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a b s t r a c t

Two commercial forward osmosis (FO) membranes (HTI-ES and HTI-NW) were employed to study the
rejection performance of 24 pharmaceuticals (PhACs) using NaCl as the draw solute. The PhAC
permeability coefficient (B value) was determined for each PhAC by using both the reverse osmosis
(RO) mode method and the diffusion cell method. The B values were used to predict the rejection ratios
in the FO mode. The rejection ratio increased with the increase of draw solute (NaCl) concentration for
each PhAC. Under a NaCl concentration of 1 mol/L, all PhACs were highly rejected by 490%, except for a
few including nalidixic acid, gemfibrozil, carbamazepine and sulfamethoxazole, which were rejected by
80–90% when HTI-ES membrane was used. The HTI-NW membrane could reject PhACs better than the
HTI-ES membrane; however, the PhACs followed almost an identical sequence in terms of the rejection
ratios. Results showed that the B values for several charged PhACs of relatively low molecular weight
obtained by the diffusion cell method could be substantially larger than that determined by the RO mode
method. In comparison with the experimental data, the B values obtained by the diffusion cell method
were more appropriate to be used to predict the rejection ratios of the PhACs by the solution–diffusion
model during FO operation. The underestimation of the B values by using the RO mode method might be
primarily due to the ion exchange mechanism caused by reverse draw solute permeation during FO
operation. Compared with the hydrophobicity and the charge properties, the molecular weight of PhAC
was a more important factor in determining its B value. Very low B value is expected if the molecular
weight is higher than 300 Da. Exceptions, however, were found including clofibric acid, gemfibrozil and
sulfadiazine. The solute-membrane affinity should also be taken into consideration when trying to link
the B values with physicochemical properties of the PhACs.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Forward osmosis (FO) is a membrane-based operation in which
water flows across a semi-permeable FO membrane from a feed
water (FW) of lower osmotic pressure to a draw solution (DS) of
higher osmotic pressure [1–5]. Some other unit operations such as
reverse osmosis (RO) and membrane distillation are then employed
to produce clean water and re-concentrate the diluted DS. FO
processes have been gaining popularity in recent years. They are
considered as one of the most promising technologies for the next-
generation of water production from non-conventional sources (e.g.
wastewater) owing to their lower energy consumption and lower
membrane fouling propensity compared with direct RO processes.
One of the biggest concerns about FO treatment of wastewater,
however, is its performance in rejecting the trace organic compounds

(TOrCs) that are ubiquitously contained in wastewater. Many of the
TOrCs, even at low concentrations, can potentially pose considerable
toxicological effects, especially when they coexist as complex
mixtures [6].

The removal efficiency of a contaminant by the FO process
depends on a number of factors that include the properties of both
the membrane and contaminant, and the operational conditions.
The rejection of TOrCs by FO was recently reviewed by Coday [7].
In general, most TOrCs can be well rejected by FO operation with
similar efficiencies to that by RO operation. However, the rejection
ratios differed substantially among the various TOrCs. It would be
highly desirable if the performance of FO in rejecting the different
TOrCs under various conditions could be well predicted.

Like most of RO membranes, typical FO membranes are dense
membranes, and the transport of water and solutes (including the
TOrCs) through them can be best quantified by the solution-diffusion
model. This model proposed that water and solute molecules first
dissolve into the membrane at the feed-membrane interface, then
diffuse through the membrane driven by the chemical potential
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gradient, and finally dissolve out at the membrane-permeate inter-
face [8]. The solution–diffusion model was successfully employed for
the prediction of the FO rejection of some inorganic contaminants [9]
and ionic organics of low molecular weight (haloacetic acids) [10]. By
far, little effort has been made to predict the FO rejection of TOrCs by
using the solution–diffusion model.

Several key parameters required when using the solution–diffu-
sion model include the water permeability (A value), solute perme-
ability (B value) and intrinsic length scale of the FO membrane
support layer (S value). The A and S values are usually known for
most commercial FO membranes or can be easily determined by
experiments, but the B values for most TOrCs are unknown and, by
far, must be determined for each individual by doing experiments. In
general, two common methods have been used to determine the
B value: one runs the FO membrane in the RO mode (i.e. the RO
mode method) and the other conducts diffusion test by using
diaphragm cells (i.e. the diffusion cell method). However, it is
preferable if the B value can be calculated from the structural or
characteristic properties of the TOrC molecule.

Very limited previous studies, however, indicate that B values
obtained for a same TOrC by the twomethods may differ substantially,
and the choice of the determination method becomes a concern. Xie
et al. [11] demonstrated that at the same permeate flux, rejection
ratios for some hydrophobic trace organics under FO mode were
higher than those under RO mode. They attributed this observation to
the retarded diffusion of TOrC (from the FW to the DS) by the reverse
diffusion of the draw solute (from the DS to the FW) that occurred in
the FO process. When an FO membrane is operated in the RO mode,
the water, inorganic salt and TOrC fluxes are all to the permeate
direction; when operated in the normal FO mode, the salt (as draw
solute) flux is reverse to that of water and TOrCs. In a recent study,
Irvine et al. [12] proposed that, in addition to the classical solution–
diffusion mechanism, ion exchange mechanism could also contribute
to the diffusion of nitrate ion from the FW to DS, thus resulting in a
lower rejection ratio than predicted by only considering the solution–
diffusion mechanism. When FOmembrane is placed in a diffusion cell,
there is TOrC flux only but no water or salt flux. Another big difference
among the above three different operations is that hydraulic pressure

is applied to the active layer of the FO membrane in the RO mode, but
not for the other two. In order to predict the solute rejection, the
applicability of the B values obtained by the two methods needs to be
validated.

Pharmaceuticals (PhACs) are one group of TOrCs widely pre-
sented in wastewater. This study was conducted to investigate the
performance of two commercial FO membranes (HTI-ES and HTI-
NW) in rejecting a variety of PhACs under different draw solute
concentrations. The purposes were to find the PhACs that were
poorly rejected by FO operation and to compare the performance
of the two FO membranes. When possible, the B values for the
investigated PhACs were then determined, to validate the applic-
ability of the RO mode method and the diffusion cell method in
predicting PhAC rejection ratios for FO systems. Lastly, an attempt
was made to try to link the B values with the respective physico-
chemical properties.

2. Materials and methods

2.1. The FO system and operations

A bench-scale cross-flow FO system was used to investigate the
performance of FO membranes in rejecting a variety of PhACs
under a series of osmotic differences across the membrane. The
system was identical to that described previously [10]. In brief, the
system consisted of a membrane cell, two variable-speed gear
pumps (Longer, USA) for FW and DS recirculation, a digital balance
(Mettler Toledo, Germany) for the measurement of the decrease of
the FW weight, a computer for data logging, and necessary tubings.
The effective area of the FO membrane was 40.5 cm2, and the active
layer of the membrane always faced the FW. The heights of the flow
channels for DS and FW were both 2 mm. The flow directions of the
FW and DS were counter-current with a flow velocity of 20.4 cm/s
each. The DS was NaCl solution at a concentration varying from 0.1 to
3 mol/L. The FW was prepared by dissolving a mixture of 24 PhACs
(Table 1) (all from Sigma-Aldrich, Germany) into a background
electrolyte solution (10 mmol NaCl and 0.1 mmol NaHCO3, pH 7.1) to

Table 1
Physicochemical properties for the investigated PhACs.

Compounds MW (g/mol) pKa a Log P a Charge (@pH 7) a Diffusion coefficientb (10�10 m2/s) Stokes radiusc (nm) Log D @7.4a

Amoxicillin 419.4 2.6,7.3, 9.7 0.87 0 4.95 0.49 �2.43
Ampicillin 349.4 2.5, 7.3 1.35 0 4.83 0.51 �1.78
Carbamazepine 236.3 13.9 2.45 0 6.19 0.39 2.67
Cephalexin-hydrate 365.4 4.5 0.65 0 5.21 0.47 �2.44
Chloramphenicol 323.1 5.6 1.14 0 5.47 0.45 1.02
Ciprofloxacin 331.3 6.1 0.28 0 5.15 0.47 �1.23
Clofibric acid 214.6 3.2 2.57 �1 6.49 0.38 �0.9
Diclofenac 296.1 4.2 4.51 �1 5.43 0.45 0.95
Diltiazem 414.5 8.9 2.8 1 4.29 0.57 2.1
Erythromycin 733.9 8.9 3.06 1 2.95 0.83 2
Gemfibrozil 250.3 4.8 3.4 �1 5.32 0.46 1.77
Indomethacin 357.8 4.5 4.27 �1 4.89 0.5 �0.01
Metoprolol 267.4 13.9 1.79 1 5.16 0.47 0.026
Nalidixic acid 232.2 8.6 1.59 �1 5.34 0.46 �2.02
Naproxen 230.3 4.2 3.18 �1 6.03 0.4 0.067
Nizatidine 331.5 2.1,6.8 1.1 0 4.84 0.5 0.92
Norfloxacin 319.3 6.3, 8.8 �1.03 0 5.22 0.47 �1.06
Propranolol 259.3 9.4 3.48 1 5.35 0.46 1.36
Ranitidine 314.4 8.4 0.27 1 4.85 0.5 0.19
Roxithromycin 837 14.1 2.75 1 2.72 0.9 2.9
Sulfadiazine 250.3 6.4 �0.09 �1 6.14 0.4 �1.03
Sulfamethazine 278.3 7.6 0.89 �1 5.88 0.42 0.53
Sulfamethoxazole 253.3 1.7, 5.6 0.89 �1 6.25 0.39 �0.57
Sulpiride 341.4 9.1 0.57 1 5.11 0.48 �1.22

a Obtained from the Drugbank database.
b Calculated using the Wilke-Chang equation.
c Calculated from the Stokes-Einstein equation.
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generate a final concentration for each PhAC at 100 μg/L. Although a
number of previous studies [13–15] have revealed the substantial
effect of FW pH value on the rejection of dissociable solutes by FO
membranes, the pH of our FW was set within the circum-neutral
range that are common for most domestic wastewater. Two commer-
cial brands of FO membranes (HTI-ES and HTI-NW), both obtained
from Hydration Technologies, Inc. (Albany, OR), were tested. The HTI-
ES membrane is a cellulose triacetate (CTA) with an embedded
polyester screen mesh, while the HTI-NW membrane is a CTA cast
onto a non-woven backing consisting of polyester fibers individually
coated with polyethylene. (More details of the two FO membranes
could be found in Section S1–S2 in the Supplementary Materials.) All
membrane coupons were soaked in ultrapure water (Millipore) for at
least 12 h at room temperature prior to use.

All FO experiments were conducted in an air-conditioned room
with the preset temperature of 2571 1C. Each FO run consisted
of a first stage for membrane rinsing, a second stage for PhAC
adsorption equilibration and a third stage for raw data collection.
During FO operation, the DS would be continuously diluted and
therefore a concentrated NaCl solution (5 mol/L) was used so as to
maintain the DS NaCl concentration variation within 5%. The FO
membrane was first rinsed with Millipore water for 2 h by using
a 0.1 mol/L NaCl solution as the DS. Millipore water was then
replaced by the FW and a period of 24 h was allowed for the
adsorption of PhACs into the FO membrane. It was assumed that
the time span was sufficiently long for the adsorption of the
various PhACs into the membrane matrix to reach equilibrium
[11]. In other words, the rejection performance of the FO mem-
branes reached the steady state. The FO system was then operated
for an additional 6 h, during which water flux was determined and
samples were taken for subsequent chemical analysis. The water
flux (Jw) was determined based on the decrease of the FW volume
(VFW ) with time (t) by Jw ¼ dVFW=dt=Am, where Am is the effective
membrane area. At specified time intervals, samples were taken
from the DS tank for PhAC concentration determination. The
concentration (c) increase with time was used to calculate the
PhAC flux by JPhAC ¼ dðVDScDSÞ=dt=Am, where VDS is the DS volume.
The PhAC rejection ratio was then determined by R¼ 1� JPhAC=
ðJwcFW Þ, where cFW is the PhAC concentration in the FW [10]. All
samples were stored at �18 1C for two days at maximum.

2.2. Model parameter determination

According to the solution–diffusion model, the PhAC rejection
ratio by FO operation could be described by

R¼ 1� JPhAC
JwcFW

¼ 1� BPhACexpðJw=kPhACÞ
JwþBPhACexpðJw=kPhACÞ

ð1Þ

where

Jw ¼ A½πDSexp � Jw
KDS

� �
�πFWexp

Jw
ki

� �
� ð2Þ

and

JPhAC ¼ JwcIF ¼ BPhAC ½cFWexp
Jw

kPhAC

� �
�cIF � ð3Þ

The derivation of Eq. (1) could be found in Section S3 in the
Supplementary Materials. In Eqs. (1)–(3), A is the water perme-
ability through the FO membrane, BPhAC is the permeability of the
PhAC, πDS and πFW are the osmotic pressures for the DS and FW,
respectively, ki and kPhAC are the mass transfer coefficients for the
FW background electrolyte and PhAC, respectively, accounting for
the effect of external concentration polarization, KDS is draw solute
(NaCl in this study) resistivity for its diffusion within the porous
layer of the membrane, and cIF is PhAC concentration at the active
layer-support layer interface. The mass transfer coefficient can be

calculated by k¼ ShD=dh, where Sh, D and dh are the Sherwood
number, the diffusion coefficient (for the FW background electro-
lyte or the PhAC) and the hydraulic diameter of the FO cell
channel, respectively [16,17]. Calculation showed that the mass
transfer coefficients for external concentration polarization (ki and
kPhAC , in the order of 10�5m3/m2/s) are about 1 and 2 orders of
magnitude higher than the water flux. It indicates that the
external concentration polarization can be neglected in the calcu-
lation, i.e. expðJw=kPhACÞ � 1. KDS is related to the draw solute
diffusion coefficient (DDS) byKDS ¼DDS=S , where S is the intrinsic
length scale of the FO membrane support layer. Both A and S
values are characteristic parameters for a given FO membrane. An
underlying assumption for Eqs. (1) – (3) is that the PhAC
concentration buildup in the DS does not affect the mass transfer
of the PhACs through the active layer. The A and S values for
commercial FO membranes could be found in the literatures
[9,16–18]. Alternatively, the A value could be determined by using
a nanofiltration system that will be described below, while the
S value is obtained by fitting the FO operation data by using Eq. (2).
In this study, the A and S values were determined to be
2.38�10�7 m/s/bar and 480796.8 μm, respectively, for the HTI-
ES membrane, and 1.42�10�7 m/s/bar and 7007120.5 μm,
respectively, for the HTI-NW membrane. These values are gener-
ally consistent with that reported by others [9].

Two methods were employed for the determination of the
BPhAC values for the various PhACs tested in this study. The first
method involved utilizing a bench-scale cross-flow nanofiltration
system and running the FO membrane in the RO mode. The system
consisted of a filtration cell (CF042P, Sterlitech) in which the FO
membrane was placed, a feed tank (36 L in volume) thermostated
at 25 1C, a high-pressure diaphragm pump (Hydro-Cell D10,
Wanner Engineering), a number of pressure and flow-rate sensors,
and other accessories. The feed was identical to that for FO operation
and prepared by dissolving a mixture of 24 PhACs into a solution of
10 mmol NaCl and 0.1 mmol NaHCO3 (as the background electrolyte,
pH 7.1) to attain a final concentration of 100 μg/L for each PhAC.
Before the introduction of the feed water into the feed tank, the FO
membrane was rinsed by “filtering” the background electrolyte
solution for 2 h under an applied pressure of 5 bar. During filtration
of the feed water, a sufficiently high cross-flow rate (at 30.4 cm/s)
was employed to alleviate the external concentration polarization.
The permeate was returned into the feed tank unless sampled for
chemical analysis. A number of pressures were applied. The first
applied pressure was at 2 bar. A time span of 24 h was allowed for
the adsorption of the PhACs to reach equilibrium before water flux
was determined and both feed and permeate were sampled for the
PhAC concentration determination. The applied pressure was then
adjusted to a new value up to 13 bar. After the adoption of each new
applied pressure, a stabilization period of about 6 h was allowed
before determining the water flux and sampling the feed and
permeate. When the FO membrane was operated in RO mode, the
rejection ratio for each PhAC can also be described by Eq. (1), in
which, however, the expression for water flux is Jw ¼ AðΔP�
ΔπexpðJw=kiÞÞwhere ΔPand Δπ are the hydraulic and osmotic
pressure difference between the feed and the permeate, respectively,
and the exponential term accounts for the effect of external
concentration polarization. The BPhAC value for each PhACs can then
be obtained by fitting the experimental data. The second method
employed for obtaining the BPhAC values involved the utilization of a
diffusion cell. The diffusion cell consisted of two compartments (with
a volume of 1 L each) separated by a coupon of the tested FO
membrane. The compartment that the active layer of the FO
membrane faced towards (Compartment 1) contained the solution
of the mixture of the 24 PhACs dissolved in a background solution
(10 mmol NaCl and 0.1 mmol NaHCO3, pH¼7.1) with an initial
concentration of 100 μg/L for each (i.e. identical to that for FO

F.-x. Kong et al. / Journal of Membrane Science 476 (2015) 410–420412



operation). The other compartment (Compartment 2) only contained
the background solution. No water permeation was expected due to
the negligible osmotic pressure difference between the two compart-
ments. The solutions in both compartments were continuously
magnetically stirred with the ambient temperature set at 2571 1C.
Solution in each compartment was sampled to determine the PhAC
concentration every day that lasted for about 18 days. A quasi-steady
state was reached when adsorption of PhACs onto the FO membrane
reached equilibrium [19,20] (which was normally within 5 days
based on mass balance calculations). At quasi-steady state, integra-
tion of the PhAC permeation flux JPhAC ¼ Bobsðc1�c2Þ ¼ �dðV1c1Þ
=dt=Am ¼ dðV2c2Þ=dt=Amand a mathematical transformation yields

Bobs ¼
V1V2

AmtðV1þV2Þ
ln

c01�c02
c1�c2

� �
ð4Þ

where Am is the effective surface area of the membrane in the
diffusion cell, V is the volume of the compartment, c is the PhAC
concentration, subscripts 1 and 2 stand for Compartment 1 (initially
with PhACs) and Compartment 2 (initially without PhACs), respec-
tively, and superscript 0 stands for the initial PhAC concentration for
calculation (normally on the sixth day). When Bobs is known, BPhAC

can be calculated by a transformation of the mass balance equation
below

JPhAC ¼ Bobsðc1�c2Þ ¼ BPhACðc1�cIF Þ ¼
DPhAC;s

S
ðcIF�c2Þ ð5Þ

which leads to

1
BPhAC

¼ 1
Bobs

�DPhAC;s

S
ð6Þ

In Eqs. (5) and (6), cIF is the PhAC concentration at the active
layer�support layer interface and DPhAC;s is the diffusion coefficient
for the PhAC in the support layer (which is assumed to be identical to
that in the compartments). DPhAC;sðcIF�c2Þ=Sin Eq. (5) denotes the
molecular diffusion flux of PhAC in the support layer.

2.3. Analytical methods

The PhAC concentrations were detected by ultra-performance
liquid chromatography-tandem mass spectrometry (Agilent
LC1290/QQQ6460, Agilent) using the electrospray ionization (ESI)
multiple reaction monitoring mode. The analytical method was a
slight modification of the USEPA Method 1694. The liquid chro-
matography column was a ZORBAX Eclipse Plus C18 (Rapid Resolu-
tion HD 2.1 mm�50 mm, 1.8 Micron), and the working temperature
was maintained at 30 1C. The mobile phase was a mixture of
acetonitrile and 0.1% formic acid aqueous solution. The analysis
was conducted in the multiple reaction monitoring mode; ESI
positive ionization ([MþH]þ) mode was adopted for amoxicillin,
ampicillin, carbamazepine, cephalexin-hydrate, ciprofloxacin, diclo-
fenac, diltiazem, erythromycin, indomethacin, metoprolol, nalidixic
acid, nizatidine, norfloxacin, propranolol, ranitidine, roxithromycin,
sulfadiazine, sulfamethazine, sulfamethoxazole and sulpiride, while
ESI negative ionization ([M�H]�) mode was used for chloramphe-
nicol, clofibric acid, gemfibrozil and naproxen. The minimum quan-
titative concentrations for all PhACs were approximately 0.1 μg/L. The
sample injection volume was 5 μL.

The NaCl concentration was deduced from the chloride ion
concentration, which was detected by using ion chromatography
(Metrohm, Switzerland). The concentration of glucose was deter-
mined by using the phenol–sulfuric acid method [21]. Membrane
zeta potentials were determined in a background solution contain-
ing 10 mmol KCl using a zeta potential analyzer (Delsa Nano,
Beckman, USA). The surface tension components of the FO mem-
branes (γLW for the Lifshitz–van der Waals component, γþ for the
Lewis Acid–Base electron acceptor component and γ� for the Lewis

Acid–Base electron donor component) were determined by per-
forming contact angle measurements on the membrane surfaces
and solving the set of three Young–Dupré equations using three
liquids (i.e. water, diiodomethane and formamide) [22,23]. Contact
angle was measured with the sessile drop method by using a
goniometer (Contact Angle System OCA20, Data Physics Instru-
ments GmbH, Germany). Membrane samples were dried at room
temperature for 24 h prior to measurement. Profiles of the liquid
drops were captured by an optical system at 2571 1C.

3. Results and discussion

3.1. Rejection performance

The draw solute (NaCl) concentration was changed from 0.1 to
3 mol/L in order to generate an osmotic pressure difference at
from 5.0 to 148.9 bar between the DS and FW based on the
calculation using the van't Hoff equation [13]. Due to the effect
of internal concentration polarization, the net osmotic difference
across the FO membrane active layer was from 3.7 to 25.3 bar
when the HTI-ES membrane was used, and from 2.8 to 22.6 bar
when the HTI-NW membrane was used. Accordingly, the water
permeation flux ranged from 7.9�10�7 to 5.5�10�6 m3/m2/s for
the HTI-ES membrane and from 2.7�10�7 to 3.1�10�6 m3/m2/s
for the HTI-NWmembrane. In all cases, increase of the draw solute
concentration also led to the increase of the rejection ratios for all
PhACs investigated (Fig. 1). Due to the fairly rapid hydrolysis of
amoxicillin [24], the rejection ratio could not be determined.
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Fig. 1. The experimentally-obtained (dots) and model-predicted (lines) rejection
ratios for PhACs by FO as a function of water flux when HTI-ES membrane
was used.
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Nevertheless, when the draw solute concentration was sufficiently
high (e.g.441mol/L, corresponding to a water flux of 43.46
�10�6 m3/m2/s for the HTI-ES membrane and 41.80�10�6 m3/
m2/s for the HTI-NW membrane), the rejection ratios changed
marginally with the further increase of the draw solute concentration.
It should be noted that many FO operations in practice usually adopted
a draw solute (NaCl) concentration at about 0.5 mol/L (e.g. seawater)
or somewhat higher [25]. In these DS concentration ranges, the
rejection ratios for many PhACs would still change substantially with
the adopted DS concentration. For some PhACs (e.g. cephalexin-
hydrate, erythromycin and roxithromycin), however, the rejection
ratios were fairly high even when the draw solute concentration
was as low as 0.1 mol/L (Fig. 1 and Fig. 2).

At a draw solute concentration of 1 mol/L, the rejection ratios
differed substantially for the various PhACs when the HTI-ES
membrane was used. The water flux was determined to be
3.46�10�6 m3/m2/s, and the rejection ratios increased in the
order of nalidixic acid (82.5%), gemfibrozil (83.0%), carbamazepine
(84.7%), sulfamethoxazole (88.2%), naproxen (90.2%), diclofenac
(92.9%), propranolol (95.0%), sulfamethazine (97.2%), clofibric acid
(97.4%), chloramphenicol (97.8%), diltiazem (98.0%), metoprolol
(98.1%), indomethacin(98.4%), ranitidine(98.8%) , nizatidine (99.0%),
ciprofloxacin (99.0%), sulpiride (99.5%), erythromycin (99.5%) , sulfa-
diazine (99.7%), norfloxacin (99.7%), roxithromycin (99.8%), ampicillin
(�100%), and cephalexin-hydrate (�100%) (Fig. 1).

In comparison, the rejection ratios differed less for the various
PhACs when the HTI-NW membrane was used at the draw solute

concentration of 1 mol/L. The water flux was determined to be
1.80�10�6 m3/m2/s, and the rejection ratios increased in the
order of gemfibrozil (87.1%), nalidixic acid (91.7%), sulfamethox-
azole (93.9%), carbamazepine (94.4%), diclofenac (96.0%), propra-
nolol (97.8%), naproxen (97.9%), Indomethacin (98.1%), clofibric
acid (98.5%), chloramphenicol (98.6%), metoprolol (98.7%), sulfa-
methazine (98.7%), ciprofloxacin (98.7% ), sulpiride (98.8%), diltia-
zem (98.9%), sulfadiazine (99.1%), ranitidine (99.3%), nizatidine
(99.6%), norfloxacin (99.7%), roxithromycin (99.8%), erythromycin
(99.8%), ampicillin (�100%) and cephalexin-hydrate (�100%)
(Fig. 2). The order of rejection ratios when HTI-NW membrane
was used was almost identical to that when HTI-ES membrane was
used. However, under identical conditions (e.g. draw solute and
concentration, temperature, pH value etc.), for a specific PhAC, the
rejection ratio was higher when the HTI-NW membrane was used
than when the HTI-ES membrane was used, though the water flux
for HTI-NW was lower than that for HTI-ES. According to the
membrane supplier, the HTI-ES membrane had a higher water
permeability (i.e. higher A value) but also higher salt permeability
than the HTI-NW membrane (i.e. higher B value for draw solute).

3.2. Determination of the BPhAC values

Two methods were adopted for the determination of the BPhAC

values for the various PhACs. When the RO mode method was
adopted, Eq. (1) was used to fit the experimentally obtained Jw vs.
R data and thus BPhACcould be directly derived (Fig. 3). Due to the
relatively high cross-flow velocity applied and the relatively low
water flux, external concentration polarization of both feed water
background electrolyte and the PhACs were neglected in the
calculation. When the “diffusion cell” method was adopted,
Eq. (4) was used to fit the experimentally obtained c1�c2vs. t
data (Fig. 4) to derive Bobs, which was then used for the calculation
of BPhAC by using Eq. (6). It could be observed that both Eq. (1) and
Eq. (4) could fit the experimental data well, indicating that the
solution–diffusion model could be used for the modeling of the
PhAC mass transfer after the FO membranes were saturated with
the PhACs.

A summary of the determined BPhAC values for the various
PhACs are given in Table 2. It is worth noting that the BPhAC value
could not be accurately determined by using the diffusion cell
method if the PhAC is chemically unstable [24,26,27]. Ampicillin
and erythromycin were the two PhACs that underwent substantial
hydrolysis during the relatively long test period (up to 18 days). No
BPhAC values are shown in Table 2 for these two compounds.

A comparison of the results showed that the BPhAC values
obtained by the diffusion cell method were generally higher than
the respective values obtained by the RO mode method, regardless
of the FO membrane employed. Some notable PhACs that had the
largest difference included gemfibrozil, nalidixic acid, naproxen,
propranolol and sulfamethoxazole. For these compounds, the
values obtained by the diffusion cell method were approximately
one magnitude higher than the respective values obtained by the
RO mode method. All of the five PhACs except for propranolol are
negatively charged at the pH value (approximately 7.1) for all the
FO, nanofiltration and diffusion cell tests. The large difference may
indicate that only the BPhAC values obtained by one of the two
methods are appropriate for model prediction.

3.3. Model prediction

There are two sets of BPhAC data in Table 2 that can be used for
the prediction of the rejection ratios by using Eq. (1) for the
various PhACs by FO under different DS concentrations. In general,
the BPhAC values obtained by the diffusion cell test were better to
be used, for which the deviations between the predicted rejection
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ratios and the experimental data were generally within 5% for all
the PhACs (Fig. 1 and Fig. 2). (Model prediction for ampicillin and
erythromycin was not possible because no BPhAC values were
obtained.) In comparison, when the BPhAC values obtained by the
RO mode method were used, the rejection ratios for most PhACs
investigated could be also well predicted with errors generally
within 5%. However, substantial over-prediction of the rejection
ratios was observed for some PhACs that include diclofenac,
gemfibrozil, nalidixic acid, naproxen, propranolol, and sulfa-
methoxazole. (The predicted results are given in Section S4 in
Supplementary Materials.) The above-listed PhACs are of relatively
low molecular weight (all below 300) and most are negatively
charged under the pH condition investigated (pH 7.1) (Table 1).
Propranolol was positively charged with a high Log P value. The
large deviation between the predicted rejection ratios and the
experimental data for a PhAC corresponds to the BPhAC values
differed substantially up to one or two orders of magnitude by the
two methods (Table 2).

It is quite evident that the employment of the RO mode method
would substantially under-estimate the BPhAC values for those
PhACs which are mainly featured by charge and low molecular
weight (e.g. diclofenac, gemfibrozil, nalidixic acid, naproxen,
propranolol and sulfamethoxazole). In other words, under iden-
tical water flux conditions, the rejection ratios for those PhACs by
using FO membrane in the RO mode were higher than those when
it was operated in the normal FO mode. There are several plausible
reasons for the difference of the rejection ratios when operated in

the RO and FO modes. During FO operation, the draw solute would
diffuse from the DS to the FW, resulting in a phenomenon called
“reverse draw solute permeation”. It was proposed that the
reverse draw solute permeation would retard the diffusion of the
PhACs from the FW to the DS [11]. However, the above mechanism
would result in a higher rejection ratio under the FO mode in
comparison to the RO mode, which was not the case for the PhACs
investigated in this study [11].

Another explanation for the higher rejection ratios when oper-
ated in the RO mode was that the active layer of the FO membranes
was more “compacted” when hydraulic pressure was applied in the
RO mode. The active layer was in the pristine swelling state when
the FO membrane was operated in the normal FO mode. A number
of previous studies indicated that membrane compaction would
lead to a denser structure with smaller pore [28,29]. For example,
Coday et al. [30] showed that the water flux through the polyamide
thin-film composite (TFC) membranes slightly increased but the
reverse draw solute flux substantially decreased with increasing
applied pressure (up to 3.45 bar). However, several previous studies
revealed that the active layer of cellulose acetate-based membranes
(e.g. the CTA FO membranes used in this study) might be hardly
compactable. For example, in the same study of Coday et al. [30]
showed that the applied pressure minimally affected reverse draw
solute flux and feed solute rejection of the CTA membrane. Jonsson
et al. [31] also found that the selectivity of an asymmetric cellulose
acetate membrane was unchanged by hydraulic pressure
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compaction. The nominal “pore” sizes were determined for both of
the FO membranes by using the DSPM (Donnan-steric partitioning
pore model) in which the transient voids of the active layer were
assumed as parallel cylindrical capillary pores through the active
layer [32,33]. Based on the rejection ratios for glucose (ranging from
89.3% to 96.7% for the HTI-ES and from 94.6% to 99.3% membrane
for the HTI-NWmembrane), the nominal pore sizes (rp) for the HTI-
ES membrane and the HTI-NW membrane were calculated to be
0.46 and 0.44 nm, respectively, while the ratios of effective pore
length to porosity (δ=ε) were 12.9 and 22.6 μm, respectively (S5 in
the Supplementary Materials for details). The Stokes radius for the
PhACs investigated in this study ranges from 0.38 to 0.90 nm
(Table 1), which was in the same magnitude of the nominal pore
sizes of the FO membranes. It might be reasonable to argue that
even a small reduction of the active layer pore size as a result of the
employment of hydraulic pressure would significantly increase the
rejection ratios for the PhACs. However, the fact that the rejection
ratios for most PhACs except for a few (including diclofenac,
gemfibrozil, nalidixic acid, naproxen, propranolol and sulfamethox-
azole) were similar in the RO mode and in the FO mode (under
identical water flux) might exclude the possibility that the applied
hydraulic pressure could increase the rejection ratios.

Recently, Irvine et al. [12] suggested that, during FO operation,
in addition to the classical solution–diffusion mechanism, an ion
exchange mechanism could also contribute to the nitrate ion
permeation from the FW to DS. The ion exchange mechanism,
which allows the nitrate ion in the active layer to switch rapidly
with anions (e.g. chloride) diffused from the DS, is present when
cellulose acetate-based membranes were used. The additional ion
exchange mechanism could result in lower rejection ratio for
nitrate than predicted by the solution–diffusion model [12,34].
The model however could well predict the rejection ratio for
nitrate ion when the FO membrane was operated in the RO mode,
for which reverse solute permeation (from the permeate to FW) is

not possible. The PhACs with underestimated BPhAC values by using
the RO-mode method might behave like nitrate, i.e. the permea-
tion flux was enhanced by the ion exchange mechanism during FO
operation. (The reverse NaCl permeation as a function of water
flux is shown in S6 in the Supplementary Materials). As indicated
earlier, most of those PhACs were negatively charged when the
pH was at 7.1, and all those PhACs are of relatively low
molecular weight.

As mentioned earlier, the BPhAC values obtained by the diffusion
cell method could be used for the prediction of the rejection ratios
for most PhACs with high accuracy. However, no “reverse draw
solute diffusion” existed when conducting the diffusion cell experi-
ments, seemingly indicating that ion exchange mechanism was not
possible. However, due to the requirement of neutrality, the diffusion
of a charged PhAC from Compartment 1 to Compartment 2 must be
accompanied with the diffusion of an ion (or ions) from Compart-
ment 2 to Compartment 1. It might behave like ion exchange
mechanism during FO operation, speeding up the permeation of
charged PhAC from Compartment 1 to Compartment 2. More work is
required to further understand the mass transfer of trace organic
compounds through the active layer of a dense membrane when
used for FO operation, RO operation and diffusion cell test.

3.4. Correlation of the BPhAC value with physicochemical properties

The above results showed that the solution-diffusion model
could be used to model the performance of both FO membranes in
rejecting a variety of different PhACs. With the BPhAC value known,
the rejection ratios under given operational conditions (e.g.
osmotic pressure difference or water permeation flux) could be
easily calculated. Mathematically, BPhAC is described by ϕDi;m=L
[8,32], where ϕ is the partition coefficient of a PhAC between the
aqueous phase and the solid phase (i.e. the membrane active
layer), Di;mis the diffusion coefficient in the active layer matrix, and
L is the effective thickness of the active layer. Both theoretical
analysis and practical observation showed that the BPhAC value is
primarily determined by the molecular size (through the steric
effect) and the hydrophobicity (through the solute-membrane
affinity) of the PhAC [35–37]. The BPhAC value might also be
affected by the negative or positive charge of the PhAC, since
most FO membranes are slightly negatively charged under normal
FO operational conditions.

There was a clear dependence of the BPhAC value on the
molecular weight of the PhAC when either the HTI-ES or HTI-
NW membrane was employed (Fig. 5). Generally, a lower mole-
cular weight corresponds to a higher BPhAC value if the molecular
weight is lower than about 300 Da, while the BPhAC value is very
low if the molecular weight is higher (examples include cepha-
lexin hydrate, ciprofloxacin, and norfloxacin). In contrast, the
dependence of the BPhAC value on the log P value is not significant
(Fig. 6). Therefore, size exclusion (steric) effect might be the
predominant factor that determined the mass transport of the
PhACs through the FO membranes. By the size exclusion effect, a
sufficiently large PhAC (i.e. the molecular size is larger than the
nomial void size of the membrane) could not permeate through
the membrane, corresponding to a very low or non-measurable
BPhAC value. A previous study [38] on investigating the water
permeability and water/salt selectivity tradeoff in osmotic mem-
branes for desalination indicated that the high water/salt selectiv-
ity is primarily due to the high diffusivity selectivity caused by the
large differences between the effective diameter of the water
molecules and that of hydrated salt ions. It may indicate that the
large difference in BPhAC values caused by the steric effect could
also be the large difference in diffusivity in the FO membrane
active layer among the various PhACs.

Table 2
Comparison of the permeabilities (BPhAC, m/s) obtained by the RO mode method
and the diffusion cell method.

Compounds BPhAC (m/s)

HTI-ES HIT-NW

RO mode Diffusion cell RO mode Diffusion cell

Amoxicillin –a –a –a –a

Ampicillin 6.02�10�8 –a NAb –a

Carbamazepine 3.34�10�7 4.28�10�7 1.61�10�7 1.55�10�7

Cephalexin-hydrate 1.01�10�8 1.30�10�8 NAb 2.95�10�8

Chloramphenicol 4.04�10�8 3.78�10�8 6.37�10�8 1.35�10�8

Ciprofloxacin 8.54�10�9 1.16�10�8 9.73�10�9 1.04�10�8

Clofibric acid 2.42�10�8 5.34�10�8 2.96�10�9 3.77�10�8

Diclofenac 6.54�10�8 9.52�10�8 1.44�10�8 8.87�10�8

Diltiazem 1.48�10�8 8.24�10�8 7.29�10�9 1.31�10�8

Erythromycin 3.43�10�8 —a 2.48�10�8 —a

Gemfibrozil 3.60�10�8 6.67�10�7 1.49�10�8 1.48�10�7

Indomethacin 4.22�10�8 6.94�10�8 5.86�10�9 3.24�10�8

Metoprolol 5.77�10�8 7.87�10�8 2.95�10�8 4.86�10�8

Nalidixic acid 6.77�10�8 5.90�10�7 8.81�10�9 1.60�10�7

Norfloxacin 2.30�10�8 1.10�10�8 NAb 1.30�10�8

Naproxen 2.75�10�8 4.85�10�7 9.08�10�9 9.69�10�8

Nizatidine 9.27�10�8 1.03�10�7 2.19�10�8 3.02�10�8

Propranolol 6.28�10�9 1.84�10�7 2.15�10�9 3.24�10�8

Roxithromycin NAb 2.72�10�8 NAb 1.68�10�9

Ranitidine 7.30�10�8 7.46�10�8 2.88�10�8 4.29�10�8

Sulfadiazine 1.08�10�8 1.52�10�8 1.70�10�9 1.27�10�8

Sulfamethazine 5.16�10�8 9.52�10�8 1.63�10�8 6.02�10�8

Sulfamethoxazole 2.15�10�8 5.52�10�7 9.66�10�9 1.24�10�7

Sulpiride 5.59�10�8 6.12�10�8 3.16�10�8 1.59�10�8

a Not available due to rapid hydrolysis.
b Not available duo to high rejection ratio (�100%).
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Exceptions of the above general rule however exist, notably
including clofibric acid, gemfibrozil, sulfadiazine and sulfamethox-
azole. Clofibric acid with a relatively low molecular weight
(214.6 Da) had a fairly low BPhAC value, which was close to that
for sulpiride with a molecular weight of 341.4 Da. The low BPhAC

value was attributed to Donnan effect [7,39]. However, both
nalidixic acid and naproxen, which had the similar molecular
weight to clofibric acid and were also negatively charged in the
FW, had BPhACvalues as expected from their molecular weight.
Molecular hydrophobicity could also not explain the difference.
The log D values for clofibric acid, nalidixic acid and naproxen are
2.57, 1.59 and 3.18, respectively (Table 1). Although gemfibrozil,
sulfadiazine and sulfamethoxazole all had a molecular weight of
approximately 250 Da, the BPhAC values differed substantially. The
BPhAC value for gemfibrozil was much higher and that for sulfa-
diazine was much lower than as expected from its molecular
weight. All three chemicals were negatively charged when dis-
solved in the FW. Gemfibrozil was usually regarded as an eccentric
organic which had a much lower rejection compared to other
compounds with similar characteristics [40,41]. The relatively high
hydrophobicity of gemfibrozil (log D¼¼3.4) might explain its high
BPhAC value. A high hydrophobicity could lead to favorable partition
into the membrane active layer than the aqueous phase. Similarly,
sulfadiazine has the lowest hydrophobicity among the three
PhACs. As for sulfamethoxazole, the potential strong interplay
between the group of methylisoxazol and FO polymers might
increase its BPhAC value by swelling its concentration in FO polymer
from hydrogen bonds [42]. It has been reported that the

interaction between the solvent and membrane may cause poly-
mer swelling and deviations from the model [43]. Ende et al. [44]
also demonstrated that solute/polymer interaction was a more
dominant factor in the diffusion process for small sized solutes
than the larger molecule in the diffusion cell, which may cause
observed deviations of the diffusion coefficient from the free
volume model. As mentioned before, the role of potential ion
exchange in both FO mode and diffusion cell, however, should be
further studied.

Some previous studies attempted to incorporate the mole-
cule–membrane interaction free energy (ΔGi) into the calcula-
tion of partition coefficient which was then used to predict the
rejection performance of nanofiltration and RO membrane
[22,23,32,45]. The interaction energy is contributed by a
combination of the nonpolar (Lifshitz-van der Waals), polar
(acid–base) and electrostatic interactions [46,47]. The nonpolar
and polar interactions can be calculated from the surface
free energies determined by contact angle measurements,
while the electrostatic interaction can be calculated by using
the surface Zeta potentials [46,48]. A similar attempt was made
in this study. The solute permeability can be described by
Di;mð1�λÞ2expð�ðΔGi=kTÞÞε=δ for neutral compounds [22,48,49]
(where k is the Boltzman constant, T is the absolute tempera-
ture, λ is the ratio of Stokes radius (rs) of compound to
membrane pore radius (rp), and the ratio of effective pore
length to porosity (δ=ε) denotes the effective membrane thick-
ness). For charged compounds, the charge replusion between
the charged membrane and charged solute might also need to
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be taken into account withBPhAC ¼Di;mð1�λÞ2expð�ðΔGi=kTÞÞ
expð�ðziFVe=RgTÞÞε =δ [48] (where Ve is the Zeta potential of
the membrane surface, Rg is the gas constant, and F is the
Faraday constant). The average solute diffusion coefficient in
membrane (Di;m) can be related to solute diffusion coefficient in
infinity (Di) by hindrance factor (Ki;d) [23,50].

When the HTI-ES membrane was used, the calculated BPhAC

values for carbamazepine, clofibric acid, naproxen and sulfamethox-
azole (all with almost the same molecular weight and radius) were
1.09�10�7, 0.79�10�7, 1.67�10�7 and 3.79�10�7 m/s, respec-
tively. These values were 0.82�10�7, 0.5�10�7, 1.21�10�7 and
2.55�10�7 m/s, respectively, when the HTI-NW membrane was
used (Table 3). Though substantial differences are found between
the calculated values and the diffusion cell method-obtained values,
significant potential does exist by using the interaction free energy
method for the calculation of the BPhAC values for the various PhACs.
They conform to the same order in terms of the BPhAC value. It was
found that the interaction free energy with the FO membrane by
naproxen and sulfamethoxazole is more negative (i.e. stronger
affinity between the PhACs and the membrane) than that by
carbamazepine. In comparison, the interaction free energy by
clofibric acid is less negative than that by carbamazepine. It may
suggest that the solute-membrane affinity should also be taken into
consideration when trying to link the BPhAC values with the
physicochemical properties of the PhACs.

4. Conclusions

Two commercial FO membranes (HTI-ES and HTI-NW) were
tested for their performance in rejecting a total of 24 PhACs under
different draw solute (NaCl) concentration conditions. For all
PhACs, the rejection ratio increased with the increase of the draw
solute concentration, although the increase became marginal
when the draw solute concentration was higher than 1 mol/L.
Under a draw solute concentration of 1 mol/L, when the HTI-ES
membrane was used, all PhACs were rejected by more than 90%,
except for nalidixic acid (82.5%), gemfibrozil (83.0%), carbamaze-
pine (84.7%) and sulfamethoxazole (88.2%). The rejection ratios of
the HTI-NW membrane were generally higher but the PhAC
sequence in terms of the rejection ratio was almost identical to
that of the HTI-ES membrane. Two sets of permeability coefficients
for the PhACs (BPhAC) through each FO membrane were obtained
by using the RO mode method and the diffusion cell method,
respectively. For several charged compounds with relatively small
molecular weight, the BPhAC values obtained by the RO mode
method were substantially less, in some cases by two orders of
magnitude, than that obtained by the diffusion cell method. The
BPhAC values obtained by the diffusion cell method were more
appropriate to be used to predict the rejection ratios of the PhACs
during FO operation by using the classical solution–diffusion
model. The ion exchange mechanism caused by reverse draw
solute permeation during FO operation, which is absent when

operated in RO mode, might explain the underestimation of the
BPhAC values by using the RO mode method. Compared with the
hydrophobic effect and the charge repulsion effect, size exclusion
was more dominant in determining the BPhAC value (and thus the
rejection ratio during FO operation) of a PhAC. Very low BPhAC

value was expected if the molecular weight of the PhAC was
sufficiently large (e.g.4300 Da). Exceptions however were found
for clofibric acid and sulfadiazine, which had much lower BPhAC

values than expected, while gemfibrozil had a much higher BPhAC

value than expected. The solute–membrane affinity should also be
taken into consideration when trying to link the BPhAC values with
the physicochemical properties of the PhACs.
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Nomenclature

A water permeability of the membrane ( m3/m2/s/bar )
Am effective area of the membrane coupon (cm2)
B permeability of solute (m/s)
c solute concentration (μg/L)
D diffusion coefficient (m2/s)
dh hydraulic diameter of the channel (m)
F the Faraday constant (96 485.3365 C/mol)
Jw water flux (m3/m2/s/bar)
JPhAC PhAC fluxes (μg/m2/s)
K resistivity for diffusion within the porous support

layer (m/s)
Kid hindrance factor for diffusion
k Boltzman constant (1.38�10�23 m2 kg/s2/K)
ki mass transfer coefficient for the FW background

electrolyte due to external concentration
polarization (m/s)

kPhAC mass transfer coefficients for PhAC due to external
concentration polarization (m/s)

L effective thickness of the active layer (μm)
R rejection ratio
Rg gas constant (8.314 J/K/mol)
rp nominal pore radius (nm)

Table 3
Calculation of the BPhAC values for selected PhACs by using the interaction free energy method and considering the charge repulsion [23,32,48].

Membrane or PhAC γLW (mJ/m2) γþ (mJ/ m2) γ� (mJ/m2) BPhAC when ES used (10�7 m/s) BPhAC when NW used (10�7 m/s)

HTI-ES 43.1 0.4 2.8 - -
HTI-NW 35.8 0.6 9.7 - -
Carbamazepine a 46.5 0 44.1 1.09 0.82
Clofibric acid a 45.4 0 49.3 0.79 0.5
Naproxen b 46.8 0 28 1.67 1.21
Sulfamethoxazole b 49.1 0.3 11.5 3.79 2.55

a Data obtained form reference [22].
b Data obtained from reference [50].
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rs stokes radius of the solute (nm)
S intrinsic parameter related to support layer

structure,S¼ δsτ=εs
Sh the Sherwood number of the appropriate flow

regime in the rectangular flow channel
T absolute temperature (K)
t time (s)
V volume of solution (L)
Ve Zeta potential (mV)
z valance of the ion

Greek symbols

γLW Lifshitz-van der Waals component for surface
tension

γþ Lewis Acid–Base electron acceptor component
γ� Lewis Acid–Base electron donor component
ΔGi surface free energy calculated from contact angle

component (J)
ΔP hydraulic pressure difference (bar)
Δπ osmotic pressure difference across the mem-

brane (bar)
δ nominal pore length (μm)
ε porosity of membrane
λ the ratio of Stokes radius of compound to mem-

brane pore radius
τ tortuosity of the support layer
ϕ partition coefficient

Subscripts

DS draw solution
FW feed water
IF active-support layer interface
i specific component in the solution
m membrane matrix
obs observed value
PhAC pharmaceutical
s the support layer
0 initial condition for calculation
1 compartment initially with PhACs
2 compartment initially without PhACs
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