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1. Introduction

In recent years, it has attracted the increasing attention on the 
presence of drugs and their remains in the aquatic environment 
[1-6]. A wide range of drugs are frequently detected in the surface 
and ground water due to their incomplete assimilation by human 
and animals as well as poor removal efficiencies in wastewater 
treatment plants [7-8]. The long-term exposure of drugs may lead 
to potential threats to human health and water ecological security 
[9-11]. Therefore, the study on the high-effective removal techni-
ques of drugs from water is an urgent need.  In recent decades, 
nanofiltration (NF), a low pressure-driven membrane process, has 
been gaining much attention due to its high rejection rates to 
many low molecule weight organic pollutants [12-15]. NF was 

a costly technology due to the short life cycle, easily fouling and 
high operation cost in the past. However, with the development 
of research and the improved manufacturing technology, the cost 
of NF has decreased significantly, which makes NF become a 
promising application in water treatment [15-19].  For the quality 
and safety of supply drinking water, it is expected that NF will 
be widely employed into drinking water treatment in the near 
future.

Recently, some researchers investigated the removal perform-
ance of drugs by NF technology [20-25]. Three major drug removal 
mechanisms are proposed, including steric exclusion, electro-
static repulsion and adsorption. Steric exclusion is considered 
as one of the removal mechanism in removing all kinds of drugs, 
especially for drugs having no charge, which are called as neutral 
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Nanofiltration (NF) technology is a membrane-based separation process, which has been pervasively used as the high-effective technology for 
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71.1 ± 1.5% and 89.8 ± 0.38%, respectively. Their rejection rates increase with the increasing of their three-dimensional sizes, which indicates 
that the steric exclusion plays a significant role in removal of these five drugs. The adsorption of estradiol with the strongest hydrophobicity 
has been studied, which indicates that adsorption is not negligible in terms of removing this kind of hydrophobic neutral drugs by NF technology. 
The removal efficiencies of indomethacin, diclofenac, naproxen, ketoprofen, ibuprofen, clofibric acid, sulfamethoxazole, amoxicillin and bezafibrate 
in ultrapure water are 81 ± 0.3%, 86.3 ± 0.5%, 85.7 ± 0.4%, 93.3 ± 0.3%, 86.6 ± 2.5%, 90.6 ± 0.4%, 59.7 ± 1.7%, 80.3 ± 1.4% and 80 ± 
0.5%, respectively. For these nine drugs, their rejection rates are better than the above five drugs because they are negatively charged in ultrapure 
water. Meanwhile, the membrane surface presents the negative charge. Therefore, both electrostatic repulsion and steric exclusion are indispensable 
in removing these negatively charged drugs. This study provides helpful and scientific support of a highly effective water treatment method 
for removing drugs pollutants from drinking water.
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drugs. The molecular weight cut-off (MWCO) of NF and the molec-
ular weight of drug are employed to evaluate the removal efficiency.  
However, it is inadequate and inaccurate to adopt the MWCO 
to evaluate the removal performance of NF as well as use the 
molar weight to weigh the size of drug molecule [20]. In addition, 
increasing environmental awareness coupled with more stringent 
regulation standards has triggered various industries to challenge 
themselves in seeking appropriate wastewater treatment tech-
nologies [21]. Note that the removal efficiency is not consistent 
with the MWCO and drug molecular weight in NF. Regarding 
this, this paper is focused on the influence of the molecular di-
mensions of three-dimensional structure on the rejection of non-ab-
sorption neutral drugs by NF [22-23]. The removal mechanism 
can be further elaborated instead of only focus on the NF MWCO 
and drug molecular weight. Besides, hydrophobic interaction is 
also noticeable between some neutral drugs and NF in the 
experiments. However, hydrophobic interaction may cause the 
different consequences, which need more researchers' efforts to 
investigate [24-26]. On the one hand, hydrophobic interaction caus-
es the membrane fouling and makes the membrane pore size become 
smaller, which can increase the removal efficiency. On the other 
hand, the hydrophobicity makes the drug absorbed onto and parti-
tion into membrane surface, which will facilitate the drug diffusion 
to go through the NF membrane.

The previous research showed that most of NF membranes 
were negatively charged at the condition of neutral or alkaline 
solution due to the dissociation of functional groups (e.g., carbox-
ylic acid groups) on the membrane surface [27]. The amount 
of negative charges on membrane surface increases with the in-
crease of the pH value of the solution due to the acid group 
on membrane surface is gradually dissociated. Thus, the amount 
of negative charges on membrane surface would be changed with 
the pH value of the solution [20-23, 28-29]. Note that drugs con-
taining acid functional groups (e.g., the carboxylic group, phenolic 
hydroxyl group and et al.) have several different forms based 
on the pH value of feed solution. These drugs are regarded as 
the negatively charged drugs. Usually, negatively charged drugs 
exist in two kinds of specifications (negative ionic and neutral 
forms) when the dissociation constant of the drug (pKa) is smaller 
than the pH value of solution. Therefore, the electrostatic re-
pulsion can occur between negatively charged drugs and negative 
NF membrane in certain solution conditions. As known, the re-
moval mechanism for negatively charged drugs is completely 
different from that of the neutral drugs. Thereby, the pH value 
of the solution plays a significant role in removing charged drugs 
by NF. Some studies have reported that the role of electrostatic 
repulsion is very crucial in removing the charged organic solutes 
[20-22, 27-29]. Based on our literature survey, the role of steric 

exclusion for removal the charged organic solutes is still not clear. 
So, it is interesting to know the removal mechanisms for the charged 
drugs. The cost of NF membrane water treatment plant varies 
and is dependent on the production capacity, type of treatment 
involved, design criteria, characteristics of land and building, etc. 
[30-31]. NF technology will have the tremendous market require-
ment in the near future with the increase of water quality standard 
and the decrease of NF cost. The rejection rate for NF membrane 
are the most important aspect for the design of membrane filtration 
plant as it is a direct measure of productivity, operating pressure 
(energy requirements) and amount of membrane required 
(membrane area) [32]. Hence, studying the rejection rate for drugs 
in the drinking water is capable to provide acceptable economic 
estimation for the water treatment by NF membrane.

Fourteen drugs (i.e. carbamazepine, indomethacin, diclofenac, 
antipyrine, naproxen, ketoprofen, ibuprofen, clofibric acid, acet-
aminophen, sulfamethoxazole, amoxicillin, estradiol, bezafibrate 
and isopropyl-antipyrine) were selected as the objective water 
pollutants due to their high exposure levels in water environment. 
These drugs also stand for a broad range of physical and chemical 
properties (i.e., size, pKa, hydrophilicity, and water solubility) 
and their different rejection rates are expected to achieve by the 
NF. In summary, this paper will employ a popular commercial 
NF membrane to remove those selected fourteen drugs and the 
removal efficiency and mechanism will be systematically 
investigated. This study will provide the helpful and scientific 
supports for the development of high-effective water treatment 
technology (NF) in the application of removing drug pollutants 
from water.

2. Materials and Methods

2.1. Membrane and Chemicals

A composite NF membrane thin film named NF-270 was selected 
in this study and the properties of NF-270 are presented in Table 1 
[29]. The physic-chemical properties of the selected 14 drugs are 
summarized in Table 2. All of the drugs were purchased from 
Sigma-Aldrich. The purities of all drugs were more than 98%. 
The stock solution was prepared by dissolving each drug 20 mg/L 
in methanol solvent and stored at -4oC [24, 29]. All chemicals 
were at least reagent grade. It is worth pointing out that based 
on the drugs distribution curve, five drugs (acetaminophen, carba-
mazepine, antipyrine, isopropyl-antipyrine and estradiol) are neu-
trally non-charged solutes and the other nine drugs are negatively 
charged solutes while the solution is ultra pure water (i.e. the 
pH value is about 7.01). 

Table 1. The Properties of NF Membrane Used in the Experiments

Material Pure water permeability (L/m2/h) MgSO4 rejection(%)a NaCl rejection(%)b Contact angle(°)c Applied pH range

polyamide 77 ± 3 99.38 51.71 20.6 ± 2 3.0-11.0

a) Experimental conditions: 5 mmol/L MgSO4 in ultra pure water, 5 bar, pH = 7.00; MgSO4 rejection based on Flame Atomic Absorption
Spectrometry measurement (FAAS).

b) Experimental conditions: 10 mmol/L NaCl in ultra pure water, 5 bar, pH = 7.00; NaCl rejection based on FAAS measurement.
c) The contact angle was measured by the static captive bubble method.  
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Table 2. Physic-chemical Properties of Selected Fourteen Drugs (n.d.: not determined)

Drug
MW

(g/mol)
logkow pKa

chemical
formula

structure
Water solubility

(mg/L)
Charge at
pH 7.00

Acetaminophen 151.16 9.5 0.46 C8H9NO2 1.4 × 104 neutral

Antipyrine 188.22 1.5 0.38 C11H12N2O 1.0 × 106 neutral

Carbamazepine 236.27 13.9 2.45 C15H12N2O 17.66 neutral

Estradiol 272.39 10.7 4.01 C18H24O2 81.97 neutral

Isopropyl-antipyrine 230.31 n.d. 1.94 C14H18N2O n.d. neutral

Indomethacin 357.79 4.5 4.27 C19H16ClNO4 0.94
negatively 
charged

Diclofenac 318.13 4.15 4.51 C14H10Cl2NaO2 2.37
negatively 
charged

Naproxen 230.26 4.15 3.18 C14H14O3 15.9
negatively 
charged

Ketoprofen 254.28 4.45 3.12 C16H14O3 51
negatively 
charged

Ibuprofen 206.28 4.91 3.97 C13H18O2 21
negatively 
charged

Clofibric acid 214.65 3.0 2.57 C10H11ClO3 582.5
negatively 
charged

Sulfamethoxazole 253.27 5.7,1.8 0.89 C10H11N3O3S 3,942
negatively 
charged

Amoxicillin 365.41 2.7 0.87 C16H19N3O5S n.d.
negatively 
charged

Bezafibrate 361.82 3.44 4.25 C19H20ClNO4 15
negatively 
charged
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In this study, we employed the parameter of three-dimensional 
structure to describe the molecular dimensions of non-absorption 
neutral drugs, so that steric exclusion effect on the removal effi-
ciency of this kind of drug can be validated in more details. The 
molecular length was defined as the distance between the two 
most distant atoms of a particular molecule [26]. The average 
dimension was employed and defined as the geometric mean of 
length, width and depth, so that the molecular size can be fully 
evaluated from the three different dimensions. This mathematical 
equation about the relation of the average dimension, length, width 
and depth is shown as follows.  

 D = (A × B × C)1/3 (1)

where D, A, B and C are the average dimension, length, width 
and depth, nm, respectively.

2.2. Filtration Protocol and Equipment

In all filtration experiments, the basic solution contained NaCl 
(10 mmol/L) and phosphate buffer (5 mmol/L). The concentration 
of drugs was 200 ug/L. The pH of the solution was achieved by 
adjusting with addition of either sodium hydroxide (0.1 mol/L) or 
hydrochloric acid (0.1 mol/L) solution. Ultra pure water was used 
for the preparation of all stock solutions and filtration experiments.

A laboratory-scale, cross-flow membrane filtration test unit is 
consisted of feed tank (1 L), diaphragm pump, flow meter and 
membrane cell (shown in Fig. 1). Temperature of the feed tank 
was maintained at 25 ± 0.5℃ by a thermostat (DC-0515, made 
in China). All experiments were carried out in a circulation mode, 
with both permeate and concentrate recycling back to the feed 
tank so as to hold the constant feed concentration. To estimate 
the removal efficiencies of NF on 14 drugs, the removal experiments 
were firstly performed with ultra pure water as a reference. For 
each experiment, a new membrane sheet with the effective mem-
brane area of 32 cm2 was used. Each experiment was conducted 
in 5 bar trans-membrane pressures. In contrast, a control experi-
ment was performed without the NF membrane sheet, which in-
dicated that the amount of drugs adsorbed on the experimental 
equipment was negligible based on the material balance. Prior 
to each experiment, the membrane sheet was soaked in ultra pure 
water for at least 48 h in order to remove impurities from 
the manufacturing process. Approximately, 0.5 mL of feed and 
permeate samples were analyzed three times in parallel. The drug

Fig. 1. Experimental equipment of NF membrane.

concentrations of the influent and effluent were basically steady 
corresponding to a constant rejection over time. Rejection of drugs 
was calculated according to Eq. (2)

R(%) = (1－Cp /Cf) × 100 % (2)

where R is the rejection rate (%), Cp and Cf are the drug concen-
trations in the permeate and feed tank, ug/L, respectively.

2.3. Analytical Methods

The concentrations of drugs were analyzed by high performance 
liquid chromatography (HPLC, Agilent 1260, USA) equipped with 
a UV detector and a Poroshell 120 EC-C18 column (4.6 × 50 mm, 
2.7 um). The detection wavelengths of carbamazepine, indomethacin, 
diclofenac, antipyrine, naproxen, ketoprofen, ibuprofen, clofibric 
acid, acetaminophen, sulfamethoxazole, amoxicillin, estradiol, beza-
fibrate and isopropyl-antipyrine were 285, 265, 280, 242, 231, 256, 
219, 228, 246, 268, 230, 279, 228 and 266 nm, respectively. 
Acetonitrile, methanol and ultra pure water (60:30:10, v:v) were 
used as the mobile phase, delivered at a constant flow rate of 0.5 
mL/min.  The injection volume was 10 uL. The value of pH was 
obtained by using a Sartorius Professional pH meter (PP-50). The 
lower limit of detecting ability for all drugs was approximately 5 
ug/L. The relative coefficients (R2) of standard curves reached 0.999.

3. Results and Discussion

3.1. Rejection Fourteen Different Types of Drugs by NF 
Technology

3.1.1. The removal efficiencies of fourteen drugs by NF technology
Fig. 2 shows that NF achieves very high rejection for the most 
of 14 drugs and the rejection rates of nine negatively charged 
drugs are higher than those of the neutral drugs. The highest 
rejection rate by NF is found for ketoprofen (93.3 ± 0.3%). However, 
acetaminophen is removed with relatively poor efficiency (16.4 
± 0.5%). It is obvious that the rejection rates of neutral drugs 
are lower in comparison to the negatively charged drugs based 
on the Fig. 2. As we know, the rejection rates of NF are quite 
high for most of pollutants even for the small molecules. However, 
the rejection rates of fourteen drugs are definitely different ranging 
from the lowest (16.4 ± 0.5%) to the highest (93.3 ± 0.3%). Sieving 
exclusion is an important removal mechanism in the process of 
membrane separation. Compared to neutral drugs, the relatively 
higher degree of rejection of the negatively charged drugs may 
due to the electrostatic repulsion aside from the steric exclusion 
mechanism. Thus, it is worth further investigating the reasons 
of considerable difference in these drugs. Therefore, the selected 
14 drugs are divided into two categories (i.e., neutral drugs and 
negatively charged drugs) based on the drug speciation distribution 
curve. It is also noted that the material balance is performed to 
investigate the amount of drugs absorbed on the membrane shell 
after the end of separation experiment. 60.16 ug of estradiol is 
absorbed on the membrane shell, whereas the absorption amount 
of other 13 drugs are less than 10 ug. The absorption effect of 
the estradiol will be specially studied in details in section 3.4.
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Fig. 2. The removal efficiencies of the selected fourteen drugs by NF.

3.1.2. Molecule weight effect on the drug rejection 
It is obvious that the relationship between the rejection and the 
molecule weight of 14 drugs is not linear based on the Fig. 3. The 
linear correlation coefficient (R2) is only 0.1499. It is prominent that 
although neutral carbamazepine has higher molecular weight than 
that of the neutral isopropyl-antipyrine (shown in Table 2), the rejection 
rate of carbamazepine is obviously lower than that of iso-
propyl-antipyrine. Thus, it seems that the rejection rate of drug is 
irrelative with their molecule weights. The molecular weight cut-off 
of NF membrane is about 300 g/mol. However, the rejection rates 
of some drugs whose molecule weight are larger than 300 g/mol are 
still below 90%. Thus, MWCO cannot accurately predict the removal 
efficiencies of drugs by NF membrane [23-24, 33-34]. The lowest 
rejection of acetaminophen among these drugs might be explained 
by two causes as follows. On the one hand, there is no electrostatic 
interaction between the neutral non-charged acetaminophen molecule 
and the membrane surface. It seems that only the steric exclusion 
can play a part (have effect or play an important role) in this kind 
of drugs rejection. On the other hand, it has the greater affinity towards 
water due to the higher water solubility (shown in Table 2), so that 
it can easily across the membrane structure into the permeate.

Fig. 3. The removal efficiencies of fourteen drugs vs their molar weights.

3.2. The Removal Mechanisms of the Neutral Drugs

3.2.1. Influence of pH on neutral drugs rejection
The rejection rates of four neutral drugs basically keep constant 
while pH value ranges from acidic condition (3.48) to alkaline 
condition (10.01) unlike the trend of acetaminophen shown in 
Fig. 4. As the pH value below 7.50, acetaminophen, carbamazepine, 
antipyrine and isopropyl-antipyrine mainly exist as neutral species. 
However, acetaminophen is negatively charged when the pH value 
above 7.50, while the other three drugs are still neutral substance. 
The amount of charges on the membrane surface is strengthened 
as the increase of the pH value. However, the rejection of carbamaze-
pine, antipyrine and isopropyl-antipyrine still keep constant. Thus, 
the removal mechanism of neutral drugs may only attribute to 
the sieving exclusion other than the electrostatic interaction. It 
is noted that at pH = 10.01, the rejection rate of acetaminophen 
significantly increases to 73.7%. The reason is that phenolic group 
of acetaminophen can be deprotonated resulting in a more neg-
atively charged, and then the electrostatic repulsion dominates 
to remove acetaminophen. The steric exclusion and electrostatic 
repulsion simultaneously exist in the alkalic solution, so that the 
rejection rate of acetaminophen can be remarkably increased by 
57.3% comparing to the 16.4% rejection rate without the electro-
static repulsion. It seems that the electrostatic repulsion has a 
stronger impact on the rejection rate of acetaminophen than steric 
exclusion. Therefore, the rejection rate of acetaminophen can be 
efficiently improved by changing the solution’s pH into alkalic 
condition.

Fig. 4. Rejection of neutral drugs by the NF membrane as the solution 
pH value.

3.2.2. Effect of molecular dimensions on the rejections of drugs
Previous studies have shown that the NF membrane has an average 
pore radius of 0.42 nm [29]. As discussed in Section 3.2.1, molecular 
weight cannot be used to stand for the precise molecular dimensions 
and predict the drug rejection rate. The average dimension, molec-
ular length, width and depth are employed to describe the molecular 
dimensions of drugs. The molecular dimensions of the three neutral 
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Fig. 5. Three-dimensional models of antipyrine and isopropyl-antipyrine.

drugs are summarized in Table 3. It can be seen that the rejection 
rates of neutral drugs by NF membrane vary from 16.4% to 89.8%. 
The rejection rates of neutral drugs appeared dramatically in ac-
cordance with the molecular length, width, depth and average 
dimension. This is the reason that the removal efficiencies of 
neutral drugs increase with the molecular dimensions. This phe-
nomenon might be attributed to their removal mechanism mainly 
determined by steric exclusion. It seems that the rejection rates 
of neutral non-adsorptive drugs increase with the average 
dimension. In addition, the three-dimensional models of antipyrine 
and isopropyl-antipyrine are presented in Fig. 5. It is apparent 
to see that the additional functional group of an isopropyl exists 
in isopropyl-antipyrine molecule structure other than the structure 
of antipyrine molecule, which indicates that the molecular di-
mensions of isopropyl-antipyrine are larger than antipyrine. 
Therefore, the rejection of isopropyl-antipyrine is higher than that 
of antipyrine attributed to the steric exclusion.

3.3. Removal Mechanisms of Negatively Charged Drugs by 
NF Membrane

Naproxen, bezafibrate and ibuprofen are employed to study the 
removal mechanisams of negatively charged drugs in this section 
due to the apparent different physico-chemical properties with 
the same special functional group of carboxyl acid group. The 
properties of these three drugs are expected to be sensitive to 
the pH value due the carboxyl acid group. The speciation dis-
tribution curves of three drugs are given in the Fig. 6.

The surface chemical characteristics of NF membrane are de-
termined by the polyamide layer. This polyamide layer contains 
both carboxylic and amine functional groups that can ionize in 
the aqueous solution [27]. The degree that NF membrane surface 
has been negatively charged can be clearly reflected and charac-
terized by using the rejection rates of sodium chloride at the differ-
ent pH values shown in Fig. 7. As seen in Fig. 7, the rejection 
rate of sodium chloride increases from 51.71% to 99.38%, which 
means the surface of NF membrane has been negatively charged 

a

b

c

Fig. 6. Speciation for (a) naproxen; (b) bezafibrate; and (c) ibuprofen 
as a function of pH, calculated based on their pKa values.

Table 3. The Relationship between Molecular Dimensions and the Removal Efficiencies of Acetaminophen, Antipyrine and Carbamazepine

Drug
R

(%)
Molecule weight

(g/mol)
AFM 
(nm)

molecular depth
(nm)

molecular width 
(nm)

molecular length 
(nm)

average dimension
(nm)

acetaminophen 16.4 151.2 105.7 0.42 0.68 1.14 0.53

antipyrine 71.1 188.2 66.6 0.56 0.78 1.17 0.66

carbamazepine 78.8 236.3 84.5 0.58 0.92 1.00 0.73
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Fig. 7. The rejection rate of sodium chloride in the NF membrane 
as a function of the solution pH.

and the degree that the NF membrane surface has been negatively 
charged increases along with pH value.

Fig. 8 shows the influence of solution’s pH on the rejection 
of three negatively charged drugs. It is observed that for NF mem-
brane, as the pH of the solution increased, the rejection of drugs 
is also increased. This is because the pH value determines the 
species distribution of drugs in the solution and changes the degree 
that NF membrane surface has been negatively charged. The per-
centage of negatively charged drugs increases as the pH value 
of the solution. Thus, the electrostatic repulsion force between 
drugs and membrane has been gradually increased, resulting in 
the increase of the rejection rates obviously. It is noted that the 
rejection rates of naproxen and ibuprofen, in contrast to that of 
bezafibrate, are significantly impacted by pH value of the solution. 
At pH = 3.48, the rejection rates of naproxen and ibuprofen are 
25.7% and 11.7%, respectively. Based on the speciation distribution 
curves, it can be seen that at pH above 5.53, the naproxen and 
ibuprofen are almost completely dissociated, indicating both of 
them exists in the form of the negatively charged substance. Thus, 
the rejection rates of naproxen and ibuprofen are sharply increased 
to 94% as the pH of the solution is higher than 5.53, due to the 
increase of electrostatic repulsion force between the drugs and 
the negatively charged membrane. When the pH is lower than 
3.48, the amount of negatively charged of membrane surface is 
decreased, and the dissociated and negatively charged drugs regain 
the proton, and then is changed to the neutral substance. Therefore, 
the elimination of charge repulsion between drugs and membrane 
is not beneficial to the removal efficiencies of drugs. In this situation, 
the rejection rates of the drugs are only determined by steric ex-
clusion and hydrophobic interactions between the drugs and the 
membrane. Besides, the rejection of bezafibrate is also influenced 
by electrostatic repulsion between the membrane and drugs. 
However, the rejection rate of bezafibrate increases from 75% to 
90% as the pH value ranges from 3.48 to 9.97. Although the degree 
that membrane surface has been negatively charged sharply in-
creases when the pH value changes from acidic into alkaline con-
dition, the increment of rejection rate of bezafibrate is smaller 

Fig. 8. Effect of pH of the solution on the rejection rates of naproxen, 
bezafibrate and ibuprofen.

than those of naproxen and ibuprofen. It seems that the electrostatic 
repulsion mechanism is more dominated in removal of naproxen 
and ibuprofen than the removal of bezafibrate.

In contrast to the solution with the lower pH value (< 5.53), 
the higher rejection rates of naproxen, bezafibrate and ibuprofen 
by the NF membrane are observed in the solution with the pH 
value ranging from 5.53 to 9.97. It is noted that steric exclusion 
may also contribute to the removal mechanism of these three 
negatively charged drugs. Generally speaking, electrostatic re-
pulsion and steric exclusion are simultaneously responsible for 
the removal of negatively charged drugs by NF membrane. 
Therefore, both electrostatic repulsion and steric exclusion are 
dominated the rejection of negatively charged drugs by NF 
membrane.

3.4. Adsorption of NF Membrane for Estradiol (E2)

The contact angle of clean NF was measured as 20.6°, which shows 
that the clean NF had contact angle within the range of the hydro-
philic material (Vogler, 1999). Adsorption has also an important 
influence on the rejection of hydrophobic drugs by using NF 
treatment. The hydrophobic drug can be easily adsorbed onto 
the NF membrane surface and then dissolved and permeated into 
the membrane. Therefore, hydrophobic interaction plays a key 
role between the drug solute and the membrane phase, and often 
results in a lower rejection rate [8]. Estradiol, which is a hydrophobic 
neutral solute with the highest logkow among the selected fourteen 
drugs, is employed to study the absorption effect during the NF 
membrane separation. The result from our previous experimental 
data in ultra pure water showed that adsorption accounted for 
30% in the rejection of the estradiol based on the material balance. 
There is no electrostatic interaction between the estradiol and 
NF membrane at the condition of pH = 7.01. The rejection of 
the estradiol only can be determined by steric exclusion and adsorp-
tion between the estradiol and the NF membrane.

During the separation process of removing estradiol, the two 
eminent phenomena are observed shown in the Fig. 9. One is 
that the concentration of estradiol in the influent decreases due 
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Fig. 9. Variation of estradiol’s concentration in both the effluent and 
influent via time.

Fig. 10. Freundlich adsorption isotherms of the amount of estradiol 
in the unit of membrane area with the concentration of estradiol.

to adsorption on the membrane surface shown in Fig. 9. On the 
contrary, the concentration of estradiol in the permeate increases 
gradually as the amount of estradiol penetrated the membrane 
phase after the absorption balance. Hydrogen bonds are formed 
between estradiol molecule and the surface of polyamide mem-
brane that make the estradiol easily to approach the membrane 
surface and then result in the higher rejection rate during the 
initial stage of membrane separation. During the initial stage, estra-
diol molecules in effluent are continuously adsorbed on the surface 
of the membrane until adsorption equilibrium is reached. Given 
that the cross flow way of NF separation, the direction of stream 
is parallel to the direction of membrane surface, which is adverse 
to build the adsorption equilibrium comparing to dead-end filtra-
tion way. Therefore, adsorption equilibrium can be built after 
40 min filtration. After the adsorption equilibrium has been built, 
the amount of estradiol that is released into the permeate can 
reach the maximum so that the concentration of the estradiol 
in the permeate can also reach the maximum, which means the 
removal efficiency of estradiol can keep constant. Therefore, the 

adsorption can contribute to enhance the rejection rate of estradiol 
in the initial stage. It is noted that estradiol would eventually 
be removed by the NF membrane through exclusion effect other 
than adsoption effect. Besides, membrane pores are decreased due 
to adsorption effect, which forces estradiol to deposite into the 
membrane, so that the exclusion effect can be strengthened. In 
the meanwhile, the amount of estradiol in membrane phase in-
creases as the increase of the concentration of estradiol in the 
feed tank. Results about batch adsorption tests performed in NF 
membrane shell are shown in Fig. 10. This adsorption behavior 
between estradiol and NF membrane matches well (R2 = 0.99646) 
with the following Freundlich adsorption isothermal model:

ln (Γe) = (1/n) × ln(Ce) + lnK (3)

where K and 1/n represent adsorption capacity and adsorption 
capacity index, respectively. Γe represents the amount of estradiol 
in the unit of membrane area (ug/cm2). Ce represents the concen-
tration of estradiol in the feed tank.

4. Conclusions

NF membrane has very high rejections for the most of fourteen 
drugs due to the different size, pKa and charge. Thus, the NF 
can be a high-effective technology to improve the quality and 
safety of drinking water. The NF membrane in removal of different 
types of drugs exhibits the different removal mechanisms. And 
the experiment results show that the rejection rates of nine neg-
atively charged drugs are commonly higher than those of the 
neutral drugs. For neutral drugs, the steric exclusion is a major 
removal mechanism and the rejection rate remarkably increases 
with the increase of 3-D structure size. For negatively charged 
drugs, both electrostatic repulsion and the steric exclusion are 
the major removal mechanisms. And electrostatic repulsion has 
stronger influence on the rejection of negatively charged drugs 
in contrast to the steric exclusion. The rejection rate of acet-
aminophen, which is one of the neutral drugs, can be improved 
by adjusting the solution into the alkalinic condition because 
electrostatic repulsion also works on removing acetaminophen 
other than steric exclusion. It is worth to point out that the 
adsorption effect cannot be neglected in removing the E2. The 
rejection rate of E2 can be strengthened by the adsorption effect. 
In summary, the steric exclusion, electrostatic repulsion and ad-
sorption effect are simultaneously existed in the removing drugs 
by using NF membrane separation.
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