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a b s t r a c t

Poor fouling and chlorine resistance significantly reduce the service life of traditional aromatic poly-
amides thin-film-composite (TFC) nanofiltration (NF) membranes, hindering their widespread applica-
tions in waste water treatment, pharmaceutical and fine chemicals industries. Herein, novel polyamide
(PA) TFC NF membranes synthesized through interfacial polymerization (IP) of amino functional poly-
ethylene glycol (PEG) and trimesoyl chloride (TMC) are designed for achieving dual resistance to fouling
and chlorine. The hydrophilic PEG based PA TFC NF membranes show positive charge since the isoelectric
points range from pH¼8.9 to pH¼9.1 and the salts rejection are in the order of
R(MgCl2)4R(MgSO4)4R(NaCl)4R(Na2SO4). The high chlorine resistant performance has been proven
by maintaining good salt rejections and high water flux of PEG based membranes after treatment by
2000 ppm NaClO for 24 h. Besides, high hydrophilicity (water angle of 15–18.2°) accounts for the ex-
cellent fouling resistance of the PEG based membranes with a water flux recovery of 90.2% using BSA as a
model molecule. Importantly, the hydrophilic PEG based NF membranes have been exploited to separate
several water soluble antibiotics (such as tobramycin, an aminoglycoside antibiotic applied in the
treatment of various types of bacterial infections). By optimizing operating conditions, the advanced
membranes show highly stable tobramycin solution flux of 37 L m�2 h�1 alongside tobramycin rejec-
tions up to 96% with 50 ppm feed concentration under 8.0 bar. When the feed concentration increases up
to 800 ppm, our membranes can still exhibit a high rejection over 92%. Therefore, as a promising “green”
technique capably declining the solvent emissions and energy-consuming, the designed PEG based NF
membranes owning highly efficient antibiotic concentration ability together with dual resistance to
fouling and chlorine have great potentials in substituting conventional separation techniques for con-
centration and purification of active molecules in pharmaceutical and fine chemicals industries.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Since discovered, antibiotics have greatly increased mankind
life and enhanced life quality. Nowadays, the preparation of anti-
biotics is typically harvested from the broths by solvent extraction.
Antibiotics extractions are concentrated and crystallized subse-
quently by thin-film evaporating method. However, such process
consumes a lot of energy since the antibiotics solution is dilute and
filtration; PEG, polyethylene
MC, trimesoyl chloride; BSA,
e sulfonate; DTAB, dodecyl
phate; TOB, tobramycin; CA,
ular weight; MWCO, mole-
TEOA, triethanolamine
the required evaporating procedure at higher temperature has a
negative influence on the quality of the final products. Besides,
large amounts of solvents have been consumed during the process,
which may be harmful for the evaporating equipment and the
effluents containing solvents and residual antibiotics can cause
harsh environment pollutions [1,2]. Responding to the urgent
demand of energy and cost savings together with environmental
reservation, it is highly valuable to find a new technique to sub-
stitute the conventional separation techniques.

As a green and energy conservation technique, membrane se-
paration has been currently exploited in broad fields featuring
nearly zero emissions and no harmful additives [1–17]. Most re-
cently, nanofiltration with unique characteristics of narrow pore
size distribution and high surface charges attracts great attention
for solving environmental and energy issues [5–8,13–17]. Majority
of the commercial NF membranes (e.g.: NF series of NF40, NF40HF,
NF200 and NF270 of Dow; UTC-60 and UTC-20HF of TORAY and
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Fig. 1. The proposed mechanism of chlorination of aromatic polyamide [25].
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HNF of Hydranautics) have been manufactured via interfacial
polymerization (IP) technique from the viewpoints of low cost and
membrane stabilities, which can form the aromatic polyamide
(PA) selective layer. However, lots of defects and performance
decline of the commercial TFC NF membranes have been generally
noticed during the practical usages because of chlorine attack and
membrane fouling. Therefore, for a longer service life, the ideal
TFC NF membranes should possess dual resistance to fouling and
chlorine. Besides, the pure water permeability needs to be further
enhanced to meet the demand of energy-saving and higher pro-
cessing speed (or product yield).

To endow the TFC NF membranes with chlorine resistance
property, greet efforts have been paid based on analyzing the
chlorine attacking mechanism (shown in Fig. 1). The costly pre-
treatments of de-chlorination and re-chlorination have triggered a
meaningful request for chlorine tolerant membranes. Among var-
ious attempts to develop chlorine resistant membranes, the ra-
tional design of chemical structures of aromatic PA based TFC
membranes to constrain aromatic PA chlorination has been proven
as the potentially promising strategy [18–27]. Based on chlorine
attacking mechanism, the chemical structure design can be con-
sidered from the following three rules: (1) substituting other
moieties [e.g., methyl (–CH3) or phenyl (–C6H5)] for chlorine sen-
sitive amidic hydrogen on the amide linkages; (2) replacing the
aromatic ring bonded to the amide nitrogenwith aliphatic chain or
cyclics; (3) preventing Orton rearrangement by adding protective
groups at the possible chlorination sites on the aromatic rings.
Accordingly, polyamides derived from aliphatic diamines are ex-
pected to be free from aromatic ring chlorination. As reported, the
chlorine resistance of polyamide membranes could be improved
by utilizing several aliphatic diamine as aqueous monomers to
react with poly acyl chloride, including ethylene diamine, iso-
propyl diamine, and p-xylylenediamine (bis-1,4-amino-
methylbenzene) [18,21,22,25,26].

On the other hand, the fouling problem of commercial NF
membranes can be effectively overcome by hydrophilic modifica-
tions. Polyethylene glycol (PEG) with the high hydrophilicity could
obviously enhance the fouling resistance of polyamide (PA) TFC
membranes through being grafted onto the PA layer as the side
chains [28–34]. The anti-fouling properties of the PEG grafted
membranes could be attributed to the enhanced membrane
wettability through the ether oxygen functional groups
(–CH2–O–CH2) on the side-chains of PA selective layers. However,
the grafted PEGs partially blocked the membrane pores, leading to
a lower initial water flux [28–32]. Although the PEG grafting
method can improve the fouling resistance of the NF membranes,
the incorporation of PEG segments in the main chains during IP
seems more attracting because of the simplicity and expected high
performance.

In this study, we firstly explore fouling and chlorine dual re-
sistance of a new type of polyamide containing aliphatic PEG
segments (–CH2–O–CH2–) on its main chain using bovine serum
albumin (BSA), sodium dodecyl benzene sulfonate (SDS), and do-
decyl trimethyl ammonium bromide (DTAB) as model molecules
in detail. The novel TFC NF membranes synthesized by IP techni-
que have a water flux as high as 66.0 L m�2 h�1 at 5 bar [35]. The
pore size structure and basic performance of such NF membranes
before and after treatment by 2000 ppm of NaClO are investigated.
The antibiotics separation performances of the novel TFC NF
membranes are evaluated by optimizing various operating condi-
tions including feed concentrations, operating temperatures and
pressures for the possible substitution of traditionally high-cost
and energy-intensive antibiotics separation technologies with
“green” membrane technology [1,2,36,37]. Furthermore, we ex-
amine the long term performance of NF membranes in a con-
tinuous cycle mode particularly for the separation of tobramycin,
an aminoglycoside antibiotic applied in the treatment of various
types of bacterial infections such as gram-negative infections and
pseudomonas. All of our work proves that developing hydrophilic
PEG based membranes makes NF process possible in substituting
the traditional high-cost and energy intensive separation tech-
nologies in the pharmacy and other fine chemicals industries.
2. Experimental

2.1. Chemical and materials

Amino-functional PEGs (Jenkem Technology Co., Ltd.); trime-
soyl chloride (TMC), m-phenylenediamine (MPDA) (Sigma-Al-
drich); γ-butyrolactone (GBL), triethanolamine (TEOA), sodium
dodecyl benzene sulfonate (SDBS), N,N′-dimethylacetamide
(DMAc), n-hexane, dodecyl trimethyl ammonium bromide (DTAB),
12% NaClO solutions, sodium dodecyl sulfate (SDS) (Sinopharm
Chemical Reagent Co., Ltd.); Na2SO4, MgCl2, NaCl, MgSO4 (Shang-
haiQiangshun Chemical Reagent Co., Ltd.), ethanol, galactose, raf-
finose, maltose, α-cyclodextrine and PEGs (aladdin) were pur-
chased from commercial sources. Bovine serum albumin (BSA,
Mn¼68,000) was obtained from Beijing Aobo Star Biotechnology
Co., Ltd. Three kinds of antibiotics (clindamycin phosphate,



Table 1
The fabrication conditions of the PEG based NF membrane.

Samples PEG Immersed time (min) TMC (wt%) Reaction time (s)

Amine-type Concentration (wt%)

MPDA/TMC MPDA 2.0 8.0 0.15 90.0
PEG600–NH2/TMC PEG600–NH2 8.0 8.0 0.15 90.0
PEG-4arm–NH2/TMC PEG-4arm–NH2 8.0 8.0 0.15 90.0

Fig. 2. The schematic of nanofiltration process of separation tobramycin: 1, feed
tank; 2, Y shape filter; 3, pump; 4, condenser; 5–7, feed valve; 8, 9, membrane cell;
10, 11, retention valve; 12, back pressure valve; 13, pressure gauge; 14, flowmeter.

X.Q. Cheng et al. / Journal of Membrane Science 493 (2015) 156–166158
tobramycin, and cephalexin) were supplied by Dalian Meilun
Biotech Co., Ltd. PES 3000p was received from Solvay cooperation
for fabricating the support membranes. All reagents were analy-
tical grade and used without any further purification.

2.2. Preparations membranes

The preparation conditions of the fabricated membranes are
shown in Table 1. The process of manufacture the fabricated
membranes was introduced in the supporting information in
detail.

2.3. Membrane characterizations

The characterized conditions of FTIR-ATR, XPS, SEM and water
contact angle of the fabricated membranes were reported in our
precious work specifically [35]. Deionized water and glycol were
utilized to evaluate hydrophilicity and surface energy. The contact
angle value was calculated by averaging over more than eight
contact angle values at different sites. In each measurement, an
approximate 2 μL droplet was dispensed onto the substrates. The
surface hydrophilicity and surface energy of the fabricated mem-
branes were calculated by the water contact angle and glycol
contact angle of the fabricated membranes. Surface energy and its
components are calculated by Eq. (1):
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where γ refers to the surface energy, the subscripts l and s refer to
liquid and solid, and the superscripts d and p refer to dispersive
and polar components, respectively. θ Refers to contact angles
between ordinary liquids (H2O or glycol) and the substrates. The
surface charge of the membrane was determined using a SurPASS
electrokinetic analyser (Anton Paar GmbH, Graz, Austria) equipped
with a conductivity electrode and a pH electrode. The zeta po-
tentials were recorded by adjusting the solution pH from 3 to 10
by 0.1 mol�1 HCl or NaOH. All measurements were performed at
room temperature (approximately 25 °C).

2.4. Pure water permeability and solute rejections of fabricated NF
membranes

Herein, we determine the separation performance of NF
membranes via cross-flow mode. The NF process designed for
tobramycin separation is shown in Fig. 2. The water flux and PWP
were calculated with the following equations:
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where F represents the water flux (L m�2 h�1), A is the effective
membrane area (m2), t is the operation time (h); V (L) is the vo-
lume of the pure water (or solution) penetrating through the
membrane, ΔP is the trans-membrane pressure (bar) and Fw is the
pure water flux (L m�2 h�1).

The solute rejections of TFC NF membranes are calculated by
Eq. (4):
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where Cf and Cp are the solute concentrations in the feed and the
permeate solutions, respectively. The concentrations of different
inorganic salts were determined using an electric conductivity
meter (DDSJ-308F, Shanghai Leici, China) (results of pure water
flux and salts rejection are shown in Fig. 3). The concentrations of
organic solute solutions were measured by a total organic carbon
analyzer (TOC V CPN, Shimazu, Japan). Each data point reported
the average value of three repetitions of each test, and the
standard deviation is within 75%.

2.5. Mean effective pore size and pore size distribution

The calculations of mean pore size and pore size distribution
were based on the theory established by Michaels’s and Singh’s
work [38,39]. It is assumed that the solute rejection relates with
solute size using log normal probability function, which can be
described in the following equation:
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where RT is the solute rejection, rs represents the solute radius, μs

is the geometric mean radius of solute at RT¼50%, sg is the geo-
metric standard deviation of μs which is defined as the ratio of the
solute radius at RT¼84.13% and RT¼50%. The relationship between
RT and rs can be expressed using Eq. (6) using a log-normal
probability equation:

F R A B rln 6T s( ) = + ( )

The values of sg and μs determine the sharpness and the po-
sition of the rejection curves, respectively.

0.2 g L�1 solutions of ethanol, maltose, galactose, raffinose, α-



Fig. 3. Surface charge properties of fabricated TFC NF membranes: single salts rejections performance and water flux of the fabricated membranes (I) MPDA/TMC; (II)
PEG600–NH2/TMC; (III) PEG-4arm–NH2/TMC; zeta potential of the fabricated membranes: (IV) zeta potential.
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cyclodextrine and PEGs were applied to determine the solute re-
jection. The relationship between molecular weight (Mw or MW)
and stokes radius of these known solutes can be expressed by the
following equation [40,41]:

rlog 1.52517 0.47956 log MW 7= − + ( )

By obtaining a radius from any of hypothetical solute, the cor-
responding molecular weight of the hypothetical solute could be
calculated by this equation. Thus, the molecular weight cut off
(MWCO) of TFC NF membranes can be gained using this approach.

Without taking into consideration of the effects of the steric
and hydrodynamic interaction between solute and pores on the
solute rejection, the mean effective pore radius (μp) and the geo-
metric standard deviation (sp) are assumed as the same as μs and
sg. Hence, the pore size distribution of TFC NF membranes can be
depicted as the following probability density function:
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where dp is the pore size in diameter.
The Stokes radii (m) of PEGs were determined based on mo-

lecular weights [42,43]:

r 16.73 10 MW 9s
12 0.557= × × ( )− −

where rs is the corresponding Stokes radii of the PEGs and MW
(g mol�1) is the molecular weight of the PEGs. The molecular
weights of PEGs used in this study were 2000, 4000, 10000 and
35,000 g mol�1. Stokes radii of ethanol, raffinose, galactose, mal-
tose, α-cyclodextrine are listed in Table S1.

2.6. Chlorine resistance testing

The chlorine stability experiments were performed using
sodium hypochlorite solution. The membranes were immersed in
2000 ppm NaClO aqueous solution about 24 h. Then, the mem-
branes were picked out from NaClO aqueous solution and the
excess solution on their surface was removed by fresh water over
three times. Before determination of the membrane performance
after the NaClO treatment, the membrane was immersed in water
for 24 h for further removing the excessive NaClO on the mem-
brane surface. The chlorine resistance performance was char-
acterized by comparison of the performance of the membranes
before and after NaClO treatment. The results of antifouling per-
formance are shown in Fig. 5 and Table 3.

2.7. Fouling resistance testing

Membrane fouling when the membranes were exposed to a
salt solution containing 50 ppm of the protein BSA, was evaluated
with a feed solution at pH¼4.8 (the isoelectric point of BSA [44]).
Operation at the isoelectric pH and with the above selected salt
solution can increase the propensity for BSA fouling and thus
enable rapid comparison of the fouling propensity of the tested
membranes [45]. Additional fouling tests were carried out using a
50 ppm dodecyltrimethylammonium bromide (DTAB, a cationic
surfactant) solution and a 50 ppm SDS solution, respectively. The
whole fouling process is illustrated in Fig. 5I in detail. Firstly, the
pure water fluxes of the membranes were tested with the flow
rate set to 70 L h�1 at 25 °C under 5.0 bar for about 40 h. Then, the
fouling model molecule solutions were passed through the
membranes for about 120 h. Water fluxes of the fouling solutions
were recorded and calculated the water flux decline after fouling
experiments. After that the fouling model molecule solutions were
discharged and pure water was added into feed tank. Then, the
pure water flux was determined after the membrane was cleaned
by pure water for 40 h. Finally, the waste water was discharged
and new pure water was poured into the feed tank. Another 40 h



Fig. 4. The pore size distribution of fabricated TFC NF membranes: (I) before NaClO treatment; (II) after NaClO treatment.
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were tested for getting pure water flux recovery of the membranes
after the cleaning.

Normalized flux was used to evaluate the antifouling perfor-
mances of composite NF membrane [46–49]. The normalized flux
was calculated by the following equation:

J
F
F

100%
10i

i

0
= ( )·

( )
Fig. 5. The process of the fouling experiments and the antifouling performance of fabric
the NF membranes; (III) fouling behavior using BSA as model molecules; (IV) fouling b
molecules.
where Ji means the normalized flux, Fi represents the solution flux
or the pure water flux after cleaning, F0 means the initial pure
water flux. During the fouling process, normal flux is also defined
as water flux decline. During the cleaning process, normal flux
means the flux recovery ratio (FRR). The higher water decline and
the higher value of FRR indicated the better antifouling property of
membranes.
ated NF membranes: (I) fouling testing procedure; (II) anti-fouling performance of
ehavior using DTAB as model molecules; (V) fouling behavior using SDS as model



Table 2
The contact angle and the surface energy of the fabricated NF membranes.

Membrane Contact angle (deg) Surface-energy components
(mJ m�2)

Water Glycol γL γL
p γL

d

PES 68.972.3 46.372.8 34.8 18.1 16.7
MPDA/TMC 47.371.6 22.172.7 51.5 39.0 12.5
PEG600–NH2/TMC 18.271.7 12.671.3 81.5 78.9 2.6
PEG-4arm–NH2

/TMC
15.77 1.1 10.370.9 83.0 80.5 2.5

Table 4
The main performance of the fabricated membranes.

Samples MPDA/TMC PEG600–NH2

/TMC
PEG-4arm–

NH2/TMC

PWF(L m�2 h�1 ) (P¼5.0 bar) 18.0 66.0 47.0
Effective mean pore radius
(nm)

0.32 0.42 0.38

MWCO (g mol�1) 357.0 677.8 496.1
Zeta potential (mV at pH¼7) �32.1 2.23 3.31
R (Tobramycin) (%) 90.4 91.2 95.3
Tobramycin Flux (L m�2 h�1)
(P¼5.0 bar)

8.7 34.2 25.8
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3. Results and discussion

3.1. The hydrophilicity of TFC NF composite membranes

The PEG built on the main chains of PA should obviously im-
prove the hydrophilicity of NF membranes, which is expected to
endorse the membranes with dual resistance to chlorine and
fouling and enhance the membrane performance. Therefore, the
hydrophilicity of the aforementioned membranes is firstly quan-
tified using water contact angles (shown in Table 2). The contact
angles of PES substrate and MPDA/TMC membrane are larger than
47.3°, which are comparable to those reported by Rahimpour et al.
[50]. PEG600–NH2/TMC and PEG-4arm–NH2/TMC show a water
contact angle with 18.2° and 15.7°, respectively, indicating that the
advanced PEG based PA TFC NF membranes owe high hydrophilic
surface. To further clarify the reasons of the enhanced membrane
hydrophilicity, we also determine the surface energy of the
membranes. The increased polar component and the decreased
nonpolar component of surface energy of the membranes along-
side the increment of total surface energy cause the effectively
enhanced hydrophilicity, which can be ascribed to the hydrophilic
structure (–CH2–O–CH2–) existing in the main chain of selective
layer molecules [28–35].

3.2. Basic performance of the hydrophilic PEG based TFC NF
membranes

The basic performances of hydrophilic PEG based TFC NF mem-
branes were examined including water permeability, rejection per-
formance for single electrolyte solutions and surface charge properties.
The water permeability and rejection performance for different single
salt electrolyte solutions with 2.0 g L�1 concentration with different
operating pressures in aqueous solutions are shown in Fig. 3. The
separation performance of the PEG600–NH2/TMC membranes and
PEG-4arm–NH2/TMC membranes are slightly different because that
the pore size of PEG-4arm–NH2/TMC membranes is smaller and the
selective layer of PEG-4arm–NH2/TMC membranes owns better net-
work structure as discussed in our previous work [35]. Generally,
PEG600–NH2/TMC membranes and PEG-4arm–NH2/TMC membranes
with larger pore sizes exhibit higher water flux compared with MPDA/
TMC membranes, possibly reducing the energy consumption sig-
nificantly during the practical process (pore radius shown in Table 4)
Table 3
The performance of the fabricated membranes before and after chlorine treatment.

Membrane Before NaCIO treatment

Water flux (L m�2 h�1) (d) MgSO4 rejection (%) (d) MWCO

MPDA/TMC 18.072.3 85.873.6 356.9
PEG600–NH2/TMC 66.173.2 80.271.8 677.8
PEG-4arm–NH2/TMC 47.072.7 85.274.6 496.1
[35]. In fact, different salt rejections can be used to determine the
surface charge polarity of NF membranes studied here (Fig. 3). The
MPDA/TMC membranes show higher rejection rates towards di-va-
lence anions like SO4

2−, while displaying lower rejections towards
mono-valence ions e.g. Naþ and Cl� , and di-valence cations (Mg2þ)
in the order of R(Na2SO4)4R(MgSO4)4R(MgCl2)4R(NaCl) (In
Fig. 3I–III). This infers that the surface charge of MPDA/TMC is nega-
tive, which is in accord with the literatures [5,51–54]. Interestingly, the
salt rejection order of PEG600–NH2/TMC is
R(MgCl2)4R(MgSO4)4R(NaCl)4R(Na2SO4), which is obviously dif-
ferent from that of MPDA/TMC. Theoretically, the salts rejection order
of NF membranes can be attributed to both steric effects and Donnon
effects [3,52–55]. Based on the Donnon effects [55,56], such salts re-
jection order of PEG600–NH2/TMC indicates a positively charged
surface. This result has been proved by the zeta potential of the
membranes too. The zeta potentials of various NF membranes are il-
lustrated in Fig. 3IV. And the isoelectric points of the PEG based NF
membranes range from pH¼8.9 to pH¼9.1, revealing that the surface
charge of PEG based NF membranes is positive at pH¼7.0. Different
tendencies are shown in the commonMPDA/TMC NFmembranes. The
phenomenon could also be explained by the XPS results [35]. For the
PEG based membranes, the ammonium form (-NH3

+) exists in the
selective layer molecules, indicating that the membrane may show
positive charged. Whereas the MPDA based membranes are negative
charged resulting from the hydrolysis of –CO–NH– bond [3,23,24,50],
the positive charged membranes may be more suitable for removing
the positively charged heavy metal ions and desalination of hard
water.

To clearly obtain water permeable performance and single salt
rejection of the hydrophilic NF membranes, the changes of these
factors along with the operating pressure are investigated. As
shown in Fig. 3I–III, the water flux linearly increases with in-
creasing the operating pressure and the rejection of different salts
also increases with increasing the operating pressure slightly.
During the diffusion of water through the membrane, the driving
force is the trans-membrane pressure. However, for the solute
molecules, the main driving force is the concentration difference
across the membrane [57–59]. When the trans-membrane pres-
sure increases, the diffusion rate of water has relatively higher
increment when compared to that of solute. This causes a lower
solute permeate concentration and higher rejection of salts [57–
59]. Similar phenomena have also been reported in the literature
After NaCIO treatment

(g mol�1) Water flux (L m�2 h�1(d) MgSO4 rejection (%) (d) MWCO (g mol�1)

23.472.8 73.274.7 763.5
67.173.5 79.374.3 700.4
48.274.3 83.872.1 522.0
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[60].

3.3. Chlorine resistance performance of hydrophilic PEG based TFC
NF membranes

In the practical process of NF in industry, NaClO solution should
be applied to clean the fouled membranes for maintaining the
membrane service life. As discussed above, chlorine attacks the
sensitive amidic hydrogen linking to aromatic ring, which makes
the membrane lose the separation performance. Therefore, the NF
membranes comprising of polyamide selective layer prepared by
saturated aliphatic poly amines and TMC should own higher
chlorine resistance. The performance and pore size distribution of
the fabricated membranes before and after the NaClO treatment
are illustrated in Table 3 and Fig. 4, respectively. The water flux of
the MPDA/TMC membrane increases from 18.0 to 23.4 L m�2 h�1.
Similarly, the pore diameter and MWCO increases from 356.9 to
763.5 g mol�1 while the MgSO4 rejection decreases from 85.8% to
73.2% after the chlorine treatment. These results reveal that the
membrane structure is deteriorated significantly by NaClO treat-
ment. Surprisingly, the pore diameter, pure water flux, MWCO and
MgSO4 rejection of the NaClO treated PEG600–NH2/TMC and
PEG-4arm–NH2/TMC change little compared with those of the
untreated membranes. No active H exists in the selective layer
molecules may account for their higher chlorine resistance per-
formance compared to the traditionally commercial PA TFC
membranes. Consequently, designing a selective layer structure
with saturated aliphatic poly amines is a feasible way to enhance
the chorine resistance performance of the TFC NF membranes
[18,19,25,26]. Substantially, high chlorine resistant performance
will prolong the service life of the hydrophilic PEG based mem-
branes significantly.

3.4. Antifouling performance of Hydrophilic PEG based TFC NF
membranes

The full procedure for measuring the antifouling performance
of the hydrophilic PEG based TFC NF membranes and the struc-
tures of the three fouling model molecules are shown in Fig. 5I.
The initial water flux, water decline and water flux recovery of the
fabricated membranes are summarized in Fig. 5II based on the
results of III–V. When using pure water for the flux test of NF
membranes, the water flux declines slightly during the first 40 h
for all tested membranes. However, water flux decreases sig-
nificantly when pure water is replaced by the BSA solutions. After
about ten to twenty hours of BSA fouling, the water flux decline of
the MPDA/TMC, PEG600–NH2/TMC and PEG-4arm–NH2/TMC has a
plateau around 40%, 68% and 68%, respectively, and then fluctuates
at the similar levels. After cleaned by fresh water, the water flux of
the membrane recovers. For the MPDA/TMC membranes, the wa-
ter flux recovers gradually to 68% of its initial water flux value after
40 h cleaning by water. Then, it keeps around this level. The water
flux changes of MPDA/TMC during the testing process indicate that
the membranes are easy to be contaminated by organic molecules
and the fouling on the membranes is hard to be cleaned. Inter-
estingly, for the PEG600–NH2/TMC and PEG-4arm–NH2/TMC
membranes, the water flux rapidly recovers over 90% of their in-
itial flux values only after 10 h cleaning by water, indicating that
the PEG based NF membranes possess high anti-fouling perfor-
mance. There are two main reasons for such phenomenon. Firstly,
the high hydrophilic surface of the PEG based PA TFC membranes
makes BSA (or other contaminants) hard to be deposited on the
membrane surface. Secondly, the fouling on the hydrophilic PEG
based PA TFC NF membranes is easy to be cleaned since a water
layer can be built on the selective layers with H bonds between
CH2–O–CH2 segments of PEG based NF membranes and water
molecules [28–34]. When the DTAB and SDS are used as the
fouling model molecules, it is pleased to observe the similar ten-
dency, indicating that the novel membranes are resistant to broad
fouling contaminants. Specially, for the negatively charged mem-
brane (MPDA/TMC), it shows poorer anti-fouling performance to
the positively charged organic model molecules (DTAB), whereas
the positively charged membranes show opposite tendency for the
electrostatic attraction effects. The MgSO4 rejection of fabricated
NF membranes was also tested after fouling experiments. Inter-
estingly, all of the membranes show a little higher MgSO4 rejec-
tions for the pores blocked by the model foulants after fouling
[49,61].

In summary, the MPDA/TMC membrane owns the lowest initial
water flux, lowest water decline and lowest water flux recovery,
revealing that fouling occurs easily. The PEG600–NH2/TMC and
PEG-4arm–NH2/TMC membranes present excellent antifouling
performance with similar water decline (over 60%) and water flux
recovery (over 88%), due to their much higher hydrophilic surface
(water contact angle 15–18°) and –CH2–O–CH2– units in selective
layers of the novel membranes. Therefore, the restrained con-
taminate and cleaning easiness will reduce the necessity of tedious
cleaning process, prolong interval of cleaning, and diminish the
hazardous chemical emissions like NaClO.

3.5. Antibiotics separation performance of hydrophilic PEG based TFC
NF membranes

3.5.1. General performance of the fabricated membranes in separa-
tion of antibiotics

The application of these TFC NF membranes for the antibiotics
separation was carried out in aqueous solution with feed con-
centration of 50 ppm and flow rate of 70 L h�1 under 5 bar at
25 °C. Three kinds of antibiotics are used and their structures are
illustrated in Fig. 6. Due to its small pore diameter, the MPDA/TMC
membrane presents high rejections (over 90%) to all of the three
kinds of antibiotics [35]. The MPDA/TMC membrane exhibits the
highest rejection to clindamycin phosphate (98.6%) for its highest
molecular weight and negative charge in aqueous solutions.
However, the water flux of the typical MPDA/TMC membrane is
below 10 L m�2 h�1 under 5 bar, limiting its application in se-
paration of antibiotics. Compared with MPDA/TMC membranes,
the PEG600–NH2 and PEG-4arm–NH2 membranes reject more
tobramycin since it presents positive charges in aqueous solutions
resulting from the hydrolysis of the multi amino groups in to-
bramycin structures. The tobramycin rejection of PEG600–NH2 and
PEG-4arm–NH2 membranes reach 91.2% and 95.3% with the water
flux of 34.2 and 25.8 L m�2 h�1 bar�1, respectively. In general, the
hydrophilic PEG based NF membranes show high water flux (over
25 L m�2 bar�1) and high rejection (over 80%) to all kinds of tes-
ted antibiotics, especially tobramycin. Higher rejections might be
achieved further by series NF process using PEG based TFC NF
membranes.

Ideally, achieving dual resistances to fouling and chlorine of
PEG based NF membranes makes the service life of developed
membranes much longer by decreasing clean frequency and in-
creasing the cleaning times in practical NF process, which are
beneficial to declining the environmental contamination and en-
ergy-consuming. Therefore, hydrophilic PEG based membranes are
selected to investigate how the separation performance is affected
by the operating conditions.

3.5.2. Optimizing performance of the hydrophilic PEG based NF
membranes in separation of antibiotics

During the NF separation process, the operating conditions
including operating pressures, operating temperatures, flow rates
and feed concentration have great effects on the separation



Fig. 6. Separation performance of antibiotics of the fabricated membranes: NF-1 presents for MPDA/TMC membrane; NF-2 presents PEG-4arm–NH2/TMC membrane and NF-
3 presents PEG600–NH2/TMC membrane.
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performance of the NF membranes and NF service life
[2,5,57,60,62–69]. By adjusting the operating conditions, the con-
centration polarization of the NF membranes could be minimized
to require better comprehensive separation performance. There-
fore, taking the separation of tobramycin as an example, we have
further investigated the effects of operating temperature, operat-
ing pressure and flow rate of feed solution on the separation
performance of the NF membranes (highest rejection for to-
bramycin). Subsequently, the effects of feed concentration on the
NF membranes and long term separation performance of the NF
membranes are explored for confirmation of the feasibility of NF in
Fig. 7. The effects of operating conditions on the performance of separation of tobram
concentrating tobramycin. Fig. 7I–III shows that the effects of the
operating conditions on the NF separation performance.
PEG-4arm–NH2/TMC demonstrates a higher rejection and a lower
permeate flux than PEG600–NH2/TMC because of its lower pore
size (shown in Table 4) [35]. Higher temperature can make the
pores of the NF membranes larger, the diffusion rate of tobramycin
and water molecules higher and the viscosity of feed solution
lower, resulting in a higher permeate flux and lower rejections
[2,62–64]. With the increment of operating pressure, both rejec-
tions and permeate flux of the NF membranes increase. The mass
transfer through the membranes is pressure driven for solvents
ycin: (I) temperature; (II) pressure; (III) feed flow rate; (IV) feed concentration.



Fig. 8. Long term performance of tobramycin separation.
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(water or other solvents); however, the concentrations difference
cross the membrane plays dominant roles in driving the solute
molecules passing through NF membranes [6,57,60,65]. The in-
creasing of operating pressure makes the solvent driving force
increased, whereas the solute driving force remains the same level
since the initial feed concentration is the same, which results in
the increment of tobramycin rejections. From Fig. 7II, we could
also draw a conclusion that higher pressure causes a compaction
of the NF membranes, since the increasing rates of permeate flux
of the NF membranes is lower than that under higher pressure
(over 8.0 bar). The permeate flux is increased remarkably with the
flow rates increasing from 30 to 70 L h�1 and then is slightly in-
creased with further increment of flow rates (Fig. 7III). The rejec-
tion of the NF membranes changes little with the increment of the
flow rate. Higher flow rates can diminish the concentration po-
larizations of the membranes, causing a remarkable increment of
permeate flux and slightly increasing of rejections [2,51,66,67].
Considering the comprehensive separation performance, the
compaction effects of the membranes under high pressure, the
pump loss and the energy consumption, 30 °C, 8.0 bar and
70 L h�1 of flow rate are chosen as the optimum temperature,
operating pressure and flow rate in tobramycin separation, at
which the PEG600–NH2/TMC membrane and PEG-4arm–NH2/TMC
membrane shows tobramycin high flux of 57.2 and 42.1 L m�2 h�1

(over 50% increased) with high tobramycin rejections up to 91.4%
and 96.1%, respectively.

Furthermore, the effects of feed solutions concentration on the
NF membranes separation were investigated, Fig. 7IV. Both
permeate flux and solute rejections decrease with the increment
of the feed concentration. Higher feed concentration makes solute
molecules pass through the NF membranes more easily alongside
easier formation of concentration polarization-gel layer, which
could cause the decreasing of permeate flux and rejections
[2,62,68,69]. Surprisingly, both of the NF membranes are observed
to show nearly 90% rejections even with the 800 ppm concentra-
tion of feed solutions according to Fig. 7IV. That means if the initial
concentration of the feed solution is 50 ppm, the concentration
ratio of tobramycin can reach over 16, which could significantly
reduce the volume of the concentrated tobramycin solution so as
to effectively decrease the solvent used during the solvent ex-
traction. Consequently, the NF process is a much green separation
technique with less solvent emission. In fact, the permeate solu-
tion can be recycled back to the feed bank for concentration fur-
ther, targeting at nearly zero emission during the separation
process.

Furthermore, the long term performance of novel NF mem-
branes in tobramycin separation were explored using continuous
cycle mode (shown in Fig. 8). The feed concentration was 50 ppm
with a flow rate of 70 L h�1 at 30 °C under 8 bar. The NF mem-
branes show high stable permeate flux of 46 L m�2 h�1 and
37 L m�2 h�1 with rejections over 92%. Therefore, the hydrophilic
PEG based TFC NF membranes have great potential in concentra-
tion/recovery of antibiotics in the manufacture of antibiotics pro-
cess/in waste water discharged during the manufacture of
antibiotics.
4. Conclusions

Novel PEG based PA TFC NF membranes own high hydrophilic
and positive charged surface, showing high pure water perme-
abilities. The high chlorine resistance performance and antifouling
performance for long service life have been achieved in the PEG
based PA TFC NF membranes due to the unique molecular struc-
ture and high hydrophilic surface. The hydrophilic PEG based PA
TFC NF membranes with high water flux have been unitized in the
separation of antibiotics. Higher permeate flux with high rejec-
tions make them possible to separate antibiotics, especially for
positive charged ones like tobramycin. By optimizing the operating
conditions, the rejections of NF membranes can reach up to 96%
with high permeate flux over 37 L m�2 h�1 under 8.0 bar. There-
fore, the membranes show great potential in concentration/re-
covery of antibiotics in the manufacture of antibiotics process/in
waste water discharged during the manufacture of antibiotics,
especially for tobramycin. With the development of the membrane
materials, as a green separation technique, NF process shows great
promising in substituting the conventional separation technique in
pharmacy and other fine chemicals industries.
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Nomenclature

γ surface energy
F water flux
A effective membrane area
ΔP trans-membrane pressure
Fw pure water flux
R rejection
rs solute radius

http://dx.doi.org/10.1016/j.memsci.2015.06.048
http://dx.doi.org/10.1016/j.memsci.2015.06.048


X.Q. Cheng et al. / Journal of Membrane Science 493 (2015) 156–166 165
d the pore size diameter of the membranes
Ji normalized flux
Fi solution flux
F0 initial flux
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