3
3]

P
in
d
o
lo
l

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
50

μg
/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
93

%
[3
3]

2–
50

μg
/
L
su

rf
ac
e
w
at
er

N
F

–
D
es
al

H
L

–
74

–8
2%

[3
3]

P
ra
v
as
ta
ti
n

P
o
ly
et
h
er
su

lf
o
n
e

13
6
n
g
/
L
ef
fl
u
en

t
fr
o
m

a
W

W
T
P

U
F

–
P
T

F
la
t
sh

ee
t

73
%

[3
4]

M
ad

e
o
f
th
in

fi
lm

p
o
ly
am

id
e

N
F

–
H
L

F
la
t
sh

ee
t

95
%

[3
4]

P
ro
p
ra
n
o
lo
l

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
10

0
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
87

%
[3
3]

N
F

–
D
es
al

H
L

–
75

–8
8%

[3
3]

S
o
ta
lo
l

T
h
in

fi
lm

co
m
p
o
si
te

m
em

b
ra
n
es

w
it
h
a
cr
o
ss
-l
in
k
ed

ar
o
m
at
ic

p
o
ly
am

id
e
to
p
la
y
er

2–
2.
5
μg

/
L
su

rf
ac
e
w
at
er

N
F

–
T
ri
se
p
T
S
-8
0

–
93

%
[3
3]

N
F

–
D
es
al

H
L

–
90

%
[3
3]

C
o
n
tr
as
t
m
ed

ia
D
ia
tr
iz
o
at
e

–
0.
7,

4
m
g
/
L
sy
n
th
et
ic

N
F

N
F
90

F
la
t
sh

ee
t

97
–9

8%
[4
3]

–
0.
6,

1
m
g
/
L
sy
n
th
et
ic

N
F

N
F
27

0
F
la
t
sh

ee
t

96
–9

7%
[4
3]

–
0.
8
m
g
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o
f
a
W

W
T
P
ef
fl
u
en

t
F
la
t
sh

ee
t

5
d

>
99

.9
%

[5
0]

S
u
b
m
er
g
ed

18
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

.6
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

9.
9
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

.8
%

(a
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

9.
9
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

.9
%

(a
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

C
o
d
ei
n
e

S
id
e-
st
re
am

24
7
n
g
/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

2.
5,

5,
24

h
>
93

%
[5
3]

D
ic
lo
fe
n
ac

S
u
b
m
er
g
ed

0.
91

μg
/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

15
–3

3%
(S
R
T
:
8,

20
,
an

d

80
d
)

[4
9]

S
u
b
m
er
g
ed

2.
8
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
87

.4
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

1.
32

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
65

.8
%

(a
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

1.
32

–9
.9

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
62

.6
%

(a
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

66
3
n
g
/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

2.
5,

5,
24

h
86

%
[5
3]

S
id
e-
st
re
am

10
m
g
/
L
m
o
d
el

o
f
a
d
o
m
es
ti
c
se
w
ag

e
H
o
ll
o
w

fi
b
er

24
h

It
co
u
ld

n
o
t
b
e
re
m
o
v
ed

.

(S
R
T
:
72

d
)

[5
4]

S
u
b
m
er
g
ed

10
0
μg

/
L
sy
n
th
et
ic

H
o
ll
o
w

fi
b
er

24
h

14
–9

8%
[5
5]

S
id
e-
st
re
am

45
26

n
g
/
L
m
o
d
el

o
f
a
m
u
n
ic
ip
al

w
as
te
w
at
er

T
u
b
u
la
r

26
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
27

%
(S
R
T
:
88

d
)

[5
6]

–
31

90
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
24

h
(<
20

%
)<
re
m
o
v
al
<
60

%

(S
R
T
:
1,

5,
13

an
d
ap

p
ro
x
.

26
d
)

[5
7]

S
u
b
m
er
g
ed

20
83

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

7,
10

h
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
58

%

[5
8]

–
10

00
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
13

h
15

–3
5%

(S
R
T
:
16

–7
5
d
)

[5
9]

S
id
e-
st
re
am

10
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

–
51

–9
0%

<
%

(S
R
T
in
cr
ea
se
d

w
it
h
ti
m
e
o
f
o
p
er
at
io
n

(2
86

d
))

[6
0]

S
u
b
m
er
g
ed

50
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

9
h

21
%

[6
1]

S
id
e-
st
re
am

32
50

,
41

14
,
31

90
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
12

,
28

.8
,
96

h
0–

50
%

(S
R
T
:
10

–5
5
d
)

[6
2]

2,
4-
D
ic
h
lo
ro
b
en

zo
ic

ac
id

S
u
b
m
er
g
ed

45
5
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

7,
10

h
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
83

%

[5
8]

et
o
d
o
la
c

S
u
b
m
er
g
ed

P
h
ar
m
ac
eu

ti
ca
l
p
ro
ce
ss

w
as
te
w
at
er

F
la
t
sh

ee
t

24
h

25
.8
–8

1.
1%

(S
R
T
:
15

an
d

30
d
)

[1
2]

F
en

o
p
ro
fe
n

S
u
b
m
er
g
ed

0.
81

μg
/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

81
–9

0%
(S
R
T
:
8,

20
,
an

d

80
d
)

[4
9]
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T
h
er
ap

eu
ti
c
cl
as
s

R
em

o
v
ed

p
h
ar
m
ac
eu

ti
ca
ls
,

h
o
rm

o
n
es
,
en

d
o
cr
in
e

d
is
ru
p
to
rs
,
an

d
th
ei
r

m
et
ab

o
li
te
s

R
ea
ct
o
r
ty
p
e

In
it
ia
l
co
n
ce
n
tr
at
io
n
-s
o
u
rc
e

M
em

b
ra
n
e
co
n
fi
g
u
ra
ti
o
n

H
R
T

R
em

o
v
al

d
et
ai
ls

R
ef
s.

S
u
b
m
er
g
ed

10
0
μg

/
L
sy
n
th
et
ic

H
o
ll
o
w

fi
b
er

24
h

22
–9

9%
[5
5]

Ib
u
p
ro
fe
n

S
u
b
m
er
g
ed

1.
02

μg
/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

80
%
<
re
m
o
v
al
<
10

0%
(S
R
T
:

8,
20

,
an

d
80

d
)

[4
9]

S
u
b
m
er
g
ed

17
.5

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

.8
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

21
.7

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

.2
%

(a
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

21
.7

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

.5
%

(a
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

15
8
n
g
/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

2.
5,

5,
24

h
>
95

%
[5
3]

S
u
b
m
er
g
ed

10
m
g
/
L
m
o
d
el

o
f
a
d
o
m
es
ti
c
se
w
ag

e
H
o
ll
o
w

fi
b
er

24
h

98
%

(S
R
T
:
72

d
)

[5
4]

S
u
b
m
er
g
ed

10
0
μg

/
L
sy
n
th
et
ic

H
o
ll
o
w

fi
b
er

24
h

34
–1

00
%

[5
5]

S
id
e-
st
re
am

25
95

n
g
/
L
m
o
d
el

o
f
a
m
u
n
ic
ip
al

w
as
te
w
at
er

T
u
b
u
la
r

26
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

%
(S
R
T
:
88

d
)

[5
6]

–
24

48
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
24

h
80

%
<
re
m
o
v
al
<
10

0%

(S
R
T
:
1,

5,
13

an
d
ap

p
ro
x
.

26
d
)

[5
7]

S
u
b
m
er
g
ed

67
25

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

7,
10

h
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

%

[5
8]

–
11

00
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
13

h
90

–9
5%

(S
R
T
:
16

–7
5
d
)

[5
9]

S
id
e-
st
re
am

10
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

–
51

–9
0%

<
%

(S
R
T
in
cr
ea
se
d

w
it
h
ti
m
e
o
f
o
p
er
at
io
n

(2
86

d
))

[6
0]

S
u
b
m
er
g
ed

47
0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

9
h

96
%

[6
1]

S
id
e-
st
re
am

14
80

,
26

79
,
24

48
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
12

,
28

.8
,
96

h
97

–9
9%

(S
R
T
:
10

–5
5
d
)

[6
2]

In
d
o
m
et
h
ac
in

S
u
b
m
er
g
ed

0.
15

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
46

.6
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

0.
87

5
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
41

.4
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

0.
87

5
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
39

.7
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
u
b
m
er
g
ed

10
0
μg

/
L
sy
n
th
et
ic

H
o
ll
o
w

fi
b
er

24
h

36
–9

0%
[5
5]

K
et
o
p
ro
fe
n

S
u
b
m
er
g
ed

50
μg

/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

9,
13

h
10

0%
(S
R
T
:
15

an
d
30

d
)

[1
1]

S
u
b
m
er
g
ed

1.
07

μg
/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

60
–9

1%
(S
R
T
:
8,

20
,
an

d

80
d
)

[4
9]

S
u
b
m
er
g
ed

1.
8
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
91

.9
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

1.
08

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
43

.9
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

1.
08

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
44

%
(A

t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

(C
on
ti
n
u
ed
)
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T
ab

le
3
(C
on
ti
n
u
ed
)

T
h
er
ap

eu
ti
c
cl
as
s

R
em

o
v
ed

p
h
ar
m
ac
eu

ti
ca
ls
,

h
o
rm

o
n
es
,
en

d
o
cr
in
e

d
is
ru
p
to
rs
,
an

d
th
ei
r

m
et
ab

o
li
te
s

R
ea
ct
o
r
ty
p
e

In
it
ia
l
co
n
ce
n
tr
at
io
n
-s
o
u
rc
e

M
em

b
ra
n
e
co
n
fi
g
u
ra
ti
o
n

H
R
T

R
em

o
v
al

d
et
ai
ls

R
ef
s.

S
u
b
m
er
g
ed

31
0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

9
h

94
%

[6
1
]

M
ef
en

am
ic

ac
id

S
u
b
m
er
g
ed

25
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
74

.8
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

1.
07

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
40

.5
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

1.
07

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
35

.5
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
u
b
m
er
g
ed

70
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

9
h

76
%

[6
1]

N
ap

ro
x
en

S
u
b
m
er
g
ed

50
μg

/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

9,
13

h
60

–1
00

%
(S
R
T
:
15

an
d
30

d
)

[1
1]

S
u
b
m
er
g
ed

0.
8
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

18
–2

6%
(S
R
T
:
8,

20
,
an

d

80
d
)

[4
9]

S
u
b
m
er
g
ed

11
.5

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
99

.3
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

0.
46

3
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
90

.7
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

0.
46

3
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
91

.6
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

27
8
n
g
/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

2.
5,

5,
24

h
>
95

%
[5
3]

S
u
b
m
er
g
ed

10
m
g
/
L
m
o
d
el

o
f
a
d
o
m
es
ti
c
se
w
ag

e
H
o
ll
o
w

fi
b
er

24
h

84
%

(S
R
T
:
72

d
)

[5
4]

S
u
b
m
er
g
ed

10
0
μg

/
L
sy
n
th
et
ic

H
o
ll
o
w

fi
b
er

24
h

–2
–7

5%
(S
R
T
:
72

d
)

[5
5]

S
id
e-
st
re
am

37
80

n
g
/
L
m
o
d
el

o
f
a
m
u
n
ic
ip
al

w
as
te
w
at
er

T
u
b
u
la
r

26
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
82

%
(S
R
T
:
88

d
)

[5
6]

–
10

50
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
13

h
73

–8
2%

(S
R
T
:
16

–7
5
d
)

[5
9]

S
id
e-
st
re
am

10
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

–
51

–9
0%

<
%

(S
R
T
in
cr
ea
se
d

w
it
h
ti
m
e
o
f
o
p
er
at
io
n

(2
86

d
))

[6
0]

S
u
b
m
er
g
ed

14
0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

9
h

85
%

[6
1]

S
u
b
m
er
g
ed

0.
5–

2
μg

/
L
m
u
n
ic
ip
al

w
as
te
w
at
er

F
la
t
sh

ee
t

81
.6
,
15

1.
2
h

A
b
o
u
t
60

%
(S
R
T
>
10

0
d
)

[6
3]

P
h
en

ac
et
in
e

S
u
b
m
er
g
ed

1.
2
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

86
–9

1.
7%

(S
R
T
:
8,

20
,
an

d

80
d
)

[4
9]

P
ro
p
y
p
h
en

az
o
n
e

S
u
b
m
er
g
ed

62
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
64

.6
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

0.
06

5
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
64

.5
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

0.
06

5
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
60

.7
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
u
b
m
er
g
ed

10
0
μg

/
L
sy
n
th
et
ic

H
o
ll
o
w

fi
b
er

24
h

5–
16

%
[5
5]

S
al
ic
y
li
c
ac
id

S
id
e-
st
re
am

34
00

n
g
/
L
m
o
d
el

o
f
a
m
u
n
ic
ip
al

w
as
te
w
at
er

T
u
b
u
la
r

26
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
89

%
(S
R
T
:
88

d
)

[5
6]
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T
h
er
ap

eu
ti
c
cl
as
s

R
em

o
v
ed

p
h
ar
m
ac
eu

ti
ca
ls
,

h
o
rm

o
n
es
,
en

d
o
cr
in
e

d
is
ru
p
to
rs
,
an

d
th
ei
r

m
et
ab

o
li
te
s

R
ea
ct
o
r
ty
p
e

In
it
ia
l
co
n
ce
n
tr
at
io
n
-s
o
u
rc
e

M
em

b
ra
n
e
co
n
fi
g
u
ra
ti
o
n

H
R
T

R
em

o
v
al

d
et
ai
ls

R
ef
s.

A
n
ti
b
io
ti
cs

C
la
ri
th
ro
m
y
ci
n

S
id
e-
st
re
am

25
9
n
g
/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

2.
5,

5,
24

h
75

%
[5
3]

E
ry
th
ro
m
y
ci
n

S
u
b
m
er
g
ed

15
0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
67

.3
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

0.
82

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
43

.0
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

0.
82

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
25

.2
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
u
b
m
er
g
ed

10
m
g
/
L
m
o
d
el

o
f
a
d
o
m
es
ti
c
se
w
ag

e
H
o
ll
o
w

fi
b
er

24
h

91
%

(S
R
T
:
72

d
)

[5
4]

S
id
e-
st
re
am

10
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

–
71

%
-a
lm

o
st

co
m
p
le
te

re
m
o
v
al

(S
R
T
in
cr
ea
se
d

w
it
h
ti
m
e
o
f
o
p
er
at
io
n

(2
86

d
))

[6
0]

M
et
ro
n
id
az

o
le

S
id
e-
st
re
am

39
2
n
g
/
L
m
o
d
el

o
f
a
m
u
n
ic
ip
al

w
as
te
w
at
er

T
u
b
u
la
r

26
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
80

%
(S
R
T
:
88

d
)

[5
6]

N
4-
ac
et
y
l-

su
lf
am

et
h
o
x
az

o
le

–
90

n
g
/
L
ef
fl
u
en

t
o
f
a
S
T
P

–
2.
5,

5,
24

h
92

%
[5
3]

–
10

00
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
13

h
70

–9
2%

(S
R
T
:
16

–7
5
d
)

[5
9]

O
fl
o
x
ac
in

S
u
b
m
er
g
ed

45
0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
94

.4
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

10
.5

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
95

.2
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

10
.5

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
91

.3
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

R
o
x
it
h
ro
m
y
ci
n

S
u
b
m
er
g
ed

50
μg

/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

9,
13

h
5–

85
%

(S
R
T
:
15

an
d
30

d
)

[1
1]

S
u
b
m
er
g
ed

10
m
g
/
L
m
o
d
el

o
f
a
d
o
m
es
ti
c
se
w
ag

e
H
o
ll
o
w

fi
b
er

24
h

77
%

(S
R
T
:
72

d
)

[5
4]

–
30

0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
13

h
36

–6
0%

(S
R
T
:
16

–7
5
d
)

[5
9]

S
id
e-
st
re
am

10
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

–
71

%
-a
lm

o
st

co
m
p
le
te

re
m
o
v
al

(S
R
T
in
cr
ea
se
d

w
it
h
ti
m
e
o
f
o
p
er
at
io
n

(2
86

d
))

[6
0]

S
id
e-
st
re
am

26
,
64

,
11

7
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
12

,
28

.8
,
96

h
34

–1
00

%
(S
R
T
:
10

–5
5
d
)

[6
2]

S
u
lf
am

et
h
o
x
az

o
le

S
u
b
m
er
g
ed

50
μg

/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

9,
13

h
30

–9
0%

(S
R
T
:
15

an
d
30

d
)

[1
1]

S
u
b
m
er
g
ed

80
0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
60

.5
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

0.
09

3
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
80

.8
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

0.
09

3
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
78

.3
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

25
9
n
g
/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

2.
5,

5,
24

h
52

%
[5
3]

S
u
b
m
er
g
ed

10
m
g
/
L
m
o
d
el

o
f
a
d
o
m
es
ti
c
se
w
ag

e
H
o
ll
o
w

fi
b
er

24
h

52
%

(S
R
T
:
72

d
)

[5
4]

–
13

50
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
13

h
N
o
re
m
o
v
al

w
as

o
b
se
rv
ed

.

[5
9]

S
id
e-
st
re
am

14
5
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

–
12

,
28

.8
,
96

h
61

%
(S
R
T
:
10

–5
5
d
)

[6
2]
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T
ab

le
3
(C
on
ti
n
u
ed
)

T
h
er
ap

eu
ti
c
cl
as
s

R
em

o
v
ed

p
h
ar
m
ac
eu

ti
ca
ls
,

h
o
rm

o
n
es
,
en

d
o
cr
in
e

d
is
ru
p
to
rs
,
an

d
th
ei
r

m
et
ab

o
li
te
s

R
ea
ct
o
r
ty
p
e

In
it
ia
l
co
n
ce
n
tr
at
io
n
-s
o
u
rc
e

M
em

b
ra
n
e
co
n
fi
g
u
ra
ti
o
n

H
R
T

R
em

o
v
al

d
et
ai
ls

R
ef
s.

T
ri
m
et
h
o
p
ri
m

S
u
b
m
er
g
ed

50
μg

/
L
ef
fl
u
en

t
o
f
a
S
T
P

H
o
ll
o
w

fi
b
er

9,
13

h
60

–1
00

%
(S
R
T
:
15

an
d
30

d
)

[1
1]

S
id
e-
st
re
am

0.
20

4
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
66

.7
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

0.
20

4
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
47

.5
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
u
b
m
er
g
ed

10
m
g
/
L
m
o
d
el

o
f
a
d
o
m
es
ti
c
se
w
ag

e
H
o
ll
o
w

fi
b
er

24
h

36
%

(S
R
T
:
72

d
)

[5
4]

S
id
e-
st
re
am

10
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

–
N
o
re
m
o
v
al

o
cc
u
rr
ed

in

fi
rs
t
st
ep

s,
b
u
t
it
w
as

al
m
o
st

co
m
p
le
te
ly

re
m
o
v
ed

in
la
st

st
ep

(S
R
T

in
cr
ea
se
d
w
it
h
ti
m
e
o
f

o
p
er
at
io
n
(2
86

d
))
.

[6
0]

A
n
ti
d
ep

re
ss
an

ts
A
m
it
ri
p
ty
li
n
e

S
id
e-
st
re
am

17
32

n
g
/
L
m
o
d
el

o
f
a
m
u
n
ic
ip
al

w
as
te
w
at
er

T
u
b
u
la
r

26
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
97

%
(S
R
T
:
88

d
s)

[5
6]

F
lu
o
x
et
in
e

–
0.
57

3
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
98

%
(A

t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

–
0.
57

3
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
98

%
(A

t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

20
μg

/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

–
82

–9
8%

(S
R
T
in
cr
ea
se
d

w
it
h
ti
m
e
o
f
o
p
er
at
io
n

(2
86

d
))

[6
0]

P
ar
o
x
et
in
e

S
u
b
m
er
g
ed

38
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
89

.7
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

A
n
ti
d
ia
b
et
ic
s

G
li
b
en

cl
am

id
e

S
u
b
m
er
g
ed

57
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
47

.3
%

(T
h
e

S
R
T
w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

9.
89

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
95

.6
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

S
id
e-
st
re
am

9.
89

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

H
o
ll
o
w

fi
b
er

7.
2
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
82

.2
%

(A
t

p
ro
lo
n
g
ed

S
R
T
)

[5
2]

A
n
ti
ep

il
ep

ti
cs

C
ar
b
am

az
ep

in
e

S
u
b
m
er
g
ed

1.
13

μg
/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

4–
8%

(S
R
T
:
8,

20
,
an

d
80

d
)

[4
9]

S
u
b
m
er
g
ed

24
0
n
g
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
N
o
el
im

in
at
io
n
(T
h
e
S
R
T

w
as

in
fi
n
it
e.
)

[5
1]

S
id
e-
st
re
am

0.
15

6
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

N
o
el
im

in
at
io
n
(A

t

p
ro
lo
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T
)
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0.
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/
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W
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P
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h
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at
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R
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R
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p
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b
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%
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R
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)
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e-
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p
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at
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L
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b
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u
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ra
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at
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b
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c
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R
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b
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R
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b
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b
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b
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b
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%
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b
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b
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b
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u
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b
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0.
83

μg
/
L
sy
n
th
et
ic

F
la
t
sh

ee
t

6
h

31
–8
8%

(S
R
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b
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v
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e-
st
re
am

3.
08

μg
/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

15
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
42

.2
%

(A
t

p
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e-
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b
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p
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b
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b
u
la
r

26
h

A
v
er
ag

e
re
m
o
v
al

ef
fi
ci
en

cy
:
97

%
(S
R
T
:
88

d
)

[5
6]

H
y
d
ro
ch

lo
ro
th
ia
zi
d
e

S
u
b
m
er
g
ed

6.
4
μg

/
L
ef
fl
u
en

t
o
f
a
W

W
T
P

F
la
t
sh

ee
t

–
A
v
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b
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(11) Many of the investigated membranes have
been made of polyamide.

In several studies, size exclusion has been consid-
ered as an influential factor affecting the removal of
pharmaceuticals [29,33,37,39].

3. Membrane bioreactors

MBRs have been increasingly used for wastewater
treatment applications. MBRs combine biological and
membrane treatment for effective removal of contami-
nants from wastewaters. They are similar to CASs
with the exception that the biomass responsible for
removing the contaminants is retained within the
bioreactor component of the system using membranes
rather than secondary clarifiers [44]. Conventional
treatment of municipal wastewater usually proceeds
through a three stage process: sedimentation of gross
solids in the feed water followed by aerobic degrada-
tion of the organic matter and then a second sedimen-
tation process to remove the biomass. An MBR can
displace the physical separation process by filtering
the biomass through a membrane. As a result, the pro-
duct water quality is significantly higher than that
generated by conventional treatment, since it elimi-
nates the need for a further tertiary disinfection pro-
cess [45]. In fact, MBR technology offers several
advantages over CAS plants such as operation at high
biomass concentrations, reduced excess sludge pro-
duction, extremely low suspended solid concentra-
tions in the treated effluent, drastically enhanced
elimination of pathogens and viruses [10]. It is also
worth to mention that MBR makes hydraulic retention
time independent from sludge retention time [46].

The basic schematic diagram of MBR configuration
is shown in Fig. 1. Fig. 1(a) displays an immersed or
submerged membrane bioreactor module while a side-
stream or external membrane module is illustrated in
Fig. 1(b) [47].

External membrane systems usually operate at a
constant pressure and variable permeate flux (i.e. per-
meate flux decreases as membrane fouls); on the other
hand, submerged membranes typically operate at a
constant flow and variable transmembrane pressure
(i.e. transmembrane pressure increases as membrane
fouls) [44].

For side-stream MBR systems, the feed wastewater
is directly in contact with biomass. Wastewater and
biomass are both pumped through the recirculation
loop consisted of membranes. The concentrated sludge
is recycled back to the reactor while the water effluent
is discharged [48]. The idea of separating the
membrane and bioreactor is to ease the membrane

maintenance but it will increase the operational cost
due to recirculation loop installation. The submerged
system has less operational cost because there is no
recirculation loop compared to the external system
and a biological process occurs around the membrane
in submerged MBR. Both submerged and external
MBRs need to pump out the excess sludge to maintain
sludge age. The mode of membrane transportation
could be pressure driven or vacuum driven. Pressure-
driven filtration is used in side-stream MBR and vac-
uum driven is used for submerged MBR [47].

MBRs hold a promise for the degradation of
micro-pollutants, which could be ascribed especially
to the high sludge concentration and relatively high
sludge age at which they operate. This makes the
presence of microorganisms that are capable of
degrading the specific micro-pollutants more likely
[10]. Regarding this fact, several papers have investi-
gated the removal of pharmaceutical and personal
care products (PPCPs), hormones, endocrine disrup-
tors, and their metabolites. Table 1 is an overview of
these papers which summarizes the removed pollu-
tant, reactor type, membrane configuration, and the
obtained removal efficiencies.

According to Table 3, the following results can be
obtained:

(1) Hollow fiber and flat sheet have been used fre-
quently. Tubular have been used only in one
study.

(2) Both side-stream and submerged MBRs have
been widely used.

(3) Acetaminophen could successfully get removed
by MBRs. In fact, five studies have proposed
conditions in which more than 99% of this pol-
lutant has been removed. This indicates the
perfect performance of these systems in the
removal of acetaminophen.

(4) For diclofenac, there have been cases in which
no elimination occurred; however, removal effi-
ciencies of about 60% could be obtained at pro-
longed SRTs.

(5) The removal of ibuprofen has been investi-
gated by flat sheet, hollow fiber, and tubular
configurations. As it can be seen in Table 2, the
results have been significant.

(6) The removal of only seven antibiotics has been
studied by MBRs. However, Verlicchi et al.
have detected thirty-six antibiotics in raw
urban wastewater and effluent from an acti-
vated sludge system [2].

(7) More than 99% of ofloxacin has been removed
at prolonged SRTs, which has been the best
efficiency among the antibiotics.
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(8) The removal of carbamazepine by MBRs has
not been satisfactory. In most of the cases, the
removal efficiency has been less than 30%.

(9) MBRs have shown great performance in
the removal of the studied hormones and
estrogens.

The MBRs performances can be affected by mem-
brane material, module configuration, membrane oper-
ating conditions (transmembrane pressure, backwash,
etc.), biological operating conditions (temperature,
SRT), and characteristics of activated sludge [66]. The
SRT has been regarded as one of the most important
parameters affecting the biodegradation of micro-pol-
lutants such as pharmaceuticals [10].

The positive effect of increasing SRT appears for
several compounds, in particular for hormones,
ibuprofen, ketoprofen, naproxen, bezafibrate, gemfi-
brozil, fluoxetine, and antibiotics. On the other hand,
increasing SRT beyond 30 d does not usually result in
a consistent increment in the removal of most of the
compounds [2]. Maeng et al. [49] reported that
removal efficiencies of gemfibrozil, ketoprofen, clofib-
ric acid, and 17-ethinylestradiol were increased when
SRT was increased from 20 to 80 d. Moreover, MBR
operated at a short SRT (8 d) was able to effectively
remove hydrophilic-neutral pharmaceuticals (phenace-
tin, acetaminophen, pentoxifylline, and caffeine),
hydrophilic-ionic pharmaceuticals (bezafibrate, ibupro-
fen, and fenoprofen), and estrogens (17ß-estradiol and
estrone).

For etodolac, as the SRT increased from 15 to 30 d,
the overall removal efficiencies improved [12]. Tam-
bosi et al. [11] evaluated the treatment of wastewater
containing three NSAIDs (acetaminophen, ketoprofen,
and naproxen) and three antibiotics (roxithromycin,
sulfamethoxazole, and trimethoprim) in two MBRs at
SRTs of 15 and 30 d. For all these pharmaceuticals,
higher removal efficiencies were obtained as the SRT
increased [11].

In another study done by Clara et al. [57], the
investigated micropollutants showed different behav-
iors during the wastewater treatment process. Elimina-
tion of some of the compounds was dependent on the
solids retention time, whereas carbamazepine was not
affected during the treatment. For diclofenac and 17-
ethinylestradiole, contradictory results were obtained
and beside the SRT other influences seem to be of
importance. In another research carried out by Bern-
hard et al. [58], it was stated that for diclofenac, the
removals were 8, 38, and 59% at an SRT of 20, 48, and
62 d, respectively. However, at an SRT of 322 d, the
removal efficiency was 53%.

4. Membrane contactors

Membrane contactors are devices that bring two
fluids into contact at the entrance of pores. Nowadays,
they are most commonly used for producing ultrapure
water, wastewater treatments, and water purification,
as well as controlling the concentration of several non-
volatile solutes in aqueous solutions [67]. Unlike most
membrane operations, in membrane contactors, the
chemistry of the membrane is relatively unimportant,
as it provides no selectivity for the separation process.
In fact, the aim is to choose a membrane that causes
no negative effects, i.e. that has no negative influence
on mass transfer. Therefore, the success of membrane
contactors greatly depends on minimizing the mem-
brane resistance to mass transfer [68]. Considering
these functionalities, membrane contactors can be used
for many separation processes such as liquid–liquid
extraction, supported liquid membranes (SLMs), for-
ward osmosis, and membrane distillation.

4.1. Liquid–liquid extraction

In liquid–liquid extraction process, the membrane
pores provide an interface between two immiscible
fluids. This process involves the transfer of the

Fig. 1. The basic schematic diagram of MBR configuration: (a) submerged and (b) side-stream [47].
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micro-pollutants from one immiscible liquid to
another. The micro-pollutants of interest are trans-
ferred from the aqueous solution to the organic accep-
tor liquid [15,69]. Membrane-based liquid–liquid
removal is a possible alternative to remove pharma-
ceutical compounds from water. The ability to vary
flow rates independently is a significant advantage of
this process. Hollow fiber membrane modules are a
novel technology for the removal of trace pharmaceu-
ticals from drinking water due to their low manufac-
turing cost and simple handling [70]. The performance
of polypropylene hollow fiber contactors has been
investigated for the removal of diclofenac sodium,
ibuprofen, and its metabolite 4-isobutylacetophenone
(4-IBAP) from water through liquid–liquid extraction
[70,71]. Williams et al. [70] used the Liqui-Cel microp-
orous membrane module to extract ibuprofen and 4-
IBAP from water into octanol. The effects of aqueous
phase pH and fluids flow rates were investigated. The
removal of ibuprofen was significantly affected by pH;
pH 2 was optimum for its complete removal. How-
ever, the removal of the metabolite was not influenced
by this factor and nearly 96% removal was achieved
for both acidic and basic solutions. Furthermore, the
effects of both water and octanol flow rates on mass
transfer were important [70]. In another research done
by Nasirabadi et al. [71], the removal of diclofenac
sodium by liquid–liquid extraction process was stud-
ied using hollow fiber contactors. 1-Octanol was used
as the extractant. Fractional factorial design was
applied to investigate the effects of initial concentra-
tion of the contaminant, pH of the feed, and fluids

flow rates on removal efficiency of diclofenac sodium.
In this study, 1-octanol could remove more than 99%
of diclofenac sodium from water by polypropylene
hollow fiber contactors. According to the analysis of
variance, the pH and initial concentration were the
most influential factors.

4.2. Supported liquid membrane

In SLM or immobilized liquid membrane (ILM),
the extracting phase is supported or immobilized in
the pores of the membrane while the contaminated
and stripping phases flow through the shell and tube
sides, respectively. The solute in water is extracted
into the organic phase immobilized in the pores; sub-
sequently, the solute in the organic phase is stripped
using a suitable stripping medium. The transfer of the
species by diffusion from the bulk phase occurs sim-
ply due to difference in chemical potential [15]. In fact,
an SLM is a three-phase liquid membrane system in
which the membrane phase (liquid) is held by capil-
lary forces in the pores of microporous polymeric or
inorganic film. The immobilized liquid is a membrane
phase and the microporous film serves as a support
for the membrane. Usually, SLMs are based on
hydrophobic organic solvent immobilized in a poly-
meric membrane separating two aqueous solutions.
Fig. 2 shows a scheme of a SLM [72].

The removal of 4-IBAP by ILM was studied by
Williams et al. [15]. Flat and hollow fiber membranes
were used in batch and continuous operations, respec-
tively. In case of batch operation, octanol and canola
oil were impregnated in a flat membrane; both sol-
vents showed about 70% removal of the pollutant at
equilibrium. Thereafter, a hollow fiber membrane
module with pores impregnated with canola oil was
used for the removal of 4-IBAP in both semi-batch
and continuous operations using 0.1 N NaOH as the
stripping solution in a recirculatory mode. About 90%
of the 4-IBAP was removed in first 15 min and the
percent removal steadily dropped with time, indicat-
ing that the stripping solution was getting saturated.

4.3. Forward osmosis

Forward osmosis (FO) has gained significant
research interest due to the wide range of potential
applications in desalination and wastewater reuse. In
FO, a concentrated draw solution (DS) is used to draw
water through the membrane from a feed solution
(FS). The concentration or osmotic pressure difference
between the two solutions acts as the driving force for
water permeation through the membrane. Therefore,
the FO process does not need an applied hydraulic

Fig. 2. A scheme of a SLM [72].
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pressure as the traditional RO process does. The water
permeating from the FS finally dilutes the concen-
trated DS, which exits the membrane module as a
diluted DS. Depending on the final end use of the pro-
duct water, the diluted DS may be required to
undergo some post-treatment processes to separate
draw solutes from the water, or in some cases, the
diluted DS may be used directly.

During the FO process, the permeating water
dilutes only to a certain extent until an osmotic equi-
librium is reached between the DS and the FS. At this
point, the osmotic pressure driving force disappears
[73]. FO has many advantages over pressure-driven
membrane processes such as lower fouling potential
and simplicity [74].

Rejection of four pharmaceutical compounds, car-
bamazepine, diclofenac, ibuprofen, and naproxen, by
FO membranes has been investigated by Jin et al. [74].
Two commercial FO membranes as well as two hand-
cast ones were used. Commercial membranes were
made of cellulose triacetate (CTA) supported by
embedded polyester screen mesh. They were desig-
nated as CTA-HW and CTA-W. On the other hand,
hand-cast membranes (TFC-1 and TFC-2) were com-
posed of a cross-linked aromatic polyamide active
layer on a polysulfone support layer.

For both TFC polyamide membranes, all com-
pounds were efficiently removed with rejection rang-
ing from 94 to 97%. For CTA-HW and CTA-W
membranes, the rejection of pharmaceuticals followed
the order of decline: carbamazepine (95–96%) ≈
diclofenac (92–95%) > ibuprofen (82–83%) > naproxen
(64–73%). Moreover, the effect of pH at different levels
(3, 6, and 8) was studied for TFC-1 and CTA-HW
membranes. Permeate water flux of the membranes
was not affected by variation of feed water pH. Using
TFC-1 membrane, all four pharmaceuticals were com-
pletely or almost completely rejected over the entire
pH range tested. In fact, the pH effect on the
pollutants rejection was not noticeable. This indicates
the stability of TFC-1 membrane performance over pH
3–8. Therefore, the size exclusion mechanism may
dominate over pH-dependent mechanisms (charge
repulsion and adsorption) for all selected pharmaceu-
ticals. For CTA-HW membrane, pH influenced
remarkably the rejection of naproxen and ibuprofen.
As pH decreased from 6 to 3, naproxen rejection
increased from 73 to 89% and ibuprofen rejection
increased from 82 to 93%. As pH increased from 6 to
8, naproxen rejection increased from 73 to 93% and
ibuprofen rejection increased from 82 to 93%. In con-
trast, the rejection of carbamazepine and diclofenac
was high over pH 3–8, and the pH effect on their
rejection was not noticeable [74].

In another research done by Cartinella et al. [14],
the removal of two natural steroid hormones, estrone
and 17ß-estradiol, was investigated using cellulose tri-
acetate semipermeable flat sheet FO membranes (CTA,
Hydration Technologies Inc., Albany, OR). Hormone
rejection was greater than 99% until 20% recovery was
reached. From 20 to 45% recovery, the rejection
decreased steadily to 95–96%; however, from 45%
recovery to the end of the experiments (70% recovery),
hormone rejection increased steadily to 96–97%. Less
than 1.5% difference in estrone and estradiol rejection
was observed throughout the experiments.

4.4. Membrane distillation

Membrane distillation (MD) is a process in which
a microporous, hydrophobic membrane separates
aqueous solutions at different temperatures and com-
positions. Vapor pressure difference is present due to
the temperature difference existing across the mem-
brane. Thus, vapor molecules will diffuse from the
high vapor pressure side to the low vapor pressure
side through the pores of the membrane. MD tech-
nique has been known for over forty years since its
first discovery and is currently undergoing further
development and research to improve the perfor-
mance for longer usage timing and better efficiency
[75]. Direct contact membrane distillation (DCMD) is
one of the MD configurations in which both sides of
the membrane are in contact with aqueous solutions,
i.e. the feed and product water streams. In DCMD,
water from the heated feed stream evaporates through
the membrane into the cooler permeate stream (pota-
ble water) where it condenses and becomes part of the
permeate stream. DCMD is well-suited for desalina-
tion applications in which water is the desired perme-
ating/diffusing component [14]. Hydrophobic
microporous polypropylene capillary membranes were
used to investigate the removal of estrone and 17ß-
estradiol. Overall, the capillary membrane rejected
both hormones at or above 99.5% throughout the
duration of the experiments. No apparent difference
between estrone and estradiol rejection was observed.
Furthermore, hormone rejection was not affected by
water recovery. The ability to provide greater than
99.5% hormone rejection makes DCMD an ideal
wastewater treatment process [14].

5. Other processes

Yang and et al. [76] studied the removal of caffeine,
acetaminophen, and sulfamethoxazole from aqueous
solutions by simultaneous electrocoagulation and
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electrofiltration process using composite membranes.
Under the optimal operating conditions, the greatest
removal efficiencies for caffeine, sulfamethoxazole, and
acetaminophen were 95.8, 94.9, and 79.8%, respectively.

The removal of two antibiotics of ofloxacin and lin-
comycin was studied using electro-oxidation process.
A membrane-divided cell was used for this purpose.
Ofloxacin was oxidized efficiently on all the anodes
tested. However, lincomycin was hardly oxidized [77].

6. Membrane processes in hybrid systems

MBRs and membrane filtration processes have also
been used in combination with each other or other
processes. Table 4 is an overview of these studies.

In most of the cases, the benefits of the integration
of the applied processes have been admitted and sig-
nificant results have been reported [33,78–82,87,88].

7. Overview

Application of membrane processes for the
removal of pharmaceuticals from different water
resources and wastewaters has been investigated in
many studies. Among different membrane processes,
filtrations and MBRs have been extensively studied.
On the other hand, membrane contactors have
attracted less attention.

In filtration processes, commercial membranes
have been mostly used and NF has been the most fre-
quent filtration type. Although RO has removed the
pharmaceuticals with an efficiency of more than 80%
in most of the cases, NF has also shown significant
performance. For UF, the results have been so differ-
ent from case to case. It is worth to mention that many
of the investigated membranes have been made of
polyamide. MBRs have been used for elimination of
many contaminants from different pharmaceutical
classes; however, it seems that more research should
be done in the case of antibiotics, as the removal of a
few number of pharmaceuticals of this class have been
investigated using these processes. MBRs have had
noticeable performance in the removal of the selected
hormones and estrogens. There is a high research
potential on membrane contactors, as the removal of
less than 10 pharmaceutical pollutants have been stud-
ied by these processes.

Membrane processes have also been used in com-
bination of several water treatment methods for the
removal of pharmaceutical pollutants, i.e. coagulation
and sedimentation, solar photo-Fenton, photo
catalysis, ozonation, UV irradiation, and adsorption on
granular activated carbon. The results have been sig-
nificant in most of the cases.
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