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ABSTRACT

The rejection of trace organic contaminants, contained in model solutions, was investigated using an
osmotically driven membrane filtration process. Two compounds naproxen (NAP) (0.1-0.88 mg/L),
and diclofenac sodium (DIC-Na) (0.39-1.55 mg/L) and a mixture (where concentrations for NAP
were 0.57-0.81 mg/L and for DIC-Na 0.39-0.46 mg/L) were selected for this study as the feed solu-
tions (FS). The draw solutions (DS) were 1 and 2 M NaCl, respectively. Forward osmosis filtrations
were carried out using an aquaporin inside membrane hollow fiber forward osmosis lab-module.
The average water flux was 12 and 24 LMH while an average reverse salt flux was 2 and 6 GMH for
1 and 2 M NaCl DS and deionized water as FS, respectively. When filtrating NAP, DIC-Na, and the
mixture, the highest flux was achieved with the DIC-Na followed by NAP and the mixture and were
more pronounced using 2 M NaCl solution as a DS. From the rejection results, it can be concluded
that DIC was completely rejected both in its solution and in the mixtures, while NAP rejection varied
from 98.4% and 98.8% for 1 and 2 M NaCl and 98.8% in the mixture when 2 M NaCl was used as a DS.

Keywords: Forward osmosis; AIM™ hollow fibre lab-module; Naproxen and diclofenac sodium rejection

1. Introduction

Trace organics contaminants (TrOCs) constitute a
group of synthetic compounds that have been detected
recently in trace amounts in surface waters [1]. Naidu et al.
[2] reported that the main source of drugs in the environ-
ment (surface water) is human and animal excreta prod-
ucts of medical treatment. These compounds are subjected
to a process of metabolic degradation in the human and
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animal organism. However, significant fractions of the orig-
inal substances are expelled in the form of active metabo-
lites or non-metabolized forms in the urine and feces [3].
The therapeutic group of nonsteroidal anti-inflammatory
drugs is the most abundant, with naproxen (NAP) and
diclofenac (DIC) as the molecules most frequently found and
detected in the highest environmental concentrations [4].
These compounds are not easily degradable by conven-
tional biological treatment processes [5], which is usually
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the fundamental principle of conventional wastewater treat-
ment plants [6]. However, it was reported that conventional
activated sludge, as common biological wastewater treat-
ment, could effectively remove biodegradable TrOCs like
ibuprofen and bisphenol A [7]. Advanced oxidation pro-
cesses (AOPs), such as Fenton, photo-Fenton, Fenton-like,
and electrochemical oxidation processes are also considered
as effective methods in the degradation of different TrOCs.
These methods, being non-selective, have high removal effi-
ciency, and can completely remove most of the pollutants
depending on the conditions and contact time. However,
high energy and chemical requirements are major economic
limitations for these AOPs as well as incomplete degrada-
tion of TrOCs can lead to the production of some interme-
diate substances during the reaction, which may potentially
be more toxic than the initial compounds [8].

As an emerging membrane technology, forward osmo-
sis (FO) can supply high-quality water by utilizing a natu-
ral osmotic pressure gradient to extract water from a feed
solution (FS) into a draw solution (DS), and can offer unique
merits such as reduced pressure operation, low fouling pro-
pensity, excellent solute rejection, and relatively low energy
consumption if proper regeneration/separation of the DS is
achieved but reversely diffuses the draw solutes towards
the FSs [9]. Since the composition of the DS can be tailored
depending on the application, FO may have advantages
when compared to energy-intense pressure-driven filtration
processes, such as reverse osmosis (RO) [10]. The effect of
the DS and membrane material on FO membrane rejection
of TrOCs has been evaluated and a high reverse salt flux
(RSF) of used DS (0.07-0.1 M NaCl) hindered the adsorption
and diffusion of the TrOCs in the membrane material [11]
resulting in a higher TrOCs rejection efficiency compared
to RO [12]. Numerous studies focusing on the rejection of
TrOCs by FO membranes have all indicated high levels of
rejection both in bench and pilot-scale [13-16]. Overall, the
rejection mechanisms are similar to that for NF/RO mem-
branes and governed mostly by size exclusion (steric inter-
actions) and electrostatic interactions. The affinity of specific
organics molecules towards the FO membrane, for exam-
ple, through hydrophobic interactions, may also influence
the rejection, particularly when the solute is comparable or
smaller than the effective pore size of the FO membrane [17].

Jin et al. [18] investigated the rejection of TrOCs by
two different types of FO membranes, cellulose triacetate
(CTA) and thin-film composite (TFC) membranes. The
transport of TrOCs through the benchmark CTA membranes
was found to be mainly governed by steric interactions,
with hydrophobic and electrostatic interactions playing
minor roles. For example, charged TrOCs with a large
hydrated radius have consistently shown lower permeabil-
ity in CTA membranes than neutral TrOCs [19]. On the other
hand, TFC membranes have shown better overall rejections
due to improved membrane physicochemical properties
such as greater negative surface charge, more hydrophobic
character, and smaller hydrated pore sizes [20].

For applications that require space-saving and light-
weight design (portable FO systems) as well as large volume
separations, the compact (high packing density) hollow fiber
(HF) membrane configuration may, therefore, be advanta-
geous [21]. A recent FO membrane, commercially available

in an HF configuration, is the aquaporin inside membrane
(AIM™). These membranes are based on the use of aquapo-
rins which are naturally occurring protein water channels
in proteins where the proteins are an integral part of the
membrane structure [22,23]. High rejection rates for small
size trace organics were reported using small scale flat sheet
AIM™ FO coupons [10], as well as larger-scale HF AIM™
modules [24]. Madsen et al. [10] compared the pesticide
removal performances of commercial Hydration Technology
Innovations LLC (HTI) membrane and flat sheet AIM™
membrane. The AIM™ membrane was capable of rejecting
atrazine, 2,6-dichlorobenzamide and desethyl-desisopropyl
atrazine (DEIA) up to 97%, outperforming the HTT FO mem-
brane especially in rejecting small neutral compounds like
DEIA. The rejection by the HTI membrane was controlled by
steric hindrance while the rejection by the AIM™ membrane
was controlled by diffusion of the trace organics through the
membrane. As expected, the AIM™ membrane exhibited a
significantly higher flux than the HTI membrane. Similarly,
Engelhardt et al. [24] investigated the rejection of 2,4-dichlo-
rophenoxyacetic acid (2,4-D), bisphenol A (BPA) and methyl-
paraben using AIM™ hollow fiber forward osmosis (HFFO)
(0.6 m?) module where the AIM™ membrane rejected over
95% of methylparaben and over 99% for 2,4-D and BPA.

However, to our knowledge, no study exists that
investigates the FO membrane rejection characteristics of
TrOCs mixtures. Here we investigated the performance
of an AIM™ HFFO lab module (active area 180 cm?) for
concentrating NAP, diclofenac sodium (DIC-Na) solu-
tions, and a mixture (NAP/DIC-Na) with 1 and 2 M NaCl
as DS. The rejection efficiency, water flux as well as RSF
were evaluated at an average pH of 5. This work not only
opens a new insight into FO membrane rejection of isolated
TrOCs but also provides information about the competitive
permeation effects of TrOC mixtures.

2. Materials and methods
2.1. Materials

Napmel 500 mg (used for NAP solution) tablets were
purchased from PannonPharma (Hungary) and Diclofenac-
Ratiopharm 50 mg tablets (used for DIC-Na solution) from
Teva Pharmaceutical Industries, Hungary. The chemical
structures and physicochemical properties of NAP and
DIC-Na are presented in Table 1 [25-27].

2.2. Sample preparation

Synthetic NAP solutions were prepared from 500 mg
Napmel tablets which were pulverized and diluted in meth-
anol/deionized (DI) water = 50/50 ratio, while the DIC-Na
solution was prepared from 50 mg Diclofenac-Ratiopharm
tablets pulverized and diluted in 45/55 acetonitrile/DI
water solution.

Stock solutions for NAP (1 g/L): two tablets contain-
ing 1000 mg of NAP, were ground. 100 mg of grained
tablets were dissolved in 100 mL of solvent (methanol/DI
water = 50/50 ratio). Stock solutions for DIC-Na (1 g/L): two
tablets contained 100 mg of DIC-Na, were ground and dis-
solved in 100 mL of solvent (acetonitrile/DI water = 45/55).
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With further appropriate dilution, 1 mg/L of NAP and
DIC-Na were used for filtrations.

Measured values for used FS and DS in this study are
presented in Table 2.

2.3. Analyses

A Zetasizer Nano-S (Malvern Instruments, Malvern, UK)
was used to obtain the zeta potential of the particles [28]
by application of the Henry equation as well as the hydro-
dynamic diameter and size distribution. The osmolality of
the solutions was determined via freezing-point depres-
sion (Gonotec, cryoscopic osmometer — OSMOMAT 030,
Germany) and the osmotic pressure, T was determined [29].

2.4. Membrane used

The specification of the AIM™ HFFO lab-module used in
the study is given in Table 3.

The zeta potential (C) of the membrane surface was
determined by streaming potential measurements with an
electrolyte solution of 1.0 mM KCl using an electrokinetic
analyzer (SurPASS, Anton Paar GmbH, Austria) at var-
ious pH values (Fig. 1). Despite the complex geometry of
the HFFO membrane bundles in the lab-scale module, a
good reproducibility was observed for the inner membrane
surface.

2.5. Experimental set-up of FO filtrations

The experimental set-up is composed of a peristaltic
pump (Longer Pump® BT 100-1, flow rates from 0.002 to
175 mL/min, China) a weighing scale (OHAUS Scout-pro
4000 g, USA), a stirrer, two different solutions (FS and DS),
the HF membranes integrated with the membrane module,
and a conductivity meter (SD 320 Con, Lovibond, Germany).
The weighing scale and conductivity meter were connected
to a laptop to enable automatic recording of the FS weight
and conductivity. The schematic of the FO process is shown
in Fig. 2a and the AIM™ HFFO lab-module used in Fig. 2b.

Table 1

417

The cross-flow velocity used for experiments was
120 ml/min. The volumes used were 0.5 L for FS and 0.25 L
for DS. During the filtration, the samples of both the FS and
DS were taken at 0, 30, and 60 min for high-performance
liquid chromatography (HPLC) analyses.

Water flux, J (LMH) across the membrane were
calculated using Eq. (1) [31]:

AV
= 1
lo= s )
where AV is the total volume change of permeate water (L),
A is the effective membrane area (m?) and At is the time (h).
The RSF, ], (GMH) was determined using Eq. (2) [31]:

_ Yin _yovu
J A At 2)

where v, is the initial concentration of the FS (g/L), V, is the
initial volume of the FS (L), vy, is the solute concentration
(g/L), V, is the volume of the FS measured at the time (L),
At is the time (h) and A is the effective membrane area (m2).

Total dissolved solids (g/L) of the FS, which serve as
mass concentration v, and vy, in Eq. (2), were determined
using Eq. (3) [32]:
TDS = kxk 3)
where k is the correlation factor (0.4804 for NaCl) and « is the
conductivity of the FS (uS/cm).

The rejection rates of the TrOCs (NAP, DIC-Na) were
calculated by using the initial FS parameters and final DS
parameters using Eq. (4) [33]:

R(%) :(1M]x1oo (4)

Yia X Via

where v, is the mass concentration in the final DS
(g/L); V,, is the volume of the final DS (L); y, is the mass

Structure of NAP and DIC-Na and their physicochemical properties

NAP DIC-Na
O\/\ COZN a
NH
Cl Cl
H3CO

IUPAC name (25)-2-(6-methoxynaphthalen-2-yl) sodium 2-{2-[(2,6-dichlorophenyl)amino]phenyl}

propanoic acid acetate
M, (Da) 230.26 318.13
logK, 3.18 451
pKa 4.15 415
logD pH=7 2.88 4.55
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concentration in the initial FS (g/L) and V is the volume of
the initial FS (L).

In this experiment, the final volume of the DS instead
of permeate volume was used to calculate the concentra-
tion of DS as permeated water was mixed with the initial
DS in the process.

2.6. Liquid chromatography

HPLC measurements were performed on an XBridge
C18 column 3.5 pm, 4.6 mm x 50 mm, produced by waters
(Milford, USA). The column and sample temperature was
20°C precision of +1°C. Eluents used were acetonitrile
(ACN) (VWR, USA) and 0.1% formic acid (VWR, USA)
with a gradient grade elution of 1 mL/min. The timesheet
was 0 min 40% ACN, 10 min 60% ACN, and 12 min 40%
ACN. 10 uL of the FS samples were injected and 100 puL
for the DS with a delay of 2 min between each injection.
The detector is a diode array used at two wavelengths:
230 nm for NAP and 277 nm for DIC-Na. The software
used to process all the data was to Empower 2 software.
The detection limit was 0.01 mg/L.

3. Results and discussion
3.1. Baseline measurements

During 1 h of operation with DI water as an FS, water
flux and RSF were measured for 1 and 2 M NaCl solutions
as a DS.

Table 2
Characteristics of used FS and DS solutions

Solutionsused pH  w(bar) d(mm) ZP(mV)
FS  NAP 49 0.198 529.3 -21.6
DIC-Na 5.1 0.297 15415 -16.05
NAP/DIC-Na 5.0 0.495 591.3 -28.1
DS 1MNaCl 576 443 - -
2 M NaCl 5.63 88.0 - -
Table 3

Specification of the AIM™ HFFO lab-module [30]

10

o M1

o M2

zeta potential (mV)

-10

-15

-20

2 3 4 5 6 7 8 9 10
pH in 0.001 mol/I KCI

Fig. 1. Zeta potential of a pristine AIM™ HFFO membrane
vs. pH.

Fig. 3 shows curves that illustrate the average values
of the six individual measurements.

From these six individual experiments, two refer to
pre and post-filtration of NAP, DIC-Na, and NAP/DIC-Na,
respectively. All sets of experiments were performed
using one AIM™ HFFO lab-module that was cleaned after
each cycle of the experiment. For cleaning, the FS and
DS solutions were DI water for 15 min, after which both
FS and DS compartments were filled with 1L of DI water
and the recirculation of both solutions was performed
and left to run for another 15 min.

During FO operation, a decrease in water flux is normally
observed with time. The occurrence of concentration polar-
ization and dilution of DS by permeation water concertedly
contributed to the decrease in osmotic pressure difference.

Membrane lab-module

AIM™ HFFO

Manufacturer

Module dimensions

Active area (lumen side/shell side)
Number of fibers

Fiber length

Inner diameter of fibers

Wall thickness

Fibre material

Active layer

Water flux (DI water vs. 1 M NaCl)
Reverse salt flux (DI water vs. 1 M NaCl)

Aquaporin A/S (Kongens Lyngby, Denmark)
130 mm in length, 17 mm in diameter

0.018 m?

300

110 mm

195 um

35 pum

Polysulfone/polyvinylpyrrolidone (PS/PVP)
Thin-film composite (TFC) with embedded aquaporin proteins
>12 L/m?h (LMH)

<2 g/m*h (GMH)
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Fig. 2. (a) Schematic illustration of the FO setup and (b) photo of the used AIM™ HFFO lab-module.
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Fig. 3. Baseline performance for AIM™ HFFO lab-module:
FS (DI water); DS (1 and 2 mol/L NaCl, respectively). The mea-
surement is based on the average values of six measurements
with standard deviation.

Table 4

From Fig. 3, it can be seen that the highest | value was
12.54 + 0.44 LMH at the beginning of filtration and dropped
to 11.08 + 0.39 LMH after 1 h of filtration when 1 M NaCl
was used as DS. Similar data for an average FO water flux of
approximately 13.2 LMH for 1 M NaCl DS and DI feed water
for AIM™ HFFO was reported by Ren and McCutcheon [34].

Generally, a larger throughput is preferred as it impro-
ves the efficiency of the filtration. The increment in water
flux was achieved by using a more concentrated DS. As
can be observed, when using 2 M NaCl as a DS, a higher
concentration gradient as the driving force was achieved
which not only generates a high water flux but also diffuses
more DS into the FS. In the case of 2 M NaCl, the flux was
24.26 + 2.22 LMH at the beginning of filtration and dropped
to 20.93 + 1.21 LMH at the end of 1 h filtration. Following
J, value was 2.75 + 0.87 GMH at the beginning of filtration,
followed by 1.91 + 0.88 GMH at the end of 1 h filtration for
1 M NaCl whiles for 2 M NaCl, | is 7.63 + 0.41 GMH at the
start of filtration reaching 5.56 + 0.08 GMH at the end of 1 h
filtration. The specific RSF (J/] ) is a quantitative indicator
for bi-directional diffusion in the FO process. Higher specific
RSF reflects a decrease in the selectivity of the membrane and
a lower process efficiency [35]. For the 1 M NaCl DS solution
it was 0.22 g/L and for 2 M NaCl 0.3 g/L, respectively.

3.2. Effect of NAP, DIC-Na and its mixture solutions on filtration

Each experiment using NAP, DIC-Na, and NAP/
DIC-Na consisted of five sequential steps: baseline (Fig. 3),
cleaning, filtration, cleaning, and final (second) baseline.

The concentration of NAP alone in FS and DS and rejection for 1 and 2 M NaCl, respectively

FS=NAP, DS=1M NaCl

FS=NAP, DS=2M NaCl

t (min) v in FS (mg/L) v in DS (mg/L) Rejection (%) v in FS (mg/L) v in DS (mg/L) Rejection (%)
0 0.88 / / 0.9 / /

30 0.97 0.02 98.6 1.1 0 100

60 1.10 0.02 98.4 1.41 0.01 98.8
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Three FS consisting of either NAP, DIC-Na, or the NAP/
DIC-Na mixture at an initial concentration given in
Tables 4-7 were operated with 1 M NaCl and 2 M NaCl as a
DS, respectively (Figs. 4a—f)).

Figs. 4a and b present | and ] and conductivity increase
(k) with time for NAP solution and baseline before and
after the filtration during 1 h with 1 and 2 M NaCl as a DS,
respectively. ] for filtration and baseline is almost the same
which indicates that no fouling occurred. However, there
is a difference in conductivity of FSs for baselines before
and after the NAP filtration, which is not seen in ] values
as well as for the conductivity increase during the NAP
filtration. This might be due to solutes trapped inside the
membrane or adsorbed at the membrane surface. If the
cleaning is not done completely, the trapped or adsorbed FS
or DS solutes slowly and gradually diffuse out and contrib-
ute to the increasing | values. When using 2 M NaCl as DS;
a higher concentration gradient generates higher ] , /. and
conductivity values compared to 1 M NaCl as DS (Fig. 4).
However, here the conductivity increases for Baseline 1
and 2 are similar. The same set of results, for DIC-Na and
NAP/DIC-Na solutions, are presented in Figs. 4c and d and
Figs. 4e and f, respectively.

Table 5

Filtrations for NAP, DIC-Na alone in solution, and NAP/
DIC-Na mixture are collected together and presented in
Figs. 5a and b with ] and k as well as average baselines pre-
sented with | , ] and k (as shown in Fig. 3) for 1 and 2 M NaCl
as DS, respectively.

Fouling is more pronounced when having 2 M NaCl
as DS since there is a higher drop in ] and a higher dif-
ference in | among each FS used. The highest flux was
achieved with the DIC-Na follow by NAP solutions and
NAP/DIC-Na mixture and more pronounced using 2 M
NaCl solution as a DS (Fig. 5b). A previous study evaluated
the performance of a polyamide-imide HF membrane [36]
that demonstrated high water permeability and salt rejec-
tion. The charges in the densely active membrane surface
were found to impose a repulsive force on salt penetra-
tion through the membrane. The same effect was observed
when filtrating the DIC-Na solution, where a higher flux
was observed when using both 1 and 2 M NaCl, as a DS.
The pKa value of DIC-Na is 4.15 (same as NAP), however,
DIC-Na is negatively charged at pH > 4.2. The rejection can
be explained by repulsion of the negatively charged DIC-Na
and the negative charge membrane surface of the AIM™
HFFO lab-module.

The concentration of DIC-Na alone in FS and DS and rejection for 1 and 2 M NaCl, respectively

FS=DIC-Na, DS=1 M NaCl

FS=DIC-Na, DS=2 M NaCl

t (min) v in FS (mg/L) v in DS (mg/L) Rejection (%) v in FS (mg/L) v in DS (mg/L) Rejection (%)
0 0.52 / / 0.55 / /
30 1.52 0 100 1.65 0 100
60 2.18 0 100 2.20 0 100
Table 6

The concentration of NAP and DIC-Na (in FS and DS) and rejection in the NAP/DIC-Na mixture for 1 M NaCl

FS = Mixture NAP/DIC-Na, DS =1 M NaCl

NAP DIC-Na
t (min) v in FS (mg/L) v in DS (mg/L) Rejection (%) v in FS (mg/L) v in DS (mg/L) Rejection (%)
0 0.57 / / 0.39 / /
30 1.30 0 100 0.85 0 100
60 1.59 0 100 1.62 0 100
Table 7

The concentration of NAP and DIC-Na (in FS and DS) and rejection in the NAP/DIC-Na mixture for 2 M NaCl

FS = Mixture NAP/DIC-Na, DS =2 M NaCl

NAP DIC-Na
t (min) v in FS (mg/L) v in DS (mg/L) Rejection (%) v in FS (mg/L) v in DS (mg/L) Rejection (%)
0 0.81 / / 0.46 / /
30 1.67 0 100 1.56 0 100
60 2.16 0.01 98.8 1.89 0 100
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Fig. 4. Filtration performance (J , /. and « (conductivity increase)) of the AIM™ HFFO lab-module for (a) FS: NAP, DS: 1 mol/L NaCl;
(b) FS: NAP, DS: 2 mol/L NaCl; (c) FS: DIC-Na, DS: 1 mol/L NaCl; (d) FS: DIC-Na, DS: 2 mol/L NaCl; (e) FS: NAP/DIC-Na, DS: 1 mol/L
NaCl; (f) FS: NAP/DIC-Na, DS: 2 mol/L NaCl. Colored curves (empty symbols) are presented for : (a) and (b) for NAP in green,
(c) and (d) for DIC-Na in blue and (e) and (f) NAP/DIC-Na in red for 1 and 2 M NaCl, as DS respectively.
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Fig. 5. Filtration performance of AIM™ HFFO lab-module: (a) FS: NAP, DIC-Na or NAP/DIC-Na and DS: 1 mol/L NaCl and

(b) FS: NAP, DIC-Na or NAP/DIC-Na and DS: 2 mol/L NaCl.

3.3. Effect of TrOCs transport behavior on rejection

The effects on the rejection of NAP and DIC-Na alone
and the mixture of NAP/DIC-Na using 1 and 2 M NaCl
were studied. The concentration and rejection data for NAP,
DIC-Na alone for 1 and 2 M NaCl DS are given in Tables 4
and 5, respectively.

From the rejection results, it is evident that NAP
permeates through the AIM™ HFFO lab-module whilst
DIC-Na is completely rejected. NAP (pKa 4.15) mole-
cules at pH 4.0 and 5.0 were mainly in the non-dissociated
form [37] whilst DIC-Na is negatively charged at pH > 4.2.
Thus rejection can be explained by repulsion of the nega-
tively charged DIC-Na and the negative charge membrane
surface of the AIM™ HFFO lab-module. With the increase
of pH, the zeta-potential is decreased (Fig. 1).

Concentrations of NAP and DIC-Na (in FS and DS) in
the mixture of NAP/DIC-Na are given in Table 6 and Table 7
for 1 and 2 M NaCl, respectively.

Experiments were conducted to investigate whether
there is a competitive permeation effect of NAP and DIC-Na
at given initial concentrations (Tables 4 and 5). When using
1 M NaCl as DS NAP was completely rejected. With 2 M
NaCl as DS, NAP was completely rejected initially, however,
permeation was seen after 1 h of filtration. This could be due
to a higher initial concentration of NAP as well as in higher
water flux (Fig. 5b). A similar rejection result is observed for
NAP at a given initial concentration of 0.9 mg/L when 2 M
NaCl is used as DS (Table 4). DIC-Na at given initial con-
centrations of 0.39 and 0.46 mg/L in the mixture was 100%
rejected when 1 and 2 M NaCl DS were used as an FS.

4. Conclusions

The study of FO filtration of NAP and DIC-Na and the
mixture at different initial concentrations of FS showed that

the highest flux was achieved with the DIC-Na follow by
NAP solutions and NAP/DIC-Na mixture and were more
pronounced using 2 M NaCl solution as a DS. From the
rejection results, it can be concluded that DIC-Na is com-
pletely rejected both in its solution and in the mixtures,
while NAP rejection varied from 98.4% and 98.8% for 1 and
2 M NaCl and 98.8% in the mixture when 2 M NaCl was
used as a DS.
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