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ABSTRACT

The increasing demand on water resources throughout the world has motivated researchers to seek
new ways to obtain quality water increasing their interest in water reclamation. However, the pres-
ence of harmful organic chemicals such as pharmaceutically active compounds (PhACs) is a serious
environmental concern. The objective of this study was to investigate the influence of the pH on
the rejection of seven target PhACs (acetaminophen, caffeine, erythromycin, ibuprofen, naproxen,
sulfamethoxazole, and trimethoprim) by different low-pressure membranes within the fine ultra-
filtration (UF) and loose nanofiltration (NF) range. For this purpose, three ceramic membranes and
a polyamide membrane were used for UF and NF experiments, respectively. Experimental results
indicated that PhACs with negative charge were effectively rejected at basic conditions (< 75% for UF,
< 90% for NF), improving both their hydrophilicity and solubility with increasing pH. Furthermore,
high soluble PhACs with high pKa values showed low rejection values (~15% for UF, ~30% for NF)
and a pH-independent behaviour during low-pressure filtration experiments. Therefore, the use of
low-pressure membranes could be considered as an appropriate and sustainable supplemental tech-
nique to remove PhACs in a wastewater treatment plant.

Keywords: Low-pressure membrane filtration systems; Emerging contaminants; Rejection efficiency;
Pharmaceutically active compounds; pH; Fouling

1. Introduction

Water is a complex resource that occurs in a dynamic
cycle with different temporal and spatial variations in qual-
ity and availability. Such variations can completely rate its
value to people and ecosystems [1]. Nowadays, the demand
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of high-quality water is constantly increasing throughout
the world due to the continuous and rapid growth of the
human population, fast industrialisation, urbanisation and
economy and the limited availability of water resources.
For these reasons, water reclamation has received more and
more attention as a sustainable water resource to suit the
needs of society and the planet [2].
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However, the growing presence of harmful organic
chemicals (including pharmaceuticals, hormones, per-
sonal care products, pesticides, disinfection by-products,
specific chemicals, and products of oil use and combus-
tion) in water has become one of the most serious envi-
ronmental concerns. These emerging contaminants are
associated with potential human, animal and ecological
problems and they are mainly entering the environment
through their release as free without further treatments or
conjugate metabolites or their excretion from the human
or animal body [3,4]. Among them, active pharmaceuti-
cal ingredients (APIs) or pharmaceutically active com-
pounds (PhACs) are a broad and diverse group of organic
substances used for preventing and treating diseases in
humans and animals [5]. Although PhACs are detect-
able in water at very low concentrations (in the range
of ng/L to ng/L), their presence and their consequences
in the environment have not been sufficiently studied.
Many researchers from a wide variety of backgrounds
and countries have focused their efforts on removing
PhACs from different wastewaters, but limited investi-
gations have proved to be efficient in the removal of such
compounds from contaminated waters. Activated carbon
(as granular activated carbon or as powdered activated
carbon) has been used for adsorption from wastewater
effluent, obtaining high sorption efficiencies for PhACs
and hydrophobic natural organic matter (NOM) from
wastewater effluent. However, their removal is simply a
transfer from one phase to another one and the PhACs
are not degraded in the process [6,7]. To overcome this
problem, membrane technology has captured the atten-
tion of many researchers in different fields over the past
few decades and it can play a crucial role in reclaiming
treated industrial and domestic waters which contained
PhACs in their composition. Numerous studies demon-
strated that the application of nanofiltration (NF) and
reverse osmosis (RO) provides high removal efficiencies
of PhACs [6,8,9]. Low-pressure membrane filtration has
been successfully applied in the removal of suspended
solids NOM, microorganisms and inorganic compounds
from wastewater, but these membranes presented low
removal efficiencies of PANACs when passing through the
membrane system [6].

Table 1
Physicochemical properties of the target PhACs studied
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In this regard, there are a few studies about the appli-
cation of low-pressure membranes in the removal of
PhACs, especially its improvement using ceramic ultra-
filtration (UF) by studying their interactions among each
other at different pH conditions and with membranes of
different molecular weight cut-offs (MWCOs). The objec-
tive of this study was to evaluate the performance of dif-
ferent ceramic low-pressure membranes (with a nominal
MWCO of 1, 5 and 8 kDa, respectively) in removing seven
targeted PhACs with diverse physicochemical charac-
teristics at different pH conditions (pH 4, 7 and 10 for
UF experiments and pH 6, 7, and 8 for NF experiments).
Membrane fouling and rejection experiments were con-
ducted using a crossflow membrane filtration test unit.
High-Performance Liquid Chromatography (HPLC)
analyses were used to calculate the concentration in feed,
permeate and rejection streams and thus, the retention
values for each PhACs.

2. Experimental
2.1. Chemicals and materials

Seven different PhACs were selected for this study due
to their persistence and occurrence in effluents from waste-
water treatment plants and surface waters at the Spanish
Mediterranean area of Valencia [10,11]. Reagent grade Ibu-
profen (IBU), Acetaminophen (ACE), Sulfamethoxazole
(SUL), Caffeine (CAF), Naproxen (NAP), Trimethoprim
(TMT), and Erythromycin (ERY) were purchased from
Sigma-Aldrich (Germany). The physicochemical properties
of the target PhACs are shown in Table 1. These organic
compounds have similarly associating and distinguishing
features which make them interesting for the comparison
and examination of their removal and their ability as fou-
lants on/in low-pressure membranes (see Table 1). Unlike
other organic and inorganic compounds, physicochemical
properties of PhACs are strongly dependent on the pH con-
ditions, which significantly affect both their fouling and
retention behaviours [12]. This dependence is related to
their value of dissociation constant (pKa) which determines
its ionic state. At higher pH values than the characteristic

Pharmaceutical =~ CASno.  Formula Molecular Water Log P LogK > pKP Molecular Charge
active compound weight solubility (pH =7)* length (pH=7)

(g/mol)*  (mg/L) (nm)
Acetaminophen  103-90-2  CHNO, 151.16 14,000 0.89 0.46-0.89 9.4/9.86 114 0
Caffeine 58-08-2 CHN,O, 19419 22,000 -0.80 -0.07 10.4/14.0 098 0
Erythromycin 23893-132 C,H_NO, 733.93 14 191 3.06 89 1.59 0
Ibuprofen 15687-27-1 C_H O, 206.29 10-49 3.14 3.50-3.97 4.4/491 1.39 -1
Naproxen 22204-53-1 C,H,0, 230.26 16-25 2.86 2.88-3.18 4.15/4.5 1.37 -1
Sulfamethoxazole 723-46-6 ~ C H N,O,S 253.28 600 0.86 0.5-0.89 14/1.7-55/5.7 1.33 -1
Trimethoprim 738-70-5  C HN,O, 290.32 400 143 0.59-091 6.6/7.12 1.42 +1
*Chem3D Ultra 8.0.

"SciFinder Scholar, data calculated at 20°C and 760 torr using Advanced Chemistry Development (ACD/Labs) Software V11.02

(©1994-2016 ACD/Labs).
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pKa value of the solute, this will be negatively charged; oth-
erwise this compound will be neutral or positively charged
or a mixture of both [13]. The pH of feed solutions was
adjusted using 0.1 M HCl/NaOH solutions before starting
membrane filtration. Both chemicals (HCl and NaOH) were
obtained of reagent grade from Panreac (Spain). Deionised
water was used throughout this study.

Three different multichannel ceramic UF membranes
(INSIDE CéRAM™, TAMI Industries, France) with a nom-
inal MWCO of 1,000, 3,000 and 8,000 Da and a polymeric
spiral wound NF membrane (TFC-SR2, KOCH Membrane
Systems, USA) of 300-400 Da were used in order to rep-
resent a wide range of nominal MWCO and to compare
their effectiveness in the removal of PhACs. Multichannel
TiO2 membranes had a length of 25 cm with an external
diameter of 1 cm. The effective filtration area was 0.0132 m?
for ceramic UF membranes and 2.5 m? for NF membrane.
Their main properties and operational conditions are sum-
marised in Table 2.

2.2. Low-pressure filtration experiments

The experimental cross-flow filtration setup is sche-
matically shown in Fig. 1. This plant was equipped with
a temperature-controlled feed tank with 25 L in volume, a
filter to protect the pump of undesired pollution, a variable
speed volumetric pump to adjust and maintain the feed
flow (measured by a flow meter), and two manometers
(P1 and P2) placed at the inlet and outlet of the cross-flow
membrane module in order to regulate the transmembrane
pressure. Finally, a scale with an accuracy of + 0.001 g was
employed to gravimetrically measure the permeate flux.
Both membrane filtration processes (UF and NF) operated
in a total recirculation mode. All experiments were carried
out at a constant temperature of 25°C + 2°C. Firstly, mem-
branes were compacted using deionised water for at least
30 min, 3 bar, and 300 L/h for ceramic UF membranes,
whereas the operating parameters for compacting the poly-
meric NF membrane were 45-50 min, 10 bar, and 500 L/h.
The water flux was generally stable after the selected com-
paction time, when differences between values of permeate
flux during the filtration time were lower than 2% [18].

After the compaction procedure, UF experiments were
carried out at a constant flow rate of 300 + 10 L/h and
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2 bar with model solutions for 3 h, which were prepared
at 500 pg/L of each PhAC, separately. For NF experiments,
the operating conditions were 500 + 20 L/h and 5 bar for 4 h
using model solutions with a concentration of 1,000 ng/L
of IBU, ACE, and SUL, and 300 ng/L for the rest of PhACs.
In order to evaluate the effect of pH on the removal effi-
ciencies, acidic (pH 4), neutral (pH 7), and basic (pH 10)
conditions were studied for UF experiments, and pH values
between 6 and 8 were tested for NF experiments. For both
filtration experiments, permeate flux (Jp, L/m?*h), fouling
degree (FD, %) and rejection index (R,,,., %) were mea-
sured, according to the following equations:

v

=5 Eq. (1)
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Fig. 1. Schematic diagram of the cross-flow filtration set-up used
for both UF and NF processes.

Table 2
Properties and relevant information of the selected membranes
Membrane UF8 UF5 UF1 TFC-SR2
Manufacturer TAMI Industries ~ TAMI Industries =~ TAMI Industries =~ KOCH Membrane Systems
MWCO (Da) 8,000 5,000 1,000 300-400
Active layer TiO, Polyamide
Isoelectric electric® ~59-6.3 ~2-4
Water contact angle (°)° 40+2.0 604 +4.0
Water permeability (L/m*h-bar)c  60.7 = 3.0 414 +34 362+21 17318

aReferences sources: [14] for fine UF membranes, and [15] for the loose NF membrane.

PReferences sources: [16,17] for fine UF membranes, and [15] for the loose NF membrane.

‘Water permeability was determined using deionised water at different transmembrane pressures (AP) ranging from 0.5 to 3 bar
at a constant flow rate of 300 + 10 L/h for UF membranes, and AP from 2 to 10 bar at a constant flow rate of 500 = 20 L/h for the

NF membrane.
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where V is the volume of permeate stream (L), A is the
effective membrane area (m?), ¢ is the filtration time (h), Jp,
and ]pf are, respectively, the permeate fluxes at the begin-
ning and after the filtration process with model solutions, C
is the concentration of each PhAC in the permeate stream,
and C, is the concentration of the same PhAC in the feed
solution.

2.3. Analytical methods

Concentrations of each PhACs in the corresponding sam-
ples (permeate and feed samples) were measured using an
Agilent Technologies 1260 Infinity Ultra High-Performance
Liquid Chromatograph (UHPLC) coupled to an Agilent
Technologies 6410 Triple Quadrupole Mass Spectrometer
with an electrospray Turbo V ionisation source. The column
was Kinetex C18 (1.7 pm, 100 A, 50 x 2.10 mm) from Phe-
nomenex (France) and was maintained at a constant flow
rate of 0.2 mL/min and 30°C. PhACs were determined in
both positive and negative ionisation modes, depending on
the PhAC measured. Quantified and qualified transitions
were optimised for each PhACs by selected reaction moni-
toring (SRM) and were previously described [10,19,20].

2.4. Method validation

Seven-point calibration curves were obtained using
standard solutions and matrix matched calibrations with
concentrations from the limit of quantification (LOQ) to
30 pg/L. Such solutions were injected in triplicate and
the linearity was analysed by means of the linear correla-
tion coefficient (R?), which was higher than 0.95 for all the
PhAC:s tested. The limit of detection (LOD) and LOQ were
calculated as the amount of analyte added to the water sam-
ple that produced in the chromatogram a peak signal of 3
and 10 times the background noise, respectively [19,21].
Method LODs are displayed in Table 3.

3. Results and discussion
3.1. UF experiments
3.1.1. Effect of pH on PhAC removal for UF membranes

The pH of the feed solution plays a key role in the rejec-
tion of target PhACs. In order to study the effect of pH con-

Table 3
Limits of detection values (LOD) and limits of the quantification
(LOQ) obtained for all the compounds tested

Compound LOD (ng/L) LOQ (ng/L)
Acetaminophen 09 2.7
Caffeine 0.4 1.8
Erythromycin 5.0 20.0
Ibuprofen 5.0 14.4
Naproxen 0.5 2.0
Sulfamethoxazole 0.9 2.7
Trimethoprim 09 2.7

ditions on both the performance and removal of PhACs,
rejection UF experiments were conducted at three pH levels
(4,7, and 10), depending on the characteristic pKa values of
each PhAC, which are displayed in Table 1.

Fig. 2 shows the effect of changing feed pH on the rejec-
tion of PhACs for different ceramic UF membranes. The
nominal concentration of each PhAC in feed stream for
each pH was 500 pg/L. Results indicated low rejection val-
ues for all PhACs tested, except for UF1 membrane, which
has a MWCO value close to NF range. As expected, it can be
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Fig. 2. Rejection of PhACs by ceramic UF membranes UF8
during the membrane filtration experiments: (a) UF8 mem-
brane, (b) UF5 membrane, and (c) UF1 membrane. Experimental
conditions were: 3 bar, 300 + 10 L/h, and 25°C + 2°C.
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observed that the removal of target PhACs was higher with
membranes with lower MWCO. Generally, the separation
mechanism identified for removing solutes with molecular
weights larger than the MWCO of the membrane is purely
size exclusion. However, ceramic UF membranes have
larger MWCOs than the molecular weight of the target
PhACs which indicates that size exclusion is not the main
separation mechanism and therefore, the electrostatic inter-
actions between the charge of both membrane surface and
PhACs play an active role in rejection of charged solutes
[13]. The isoelectric point of the ceramic membranes was
about 6, resulting in membranes positively charged at pH 4
and negatively charged at pH 7 and 10. At acidic pH (pH 4),
all PhACs are neutral species, except TMT that is positively
charged, similar to the charge of the membrane at this con-
ditions. This results in slightly higher rejections for TMT
at acidic pH due to electrostatic repulsion, which is more
visible with membranes with smaller pores. However, the
change of membrane charge from positive to negative at
pH values in the alkaline region caused an electrostatic
attraction between TMT and membrane surface which
leads to a decrease in rejection and also, a slightly increase
in membrane fouling. Among all the PhACs tested in UF
experiments, ERY, IBU, NAP and SUL presented high rejec-
tions values for all membranes, which are higher when pH
increases (for UF1 from 35%, 31.9%, 26.7%, and 23.8% at pH
4 t0 75.1%, 52.9%, 57.5%, and 48.7% at pH 10, respectively).
At pH 4, IBU and SUL exist as neutral species, changing
both to negatively charge compounds at both pH 7 and 10.
This change in the charge of both organic solutes can cause
an increase in their rejection values due to electrostatic
repulsion with the negatively charged ceramic membrane.
In this regard, Nghiem and Hawkes (2007) demonstrated
that both IBU and SUL are highly soluble at basic pH where
both compounds are negatively charged. Furthermore,
IBU shows a decrease in their hydrophobic character when
the pH conditions increase, which results in two hydro-
philic compounds at basic pH [12]. Due to its speciation
as a function of pH, IBU rejection also varied with the pH
conditions, showing remarkably high rejections when pH
increased. NAP has similar characteristics to IBU (molec-
ular weight, log K, and pKa) and presents the same
behaviour at the studied pH conditions. For these reasons,
the behaviour of NAP can be extrapolated and considered
similar as IBU. These pH-dependent behaviours of both
IBU and NAP were proved by other authors using different
membrane separation processes such as forward osmosis
(FO) [22]. However, ERY exists as neutral species at both
pH 4 and 7, but it becomes negatively charged at pH 10.
Furthermore, this organic solute has the highest molec-
ular weight, being more than twice the size of the other
PhACs tested. Therefore, its molecular weight is close to
MWCO of UF1 membrane together with its charge at the
tested pH conditions can explain its high rejection values
(~75.1%). Other PhACs as ACE and CAF are neutral and
hydrophilic in all pH conditions tested. These compounds
are not affected by the pH of the solution and present sim-
ilar rejections for the same membrane, increasing when
membranes with lower pore size were used. Other authors
observed similar pH-independent behaviour of ACE and
other PhACs such as carbamazepine in different filtration
experiments [12,23,24].

3.1.2. Effect of MWCO of the membranes and pH on the
membrane performance

Table 4 represents the values of permeate flux during
the fouling step and the calculated fouling degree parame-
ter for 1, 5, and 8 kDa membranes. Here, it can be observed
the effect of the MWCO of the membrane and pH on the
permeate flux as well as the interactions between the tar-
get PhACs and the ceramic membranes. As expected, per-
meate flux is higher for membranes with larger pore size
at the same pH conditions. This can be particularly visible
through the different permeate fluxes obtained for UF8
compared with those obtained for UF1. Comparing the FD
results, specific flux declines observed during UF exper-
iments are insignificant (less than 10% of the initial per-
meate flux) and are mainly caused by the adsorption and
deposition of PhACs (in both particle and aggregate form)
on the surface and/or inside the pores of the membranes.
Even though the differences in percentage among them
are not significant, UF1 shows the highest FD which indi-
cates that fouling phenomena are more severe for ceramic
UF membranes with lower MWCO due to the similarity
between the MWCO of UF1 membrane and the molecular
weight of the PhACs [25]. Due to their hydrophilic surface,
the main reason for fouling in ceramic membranes cannot
be the hydrophobic interactions between PhACs and mem-
brane surface, but these membranes have a rougher surface
than a typical commercial polymeric UF membrane with
the same MWCO, which can cause a more severe fouling
and its inherent flux decline and therefore, can favour the
entrapment of PhAC molecules on the membrane [23,26,27].

When the results of FD are compared for each pH tested,
membrane fouling was more severe at basic conditions
(pH 10), where it can be also observed that the permeate
flux at the beginning of the UF experiments at pH 10 pre-
sented lower values than those UF experiments performed
at both pH 4 and 7. Furthermore, the rejection of the target
PhACs was improved for almost all of the PhACs tested
(except for TMT) due to their presence as a neutral or neg-
atively charged species and their increase in hydrophilicity
with increasing pH, especially for SUL, NAP and IBU (see
Fig. 2). Those improvements can be the main cause of both
fouling on the membrane (aggregations of some PhACs
on the membrane surface and/or electrostatic attraction
between positively /neutral charged PhACs and negatively
charged surface) or inside the membrane (accumulations of
aggregations of some PhACs inside the pores).

3.2. NF experiments
3.2.1. Effect of pH on PhAC removal for NF membranes

The selected NF membrane (TFC-SR2) can be con-
sidered as a very loose NF membrane due to its MWCO
(~400 Da; 1.28 nm of average diameter), which is compara-
tively larger than the different molecular weights of the tar-
get PhACs, except of ERY with a molecular weight slightly
higher than 700 Da (see Tables 1 and 2). The presence of
carboxylic and amine functional groups in its structure
makes TFC-SR2 susceptible to be ionised depending on the
pH of the aqueous solution. In particular, this membrane
has an isoelectric point between pH 2 and 4, and there-
fore, TFC-SR2 is negatively charged at the pH conditions



J. Garcia-Ivars et al. / Desalination and Water Treatment 69 (2017) 252-260 257
Table 4
Results for ceramic membranes during UF experiments with a nominal PhAC concentration of 500 pg/L
Jp, (L/m*h) Jp; (L/m*h) ED (%)
pH UF8 UF5 UF1 UF8 UF5 UF1 UF8 UF5 UF1
ACE 4 1115 81.2 64.8 108.1 76.6 60.8 3.0 57 6.2
7 108.8 74.6 64.4 103.9 704 60 4.5 5.6 6.8
10 101.7 61.1 57.3 96.4 57.2 53 5.2 64 7.5
CAF 4 143.2 94.6 94 138 91.7 88.5 3.6 31 59
7 111.8 75.8 577 107.7 73.4 54.1 37 32 6.2
10 1272 79.1 69.4 121.6 75.8 64.1 44 4.2 7.6
ERY 4 135.4 71 76.6 131.6 69.6 73.3 2.8 2.0 43
7 1364 81.5 76.2 132.3 78.6 73 3.0 3.6 4.2
10 119.3 64.5 71 115.1 62.1 67.2 3.5 3.7 54
IBU 4 1281 82.5 754 124.2 80.3 71.6 3.0 2.7 5.0
7 1334 88.7 74.5 129.3 85.7 70.2 31 34 5.8
10 115.5 73.8 66.8 109.7 709 62.7 5.0 39 6.1
NAP 4 131.2 81.3 81.3 1259 777 764 4.0 44 6.0
7 139.1 81.8 80.8 133.3 799 75.5 4.2 2.3 6.6
10 1219 75.1 72.1 115.8 714 67.3 5.0 49 6.7
SUL 4 106.5 784 80.9 102.6 77.8 769 3.7 0.8 49
7 1139 82.7 75.8 1114 80.6 721 2.2 2.5 49
10 101.7 71.3 68 96.4 68 64.1 5.2 4.6 57
T™MT 4 107.5 82.2 78.7 104.2 79.8 75.5 31 29 41
7 129.3 83.8 74.6 124.8 811 70.2 3.5 32 59
10 99.6 73.2 67.8 94.8 69.3 63.8 4.8 53 59

Note: Experimental conditions were: 3 bar, 300 + 10 L/h, and 25°C + 2°C.

used in this study. In the same way, the semi-hydrophilic
character of TFC-SR2 was reported by different research-
ers, presenting a water contact angle value around 61°,
which was higher than other commercial NF membranes
such as NF90 or NF270 [15,28]. The rejection of the target
PhACs by the TFC-SR2 membrane during NF experiments
is shown in Fig. 3. It can be observed that the rejection was
pH-dependent, where TFC-SR2 membrane achieved high
rejection of SUL, NAP, IBU, and ERY, especially at pH 8.
The high rejections obtained for ERY at all the tested pH
conditions are mainly caused by size exclusion, due to its
higher molecular weight than MWCO of the NF membrane.
Despite the important role of size exclusion (molecular
weight of PhACs vs. MWCO of the membrane), both elec-
trostatic and hydrophobic interactions are predominantly
the main rejection mechanisms for the NF membrane used
in this study, even more than for UF membranes. The rejec-
tion yields of SUL, NAP, and IBU are intimately related to
the electrostatic repulsion and their log K, where the lat-
ter indicates the hydrophilic character of a PhAC. Although
SUL is hydrophilic within the pH range (log K, is between
0.5 and 0.89), both NAP and IBU have a log K, higher than
2.6, presenting high hydrophobicity which could lead to the
hydrophobic interactions (adsorption) of these compounds
onto the polymeric surface of the membrane [29]. Even
though the adsorption on the membrane could be signifi-
cant, hydrophobic PhACs are ultimately rejected due to size
exclusion mechanism [13]. Likewise, the importance of elec-
trostatic interaction should be taken into account. For SUL

opH=6

85 BpH=7

80 mpH=§

Removal (%)
&

ACE CAF ERY 1BU NAP SuL T™T

Fig. 3. Rejection of PhACs by NF membrane (TFC-SR2) during
the membrane filtration experiments at 5 bar, 25°C and
500 +20 L/h.

and IBU, the rejections vastly increase with increasing pH
from 6 to 8. Both organic solutes are negatively charged at
these conditions, becoming highly soluble and hydrophilic
with increasing pH (especially at basic pH) which results in
an increase in their rejection values due to both electrostatic
repulsion and their hydrophilic character [12,15]. Similar
observations to IBU were also found in the rejection yields
of NAP. For ACE and CAF, rejection values are almost simi-
lar within this pH range. These results are in agreement with
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those obtained in UF experiments in this study and those
obtained by other researchers with similar membranes,
where these organic solutes were almost pH-independent
[23]. For TMT, high rejection values are observed at low pH
conditions principally due to the electrostatic interactions.
At pH 6, TMT is hydrophilic (log K, between 0.5 and 0.91)
and exists as a positively charged species. In these cases, the
rejection is predominantly governed by electrostatic mech-
anisms, where the positively charged PhAC is attracted by
the negatively charged membrane, at which the accumu-
lation of the organic solute as a thin layer may occur. The
strong interaction between this positively charged solute
and the negatively charged surface of the membrane causes
the dissolution and diffusion of the solute across the mem-
brane matrix [13,30]. However, this organic solute changes
its charge at pH 7 (becoming a mixture of neutral and pos-
itively charged solute) and 8 (becoming a neutral or nega-
tive charged species), which causes a slightly decrease in
its rejection. Hajibabania et al. (2011) considered that TMT
exists as a non-ionic hydrophilic solute at pH 7, indicating
that the high rejection (~99%) obtained after NF experi-
ments were clearly dependent of the molecular weight of
TMT and therefore, the major separation mechanism at
these conditions is size exclusion [31].

These results are in accordance with Van der Bruggen
et al. (2006), who proposed a semi-quantitative assessment
of the removal efficiency of organic compounds in aqueous
solutions based on different physicochemical characteristics
of such compounds as well as the membrane properties and
the feed conditions. Selected organic compounds were clas-
sified into different categories depending on their molecu-
lar weight (vs. MWCO of the tested membrane), molecular
length (vs. membrane average diameter), log K, (hydro-
philic/hydrophobic character), pKa (compared with the
feed pH conditions), and membrane charge. The categori-
sation of each target PhAC can be resumed as follows [32]:

e Categories 1, 2, and 7 are related to the uncharged hydro-
phobic compounds and are characterised by pH < pKa,
log K, > 2 (both for all the categories), low molecu-
lar weight (< MWCO) for Categories 1 and 2, and high
molecular weight (> MWCO) for Category 7. Among the
entire target PhACs, ERY can be included in Category 7.
The organic compounds comprised in this category pres-
ent high rejections (> 60%) principally due to the steric
hindrance inside the membrane pores (size exclusion),
which results in a slower solute transport (as explained
above in the same section).

¢ Categories 3, 4, 8, and 9 are related to uncharged
hydrophilic compounds, which are classified accord-
ing to their hydrophilicity (log K, < 2) and charge
(pH < pKa). In Categories 3 and 4, PhACs have a lower
molecular weight than the MWCO of the membranes,
whereas PhACs present higher molecular weight than
MWCO in Categories 8 and 9. Among all the PhACs
tested, ACE and CAF belong to Category 3 and TRI
is included in Category 4 when feed pH is 6 or 7. The
organic compounds present in Category 3 and 4 have
rejection values lower than the compounds belonging
to Category 7 (40%-70%). This may be caused by the
hydrophilicity of these PhACs, in which the adsorption

has a small influence and the pH barely affects the sol-
ute rejection. In this case, the hydrophilic molecules are
hydrated to a certain extent, increasing their effective
size in the aqueous solutions and thus, their rejection
values. However, such increments are not enough to sig-
nificantly increase their rejection values due to the huge
difference between the molecular weight of both ACE
and CAF and the MWCO of the membrane (~400 Da).
However, TRI is larger than those compounds, present-
ing higher molecular length (1.42) than the average
diameter of the membrane (1.28 nm). This factor leads
to obtain higher rejections than ACE and CAF.

e Categories 5, 6, and 10 are related to the charged
PhACs and are characterised by pH > pKa, low molec-
ular weight (< MWCO) for Categories 5 and 6, and high
molecular weight (> MWCO) for Category 10. The differ-
ence between Categories 5 and 6 is the membrane charge
(low for Category 5 and high for Category 6). Among
them, TRI (at pH 8), IBU, NAP, and SUL can be classi-
fied into the Category 6 because the membrane charge is
higher at higher pHs than its isoelectric point. Expected
rejection values for all these compounds are higher than
60%, mainly due to the electrostatic interactions between
PhACs and the large membrane surface charge. How-
ever, for TRI at pH 8, there are not large interactions with
the membrane surface, but similar rejections to those
obtained at previous conditions are achieved due to the
combination of size and charge interactions.

3.2.2. Effect of pH on the performance for NF membranes

Fig. 4 shows the evolution of the permeate flux over time
(4 h) during PhACs filtration experiments with TFC-SR2
membrane and besides the results of the FD parameter at
each pH condition tested. It can be seen that the performance
of TFC-SR2 is clearly influenced by the change of pH condi-
tions, decreasing the permeate flux when pH increases and
thus, TFC-SR2 membrane presents the lowest permeate flux
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Fig. 4. Evolution of the permeate flux over time (4 h) during
PhACs filtration experiments with NF membrane (TFC-SR2) at
5 bar, 25°C and 500 + 20 L/h. Numerically, the results of fouling
degree (FD) parameter are shown.
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at basic conditions. Although the flux declines observed
have no significant differences, it can be seen that the
TFC-SR2 membrane presented higher FD values at higher
pH conditions (from 4.4% to 7.6%). This may be caused by
the hydrophobic interactions between some PhACs and the
membrane surface made by polyamide, which could be
related to the log K | values of the target PhACs. Where log
K, is higher than 2, PAACs have high lipophilicity and low
hydrophilicity, resulting in higher adsorption of hydropho-
bic PhACs onto the membrane surface due to the formation
of hydrogen bonding, Van der Waals forces or electrostatic
interactions [13,33]. This behaviour leads to a higher perme-
ate flux decline and also an increase in membrane rejection.

4. Conclusions

The rejection efficiencies of seven different PhACs using
low-pressure membranes (within the fine UF and loose NF
range) were studied in order to analyse the influence of the
pH of feed solution on their removal. Changes in pH con-
ditions demonstrated the importance of physicochemical
properties of the solutes (such as pKa and log K,), which
governed the separation process and also, the membrane
fouling. Therefore, the results reported here indicated that the
rejection was determined to be strongly pH dependent, espe-
cially for aqueous solutions with erythromycin, ibuprofen,
naproxen, and sulfamethoxazole. These negatively charged
solutes were effectively rejected at basic conditions, improv-
ing both their hydrophilicity and solubility with increasing
pH (especially from their characteristic pKa value to basic con-
ditions). Furthermore, high soluble and hydrophilic PhACs
with high pKa values (acetaminophen and caffeine) showed
low rejection values and a pH-independent behaviour during
low-pressure filtration experiments. Over all the ceramic UF
membranes, multichannel TiO, membrane with a nominal
MWCO of 1,000 Da also showed the highest rejection values
as well as the highest fouling degree, but the latter parameter
was always lower than 10%. Therefore, it can be concluded
that the use of low-pressure membranes could be considered
as an appropriate and sustainable supplemental technique to
remove PhACs in a wastewater treatment plant.
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List of symbols

Variables

A, — Effective area of the membrane, m?

C y — Concentration of each pharmaceutically active

compound in the feed stream, ng/L and ng/L

C, — Concentration of each pharmaceutically active
compound in the permeate stream, pg/L and
ng/L

FD — Fouling degree, %
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Jp — Permeate flux, L/m*h

v, — Permeate flux at the beginning of filtration
experiments, L/m>h

Jp; — Permeate flux at the end of filtration experi-
ments, L/m?*h

log K,,, — Logarithm of the octanol-water partition coef-
ficient, dimensionless

MWCO — Molecular weight cut-off, Da

pKa — Dissociation constant, dimensionless

Ryac. — Rejection index of pharmaceutically active
compounds, %

t — Filtration time, h

T — Temperature, °C

\% — Total volume permeated during an experimen-
tal time interval, L

AP — Transmembrane pressure, bar

Abbreviations

ACE — Acetaminophen

APIs — Active pharmaceutical ingredients

CAF — Caffeine

ERY — Erythromycin

FO — Forward osmosis

HPLC — High-Performance Liquid Chromatography

IBU — Ibuprofen

NAP — Naproxen

NF — Nanofiltration

NOM — Natural organic matter

PhACs — Pharmaceutically active compounds

RO — Reverse osmosis

SRM — Selected reaction monitoring

SUL — Sulfamethoxazole

TMT  — Trimethoprim

UF — Ultrafiltration
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