Separation and Purification Technology 252 (2020) 117487

Contents lists available at ScienceDirect

Separation

Separation and Purification Technology Eeugteation

2 Technology

journal homepage: www.elsevier.com/locate/seppur

Effect of pH on the transport and adsorption of organic micropollutants in | M)

Check for

ion-exchange membranes in electrodialysis-based desalination At

a,b,;;:

Malgorzata Roman™"™", Leonardo Gutierrez™¢, Laurens H. Van Dijk®, Marjolein Vanoppen”,
Jan W. Post?, Bas A. Wols®“, Emile R. Cornelissen™, Arne R.D. Verliefde”

2 Wetsus, the Netherlands

Y particle and Interfacial Technology Group, Ghent University, Belgium

¢ Facultad del Mar y Medio Ambiente, Universidad del Pacifico - Ecuador
dKWR Water, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: In energy-efficient electrodialysis desalination processes, salt ions are transported from seawater (high salinity)
Organic micropollutants to wastewater (low salinity) through ion-exchange membranes. Besides salt ions, also organic micropollutants
Electrodialysis can be transported from wastewater (high in organics) to seawater (low in organics). The transport mechanisms
Ion-exchange membranes of organic micropollutants through ion-exchange membranes are complex phenomena, and pH has a tremendous
Adsorption . h . . in el dialysi . it is of ial i

Transport impact on them. Since pH variations in electrodialysis operation are common, it is of crucial importance to

investigate its influence on these mechanisms. Therefore, a large pool of nineteen organic micropollutants of
various physicochemical characteristics was selected and added to artificial wastewater, at environmentally
relevant concentrations. Approximately twenty of these physicochemical properties were statistically analyzed
to elucidate the dominant mechanisms affecting adsorption and transport of organic micropollutants as a
function of pH. Additionally, the influence of different current densities on the transport of organic micro-
pollutants at different pH conditions was studied. This pH effect has now been investigated for the very first
time, leading to essential conclusions on the practical applicability of electrodialysis for seawater desalination.
The presented findings advance our understanding of the type of interactions between organic micropollutants
and ion-exchange membranes.

1. Introduction legal regulations, and social acceptance. In the past years, develop-

ments in ion-exchange membrane (IEM) technology have allowed

Organic micropollutants (OMP) comprise a broad spectrum of che-
micals of anthropogenic origin, e.g., pharmaceuticals, pesticides, per-
sonal care products, or plasticizers. Due to structural diversity and a
large variety of physicochemical properties of OMPs, an efficient was-
tewater treatment solution to remove all OMPs has not yet been de-
veloped. As treated wastewaters are mostly discarded into surface wa-
ters, OMPs are continuously being introduced to aquatic environments.
As a result, OMPs have been frequently detected in surface waters
above natural background levels (ng L™! up to pg L) [1-9].

Due to the pressing global water scarcity issue, treated wastewater
is increasingly becoming a valuable resource stream. Current water
management strategies in many regions (e.g., Singapore, California,
and Australia) have highlighted the importance of wastewater reuse
[10-13]. Unfortunately, the direct production of drinking water from
wastewater is currently beyond reach due to the presence of OMPs,
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electrodialysis (ED) to reach better performance and competitiveness
towards other seawater desalination techniques [14]. However, in a
stan-alone operation mode, ED remains energy- and cost-intensive [15].
Hybrid seawater desalination systems have gained increasing attention
as cost-effective processes to produce drinking water from seawater. For
this reason, the reuse of treated wastewater as a low-salinity stream in
electrodialysis (ED)-based processes constitutes a promising approach
for the pre-desalination of seawater and subsequent production of
drinking water [14,15]. However, the potential transport of OMPs from
wastewater to seawater channels through ion exchange membranes
(IEM) is not yet fully understood and requires additional research ef-
forts.

Previous investigations on IEMs-based separation processes mainly
focused on parameters directly influencing process performance in
terms of ion transfer (e.g., membrane properties such as electrical
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resistance) and overall energy consumption; specifically, flowrates and
conductivities of diluate and concentrate [16-18]. While pH has usually
been monitored in those systems, its impact on the process itself or the
transport of OMPs has never been analyzed as a critical variable. Large
pH variations in electrodialysis operation are typical for this process,
e.g., in the treatment of industrial streams, and in the field of nutrients
(resource) recovery [19,20]. It was shown that pH variations have an
impact on the partition of OMPs in IEMs [21]. The nano-scale inter-
actions between OMPs and IEMs are fundamental in governing the
behavior of OMPs in IEMs separation processes [22]. These interactions
change according to pH variations; thus, impacting the transport and
adsorption of OMPs in IEMs.

Despite its importance, the effect of pH on the transport of OMPs in
ED-based desalination systems is lacking in the literature and must be
addressed for the successful industrial implementation of this tech-
nology. The objective of this study is to investigate the effect of pH on
the transport of OMPs in IEMs in ED. A large pool of nineteen organic
micropollutants (including pharmaceuticals, pesticides, and herbicides)
of various physicochemical characteristics were selected and dosed to
artificial wastewater at environmentally relevant concentrations.
Approximately twenty physicochemical properties of OMPs were sta-
tistically analyzed to elucidate the dominant mechanisms affecting their
adsorption and transport as a function of pH. Additionally, the influ-
ence of different current densities on the transport of OMPs at different
pH conditions was studied. The current manuscript is an original work,
where the effect of pH variations in ED on the adsorption and transport
of OMPs in [EMs is studied in detail, leading to essential conclusions on
the practical applicability of electrodialysis for seawater desalination.
Furthermore, the presented results will highly assist in improving next-
generation IEMs targeting OMP removal (i.e., controlling transport).

2. Materials and methods
2.1. Organic micropollutants and chemical analysis

Nineteen OMPs were selected based on their varied physicochem-
ical properties and reported presence in treated wastewater (Appendix
A). A mixture of OMPs (analytical grade, Sigma-Aldrich, > 98%) was
prepared as a 2 mg L~ ! stock solution per solute and stored at 4 °C. The
stock solution was further diluted to obtain a final concentration of
100 pg L™! of each OMPs for experiments. A liquid chromatograph-
mass spectrometer (Agilent 6420 LC-MS/MS) with a selective electro-
spray triple quad LC-MS/MS multiple reaction monitoring (MRM)
transitions was used to determine the concentrations of OMPs. A
Phenomenex phenyl-hexyl column (150 mm X 3 mm, 3 um pore size)
equipped with a guard column was used for chromatographic analysis.
The inorganic neutral mobile phase consisted of 2.5 L Milli-Q water,
5 mL Ammonia 5 M, 1 mL Formic acid 99%, and 0.1 mL oxalic acid 1 M.
Acetonitrile was used as an organic mobile phase. Prior analysis, all
samples (1 mL) were spiked with a matrix modifier (50 pL), and an
internal standard (50 pL). Agilent Mass Hunter Quant software was
used to integrate and quantitate the peaks in the data files.

2.2. Experimental setup

A cross-flow IEM system (REDstack BV, the Netherlands) with five
cell pairs of alternating anion-exchange membranes (AEM) and cation-
exchange membranes (CEM) was used in the experiments (Fig. 1). The
inner stack membranes were AEMs and CEMs (type 10, Fujifilm, the
Netherlands), with a total membrane area of 0.1 m? .The external CEMs
were Neosepta CMX (Neosepta, Japan). Custom-made spacers of
270 pm thickness were selected (Deukum, Germany). The platinum-
coated electrodes on each side of the stack were connected to a po-
tentiostat (A85111, Ivium Technologies, the Netherlands). Three solu-
tions were prepared for each experiment: (i) artificial seawater of 0.5 M
sodium chloride, (ii) artificial wastewater of 0.017 M sodium chloride
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containing 100 ug L.~ " of each OMP, and (iii) an electrode rinse solution
(ERS) of 0.5 M sodium sulfate. The wastewater and seawater were re-
cycled over 5 L amber glass bottles during each experiment. The water
transport was measured by recording the mass of wastewater and sea-
water in time during each experiment (MS8001TS, Mettler Toledo,
Germany). The conductivity and pH of wastewater and seawater were
continuously monitored in the outlet of the stack. An automatic fraction
collector (LGS B.V., Ubbena, the Netherlands) with three-way magnet
valves (CS3-230AC) connected to digital timers (JP Fluid Control, the
Netherlands) was used to collect samples at specified time intervals for
LC-MS analysis.

2.3. Experimental procedure

Different experimental approaches were conducted to investigate
the effect of pH on OMPs transport through IEMs. In the first experi-
ments, wastewater and seawater were not pH-buffered. In the second
series of experiments, the pH of wastewater and seawater increased
with 0.01 M sodium bicarbonate (NaHCO3). ED experiments were
conducted at current densities of 25, 50, and 100 Am~2 whereby
conductivity, pH, water transport, and potential were continuously
monitored. All streams (ERS, artificial wastewater, and seawater) were
recirculated through the system under a constant flow rate of
170 mL min~! (flow velocity of 0.0105 m s~ ! and residence time of
9.529 s). The duration of each experiment was determined based on
reaching a desalination level of approximately 90% in the artificial
seawater.

Prior to experiments, the setup was equilibrated with the OMPs
solution. First, wastewater and seawater channels were saturated by
recirculating OMPs-containing wastewater in two steps, both lasting
48 h (i.e., after the saturation step, the solution was replaced with fresh
OMPs-containing wastewater). Then, wastewater and seawater were
recirculated through the stack for 96 h to equilibrate the channels with
the solutions selected for the experiments. To determine the transport
and adsorption, the mass balance over the system was calculated (Eq.
1-2).

_naw(® transport
nww (t = 0) (€)]

1— (”WW(t) + nsw (1)

= adsorption
nyw (t = 0)

(2)

where nyw(t = 0) is the initial amount of solute [moles] in wastewater
(i.e., total amount of OMPs brought into the system in the experimental
phase); nww(t) and ngw(t) are the amounts of OMPs in wastewater and
seawater, respectively, at a defined time of the experiment.

2.4. Statistical analysis

A Pearson’s correlation matrix was used to investigate the influence
of each of the physicochemical characteristics of the OMPs on their
adsorption and transport. Pearson’s correlation coefficient is a measure
of linear dependence between two variables, ranging between —1 and
1. Strong correlations range between —0.5 and —1, and between 0.5
and 1. The correlation coefficient of the sample was as shown in Eq. (3).
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where n is the size of the sample, x;and ), are variables (results and
OMPs properties) and X and y are the means of the variables (results
and OMPs properties). The correlations were further validated by
comparing their p-values with the level of significance (a = 0.05) [23].
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Fig. 1. Schematic representation of the experimental setup with a cross-flow membrane ED system. The platinum-coated electrodes on each side of the stack were
connected to a potentiostat. Wastewater and seawater containers were placed on mass balances (Balance WW and Balance SW). Conductivity and pH were measured

by the sensors located in the outlet of the cross-flow system (A and B).

3. Results and discussion

3.1. Impact of current densities on the pH of wastewater and seawater
solutions with and without NaHCO3

To study the effect of pH changes on OMPs transport through IEMs,
first, we investigated pH changes in the IEM-system with and without
the addition of NaHCO3. ED experiments were conducted at current

densities of 25, 50, and 100 Am ~2, where the conductivity, pH, water
transport, and potential were continuously monitored (Appendix B).
Fig. 2 shows pH changes versus charge transfer in the artificial waste-
water and seawater for all current densities in the presence and absence
of NaHCOs.

In experiments without NaHCO3, the pH showed a steep decrease at
the beginning of each experiment in both wastewater and seawater, for
all current densities. The pH stabilized around a value of 3 for seawater
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Fig. 2. pH records versus charge transfer in artificial wastewater and seawater for current densities of 25, 50, and 100 Am™~? and in the presence and absence of
NaHCO3. Dashed lines indicate the equalization of conductivities across the channels, all determined from the conductivity profiles (Appendix B).
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and between 2.6 and 1.9 for wastewater, decreasing with increasing
current density (R? = 0.997). The acidification of the wastewater and
seawater channels can be attributed to the production of protons during
the electrolysis reaction at the anode. The protons were transported
from the anode compartment through the outer CEM into the IEM stack.
Hydroxide anions produced during reduction reactions at the cathode
were blocked to some extent from entering the membrane stack by the
outer CEMs.

Conversely, in experiments with NaHCOs, the initial pH, approxi-
mately equal to ~ 8 (which corresponds to the NaHCO5 concentration),
of all solutions rapidly increased up to a value of approximately 10.8.
This observation can be a result of forming CO, under the process
conditions (Eq. (4)) and removing it from the system through the re-
cycle vessels (Section 2.2).

HCO;~ + H' < H,CO3 <= CO, + H,0 (O]

Next, the pH profile for seawater remained stable, while the pH of
wastewater dropped and reached a minimum value of 6.54, 5.93, and
4.21 at 25, 50, and 100 Am ™2, respectively. This decrease in pH is
possibly caused by the high production of protons during the electrode
reactions and their transport inside the membrane stack. As the com-
partment facing the anode was the wastewater and driving force to
remove ions from the system was directed toward the wastewater
compartment, more protons were transported to this compartment,
resulting in a pH drop in wastewater. Furthermore, pH increased
slowly, which can be related to developed buffer and removal of CO5 in
the recycle vessels (Section 2.2).

One may wonder why in experiments without NaHCO3, pH dropped
in both wastewater and seawater, while in experiments with NaHCOs,
pH dropped only in wastewater. The calculated concentration of pro-
tons in unbuffered experiments is in the range between 1 mM (sea-
water) and 10 mM (wastewater), while in experiments with NaHCOs3,
the concentration of protons is in the range between 1E-08 mM (sea-
water) and 6E-02 mM (wastewater). This indicates that the proton
transfer from wastewater to seawater stream is smaller than from ERS
to wastewater stream. Since the concentration of protons in wastewater
stream (unbuffered experiments) was 10-fold higher compared to
seawater stream, developed bicarbonate buffer (10 mM NaHCO3)
maintained pH only in seawater stream.

3.2. Effect of pH on the ionization of OMPs

As presented in the previous section, experimental conditions
strongly affected the pH of seawater and wastewater streams during
performed experiments. Changes in pH have a significant effect on
OMPs’ behavior. This is because OMPs are present in aqueous solutions
as a mixture of ionized and non-ionized species, and the equilibrium
between them is pH dependent. Changes in ionization induce changes
in the formal charge, hydrophobicity, and the water solubility of the
OMPs. The dependence of the formal charge and hydrophobicity on pH,
of all used OMPs, is presented in Fig. 3.

In the current study, we introduce the classification of OMPs, which
is useful for the data interpretation in the following sections. The
classification is based on the charge change of OMPs with reference to
the initial pH conditions of performed experiments:

Unbuffered experiments. pH conditions in wastewater and seawater
were similar (Fig. 2), that is why the properties of OMPs in both streams
were consistent. For these experiments, four groups of OMPs were
distinguished:

+ “Positive A”: positively charged OMPs that maintained positive
charge at low pH in comparison with the reference conditions. To this
group belongs: lincomycin, metoprolol, atenolol, propranolol, pir-
imicarb, salbutamol, and terbutaline.

« “Positive B”: positively charged OMPs that changed their charge
from neutral (in reference pH) to positive (as they are protonated at low

Separation and Purification Technology 252 (2020) 117487

pH). To this group belongs: atrazine and simazine. Contrary to the
Positive A group, atrazine and simazine were not entirely protonated at
low pH. Thus, the hydrophobicity of atrazine and simazine was higher
compared to the OMPs in the Positive A group.

* “Zero A”: non-charged OMPs that remained neutral at low pH in
comparison with the reference conditions. To this group belongs:
diuron, dimethoate, caffeine, and paracetamol. The Zero A group re-
mained hydrophobic, showing a low water solubility in the whole ex-
perimental pH range.

« “Zero B”: non-charged OMPs that denoted as a negatively charged
(in reference pH) changed their formal charge into neutral. To this
group belongs: diclofenac, triclopyr, ketoprofen, fenoprofen, clofibric
acid, and ibuprofen. Hydrophobicity of the Zero B group increased with
a decrease of pH.

Buffered experiments. In experiments where NaHCO5; was added, pH
values of seawater and wastewater were different. Therefore, we dis-
tinguished OMPs groups for each wastewater (WW) and seawater (SW)
stream:

Buffered experiments - WW. OMPs in the wastewater were char-
acterized by a similar distribution of groups as in the reference condi-
tions (i.e., positively-, negatively charged and non-charged).

 “Positive A: OMPs characterized by a similar change in micro-
species distribution, hydrophobicity, and water solubility, where the
contribution of neutral species increased at higher pH values (i.e.,
pH=8). Consequently, their hydrophobicity linearly increased between
pH=6 to pH=8. To this group belongs: lincomycin, metoprolol, ate-
nolol, propanolol, and pirimicarb, salbutamol, and terbutaline.
Salbutamol and terbutaline, due to their more complex chemical
structures, were present in many different forms of microspecies in the
wastewater.

* “Negative A”: In the experimental pH range, the hydrophobicity of
these OMPs was in its low region, as the compounds were highly io-
nized. To this group belong: diclofenac, triclopyr, ketoprofen, feno-
profen, clofibric acid, and ibuprofen.

« “Zero A”: OMPs were characterized by high stability toward pH
changes in the experimental pH range. This was also reflected in the
hydrophobicity profiles, where no changes were observed. To this
group belong: diuron, dimethoate, atrazine, simazine, caffeine, and
paracetamol. Atrazine and simazine contained partially protonated
microspecies at pH < 6 (i.e., wastewater at 100 Am~2 current den-
sity), resulting in a drop of hydrophobicity. Paracetamol was mainly
present in its neutral form in the wastewater, showing a stable hydro-
phobicity profile. Changes in ionization of paracetamol occurred at
pH > 8, resulting in a hydrophobicity drop.

Buffered experiments - SW. in the seawater, two types of OMPs were
distinguished: negatively charged and neutral OMPs.

* “Negative A”: Containing the same OMPs as Negative A in WW and
following the same characteristics.

+ “Negative B”: This group contains paracetamol, salbutamol, and
terbutaline. Salbutamol and terbutaline were in the pH region located
just above their isoelectric points. Thus, their hydrophobicity slightly
dropped. Along with the dominant presence of deprotonated micro-
species of paracetamol, its hydrophobicity dropped almost to its
minimum level.

« “Zero A”: Beside paracetamol, this group contains the same OMPs
as Negative A in WW and follows the same characteristics.

+ “Zero B”: Group containing OMPs neutralized at high pH, i.e.,
lincomycin, metoprolol, atenolol, propranolol, and pirimicarb. At
pH™10, the microspecies distribution of these OMPs was completely
dominated by non-ionized form, resulting in stable and high hydro-
phobicity.

3.3. Adsorption of OMPs in IEMs

3.3.1. Adsorption of OMPs in IEMs under non-buffered conditions
Under non-buffered conditions, all OMPs in the wastewater
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Fig. 3. Charge and hydrophobicity of organic micropollutants as a function of pH with their classification under measured pH regions in performed experiments: A -
unbuffered experiment (experiment with NaHCO3); B - wastewater stream; C - seawater stream (experiment with NaHCO3). Charge, hydrophobicity, and pKa values
were obtained from Chemicalize [24]
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adsorbed in IEMs independently of their charge; thus, no transport of
OMPs to the seawater was observed. Fig. 4 shows the adsorption of
OMPs for all current density experiments (25, 50, and 100 Am~2). The
OMPs were grouped as described in Section 3.2. as positively charged
(Positive A and Positive B) and neutral (Zero A and Zero B).

The final adsorption of all OMPs was similarly high (above 80%) for
both protonated and deprotonated species. Consequently, low pH
conditions have a positive influence on the adsorption by increasing the
short-range OMPs-IEMs interactions, such as hydrophobic interactions,
which became more prominent for deprotonated OMPs.

Except for lincomycin (i.e., adsorbed almost immediately in each
experiment probably due to its large size), a clear trend among both
Positive A and Positive B was observed. Specifically, higher current
densities were more influential for the adsorption than the time frame
of experiments. Briefly, the duration of experiments was 60, 28, and
14 h for 25, 50, and 100 Am ™2, respectively. Thus, in the 100 Am ™2
experiment, the adsorption occurred not only to a higher degree but
also in a shorter time and along with the highest counter transport of
inorganic ions through IEMs. Currently, the literature does not contain
detailed information regarding the adsorption mechanism of charged
OMPs at low pH and under applied current density conditions.
However, charge interactions have been reported to govern the ad-
sorption of charged OMPs, especially evident for positively charged
OMPs [22]. These charge interactions (i.e., related to the interaction
between complementary charges) would occur between OMPs and
functional groups of IEMs. Brusatori et al., 2003 investigated the ad-
sorption of protein molecules under an applied electrical field. The
transport-limited adsorption was not dependent on the applied voltage.
However, in the moderate or high surface density regions, the adsorp-
tion considerably increased at higher voltages. Briefly, the adsorption
occurred at regions of complementary charge, leading to more oriented
and efficiently packed/adsorbed molecules for higher voltages and
multilayer formation [25]. This could also explain the adsorption of
charged OMPs in ED under low pH conditions. Increase interaction
between membrane and OMPs would lead to a higher surface density of
OMPs. The overall effect of the applied current density was not clearly
observed in the adsorption of non-charged OMPs (Zero A and Zero B)
(Fig. 4), except for triclopyr, which was not fully neutralized (Fig. 3).

3.3.2. Adsorption of OMPs in IEMs in buffered solutions

Fig. 5 shows the adsorption of OMPs in buffered conditions and in
all current densities (25, 50, and 100 Am ~?). For the analysis simpli-
fication, the wastewater conditions were assumed as more relevant for
the adsorption, resulting in three groups of OMPs: Positive A(WW),
Negative A(WW), and Zero A(WW). Under buffered conditions, the
total adsorption of OMPs in IEMs was lower, and a difference between
the adsorption of differently charged OMPs was observed. Briefly, Po-
sitive A(WW) group was characterized by the highest adsorption (above
40%) compared to Negative A(WW) and Zero A(WW) groups (max-
imum 40%).

Generally, the adsorption occurred gradually for all positively
charged OMPs, except for terbutaline, which showed a steep adsorption
profile at 25 Am ™2 current conditions. Also, almost no adsorption of
terbutaline was observed at 100 Am ~2, possibly due to the pH gradient
across the IEMs and resulting in a high charge gradient of terbutaline
(i.e., especially evident for 100 Am~2) (Fig. 3). Remarkably, the pH
inside and at the surface of IEMs is not currently known. Thus, it is not
entirely clear how this affects the ionization of OMPs, especially those
which are characterized by many different microspecies forms, such as
terbutaline. Possibly, terbutaline was neutralized at the membrane
surface (or inside the membrane phase), which deprived charge inter-
actions. Moreover, terbutaline was also characterized by the highest
hydrophobicity drop in seawater, indicating that without an excess of
protons, the adsorption does not occur at the surface of the membranes
but also inside them.

Despite different properties, such as charge and hydrophobicity,
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Negative A(WW) and Zero A(WW) adsorbed similarly. Compounds such
as diclofenac, triclopyr, ketoprofen, fenoprofen, clofibric acid, ibu-
profen, and diuron were clearly characterized by plateau regions oc-
curring in the final hours of all experiments, confirming that mem-
branes become saturated with those OMPs.

Fig. 5 shows that the adsorption of positively charged OMPs de-
creased at higher applied current density. Thus, low applied current
conditions were more favorable for the adsorption, indicating that the
mechanism of adsorption under neutral pH is different from that at low
pH. Under non-buffered conditions, the increase in the adsorption along
with current density was attributed to enhanced OMPs-IEMs interac-
tions; thus, leading to a multilayer adsorption process. Under buffered
conditions, the process was less dynamic and depended on the contact
time between OMPs and IEMs. Also, the total amount of adsorbed OMPs
was lower than in non-buffered conditions, indicating monolayer ad-
sorption at more neutral pH conditions.

3.4. Transport of OMPs in IEMs

The transport of OMPs in IEMs was only observed under buffered
conditions. Fig. 6 shows the transport profiles of OMPs in all applied
current densities (25, 50, and 100 Am ~2). For the analysis simplifica-
tion, the seawater conditions were assumed as more relevant for the
transport, resulting in four groups of OMPs: negatively charged (Ne-
gative A(SW) and Negative B(SW)), and non-charged OMPs (Zero
A(SW) and Zero B(SW)).

Negatively charged OMPs were characterized by the highest trans-
port (up to 20%), already detected in the first hours of experiments,
whereas all other OMPs were recorded in the seawater after a few hours
of experimentation. This intensive transport was evident for the
Negative A(SW) group, following a non-linear transport profile.
Negatively-charged OMPs have been reported as transported by
Donnan dialysis under open-circuit conditions [22]. Donnan dialysis
can also play a role in performed experiments, where three different
current densities were applied. Thus, by Donnan dialysis effect, OMPs
moved in a counter-direction toward the applied current and flux of
salts. The driving force of the Donnan dialysis is the difference between
the (electro)chemical potentials of similarly charged (positive vs. ne-
gative) species across the membrane. As OMPs are weak electrolytes
and are present in a lower concentration than inorganic ions, the po-
tential difference of chloride was considerably larger than the potential
difference of negatively charged OMPs (AE- > AES,p-). This differ-
ence is large enough to induce the preferential transport of OMPs
against the chloride concentration gradient, even under the applied
current condition; thus, explaining the highest transport at the lowest
current density. Interestingly, after the equilibration of the conductivity
across the compartments (i.e., hence, the equalization of the electro-
chemical potentials across the membranes), and further increasing the
potential of sodium and chloride ions in the wastewater, the reversal of
the transport curve of diclofenac was observed. Specifically, the trans-
port reversed along with the Donnan potential, constituting an im-
portant observation for understanding the mechanisms governing the
transport of negatively charged OMPs. This result evidences that
Donnan dialysis has a stronger impact on the transport of negatively
charged OMPs than diffusion. For instance, paracetamol was initially a
non-charged compound under neutral pH conditions, which gained a
strong negative charge during the experiment; as a result, it also fol-
lowed the Donnan dialysis transport at 25 Am ~ > experiment. However,
this tendency was not observed in the profiles of salbutamol and ter-
butaline. Consequently, the charge in wastewater has an impact on the
transport properties of OMPs, especially in the case of positively
charged OMPs, which are characterized by a higher affinity toward
IEMs than negatively and non-charged OMPs. For instance, terbutaline
showed high adsorption strongly dependent on the applied current.

Non-charged OMPs were characterized by a linear transport, de-
tected in the seawater after several hours of retardation. The transport
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Fig. 5. Adsorption of OMPs in experiments under buffered conditions in all current densities. In the wastewater, where pH was at approximately neutral values,
OMPs maintained their original charge. Three charge groups were identified: Positive A(WW), Negative A(WW), and Zero A(WW). Dashed line indicates the

equalization of the conductivity of wastewater and seawater.

of initially neutral OMPs at neutral pH conditions (Zero A(SW)) was
higher (up to 10%) than the transport of neutralized OMPs (below 5%).

3.5. Comparison between the mechanisms of interaction between OMPs and
IEMs under different pH conditions

For a fundamental understanding of the mechanisms of interactions
between OMPs and IEMs under low pH conditions, Pearson’s correla-
tion analysis was performed. Pearson’s correlation coefficients (r) were
calculated for n-2 degrees of freedom, at the point when the con-
ductivity across the compartments were equal (i.e., specifically for pH 3
under non-buffered conditions, pH between 6 and 8 for wastewater),
and pH 10 for seawater under buffered conditions. To calculate the
correlation coefficients, OMPs were divided into charge defined groups
(as described in section 3.2.). Only strong correlations (r = 0.5 or
r < —0.5) were considered. Also, to validate the reported correlations,
p-values were calculated and compared with the statistical level of
significance (a = 0.05).

3.5.1. Adsorption of OMPs in IEMs

Fig. 7 shows the correlation analysis of the adsorption of OMPs in
IEMs in buffered and non-buffered experiments. Significant differences
were recorded between the results corresponding to different pH (see
Fig. 7).

At low pH conditions, the adsorption of positively charged OMPs
was still preliminary based on electrostatic interactions with the op-
posite charges of the adsorbent [26]. Similar behavior was observed for
all positively charged OMPs (both groups: Positive A and Positive B).
Moreover, the effect of Taube’s rule (i.e., a larger molecular size relates

to higher adsorption) was observed for positively charged OMPs. Large
OMPs, such as lincomycin, metoprolol, propranolol, and atenolol, were
almost immediately and fully adsorbed. The importance of the mole-
cular size for adsorption was confirmed by Pearson’s correlation, where
the adsorption was positively correlated with the physicochemical
properties of OMPs, which refer to the molecular size (e.g., Van der
Waals surface and volume) for all three current densities. Since larger
molecules are unlikely to penetrate the IEM polymer structure, this
result might indicate that under applied current conditions and at a low
pH, the adsorption of positively charged OMPs mainly occurred at the
surface of the membranes. Also, this result contradicts the previous
findings regarding the adsorption under zero current conditions and
neutral pH [22]; thus, confirming the surface nature of the adsorption
at low pH and under applied current conditions.

Only two physicochemical parameters of non-charged OMPs at low
pH conditions were characterized by a significant correlation with ad-
sorption: rotatable bond count and LogD. Considering the pH effect on
the adsorption of the selected group of OMPs, where hydrophobic in-
teractions play a key role in the process, hydrophobicity itself (i.e.,
which considers both ionized and unionized species) is pH-dependent
[27]. Generally, the adsorption of non-charged OMPs occurred in the
pH region of their high hydrophobicity (i.e., the experimental pH was
below their pKa). These results are consistent with those of [28], re-
porting the importance of hydrophobic interactions for the adsorption
at low pH.

Hydrophobic and -t interactions have been previously reported as
a short-range interactions responsible for the adsorption of positively-
charged OMPs at neutral pH and zero current conditions [22]. The
contribution of m-it interactions is questionable for positively charged
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Fig. 6. Transport of OMPs under buffered conditions in all current densities. In seawater the following groups were observed: negatively charged OMPs (Negative
A(SW) and Negative B(SW)) and non-charged OMPs (Zero A(SW) and Zero B(SW)). Dashed line indicates the equalization of the conductivity of wastewater and

seawater.

OMPs in the pH buffered conditions, as the correlation coefficient was
not supported by the significance level (Fig. 7). However, the im-
portance of hydrophobic interactions appears to be corroborated by the
current results. The effect of hydrophobicity is clear from the strong
correlation between the adsorbed amount of positively charged OMPs
and their LogD. Interestingly, pirimicarb is the most hydrophobic of the
positively charged OMPs (LogD = 1.76); however, it was mostly neu-
tral at the pH values in the wastewater compartment. Pirimicarb
showed low adsorption, confirming preferential adsorption of positively
charged OMPs in IEMs. Furthermore, a correlation between molecular
size and adsorption of positively charged OMPs was not observed, in
contrast to the low pH conditions.

More statistically significant correlations were recorded for the
group of negatively charged OMPs, in comparison to the positively
charged OMPs, in pH buffered conditions. Also, a clear influence of t-xt
interactions was observed by the strong positive correlation of their
adsorption with ring count and aromatic ring count. The correlation
analysis also showed that the adsorption of negatively charged OMPs
follows Trauble’s rule.

The size dependence of the adsorption of non-charged OMPs was
observed, however, opposed to Traube’s rule. The smaller the molecule,
the higher the adsorption. This result may indicate that adsorption
occurred inside the membranes.

3.5.1.1. Transport of OMPs in IEMs. Fig. 8 shows the results of
correlation analysis of transport of OMPs trough IEMs in buffered
experiments.

Three physicochemical properties were strongly correlated with the
transport of negatively charged OMPs: polar surface area (negative

correlation), hydrogen count (negative correlation), and LogD in the
wastewater compartment at pH = 6 (positive correlation). The nega-
tive correlation with the polar surface area was characterized by a si-
milar strength as the correlation with hydrogen count, since the polar
surface area is defined as the surface sum over all polar atoms or mo-
lecules (i.e., primarily oxygen and nitrogen), also including their at-
tached hydrogen atoms, and hydrogen atom count. These two para-
meters can be a measure of hydrophilicity. Furthermore, a positive
correlation was observed between transport and LogD; however, a
correlation between the transport and LogD in seawater pH was not
recorded. The three observed parameters would be responsible for
governing the adsorption of OMPs in IEMs. Therefore, the adsorption
would also govern the transport of negatively charged OMPs under
applied current conditions.

The polarizability is the molecular ability to create an induced di-
pole moment under the applied current conditions. A strong negative
correlation, additionally confirmed by the significance level, was re-
corded between the transport of non-charged OMPs and this property.
The possibility to form dipoles was precisely related to the hydro-
philicity of the molecule. More hydrophilic molecules are less prone to
interact with IEMs, thus, having a direct consequence for the possibility
of these compounds to penetrate IEMs.

4. Conclusions

pH variations during ED affect transport and adsorption of OMPs
present in low salinity stream, by affecting the ionization of OMPs.

Low system pH (unbuffered conditions) accelerates the adsorption
of OMPs in IEMs, which efficiently prevents their transport toward
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the level of significance (a = 0.05) are indicated by the red frames.

seawater. Unlike in neutral pH conditions, under low pH adsorption is
equally high for all OMPs, independently on their charge. However,
mechanisms of adsorption are still different between differently
charged OMPs.

Buffered ED resulted in lowering the total adsorption of OMPs and
depended on the contact time between OMPs and IEMs. The total ad-
sorption varied among the groups of OMPs. Lowering the adsorption in
these experiments resulted in observing their transport in seawater.
Transport of OMPs was also dependent on their charge, where nega-
tively charged OMPs were characterized by the highest transport as-
sociated with Donnan dialysis.
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