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Preface to "Membranes for Water and Wastewater
Treatment”

Water is a vital element for life and the environment. The vast majority of water on the Earth’s
surface (96%) is saline water in the oceans, and only a small volume of water has the right qualities
to be consumed as drinking water. Water pollution has been documented as a contributor to a wide
range of health problems. In recent years, the water quality levels have greatly deteriorated because
of rapid social and economic development and because it is used as a “dump” for a wide range of
pollutants.

Many technologies have been developed to remove these pollutants. Among the different
available treatments, “membrane technology” is one of the most viable alternatives, as it achieves
high removal yields and has low costs. For this reason, membrane separation processes play
an important role in water and wastewater treatment. Different membrane processes, including
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), reverse osmosis (RO), and forward
osmosis (FO), have been used to treat water and wastewater. Besides these, membrane bioreactors
(MBRs) have great potential for the treatment of municipal and industrial wastewater. In the last
decade, new materials and fabrication processes have been developed to improve the performance of
membrane synthesis and membrane-modification processes.

This Special Issue aims to cover recent developments and advances in all aspects of membrane
and wastewater treatment, including membrane processes, combined processes (including one
membrane step), modified membranes, new materials, and new technologies to reduce fouling and
to improve the efficiency of enhanced processes.

This book aims to reach researchers and students in the membranes field who are interested in
recent studies about membranes for water and wastewater treatment.

The authors acknowledge Mr. Ian Tu as the assistant editor in the first step of this Special Issue

and Mrs. Jasmine Xu, who has invested a lot of time and effort into the development of this project.

Asuncion Maria Hidalgo, Maria Dolores Murcia
Editors

ix






H membranes

Editorial
Membranes for

Asuncion Maria Hidalgo *

check for

updates
Citation: Hidalgo, A.M.; Murcia,
M.D. Membranes for Water and
Wastewater Treatment. Membranes
2021, 11,295. https://doi.org/
10.3390/ membranes11040295

Received: 29 March 2021
Accepted: 9 April 2021
Published: 19 April 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Water and Wastewater Treatment
and Maria Dolores Murcia *

Departamento de Ingenieria Quimica, Facultad de Quimica, Univesidad de Murcia, 30100 Murcia, Spain
* Correspondence: ahidalgo@um.es (A.M.H.); md.murcia@um.es (M.D.M.)

Water is a vital element for life and the environment. Water pollution has been
documented as a contributor to a wide range of health problems. In recent years, water
quality levels have suffered a great deterioration because of rapid social and economic
development and because it is used to “dump” a wide range of pollutants.

This Special Issue entitled “Membranes for Water and Wastewater Treatment” contains
featured research papers dealing with recent developments and advances on all the aspects
related to membrane for water and wastewater treatment: membrane processes, combined
processes (including one membrane step), modified membranes, new materials, and the
possibility to reduce fouling and improve the efficiency of enhanced processes.

The papers compiled in this Special Issue can be read as a response to the current
needs and challenges in membrane development for water and wastewater treatment
(Table 1). A total of 23 articles have been accepted; in total, 22 of them correspond to
research articles in different fields, and one is a review paper.

Table 1. Summary of the detailed information of the publications in this Special Issue.

Numbers Industrial Type of
and Type of Fields Membrane Model References
- Process
Articles Process
. Diffusion Acidic waste Anion
Review (1) dialysis solution Exchange ) (1
Antibiotics NF - [2]
Mine NF - [3]
Nitrate salts D;)'I::;::n—
and heavy NF e [4]
metals partitioning
model
Spiegler—
Dyes NF Kedem-— [5]
Katchalsky
Solution—
Steel RO Diffusion (6]
Olive mill MEF +RO - [7]
Recycler
paper and UF - [8]
cardboard
Municipal AnMBR ) 9]
wastewater
Sewage AnMBR - [10]
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Table 1. Cont.

Numbers Industrial Type of
and Type of Fields Membrane Model References
- Process
Articles Process
Semiempirical
MF + UF Multiple [11]
Linear
Regression
Surface water UF Combined [12]
models
Aquaporin FO - [13]
Dopamine UF - [14]
Fouling
Ca%t NF/RO - [15]
Chitosan+
alkali - (o]
Chlorination
pretreatment UF i (7]
Chitosan FO - [18]
Nanoparticles RO - [19]
Resins Ion Exchange - [20,21]
Liquid Liquid ) [22]
membrane Membrane
Economic
study WWT plant UF - [23]

Half of the research articles correspond to concrete and practical applications of the
use of membrane processes in different fields of the industry, with the aim of treating
and conditioning water and wastewater. The studies reveal the treatment of industrial
streams, mining, recycled paper industry, olive mill, urban wastewater, etc. Another
important percentage of studies are related to the membrane modification processes with
the aim of obtaining new materials with better performance in the separation processes,
thus describing the use of membranes modified with chitosan, nanoparticles, and other
organic compounds. This field also includes studies related to fouling and its modeling.
Another field that is opening corresponds to the membranes of ion exchange resins and
liquid membranes, and finally, the importance of the economic study to be able to predict
the change of the membranes is also very interesting.

The revision paper carried out by Zhang et al. [1] about diffusion dialysis for acyl
recovery from acidic waste solutions showed three important problems and directions for
further improvements in anion exchange membranes (AEMs). The chemicals with high
stability and alkalinity can be used as modifiers to prepare AEMs with improved acid
recovery and stability. The materials with a size-sieving effect could be introduced into
AEMs to enhance acid selectivity. Finally, the acidic functional groups, such as -COOH and
-HSO3, have an excellent effect on the acid recovery of AEMs and could even overcome
trade-off effects.

About 50% of the published works related to the applications in the field of the
industry use nanofiltration membranes in the processes of separation and treatment of
wastewater. Cristovao et al. [2] tested the occurrence of the broad-spectrum fluoroquinolone
antibiotics ciprofloxacin and levofloxacin in real wastewater effluents using a nanofiltration
pilot-scale unit installed in the same sampling site of the WWTP. The results of a 24 h assay
conducted at a constant pressure of 6 bar showed that the permeance was maintained and
that a high removal of antibiotics, antibiotic resistance genes, and viral genomes can be
expected with this treatment process.
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In the treatment of mine water, one of the main problems is the risk of crystallization
of sparingly soluble salts on the membrane surface (scaling). Mitko et al. [3] studied a
series of batch-mode nanofiltration experiments of the mine waters performed in a dead-
end Sterlitech® HP 4750X Stirred Cell. Based on the laboratory results, the concentration
profiles of individual ions along the membrane length in a single-pass, industrial-scale
nanofiltration (NF) unit was calculated, assuming the tanks-in-series flow model inside the
membrane module. The dead-end experiments showed that the nanofiltration process may
be safely operated even at 80% recovery of permeate.

The experiments carried by Marecka-Migacz et al. [4] using nanofiltration processes in
the separation of aqueous solutions containing nitric salts of Zn, Cu, Fe, or Pb at various pH
showed that it is possible to obtain the total volume membrane charge densities through
mathematical modeling based on the Donnan—Steric partitioning model.

Hidalgo et al. [5] evaluated the performance of polyamide nanofiltration membrane
on the removal of six different dyes. It has been proven that the chemical structure of the
dyes has an important influence on the permeate fluxes and rejection coefficients obtained,
these being the molecular volume and the length perpendicular to the maximum area the
most relevant parameters.

The feasibility of reverse osmosis (RO) for treating coking wastewaters from a steel
manufacturing plant, rich in ammonium thiocyanate was assessed by Alvarez et al. [6].
DOW FILMTECTM SW30 membrane performance with synthetic and real thiocyanate-
containing solutions was established at the laboratory and (onsite) pilot plant scale. No
short-term fouling was observed, and the data followed the known solution—diffusion
model and the film theory.

Bottino et al. [7] used the integrated pressure-driven membrane processes for the
treatment of olive mill wastewater (OMW). They consist of a first stage (microfiltration,
MF) in which a porous multichannel ceramic membrane retains suspended materials and
produces a clarified permeate for a second stage (reverse osmosis (RO)) in order to separate
(and concentrate) dissolved substances from water, thus allowing the concentration of
valuable products and produce water with low salinity, chemical oxygen demand (COD),
and phytotoxicity.

Sousa et al. [8] investigated the optimization of the ultrafiltration (UF) process to
remove colloidal substances from a paper mill’s treated effluent. The effects of four
operating parameters in a UF system (transmembrane pressure (TMP), cross-flow velocity
(CFV), temperature and molecular weight cutoff (MWCQO)) on the average permeate flux
(Jv), organic matter chemical oxygen demand (COD) rejection rate, and the cumulative flux
decline (SFD) was investigated by robust experimental design using the Taguchi method.
The results demonstrate the validity of the approach of using the Taguchi method and
utility concept to obtain the optimal membrane conditions for the wastewater treatment
using a reduced number of experiments.

Membrane bioreactors (MBRs) have a great potential for the treatment of municipal
and industrial wastewater. The papers published in this Special Issue showed the relevance
of the characterization of the activated sludge and the study of the fouling phenomena.
Ding et al. [9] found that the membrane fouling rate of the anaerobic membrane bioreactor
(AnMBR) at 25 °C was more severe than that at 35 °C. The membrane fouling trends were
not consistent with the change in the concentration of soluble microbial product (SMP). On
the other hand, Tabraiz et al. [10] investigated the status of acyl-homoserine lactone (AHL)
in the sludge and biofilm of conventional AnNMBR and the upflow anaerobic membrane
bioreactor (UAnMBR), as well as in the sludge of a UASB reactor, all treating real sewage.
Specifically, the work focuses on the relationship between the microbial community profile
and the AHL detected in these membrane/sludge-based anaerobic systems, especially
when they operate under extreme conditions (i.e., low temperatures). According to the
authors, the molecules C10-HSL, C4-HSL, 3-oxo-C4-HSL, and C8-HSL are the main AHL
present in anaerobic reactors (with or without membranes); these molecules require special
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attention in future work to further understand their role in biofilm formation/fouling
and granulation.

In addition, other studies carried out show the need to model fouling phenomena and
determine the mechanisms that influence these processes. Xu et al. [11] propose a semi-
empirical multiple linear regression model to describe flux decline, incorporating the five
fouling mechanisms (the first and second kinds of standard blocking, complete blocking,
intermediate blocking, and cake filtration) based on the additivity of the permeate volume
contributed by different coexisting mechanisms. On the other hand, Huang et al. [12]
investigated the membrane fouling mechanism based on that combined models could
provide theoretical supports to prevent and control UF fouling for surface water treatment.

The scaling and performance of flat sheet aquaporin FO membranes in the presence
of calcium salts were examined by Omir et al. [13]. These authors found that the amount of
sodium chloride (NaCl), saturation index, cross-flow velocity, and flow regime all play an
important role in the scaling of aquaporin FO flat sheet membranes.

In the last decade, new materials and fabrication processes have been developed
to improve performance in membrane synthesis and membrane-modification processes.
The study conducted by Proner et al. [14] about modifying commercial ultrafiltration
membranes to induce antifouling characteristics shows the relevance of investigating
parameters such as the influence of membrane pore size and the polymer concentration
used in modifying the solution. Other works show that it is possible to modify a thin-film
composite nanofiltration membrane using a novel and facile method based on introducing
Ca®* in the heat posttreatment. Hand et al. investigated the introduction of Ca?* induced
in situ Ca*-carboxyl intra-bridging, leading to the embedment of Ca?* in the polyamide
(PA) layer [15].

Zhou et al. [16] reported the use of a porous carbon nitride (C3Ny) nanoparticle to
potentially improve both the water flux and salt rejection of the state-of-the-art polyamide
(PA) thin-film composite (TFC) membranes. Benefitting from the positive effects of C3Ny, a
more hydrophilic, more crumpled thin-film nanocomposite (TFN) membrane with a larger
surface area and an increased cross-linking degree of PA layer was achieved.

Nady et al. [17] compared the efficiency of a conventional chlorination pretreatment
with a novel modified low-fouling polyethersulfone (PES) ultrafiltration (UF) membrane in
terms of bacteria attachment and membrane biofouling reduction. The results showed that
the filtration of pretreated, inoculated seawater using the modified PES UF membrane with-
out the prechlorination step maintained the highest initial flux (3.27 £ 0.13 m3-m~2-h 1)
in the membrane, as well as having one and a half times higher water productivity than
the unmodified membrane.

The use of chitosan as a cross-linked agent to obtain new membranes has been reported
in this Special Issue. Saiful et al. [18] developed a forward osmosis (FO) membrane from a
mixture of chitosan and Dioscorea hispida starch, which was cross-linked using glutaralde-
hyde. The cross-linked chitosan/starch membrane was revealed to have high mechanical
properties with an asymmetric structure. On the other hand, Nakayama et al. [19] prepared
chitosan membranes by the casting method combined with alkali treatment. The molec-
ular weight of chitosan and the alkali treatment influenced the water content and water
permeability of the chitosan membranes. The water content increased as the NaOH concen-
tration was increased from 1 to 5 mol/L. The water permeation flux of chitosan membranes
with three different molecular weights increased linearly with the operating pressure and
was highest for the membrane formed from chitosan with the lowest molecular weight.
Membranes with a lower water content had a higher water flux.

Among the advances in membrane preparation and modification, exchange ionic
resins and liquid membranes have obtained special attention. Volkov et al. [20] investigated
the cation-exchange membranes based on cross-linked sulfonated polystyrene (PS) grafted
on polyethylene with an ion-exchange capacity of 2.5 mg-eq/g, while Erol et al. [21]
reported the performance comparison of four commonly used cation exchange resins
(Amberlite IR120 Na+, Amberlite IRP 69, Dowex MAC 3 H*, and Amberlite CG 50) and
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their influence on the current efficiency and selectivity for the removal of cations from a
highly concentrated salt stream. The current efficiencies were high for all the resin types
studied. Results also revealed that weak cation exchange resins favor the transport of the
monovalent ion (Na*), while strong cation exchange resins either had no strong preference
or preferred to transport the divalent ions (Ca?* and Mg?").

Leon et al. [22] studied the pertraction of Co(Il) through novel supported liquid
membranes prepared by ultrasound, using bis-2-ethylhexyl phosphoric acid as the carrier,
sulfuric acid as stripping agent, and a counter-transport mechanism.

Finally, the economic study is very important to evaluate the effectiveness of applied
processes. Bai et al. [23] studied the economic performance of the renovation via the net
present value (NPV) method. The result reveals that the NPV of the renovation of the
WWTP within the 20-year life cycle is CNY 72.51 million, and the overall investment cost
can be recovered within the fourth year after the reoperation of the plant.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Wafer-enhanced electrodeionization (WE-EDI) is an electrically driven separations technol-
ogy that occurs under the influence of an applied electric field and heavily depends on ion exchange
resin chemistry. Unlike filtration processes, WE-EDI can be used to selectively remove ions even from
high concentration systems. Because every excess ion transported increases the operating costs, the
selective separation offered by WE-EDI can provide a more energy-efficient and cost-effective process,
especially for highly concentrated salt solutions. This work reports the performance comparison
of four commonly used cation exchange resins (Amberlite IR120 Na*, Amberlite IRP 69, Dowex
MAC 3 H*, and Amberlite CG 50) and their influence on the current efficiency and selectivity for the
removal of cations from a highly concentrated salt stream. The current efficiencies were high for all
the resin types studied. Results also revealed that weak cation exchange resins favor the transport
of the monovalent ion (Na*) while strong cation exchange resins either had no strong preference or
preferred to transport the divalent ions (Ca%* and Mg2+). Moreover, the strong cation exchange resins
in powder form generally performed better in wafers than those in the bead form for the selective
removal of divalent ions (selectivity > 1). To further understand the impact of particle size, resins in
the bead form were ground into a powder. After grinding the strong cation resins displayed similar
behavior (more consistent current efficiency and preference for transporting divalent ions) to the
strong cation resins in powder form. This indicates the importance of resin size in the performance

of wafers.

Keywords: selective separation; ion-exchange resin; wafer-enhanced electrodeionization; desalina-

tion

1. Introduction

The increase in population and industrial development has triggered physical and
economic water scarcity. For instance, in various industries such as the semiconductor,
pharmaceutical, power, and hydraulic fracturing industries, an average facility can use 2 to
4 million gallons of water per day [1]. Specifically, the consumption of large volumes of
fresh water and the generation of highly contaminated wastewater has drawn negative
attention from both the public and environmental groups. Besides this attention, excessive
freshwater use can create hardships for industries, households, farmers, and wildlife [2].
Hydraulic fracturing, commonly known as fracking, is used to release natural gas and oil
and also uses large amounts of water in its production [3,4]. Produced wastewater contains
a high concentration of dissolved solids which often exceeds 50,000 parts per million (ppm)
and is about 2-6 times higher than seawater concentration [5]. The fracking wastewater
contains divalent cations (such as calcium and magnesium) and monovalent ions (such as
sodium and potassium) as well as other anions, chemicals, and bacteria [6].

Due to the high concentration of dissolved solids, fracking wastewater can threaten
the environment and alter the health of agriculture, aquatic life, and humans. Considering
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the health threats, fracking water cannot be discharged into freshwater streams or treated
at municipal wastewater treatment plants. Currently, there are several ways to dispose
of fracking wastewater with the cost ranging from $1 to $10 per barrel [7]. In addition,
logistics and water hauling can increase the water management costs when the disposal
outlet is not nearby, and it may increase the cost of disposal to $94 per barrel per hour of
transport [7].

Hence, there is a need for on-site wastewater treatment to minimize the freshwater
use and damaging effects of fracking wastewater. If the wastewater can be reused or
reduced, then the expenses from transportation and disposal can be decreased or eliminated.
Membrane-based technologies have become a remedy for the removal of particulates, ionic,
gaseous, and organic impurities from aqueous streams without the use of hazardous
chemicals due to their reliability and cost-effectiveness. Wastewater treatment technologies
using membranes appear to be the more practical and feasible strategies to overcome one
of the primary issues the world faces; the shortage of freshwater supplies and degradation
of water quality [8]. Membrane technologies also have essential advantages such as the
simplicity of operation, high flexibility and stability [9], low energy requirements [10],
high economic compatibility [11], and easy control of operations and scale-up under a
broad array of operating conditions and good compatibility between different integrated
membrane system operations [12].

Electrodeionization (EDI) is a hybrid technology that is based on electrodialysis (ED),
which employs electrical current and semi-impermeable membranes, and ion exchange (IE)
that contains ion exchange resins [13] to overcome the disadvantages of both technologies
such as concentration polarization, chemical regeneration [14], and excessive power utiliza-
tion at low ion concentrations [15-17]. EDI can be operated in both continuous and batch
modes and does not require a separate step to regenerate resins. Furthermore, EDI can work
with low concentration streams with a lower power requirement compared to ED [15,16,18].

Even though there are major advantages of EDI over ED and ion exchange processes,
there are also several disadvantages of EDL The ion exchange resins are inserted into a pair
of anionic- and cationic-exchange membranes loosely. This loose resin structure complicates
sealing between compartments and leads to leakage of ions from one compartment to
another due to convection instead of diffusion [19,20]. Another disadvantage of loose resins
in EDI systems is the uneven distribution of flow within the channels which decreases the
separation efficiency [20-23]. Previous studies have found ways to eliminate leakage issues
by using spiral-wound configurations [24] or the channeling problem by immobilizing
the resin using magnetic fields [25]. Each method was able to eliminate only one of
the disadvantages of conventional EDI. Therefore, there was a need for a new system
specifically designed to overcome both disadvantages. As a result, an integrated approach,
wafer-enhanced electrodeionization (WE-EDI), was proposed by Arora et al. [26].

The wafer-enhanced electrodeionization (WE-EDI) is one of the methods that enable
on-site wastewater treatments and maintenance, and removal of hardness causing ions
and metals [26,27]. In WE-ED], the loose ion exchange resin structure of conventional EDI
is replaced by a wafer inserted between the two membranes as the spacer. The wafer is a
mixture of immobilized cation- and anion-exchange resins using a polymer as a binding
agent. Compared to conventional EDI, WE-EDI can be easily built and run more efficiently,
and it prevents uneven flow distribution and leakage of ions between the compartments
simultaneously [28]. Because there is less leakage, WE-EDI can be used for more selective
separations such as the removal of acidic impurities from corn stove hydrolysate liquor,
CO; capture, and purification of organic acids [26,29].

Besides treating wastewater for the removal of impurities, there is a need for an
efficient and economical process of ion-selective separation. In wastewater treatment
processes, not every ion has the same priority to be removed. Depending on the application,
the user may need a selective removal of an ion relative to the remaining ions in the system.
Also, because every ion transported that does not need to be transported increases the
operating costs, there is a need for ion selectivity to create an energy-efficient and cost-
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effective process. Ion selectivity in WE-EDI processes heavily depends on ion exchange
resin chemistry [23]. However, there are no studies that show the effect of commonly used
resins (Amberlite IR 120 Na*, Amberlite IRP 69, Amberlite CG 50, and Dowex MAC 3 H")
on the ion selectivity and current efficiency in systems with a high salt concentration to
the best of our knowledge. Amberlite IR 120 Na* and Amberlite IRP 69 are strong cation
exchange resins whereas Amberlite CG 50 and Dowex MAC 3 H* are weak cation exchange
resins. These resins are widely used in applications of conventional EDI and ion exchange
chromatography such as metal removal [30-32], water softening [33,34], drug delivery [35],
and enzyme immobilization and purification [36,37]. While these four resins have been
commonly used in applications requiring ion transport at low salt concentrations, this study
explores their use for selective and energy-efficient removal of ions in a highly concentrated
system using wafer-enhanced electrodeionization (WE-EDI). The unique wafers used in
WE-EDI enhance the effects of transport by diffusion. Therefore, the effect of resin size in
resins with the same chemistry was also evaluated.

2. Materials and Methods
2.1. Chemicals

Cationic exchange resins (Amberlite IR 120 Na*, Amberlite IRP 69, Dowex MAC 3
H*, and Amberlite CG 50), anionic exchange resin (Amberlite IRA-400 CI™), sucrose, low-
density polyethylene, sodium chloride, magnesium chloride, and calcium chloride were
purchased from VWR International. The technical specifications of each resin are shown
in Table 1. Neosepta food-grade anionic and cationic exchange membranes (AMX and
CMX, respectively) were purchased from Ameridia Innovative Solutions, Inc. (Somerset,
NJ, USA)

Table 1. Cation exchange resins and their properties.

Name Functional Group Matrix Pa(;t/izlseh)size Exchalz;gcel/%a pacity
Amberlite IR120 Na* Sulfonic Acid Styrene-divinylbenzene (gel) 16-50 mesh >2.0
y 5 (0.297 to 1.19 mm) =4
. . . Crosslinked 100-200 mesh
Amberlite IRP 69 Sulfonic Acid styrene-divinylbenzene (0.074 to 0.149 mm) >
. . Polyacrylic-divinylbenzene 16-50 mesh
+

Dowex MAC 3 H Carboxylic Acid (gel) (0.297 to 1.19 mm) 3.8
Amberlite CG 50 Carboxylic Acid Methacrylic (macroporous) 100-200 mesh 35

(0.074 to 0.149 mm)

*: Mesh is a measurement for the particle size that is used to determine the particle size distribution of a granular material. Particle size
conversion (mesh to mm) was determined from [38].

2.2. Wafer Composition, Fabrication, and System Setup

The wafer recipe has been previously published [23], but briefly consists of anion
and cation exchange resins, polymer, and sucrose (Figure 1). The cationic exchange resins
used were Amberlite IR 120 Na*, Amberlite IRP 69, Dowex MAC 3 H*, and Amberlite CG
50. The first two are strong cationic exchange resins and the latter two are weak cationic
exchange resins. The anion exchange resin bead was Amberlite IRA 400 C1~. Polyethylene
(500 micron-low density) and sucrose were used to bind the resins and create porosity,
respectively. The ratios of cation exchange resin, anionic resin, polymer, and sucrose in
the mixture were 23:23:10:15, respectively. The mixture then was uniformly combined
using a FlackTeck Inc (Landrum, SC, USA). SpeedMixer™ (model: DAC 150 SP) at a rate
of 300 rpm for 5 s. The combined mixture for the wafer was cast in a steel mold and placed
in a Carver press (model 3851-0) heated to 250 °F at 10,000 psi for ninety min. This process
was followed by a 20-min cooling period via pressurized air treatment. The wafer was
pre-soaked in deionized (DI) water for 24-h to create porosity. The thickness of the final
product was 2 mm. The wafer was then cut to size to fit within the WE-EDI cell.
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Membranes used in the WE-EDI system were Neosepta food-grade AMX and CMX
membranes and were conditioned in the dilute (feed) solution (described in the next section)
24 h prior to the experiments. WE-EDI was performed within a Micro Flow Cell (ElectroCell
North America, Inc.). The MicroFlow Cell was tightened to 25 in-lbs across all bolts to
ensure even flow throughout the system and prevent leakage. The cations tested for selective
separation were Na®, Ca?*, and Mngr and the counter ion for all cations was C1~.
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Figure 1. Illustration of typical wafer fabrication and particle size reduction (grinding) of ion exchange resins for

wafer fabrication.

2.3. Size Reduction for IR 120 Na

To compare the effects of resin size on the system performance, the size of the IR 120
Na* resins was reduced (Figure 1). The IR 120 Na* resins were first washed with deionized
water and then dried using a freeze dryer (Labconco FreeZone Plus 12 Liter #7960044,
Kansas City, MO, USA). Dried resins were ground using a mortar and pestle and passed
through sieves to get resin particles of less than 0.149 mm (100 mesh). Ground resins were
then made into a wafer using the same recipe given in Section 2.2.

2.4. Particle Image Analysis

Both the original IR 120 Na* and the ground IR 120 Na* resins were examined with
an optical microscope. The calibration and particle size detection were completed with
Image] image processing tool [39].

2.5. WE-EDI Chamber Setup and Sample Collection

The setup (Figure 2) for ion removal used four separate solutions of equal volume. The
concentrate solution was 300 mL of 2% wt (20 g/L in DI water) sodium chloride solution.
The two rinse chamber solutions were 300 mL of 0.3 M (42.6 g/L in DI water) sodium
sulfate (NapSOy). The feed (dilute) was 50,000 ppm sodium (126.8 g of NaCl/L in DI water),
1000 ppm of calcium (2.7 g of CaCl, /L in DI water), and 1000 ppm of magnesium (3.9 g of
MgCl, /L in DI water). The dilute (feed) stream is the solution from which ions are being
diluted (i.e., transported out of or removed).

All experiments were performed in a continuous mode with recycling. A constant
current of 0.2 Amps was used for all experiments. Experiments were run for 8 h, with
samples collected at the initial (0-h), 2-h, 4-h, and 8-h marks. To determine the concentration
of individual ions, ion chromatography (Dionex ™ ICS-6000 Standard Bore and Microbore
HPIC ™ Systems, Thermo Scientific, Waltham, MA, USA) was used because of its speed,
precision, and sensitivity.

10
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Figure 2. Illustration for wafer-enhanced electrodeionization (EDI) setup.

2.6. Statistical Analysis

Statistical differences in the data were determined using an unpaired ¢-test in Graph-
Pad QuickCalcs (GraphPad Software Inc., San Diego, CA, USA). Values were considered to
have a statistically significant difference if the p-value was less than 0.05.

2.7. FTIR-ATR Spectroscopy

The changes to the chemistry of the resin in the wafer were identified using Fourier
Transform Infrared—Attenuated Total Reflection (FTIR-ATR) Spectroscopy (Perkin Elmer
LR64912C, Waltham, MA, USA). The individual peaks were evaluated in terms of wavenum-
ber and intensity.

3. Results and Discussion
3.1. Current Efficiency

The current efficiency (1) for the WE-EDI system indicates how efficiently a particular
ion is being transferred across the membranes and the wafer due to the electrical field
applied to the system. It is defined as:

V(G- C)

n= W x 100 /0, (1)

where z is the ionic valence of the ion (2 for calcium and magnesium, and 1 for sodium),
F is Faraday’s constant, V is the volume of the feed chamber, C; is the initial concentration
of the ion in the feed chamber, Cf is the final concentration of the ion in the feed chamber,
t is the total operation time, I is the current, and Mw is the molecular weight of the ion.
Figure 3 shows that the total current efficiency is similar between weak cation exchange
and strong cation exchange wafers. The total current efficiency for each strong cation
exchange resin wafer was close to 100% and for each weak cation, resin wafer was over
100%. While current efficiencies should be below 100%, other studies have previously
reported efficiencies greater than 100%. Pan et al., showed that current efficiency increased
in resin wafer EDI as the ion concentration in the dilute stream increased [20]. Luo and
Wu [40] observed that the overall current efficiency of their system was greater than 100%

11
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at high concentrations. Lopez and Hestekin [29] reported that high ion diffusion during
the experiment coupled with ion transport due to potential gradients can cause greater
than 100% current efficiency. Another reason why these current efficiencies may exceed
100% is that the concentration of the solution in the dilute chamber is higher than in the
concentrate chamber and therefore the electrically driven transport is being assisted by the
concentration gradient. In this study, the strong cation exchange IRP 69 resin wafer had a
current efficiency that was more consistently approximately 100% whereas the IR 120 Na*
wafer showed a lot of variabilities, which makes it less desirable for the selective removal of
ions. In terms of the weak cation exchange resin wafers, both resin wafers showed similar
average values and smaller variability in their current efficiencies.

140 -

120 ~

100 ~

.

80

60

Current Efficiency (%)

40 +

20 +

' I ' I
Dowex MAC 3 CG 50 IR 120 Na IRP 69
Wafer

[ ] Weakly cationic resins [/7//] Strongly cationic resins

Figure 3. Overall current efficiencies for strong (IR 120 Na* and IRP 69) and weak cation exchange
wafers (Dowex MAC 3 H* and CG 50).

3.2. Selectivity

Selectivity is a measure of the removal rate of one ion compared to another. Selectivity
was determined using the separation coefficient («) and was calculated using the following
equation:

(c/-c)/e
@)

N =

@

where C/ is the final concentration of ion i (calcium or magnesium ion), C;° is the starting
concentration of ion i, ij is the final concentration of ion j (sodium ion), and C]-S is the
starting concentration of ion j. If « is greater than one, it indicates the preferential transport
of ion i. If « is less than one, then it indicates the preferential transport of ion .

Figure 4 shows the selectivity values for calcium and magnesium relative to sodium
for strong and weak cation exchange resin wafers. The selectivity of calcium to sodium
was greater than one for the IRP 69 resin wafer (strong cation exchange) which indicated
that calcium ions were preferentially transported compared to sodium ions. In the IR 120
Na* resin (strong cation exchange), the selectivity for calcium relative to sodium was close
to one which indicated that there was not a strong preference for the transport of sodium
or calcium ions. The statistical analysis showed that there was a statistically significant

12
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difference between IR 120 Na* and IRP 69 resins for calcium selectivity (p < 0.02). In Dowex
MAC 3 H* and CG 50 (weak cation exchange resin wafers), the selectivity values for
calcium relative to sodium were less than one which indicated that both resin wafers prefer
to transport sodium ions over calcium ions. Our statistical analysis showed no difference
between Dowex MAC 3 H* and CG 50 resin wafers for calcium removal (p > 0.2).

A similar situation was observed for the selectivity of magnesium relative to sodium.
The IRP 69 demonstrated a selectivity greater than one, indicating that magnesium was
preferentially transported over sodium. For IR 120 Na* resin, the selectivity was at or below
one indicating that there was no preference for the transport of magnesium. However,
statistical analysis showed that the difference between IR 120 Na* and IRP 69 resin for
magnesium selectivity was not significant (p > 0.15). In the weak cation exchange resin
wafers formed from Dowex MAC 3 H* and CG 50, the selectivity values were less than one
which indicated that both resin wafers preferred to transport sodium ions over magnesium
ions. The statistical analysis showed no difference between Dowex MAC 3 H* and CG
50 resin wafers for magnesium removal (p > 0.8).

Cavs. Na
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1
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Figure 4. Comparison of selectivity values of calcium and magnesium relative to sodium for different strong cation exchange
(IR 120 Na* and IRP 69) and weak cation exchange (Dowex MAC 3 H* and CG 50) resin wafers.

It is well established that resins with sulfonic acid groups have a higher affinity for
divalent ions than resins with carboxylic acid functional groups [41,42]. For the Amberlite
IR 120 Na* sulfonic acid resin, it has been previously reported that the order of selectivity
is Ca* > Mg?* > Na* [41]. Weak cation exchange resins, on the other hand, have more
affinity towards monovalent ions. Specifically, the carboxyl group exhibits a very high
affinity towards H* which may result in its lower affinity for other ions [42]. Alternatively,
the sulfonic acid group has a higher affinity for Ca?* and Mg?* and a low affinity for Na*
and H* [42].

A study by Zhang and Chen used EDI to separate ions in groundwater using Amberlite
resins with sulfonic acid functional groups and their data indicated that there was no

13
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significant preference for divalent over monovalent ions [43]. However, it is important
to note that they used different resins, had more types of ions present, and their system
was at a much lower ion concentration. Another study using WE-EDI to remove ions
from fracking water found that sulfonic acid resins (Amberlite 120 Na*) tended to have a
preference for divalent cations more than carboxylic acid resins (Dowex MAC 3 H*) [44].

3.3. FTIR-ATR Spectroscopy Analysis

The IR 120 Na* and IRP 69 resins have the same functional group of sulfonic acid
which makes the resins strong cation exchangers. Since both resins had the same functional
group, it was expected that their current efficiencies and selectivity values would be
similar. However, it was observed that the IRP 69 wafer had a current efficiency that was
consistently around 100% whereas IR 120 Na* had a lower average value as well as a lot of
variability, which made it less desirable for the selective removal of ions. Since these resins
have the same chemistry, perhaps the difference in their performance was due to a variation
in the accessibility of the active site. To better understand their differences, FTTR-ATR
was performed. As shown in Figure 5, four peaks were observed between 1000 cm~! and
1200 cm ™! that correspond to sulfonic acid functional groups. The peaks between 1030 to
1200 cm~! have been previously reported to correspond to the symmetric and asymmetric
stretching vibration of the —SO®~ group of sulfonic acid [45]. The peaks at ~1000 cm ™!
have been typically associated with an S-O stretch. While these groups were clearly present
in IRP 69 wafer, their intensity was much lower in IR 120 Na* wafer which indicated a
significant decrease of the sulfur content and exposure of —SO®~ groups. Specifically, in
the IR 120 Na* wafer, the intensity of the sulfonic acid peaks was around 10% of the resin’s
value while for IRP 69 wafer the peaks were 65-70% of the resin’s value (exact values are
provided in Supplementary Table S1). This could indicate that polyethylene is covering the
IR 120 Na* resin’s larger bead form and thereby decreasing the availability of the sulfonic
acid functional groups. This may explain the high variability seen in the current efficiency
and selectivity of the IR 120 Na™ wafer.
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Polyethylene
Groups
1.2 5 l I
] —/\JL W
0.8
5

0.4 J\J\._/\MJL
0.2 4
0.0
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IR120 Na - Wafer

IR120 Na - Resin

Figure 5. The FTIR-ATR spectrum of strong cation exchange resins and wafers including these resins.
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To verify that this was not the result of a single batch issue or due to analysis placement,
another batch of IR 120 Na* wafer was made and multiple locations were tested using
FTIR-ATR. Figure 6 shows that the second batch of IR 120 Na* wafer also had lower
intensities of sulfonic acid functional groups compared to the IR 120 Na* resin, especially
in the middle of the wafer (~10% of the resin’s value). While the edge of the wafer showed
decreased intensity of the sulfonic acid functional groups compared to the resin, it was
higher than the middle of the wafer with a value that was between 30-35% of the resin’s
value (see Supplementary Table S1 for exact values). This could be due to the resin bead
being more exposed at the edge of the wafer than it can be in the middle of the wafer. This
finding supports the theory that the availability of the sulfonic acid functional groups of IR
120 Na* have decreased availability possibility due to being covered by the polyethylene
binding polymer.

A recent study by Palakkal et al. using SEM observed that polyethylene was partially
covering their cation exchange resin (Purolite PFC100E) which had sulfonic acid functional
groups and was a similar size to the Amberlite IR 120 Na* resins at around 0.3 to 0.5 mm [28].
When they used an ionomer binder rather than polyethylene, they observed significantly
less coverage of their cation exchange resin. Another possible reason for the difference
between the intensity of the sulfonic acid functional groups between the resin and wafer
could be due to thermal degradation during the wafer making process. However, a study
by Singare et al. showed that during FTIR analysis the sulfonic acid group peaks for
Amberlite 120 were present at a significant intensity up to 200 °C (392 °F) while they
disappear at around 400 °C (752 °F) [46]. This is well above the wafer making temperature
of 250 °F, which further supports the idea that the reduction is due to interactions with the
binding polymer.
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Figure 6. The FTIR-ATR spectrum of IR 120 Na* resin alone and in two different wafers.
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The weak cation exchange resins both have carboxylic acid functional groups which
should have a peak between 1760 to 1690 cm~! for the C=O stretch and a peak between
1320 to 1210 cm ™! for the C-O stretch [47]. Unlike the strong cation exchange resin wafers,
the current efficiencies and selectivity values were similar between the two weak cation
exchange resin wafers. However, the size of the cation exchange resins was also different
between the Dowex MAC 3 H* (bead form) and the CG 50 (powder form). As shown in
Figure 7, the intensity of the carboxylic acid functional groups for powdered CG 50 resin
was only about 20% of the intensity of the Dowex MAC 3 H* bead resin. Once incorporated
into a wafer, the Dowex MAC 3 H* wafer had around 10% of the peak intensity of the
resin alone (exact values are provided in Supplementary Table S2). For the CG 50 (powder)
wafer, the wafer peak intensities were actually around 40-50% higher than the resin alone.
As the CG 50 resin intensities were so much lower than the Dowex MAC 3 H, it is possible
that interference from other groups present in the wafer (from the polyethylene or anion
exchange resin) led to the higher intensities.

Polyethylene Carboxylic Acid

Groups

L
]

Dowex MAC 3 - Wafer

T T T T T T T T T T T T

T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Dowex MAC 3 - Resin

CG 50 - Wafer CG 50 - Resin

Figure 7. The FTIR-ATR spectrum of weak cation exchange resins and wafers formed using these resins.

To confirm that the bead resins led to less availability of the function groups, two
different batches and multiple wafer positions of Dowex MAC 3 H* resin wafers were
tested by FTIR-ATR. In both batches, the intensity of the carboxylic acid functional groups
was significantly reduced at both the edge and the middle with intensity values of around
10-18% of the resin alone (Figure 8, Supplementary Table S2). It is interesting to note that
this reduction did not appear to have any effect on the performance of the Dowex MAC 3
H* resin wafer unlike what was observed with the strong cation exchange resin bead (IR
120 Na*).
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Figure 8. The FTIR-ATR spectrum of Dowex MAC 3 H* resin alone and in two different wafers.

The difference might be explained by how the functional groups interact with the
polyethylene. Sulfonic acid functional groups tend to attach to polyethylene. This behavior
can be positive for membrane processes as it has been reported to increase ion transport [48]
and lower fouling [49]. However, this attachment may be decreasing the availability of
sulfonic acid functional groups in the wafer and thereby, decreasing the efficiency and the
performance of the resin wafer for the removal of ions from high concentration wastewaters.

3.4. Performance Comparison of the Powdered and Bead Form IR 120 Na*

The interaction of polyethylene with the sulfonic acid groups does not fully explain
the difference in performance between the two strong cation exchange resins. Therefore, we
decided to evaluate if decreasing the particle size of the IR 120 Na™* resin would increase its
performance when incorporated in a wafer. Using the same method outlined in Section 2.3,
a new batch of wafers were produced from ground IR 120 Na™ resins.

Figure 9 clearly shows the particle size difference between the original IR 120 Na*
resin and the ground IR 120 Na* resin. The original IR 120 Na™ resin had a particle diameter
of 536 &= 65 um (N = 8) and the ground IR 120 Na* resin had a particle diameter of 30 &
20 um (N = 1101).

Figure 10 shows the ground IR 120 Na* wafer had a higher and less variable current
efficiency compared to the unground IR 120 Na* wafer. In addition, the ground IR 120 Na*
wafer looked similar in performance to the powdered IRP 69 resin wafer. However, it is
important to note that all the current efficiency values were statistically the same (p > 0.4).
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Figure 9. Optical microscopy images of (a) unground IR 120 Na* resin and (b) ground IR 120 Na* resin.

140

120 ~ -

%)

"7 100 A g

)
o
1

[e2]
o
1

Current Efficiency

N
o
1
}

N
o
1

T T T T T
Unground IR 120 Na Ground IR 120 Na IRP 69
Wafer

Figure 10. Current efficiencies for unground bead form IR 120 Na* and ground IR 120 Na*.

In addition to current efficiency, the cation selectivity of the two different forms of the
IR 120 Na* resin in wafers were compared. As shown in Figure 11, the average selectivity
of calcium to sodium of ground IR 120 Na* wafer was greater than one which indicated
that the ground IR 120 Na* wafer preferentially transported calcium ions over sodium.
For the unground IR 120 Na* resin, the selectivity was close to one which indicated that
there was not a strong preference for the transport of sodium or calcium ions. However,
statistical analysis showed that the difference between the wafer produced from ground
versus unground IR 120 Na™ for calcium selectivity was not significant (p > 0.05). A similar
situation was observed for the selectivity of magnesium over sodium. While the ground
IR 120 Na* demonstrated selectivity for magnesium over sodium which the unground
did not, their values were statistically the same (p > 0.1) When compared to the powder
resin IRP 69, the selectivity of ground IR 120 Na* resin wafers were statistically the same
(p > 0.05) for both calcium to sodium and magnesium to sodium. Overall, significantly
better performance was produced by wafers composed of the ground IR 120 Na™* resin
compared to its bead form which indicates the importance of strong cation exchange resin
size when being used in an electrodeionization wafer.
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Figure 11. The selectivity of the unground IR 120 Na* and the ground IR 120 Na*.

4. Conclusions

Four different cation exchange resins were tested for their performance in electrodeion-
ization wafers for the removal of monovalent and divalent cations. Wafers made from
weak cation exchange resins and strong cation exchange resins showed similar current
efficiencies, although they showed differences in their degree of variability. Based on
the selectivity values, weak cation exchange resins seemed to favor the transport of the
monovalent ion (sodium), while strong cation exchange resins either had no preference or
a preference for the divalent ions (calcium and magnesium), which are usually the more
valuable ions in wastewaters.

In addition, the strong cation exchange resins in powder form generally performed
better in wafers for the selective removal of divalent ions. This could be due to a more
homogeneous mixing with the other wafer materials or it could be due to differences in
how it interacts with the polyethylene binding polymer during the formation of wafers.
Specifically, wafers formed from IRP 69 strong cation exchange resin in powder form gave
the most promising results for the removal of divalent ions.

The positive impact of powder form was also verified by testing two different forms
(ground vs. unground) of the same strong cation exchange resin for their performance
in electrodeionization wafers for the removal of monovalent and divalent ions. The resin
in powder form from the grinding process showed higher overall current efficiencies
compared to the unground form (bead) of the resin. Based on the selectivity values, the
ground resin seemed to favor the transport of divalent ions (calcium and magnesium)
that are more valuable, while the unground resin did not show any preference for either
monovalent or divalent ions.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/2077-037
5/11/1/45/s1, Table S1: FTIR sulfonic acid functional group peak intensity values for strong cation
exchange resins alone and incorporated into wafers, Table S2: FTIR carboxylic acid functional group
peak intensity values for weak cation exchange resins alone and incorporated into wafers.
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Abstract: Broad-spectrum fluoroquinolone antibiotics (ciprofloxacin and levofloxacin), carbapenem
and fluoroquinolone resistance genes, as well as viral genomes, were detected in grab samples of
wastewater effluents. Passive samplers, which are simpler and easier to use and provide information
about the concentrations and combination of contaminants present in a certain fluid matrix over
time, proved to be extremely promising devices to monitor the presence of the target antibiotics
in wastewater effluents. Nanofiltration was tested with a pilot-scale unit installed at a domestic
wastewater treatment facility, using a Desal 5DK membrane operated at a constant transmembrane
pressure of 6 bar and 70% recovery rate. In a 24 h experimental assay, the variation of the membrane
permeance was low (6.3%). High rejections of the target contaminants from the wastewater effluent
were obtained by the pilot-scale treatment. Hence, nanofiltration using the Desal 5DK membrane is
considered to be a promising treatment to cope with chemical and biological contaminants present in

wastewater effluents.

Keywords: antibiotics; antibiotic resistance genes; viral genomes; wastewater effluents; occurrence;
pilot-scale treatment; nanofiltration

1. Introduction

Population growth, urbanization, industrialization, agricultural expansion and climate
change globally intensified massive freshwater consumption [1]. This, in turn, increases
wastewater production, which, if not effectively treated, can pose a pollution risk to the
ecosystem and human health due to the presence of contaminants (e.g., pharmaceutically
active compounds and pathogenic microorganisms such as antibiotic-resistant bacteria and
viruses) in the discharged effluents.

Regarding pharmaceutically active compounds, special interest should be given to
antibiotics since this group of drugs is widely consumed [2], persists in wastewater and
drinking water treatment [3], and facilitates the development of antibiotic-resistant bacteria
and antibiotic resistance genes, which can cause deleterious human health effects [4,5].

According to a recent report from the United Nations interagency coordinating group
on antimicrobial resistance, at least 700,000 people die each year due to drug-resistant
diseases [2]. The same report estimates that these diseases could force up to 24 million
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people into extreme poverty by 2030, cause 10 million deaths per year by 2050 and damage
the economy as devastatingly as the 2008-2009 global financial crisis [2]. Although treating
many diseases in animals and humans relies on the use of effective antibiotics, it is extremely
urgent to control their use.

A growing number of studies have focused on the occurrence of antibiotics in the
aquatic environment, and several antibiotics have been detected in hospital effluents,
wastewater effluents and surface waters [3,4]. Particular attention should be given to
broad-spectrum antibiotics like quinolones and carbapenems that have a high potential for
resistance development [5]. Following this, according to the European Commission imple-
menting decision 2018/840, some antibiotics such as ciprofloxacin (a fluoroquinolone) have
been included in the watch list of substances for Union-wide monitoring. This decision is
in alignment with the European one health action plan against antimicrobial resistance,
which encourages the use of this watch list to improve the worldwide knowledge of
antimicrobials occurrence in the environment [6]. Predictions based on structures and
physicochemical properties indicated that ciprofloxacin and levofloxacin are expected to be
present in wastewater effluents to a greater extent compared to carbapenems due to their
low biodegradability [7]. Loos et al. analyzed 156 polar organic chemical contaminants
(including a large number of antibiotics) in effluents from 90 European wastewater treat-
ment plants (WWTPs) and found out that ciprofloxacin was among the most frequently
detected contaminants, with a frequency of detection around 90% [8]. Some studies have
also already reported the occurrence of antibiotic-resistant bacteria and genes in wastewater
effluents and in the receiving water bodies [9,10].

Additionally, other pathogenic agents, like viruses, can also persist in raw wastew-
ater and treated wastewater as well as in the receiving water bodies [11]. One of the
main sources of viral pathogens in wastewater is the human fecal matter from infected
persons [12-14] that can shed 10° to 10'? viral particles per gram of fecal matter [15].
Besides human pathogenic viruses, waterborne viruses that originate from food produc-
tion, animal husbandry, seasonal surface runoff and other sources are also present in
wastewater [16]. The abundance and diversity of pathogenic viruses in wastewater have
been shown to reflect the pattern of infection in the human population [11,17]. Aden-
ovirus (AdV), rotavirus (RoV), hepatitis A virus (HAV), and other enteric viruses, such as
noroviruses (NoV), coxsackievirus, echovirus, reovirus and astrovirus, are some of the
principal human pathogens viruses transmissible via water media.

Hence, there is an urgent need for the development of effective treatment solutions as
an alternative to the conventional wastewater treatment processes to avoid the release of
these contaminants in the aquatic environment. In this way, membrane filtration processes
such as nanofiltration and reverse osmosis could be considered a promising solution for
the treatment of effluents with several emerging contaminants like antibiotics, antibiotic
resistance genes and viruses. Nanofiltration membranes may be used to produce high-
quality wastewater effluents in a more sustainable way than reverse osmosis membranes
due to their lower energy consumption and higher throughput. Indeed, laboratory-scale
studies conducted on the removal of antibiotics, antibiotic resistance genes, and viruses
(both enveloped and non-enveloped) based on nanofiltration technology have demon-
strated promising results (e.g., [18-20]).

This work focused on testing the occurrence of the broad-spectrum fluoroquinolone
antibiotics ciprofloxacin and levofloxacin in real wastewater effluents. Grab samples were
collected during different sampling dates throughout a year. The use of passive samplers
was also evaluated for the detection of these two compounds by determining a time-
weighted average concentration and comparing it with the results obtained from the grab
samples. Additionally, antibiotic resistance genes and pathogenic viral genomes were also
quantified in the same wastewater effluent. Finally, the removal of these contaminants
was addressed using a nanofiltration pilot-scale unit installed in the same sampling site of
the WWTP.
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2. Materials and Methods
2.1. Occurrence Study

In this study, the occurrence of the target antibiotics, antibiotic resistance genes, as well
as viral genomes, were analyzed in wastewater samples. All the wastewater samples were
collected after the biological treatment and prior to the disinfection step at a wastewater
treatment utility. The average pH value of the wastewater samples collected during a year
was 7.1 £ 0.1. For each target contaminant, different protocols were followed, which are
detailed on the following sections.

2.1.1. Antibiotics

Regarding the antibiotics, ciprofloxacin and levofloxacin were selected as target drugs
in this study. Both target drugs are broad-spectrum antibiotics with different structures,
and their physicochemical properties are represented in Table 1.

Table 1. Main physicochemical properties of ciprofloxacin and levofloxacin.

Molecular Molecular a
Compound Structure Formula Weight (Da) Log Kow
Ciprofloxacin ir L :l__T“T C17H18FN303 331.3 0.28
L
Levofloxacin 0 ¢ Ci1gHpoFN3O4 361.4 —0.39

2 Pubchem-NIH database-https:/ /pubchem.ncbinlm.nih.gov/accessed August 2020.

Sampling Campaign

Since antibiotics are expected to be present in the aquatic environment at trace con-
centration levels (often pug-L~! or ng-L~1), solid-phase extraction is commonly used to
preconcentrate the samples. However, these conventional procedures are usually costly
and time-consuming. As an alternative, the use of effective passive samplers that provide
real information about the concentrations of different contaminants and their combinations
present in different matrices over time was also tested since these samplers may consti-
tute a much more accurate approach than relying on intermittent grab samples that may
misrepresent average concentrations due to short-term temporal variability. In this study,
the two sampling approaches (grab and passive sampling) were, therefore, performed for
the detection of the target antibiotics.

In the first sampling approach, wastewater effluent samples were collected on differ-
ent dates during a year (from October 2018 until December 2019). These samples were
stored in glass bottles, transported to the laboratory and kept at 4 °C under dark conditions.
All wastewater effluent samples were filtered with 1.2 um filters (GE Healthcare, Amer-
sham, UK) and 0.45 pm polyamide membrane filters (Filter-Lab, Barcelona, Spain) to avoid
the clogging of the solid phase extraction cartridges used during the concentration step.

In addition, the potential use of polar organic chemical integrative samplers (POCIS)
for the detection of ciprofloxacin and levofloxacin was assessed. For this, a canister
containing duplicate POCIS was deployed in the same sampling site previously described,
with a rope at two m-depth, during three different days of a week (from 9 a.m. until 6
p-m.). In parallel, grab wastewater samples were collected on the same days in the morning
and afternoon periods. After their collection, all POCIS were kept in an aluminum foil
bag, transported to the laboratory and kept at —20 °C until extraction. Moreover, two
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POCIS were used as a field blank, and none of the target contaminants were detected on
their extracts.

Solid Phase Extraction Procedures

All grab samples were subjected to a sample concentration procedure using a station-
ary phase (Oasis HLB cartridges 200 mg, six cc; Waters, Milford, MA, USA) previously
optimized for the detection of anticancer drugs [21]. Briefly, 500 mL of sample were loaded
into the cartridge at a flow rate of 5 mL-min~! under vacuum, after which the cartridge
was rinsed with 3 mL of laboratory grade water and then dried for approximately one
hour. Methanol (Carlo Erba reagents, Barcelona, Spain) was then used to elute the com-
pounds from the cartridge. Finally, the extracted sample was concentrated with a gentle
nitrogen stream until a final volume of 500 uL was achieved. All samples were stored
at —20 °C, filtered and were further analyzed by UPLC-MS/MS. Following this procedure,
the percent recovery of each target antibiotic spiked in the same wastewater effluent was
21 + 5% and 49 £ 1%, for ciprofloxacin and levofloxacin, respectively. These recovery
values were considered to correct the measured concentrations of the target antibiotics in
the wastewater effluent.

Regarding the passive samplers, Pharmaceutical-POCIS (ExposMeter, AB, Tavelsjo,
Sweden) that contain 200 mg of OASIS HLB sorbent comprised between two microporous
polyethersulfone membranes were used. The extraction procedure consisted of simpler
and less time-consuming steps. First, each POCIS was clean with laboratory-grade water,
and then the sorbent was gently transferred into an empty 6 mL SPE cartridge and placed
between two polyethylene frits (Supelco, Bellefonte, PA, USA). After, 6 mL of methanol
was used to elute the target compounds from the cartridges and the obtained extract was
dried with a gentle stream of nitrogen until a final volume of 500 puL was achieved. All the
samples were stored at —20 °C until further analysis.

After the UPLC analysis, the mass of analyte accumulated in each POCIS was deter-
mined and, since it was assumed that POCIS were deployed during their linear uptake
regime, Equation (1) was used to estimate the time-weighted average concentrations:

Ms = RSCTWAt (1)

where M is the amount of analyte accumulated in the sorbent (ng), Rs is the sampling rate
(L-day~ 1), Ctwa (ng-L~1) is the time-weighted average concentration, and t is the time of
deployment (days).

For the determination of the time-weighted average concentrations, the sampling rate,
i.e., the volume of water cleared per unit of time for a given compound, must be estimated.
In this study, the sampling rate obtained by Bailly et al. for ofloxacin (an isomer of lev-
ofloxacin) was assumed to be the same for ciprofloxacin and levofloxacin (0.1 L-day’l) [22].
This sampling rate has already been used by Ory et al. to estimate the concentration of
ciprofloxacin in an hospital effluent [23].

Analysis by Liquid Chromatography with Tandem Mass Spectrometry

The analyses were performed on a Waters® Acquity™ ultra-high-performance LC.
The separation was performed after injection of a 10 pL sample on a reversed-phase column
(HPLC/UPLC Mediterranean Sea 18; 2.2 um 100 x 2.1 mm) at 35 °C. The mobile phase
consisted of 0.1% (v/v) formic acid in Milli-Q water (A) and 0.1% (v/v) formic acid in
acetonitrile (B) with a flow rate of 0.30 mL-min~!. Tandem mass spectrometry (MS/MS)
detection was performed on an Acquity™ triple quadrupole (Waters®, Dublin, Ireland)
using an electrospray ionization source operating at 130 °C and applying a capillary voltage
of 2.2 kV. The compounds were ionized in positive ion mode (ESI+). Analytical conditions
and collision energies were optimized for each compound. All analyses were performed
in multiple reaction monitoring (MRM) mode in order to achieve a higher selectivity and
sensitivity. Two transitions were used in order to identify and quantify the antibiotics in the
different samples. The MS/MS conditions optimized for each target antibiotic are presented
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in Table 2 and the gradient conditions optimized for the separation of the compounds
are depicted in Table 3. High purity nitrogen (N;) was used both as drying gas and as a
nebulizing gas. Ultra-high purity argon (Ar) was used as collision gas. MassLynx software
(version 4.1; Waters®, Dublin, Ireland) was used to control the system, for data acquisition
and processing.

Table 2. Optimization of tandem mass spectrometry (MS/MS) ion transitions and other parameters
for detection of the target antibiotics.

Compound. Ciprofloxacin Levofloxacin
Retention time (min) 6.72 6.49
Precursor ion [M + H]* 332 362
Source potential (V) 50 50
Collision Energy (eV) 20 20
MRM1 transition 332 > 288 362 > 318
MRM2 transition 332>314 362 > 261

Table 3. Gradient conditions of mobile phases used in UPLC-MS/MS analysis.

Time (min) 0 1 7 8 8.10 10 10.10 20
% A 100 95 80 80 10 10 100 100
% B 0 5 20 20 90 90 0 0

A—0.1% (v/v) formic acid in Milli-Q water, B—0.1% (v/v) formic acid in acetonitrile.

Before analysis by UPLC-MS/MS all samples as well as the calibration standards were
filtered with 0.2 um filters (GE Healthcare, Amersham, UK).

Selectivity, linearity (range 5 to 500 pug-L~!), precision and accuracy of the analyt-
ical method were determined for the target antibiotics, ciprofloxacin (Sigma Aldrich,
Saint Louis, MO, USA) and levofloxacin (Sigma Aldrich, Saint Louis, MO, USA). The re-
sults obtained are presented in the Supporting Information section and discussed as
proposed in the EU Commission Decision 2002/657 /EC according to the following criteria:
(i) the retention time of the compound in the real sample must not vary more than £2.5%
from the retention times corresponding to the calibration standards, (ii) the MRM1/MRM2
ratio for target compounds in samples do not deviate more than 20-30% when comparing
with the same values obtained for the calibration standards, and (iii) the signal/noise ratio
must be higher than 10.

2.1.2. Antibiotic Resistance Genes
DNA Extraction

The water samples were primarily filtered in triplicate through 0.45 um pore-size
polyethersulfone filters (Pall Corporation, New York, NY, USA) and the resulting filtrates
were again filtered through 0.22 um pore-size polyethersulfone filters (Pall Corporation,
New York, NY, USA). Filtration volumes were defined by clogging of the filters as a measure
of the same amount of retained biomass. After filtration, the DNA was extracted from each
of the two filters per sample following the standard protocol from the DNeasy PowerWater
Kit (Qiagen, Hilden, Germany), being recovered in 50 uL elution buffer. At the end, the
DNA extracted from both related filters was mixed. DNA concentrations and purity were
measured using a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and stored at 4 °C for further use.

Detection and Quantification of the Target Resistance Genes by TagMan Multiplex gPCR

According to their importance in terms of clinical relevance and global distribution,
five carbapenem-blagpc, blapxa-48, blanpm, blapp and blaypy- and three (fluoro)quinolone-
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gnrA, qnrB and qnrS- resistance genes were chosen to be detected and quantified by three
TagMan multiplex qPCR assays previously developed and optimized [24].

The quantification of the target carbapenem (bla) and (fluoro)quinolone (gnr) resistance
genes, as well as of the 165 rRNA gene, was conducted in triplicate on a LightCycler 96
real-time PCR system (Roche, Basel, Switzerland) using the following program: DNA
denaturation/polymerase activation at 95 °C for 5 min; 40 cycles of amplification at 95 °C
for 10 s and 60 °C for 30 s. Information about the mix reactions of each TagMan qPCR was
detailed by Oliveira et al. [24].

2.1.3. Viruses
Concentration of Viral Particles from the Water Samples

Viral particles concentration was made by organic flocculation with skimmed milk,
based on a procedure previously described [25]. Flocculants were allowed to sediment for
8 h, and centrifuged at 8000 g for 40 min. The pelleted viral concentrate was suspended in
8 mL phosphate buffer (1:2 (v/v) mixture of 0.2 M Na,HPO,4 and 0.2 M NaH;,PO,), and the
viral concentrate was stored at —80 °C until viral nucleic acids extraction.

Viral DNA and RNA Extraction and cDNA Preparation

Nucleic acids were extracted from 140 pL-portions of the respective viral concen-
trate using the QlAamp Viral RNA minikit (Qiagen, Valencia, CA, USA), following the
manufacturer’s instructions. Nucleic acids were dissolved in 40 uL. of RNase free elution
buffer (AVE), and the concentration and purity of the obtained extracts determined using a
NanoDrop 1000 spectrophotometer. Total RNA was converted to cDNA in a final volume
of 20 pLL with the NZY First-Strand cDNA synthesis kit (NZYTech, Lisboa, Portugal) ac-
cording to the manufacturer’s instructions. The nucleic acids were stored at —80 °C until
further use.

Detection and Quantification of the Viral Genomes by TagMan Multiplex qPCR

Multiplex qPCRs protocols for the simultaneous detection of viral genomes of HAV,
NoV GI and GII and HEV (MgPCR 1) and adenovirus and polyomavirus (MqPCR2) were
previously developed and optimized (data not showed). The MqPCR 1 reaction was carried
out in a total volume of 20 pL using SensiFAST™ Probe No-ROX amplification mix (Bioline,
London, UK). The concentrations of HAV, NoV GI and GII, and HEV for forward and
reverse primers were 100 nM and 400 nM, respectively, and for the probes were 100 nM for
NoV GII, HAV and HEV, and 250 nM for HEV. Regarding the MqPCR2 the concentrations
of the forward and reverse primers were 300 nM and for each probe (AdV, PyV) were
100 nM. The MqPCR 1 temperature profile was: 5 min at 95 °C as hot start, and 40 cycles of
15 s at 95 °C for denaturation, 1 min at 60 °C for annealing, and 1 min at 65 °C for extension.
For the MqPCR?2 the temperature profile was: 5 min at 95 °C as hot start, and 40 cycles of
10 s at 95 °C for denaturation and 30 s at 60 °C for annealing. Thermal cycling, fluorescent
data collection, and data analysis were performed in a LightCycler 96 real-time PCR system
(Roche), according to the manufacturer’s instructions.

2.2. Nanofiltration Experimental Assay

The efficiency of a nanofiltration system for the retention of the target antibiotics,
antibiotic resistance genes as well as viral genomes was assessed by conducting an ex-
perimental assay in the same sampling site where the occurrence samples were collected.
A nanofiltration pilot unit was placed after the biological treatment and, consequently,
the viability of using nanofiltration as tertiary treatment in a wastewater treatment plant
was assessed.

A submersed pump was constantly collecting the effluent from the biological treatment
into a 1 m? tank, which was then connected to the pilot unit. The pilot unit comprised one
feed pump, one pressurization pump as well as one recirculation pump, which ensured a
recirculation of 900 L-h~1. Additionally, two pre-filters (70 pm and 30 pm) were located at
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the entrance of the pilot unit to protect the membrane. The membrane used consisted of a
spiral wound Desal 5DK module (model DK4040F30, Suez membranes, Lenntech, Delfgauw,
The Netherlands), with an active membrane surface area of 7.9 mZ. The Desal 5DK membrane
is a thin film composite membrane with polysulfone support layer and is negatively charged
at neutral pH. Prior to the experimental assay, the permeance of the membrane was measured
with tap water and the obtained value was 3.5 L-h~!-m~2-bar~! (20 °C).

The operation of the pilot unit has been optimized in a previous study conducted
with the same effluent and several assays were conducted under controlled permeate
flux (127 L-m~2-h71,152.-L-m=2-h~1,19.0 L-m~2-h~! and 25.3 L-m~2-h~!) or controlled
transmembrane pressure conditions (5 bar and 6 bar) and different recovery rates (feed flow
of water converted into treated flow of water (permeate); approximately 20%, 30%, 40%,
70% and 80%) to determine the operating conditions that would minimize fouling re-
sistance, would maximize the production of treated water and rejection of anticancer
compounds [26]. The best operating conditions for this wastewater effluent were found at
a controlled pressure difference of 6 bar and using a recovery rate of approximately 70%.
Hence, a 24 h experimental assay was performed using the same conditions.

All samples from feed, permeate and retentate were analyzed for the target antibiotics,
antibiotic resistance genes and viral genomes, following the protocols described in the
above section.

The apparent rejection of each target contaminant was calculated using Equation (2):

- C
Rejection (%) = (1 - CP> x 100 )
f
where Cy, is the concentration of the target contaminant in the permeate side and Cg is the
concentration of the target contaminant in the feed.

3. Results and Discussion
3.1. Occurrence of the Target Contaminants
3.1.1. Antibiotics

The occurrence of ciprofloxacin and levofloxacin in the wastewater effluent was
evaluated from October 2018 until December 2019. Figure 1 represents the concentration of
the target antibiotics obtained from grab wastewater effluent samples.

As represented in Figure 1, both target antibiotics were detected in all the collected
samples and their concentration did not vary much between the different seasons of the
year, which could be expected since these broad spectrum antibiotics are used to treat a
wide variety of bacterial infections.

Regarding ciprofloxacin (Figure 1a), its concentration ranged between 135 and
3150 ng-L’l. The lowest measured concentration was on 26 June 2019, whereas the
highest concentration was obtained on 29 October 2018. Similar occurrence values have
been reported in the literature. For example, Verlicchi et al. detected ciprofloxacin in
several wastewater effluent samples collected from a WWTP located in the Northern
of Ttaly with average concentrations of 630 ng-L~! [27]. In addition, Rossmann et al.
detected ciprofloxacin at 920 ng-L~! in a wastewater effluent from a WWTP located in
Germany [28].

In the same way, levofloxacin (Figure 1b) was detected in all the wastewater samples
in concentrations ranging from 34 ng-L~! to 438 ng-L~!. The minimum and maximum
concentrations were recorded on 26 June 2019 and 9 April 2019, respectively. These
values are also in agreement with others already reported in the literature. For example,
levofloxacin has been detected in wastewater effluents of two WWTPs located in Slovakia
at concentrations up to 58 ng-L~!. In addition, Rossmann et al. detected levofloxacin in
concentrations up to 836 ng-L~! [28].
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In addition, the potential use of the pharmaceutical-POCIS for the detection of the
target antibiotics was assessed. For this, POCIS were deployed on the week of 29 October
2018-2 November 2018, on Monday, Wednesday and Friday from 9 a.m. until 6 p.m. The
time-weighted average concentrations, estimated for each compound assuming a sampling
rate of 0.1 L-day ! and using Equation (1), are represented in Figure 2.
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Figure 1. Occurrence of ciprofloxacin (a) and levofloxacin (b) in a wastewater effluent at different
periods of a year.

As represented in Figure 2, a good agreement was found between the time-weighted
average concentrations obtained from the POCIS deployed on Wednesday and Friday
with the concentrations obtained from the grab samples collected on these days in the
morning and afternoon period. For example, on Wednesday, the estimated Ctwa value for
ciprofloxacin was 1611 ng-L~! and according to grab samples, on this day its concentration
ranged from 752 to 1655 ng-L 1. In the same way, the Ctya value estimated for levofloxacin
was 118 ng-L~! and the concentration estimated from the grab samples ranged from 45 to
90 ng-L~!. On the other hand, the results obtained on Monday for both antibiotics with
the POCIS are much higher than the results obtained with the grab samples showing us
that the grab sampling events may have missed higher occurrence levels of these two
compounds in other periods of the day.
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Figure 2. Concentration of ciprofloxacin (a) and levofloxacin (b) obtained from grab effluent samples
collected on 29 October 2018 (Monday), 31 October 2018 (Wednesday) and 2 November 2018 (Friday)
in the morning and afternoon period, as well as time-weighted average concentrations of each
target compound obtained from polar organic chemical integrative samplers (POCIS), deployed on
these days.

Future work should test the uptake profile of different chemical contaminants by
exposing the samplers to wastewater effluents over several days so that more reliable
sampling rates could be determined, since the calibration would be performed in situ.

Nevertheless, POCIS proved to be efficient in qualitatively and quantitatively moni-
toring the presence of ciprofloxacin and levofloxacin in wastewater effluents since both
antibiotics were detected in all the POCIS extracts. For this reason, POCIS can be an useful
tool for a first screening of the problem and it brings several advantages since it is simpler
and less time-consuming when compared to the traditional grab samples.

Finally, the occurrence of both target antibiotics proves that, in some plants, conven-
tional wastewater treatment may not guarantee their complete removal.

3.1.2. Occurrence of Antibiotic Resistance Genes and Viral Genomes

The occurrence of carbapenem (blaxpc, blapxa-4s, blanpm, blapgp and blaypy) and
(fluoro)quinolone (gnrA, qnrB and gnrS) resistance genes in the wastewater effluent at
different days is represented in Figure 3. 16S rRNA gene is also represented in Figure 3
since its quantification was performed to assess the bacterial abundance on different days.
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Figure 3. Occurrence of carbapenem (blaxpc, blapxa-48, blanpp and blayyy) and (fluoro)quinolone (gnrA, gnrB and gqnrS)

resistance genes in wastewater effluent at different days. The data for blajyp is not represented since it was lower than the

detection limit in all the samples (1 copy-mL~1).

Regarding the studied antibiotic resistance genes, all the target carbapenem and
fluoro(quinolone) resistance genes (blakpc, blapxa-4s, blanpm, blayiy, gnrA, gnrB and gnrS)
except blapyp were detected in all the sampling days. The lowest concentration obtained
was for the gnrA gene (59.5 copiess-mL~!) on 5 December, and the highest concentration
was for the gnrS (2.85 x 10° copies-mL~!) gene on 25 June.

The high concentrations of carbapenem resistance genes present in the effluents re-
flect the increasing resistance in the microbial community towards this group of last-line
antibiotics. Other studies recently published have reported the presence of carbapenem
and (fluoro)quinolone resistance genes in the wastewater treatment processes of different
European WWTPs [9,10,29], showing that most of these genes are present at higher con-
centrations in WWTPs of Southern Europe rather than in those of Northern Europe [29].
This is in line with the concentrations of carbapenem and (fluoro)quinolone resistance genes
found in this study. This can be explained by the differences at the level of the antibiotic
consumption pattern between Northern and Southern European countries, and possibly
by the warmer waters of Southern Europe, which may be another favorable factor for
the bacterial growth, including the bacteria-harboring resistance genes, being this a major
driver of antibiotic resistance in the environment [29].

Regarding the target viral genomes, their detection was only possible on 26 November
and 5 December 2019, and their concentration is represented in Figure 4.

Low concentration of the viral genomes NoV GII, HAV, HEV and adenovirus were
detected, being the NoV GII genome the only one present on both days. Additionally, NoV
GI and Polyomavirus genomes were not detected in any of the sampling days. The absence
of these viral genomes in the collected samples does not necessarily mean that these
genomes are not present in the effluents; it could be due to the detection limit of the
multiplex qPCR protocols (1 copy of the genome-L™1).
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Figure 4. Occurrence of different types of viral genomes (norovirus GII, hepatitis A virus, hepatitis E virus and adenovirus)
in wastewater effluent on two different days.

Consistent results have also been reported by Teixeira et al. 2020 [28] in a WWTP
where NoV GI and NoV GII genomes were detected in the effluent after the secondary
treatment, with an average concentration of 10° genome copies-L ™!, and in the effluent
after the tertiary treatment, with concentrations of 10* genome copies-L~!. In addition,
La Rosa et al. 2010, detected NoVGI/GII genomes in the influents and effluents of five
WWTPs from Italy, with a higher prevalence of NoV GI, one of the most predominant type
on the human population [30].

For HEV, Portugal is considered endemic for this virus [31,32], which is mainly present
in pigs [33,34]. Thus, its release into the aquatic environment is expected, and consequently,
its presence in the wastewater samples. Although in this study HEV genome was present
at low concentrations, in another study from Matos et al. [34], the HEV genome was also
detected but only in the influent samples of two Portuguese WWTPs. These authors did not
indicate the HEV concentrations since their main goal was to perform molecular characteri-
zation of the virus. Similar results were obtained in a Spanish study [35], which detected
HEV genomes only in the influent samples of four WWTPs, with average concentrations of
10° genome copies-L~!. Additionally, a study from de-Beyer et al. revealed the presence
of the HEV genomes in the effluent samples of several German WWTPs, with an average
concentration of 103 genome copies-L ™! [36].

3.2. Efficiency of Nanofiltration for the Removal of the Target Contaminants

The efficiency of a nanofiltration pilot-scale unit using the Desal 5DK membrane
to remove the target antibiotics, antibiotic resistance genes and viral genomes from the
wastewater effluent was evaluated.

Based on previously optimized conditions, the pilot unit was operated at a controlled
pressure difference of 6 bar and an average recovery rate of 70% [26]. During the 24 h of in
situ experiments, the permeance did not change much with an average normalized value
(20 °C) of 2.8 L-h~1-m~2-bar! and a coefficient of variation of 6.3%. The membrane could
therefore be operated using these conditions for significantly longer times before washing
events are needed.

The rejections obtained for the target antibiotics, antibiotic resistance genes and viral
genomes are represented in Figures 5-7, respectively.
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Figure 5. Removal of the target antibiotics from wastewater effluent using a Desal 5DK nanofiltration
membrane; When the symbol “>" is used, it means that the compound was not detected in the
permeate sample (below detection limit).
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Figure 6. Removal of the target carbapenem (bla) and (fluoro)quinolone (qnr) resistance genes from
wastewater effluent using a Desal 5DK membrane. When the symbol “>” is used, it means that this
resistance gene was not detected in the permeate sample (below detection limit).

As illustrated in Figure 5, high rejections were obtained for ciprofloxacin and lev-
ofloxacin. Both target antibiotics were not detected in the permeate samples. The percent
rejection values were therefore calculated considering the lowest point measured in the
calibration curve with a signal-to-noise ratio higher than 10. Taking into account the con-
centration factor and the recovery from the solid phase extraction procedure, that will
correspond to a concentration of 24 ng-L ™! for ciprofloxacin and 10 ng-L~! for levofloxacin
in the permeate samples. It can be assured that the rejection was higher than 99% for both
target compounds.
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Figure 7. Removal of the target viral genomes from wastewater effluent using a Desal 5 DK mem-
brane; When the symbol “>" is used, it means that this viral genome was not detected in the permeate
sample (below detection limit).

As it is well known, different mechanisms may be involved in the rejection of so-
lutes by a nanofiltration membrane, such as size exclusion, electrostatic interactions and
hydrophobic interactions. Based on the molecular weight and characteristics of both tar-
get antibiotics (Table 1) compared to the molecular weight cutoff of the membrane used,
their rejection is expected to be mainly governed by size exclusion.

Dolar et al. reported rejections of ciprofloxacin in Milli-Q water higher than 99%
when using an NF 270 and NF90 membrane, which are similar to the rejection values
obtained with the Desal 5DK membrane used in this work, processing real wastewater
after biological treatment [19].

As represented in Figure 6, the carbapenem resistance genes blanpys and blagpc as
well the fluoroquinolones resistance genes gnrA and gnrB, were not detected in the per-
meate samples. The percent rejection values were therefore calculated considering the
detection limit of 1 copy-mL~!. Regarding the other target resistance genes, even though
high rejections were obtained, it was possible to detect them on the permeate samples,
at levels ranging from 3.2 + 3.1 copies-mL~! (blapxa_43) to 58.2 + 3.5 copies-mL~! (gnrS).
Considering that this WWTP facility has the particularity of being in a closed environment,
these low concentrations of some ARG could be due to the dissemination of aerosols near
the sampling points of the pilot-scale unit.

The effective retention of the target carbapenem and fluoroquinolone resistance genes
reported in this study agrees with results obtained by other authors. Slipko et al. showed
that ultrafiltration, nanofiltration and reverse osmosis membranes could retain more than
99.8% of free DNA (pure plasmid and linear fragments of different sizes) [20]. Size exclusion
was reported as the main retention mechanism. Lan et al. reported that nanofiltration and
reverse osmosis treatment processes were extremely effective in retaining sulfonamide
and tetracycline resistance genes (4.98-9.52 logs removal compared to raw sewage) [37].
The higher levels of rejection reported can be explained due to the extremely high levels
of the sulfonamide and tetracycline resistance genes present in the raw sewage sampled
by the authors (swine wastewater treatment). Lu et al. reported that a combination of
microfiltration and reverse osmosis filtration processes could be used to effectively remove
tetracycline, sulfonamide, macrolide and quinolone resistance genes from wastewater
effluents [38]. Gros et al. studied the fate of pharmaceuticals and antibiotic resistance genes
in a full-scale on-farm livestock waste treatment plant and reported that even though the
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reverse osmosis permeates had low levels of pharmaceuticals, antibiotic resistance genes
copy numbers were still detected [39].

Figure 7 shows that the viral genomes from hepatitis A virus and Adenovirus genomes
were not detected in the permeate samples, and consequently, their rejections were calcu-
lated assuming the detection limit of the method (1 genome copy-L~1).

Even though it was not expected that viral particles/viral fragments of the genome
would pass through the nanofiltration membrane, Norovirus GII and hepatitis E viral
genomes were detected in the permeate samples at levels lower than 4.3 genome copies-L 1.
According to Van der Bruggen [40], viruses might not be completely removed by driven
membrane processes due to the potential presence of “abnormally large” pores, which may
lead to the leakage of viruses. Additionally, as mentioned above, the pilot-scale treatment
process was operated in a real wastewater treatment plant where aeration facilities can
generate and diffuse bioaerosols containing chemicals and microorganisms including
viruses that are typically non-waterborne [41,42], being impossible to guarantee a sterile
environment, and thus, contamination of the permeate samples cannot be ruled out.

It is important to note that the molecular techniques used in this study only provide
estimates of the presence and abundance of the viral genomes in a sample, not measuring
the viral infectivity. For a complete assessment of the presence of viruses in treated
wastewater effluents, their presence, viability and potential infectivity should also be
addressed by cell-line cultures studies.

Similar results were also obtained by Gimenez et al. 2009 where adenovirus and poly-
omavirus genomes were detected in some permeate samples collected in a drinking-water
treatment plant after nanofiltration and reverse osmosis treatment. However, these samples
did not show infectivity in the cell culture assays [39].

Overall, high removal of most target contaminants was achieved and thus, nanofiltra-
tion with a Desal 5DK membrane has the potential to be used as a tertiary treatment in a
wastewater treatment facility and guarantee higher water quality. Nevertheless, long term
assays should be conducted to study if adsorption of the target contaminants on the mem-
brane is significant and guarantee there is no breakthrough of the compounds after several
days of operation. Furthermore, if membrane filtration is applied, retentate treatment
should be addressed, for example, by direct photolysis or advanced oxidation processes.

4. Conclusions

The fluoroquinolone antibiotics ciprofloxacin and levofloxacin, as well as several
carbapenem and fluoroquinolone resistance genes, were detected in grab sampling events
conducted throughout a year. When daily samples collected in grab events and using
passive samplers were compared, the pharmaceutical polar organic chemical integrative
samplers were found to be an extremely promising alternative to grab samples since
their use avoids the most time-consuming steps of the solid phase extraction procedure.
The occurrence of different types of viral genomes from Norovirus GII, hepatitis A virus,
hepatitis E virus and adenovirus was also reported in one of the sampling events using the
same wastewater effluent.

Nanofiltration using a Desal 5DK membrane was tested at pilot-scale to remove
antibiotics, antibiotic resistance genes and viral genomes detected at occurrence levels in
real wastewater effluent. The results of a 24 h assay conducted at a constant pressure of
6 bar showed that the permeance was maintained and that a high removal of antibiotics,
antibiotic resistance genes and viral genomes can be expected with this treatment process.
The use of nanofiltration as a tertiary treatment is, therefore, a promising solution to
increase the quality of the wastewater effluents produced.
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Abstract: The feasibility of reverse osmosis (RO) for treating coking wastewaters from a steel
manufacturing plant, rich in ammonium thiocyanate was assessed. DOW FILMTEC™ Sw30
membrane performance with synthetic and real thiocyanate-containing solutions was established
at the laboratory and (onsite) pilot plant scale. No short-term fouling was observed, and the data
followed the known solution-diffusion model and the film theory. Those models, together with
non-steady state mass balances, were used in simulations that aided to design a full scale two-stage
RO plant for thiocyanate separation.

Keywords: reverse osmosis; modeling; thiocyanate; wastewater treatment; process design

1. Introduction

As part of the steel manufacturing plant, the coke gas generated during the destructive distillation
of coal is commonly washed with water at the coke oven exit and is then distributed to several
facilities of the steel factory. The condensation of several compounds as the gas temperature decreases
requires the use of purge pits placed along the pipe network. This generates an aqueous effluent,
designated as coke wastewater in this study, which has to be treated before its definitive disposal.
Coke wastewater is expected to contain the same pollutants than a typical refractory industrial
wastewater (i.e., those used to quench the coke as it comes out of the blast furnaces or those employed
during the cooling and cleaning of the gases), but at different concentrations. These residual streams
contain cyanide, thiocyanate, high-strength ammonia, phenolic compounds, heterocyclic nitrogenous
compounds and polynuclear aromatics compounds [1,2]. As the biological treatment has become the
most reliable option to remove these pollutants, the steel factory has its own wastewater treatment
plant in order to provide meaningful control over the detoxification and purification of the coke
wastewater. Unfortunately, due to the refractory and inhibitory contaminants present in coking
wastewater, the biological treatments are not sufficient.

Coke wastewaters with more than 400 mg/L of thiocyanate cause serious problems in the
biological reactor. Phenols and free cyanide seriously inhibit various biological reactions, especially
the nitrification reaction [3]. Thus, the biological treatment of the coke wastewater is not as easy as
that of domestic wastewaters. To solve these problems, a large amount of NH;SCN degradation
processes are described in the literature, both chemical [4-6] and biological, using the anaerobic and
anoxic denitrifiers process previously to the aerobic reactor [1,3,7-9]. However, since NH4SCN is a salt
with several industrial applications: antibiotic fermentations in pharmaceuticals, metal electroplating,
flotation agent in metal industries, stabilizer and accelerator in photography, adjuvant in printing,
finishing accelerator in fixing baths in textile industries, as a raw material for the production of
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herbicides and rustproofing compositions, as a water tracer in oil fields [10] and its recovery is
presented as a more interesting alternative.

The developed techniques for recovering thiocyanates can be classified in five groups: solvent
extraction, distillation, gel filtration, membrane separation and, in recent years, electrochemical
treatment methods [11-13]. Selective extraction is based on the difference of solubility, using a polar
organic solvent that selectively extracts thiocyanate ions, but it requires high energy input for the
subsequent recovery of the solvents. Distillation under pressure is a good alternative for obtaining a
pure product but also needs a great amount of energy and generates gaseous thiocyanate, which is highly
toxic. Gel filtration uses a polymer gel for separation, but it is expensive, slow and inefficient for large
volumes. Electrochemical methods such as electro oxidation, electrocoagulation and electroflotation
have been reported for the treatment of various wastewaters, and they have various benefits including
simple equipment, easy operation, shortened retention time, rapid-settling and decreased amount
of precipitate or sludge [14]. Nevertheless, these electrochemical methods are usually applied to the
wastewater already biologically pretreated, On the other hand, membrane-based processes can safely
separate thiocyanates from a large amount of wastewater with low energy consumption, which makes
them suitable for addressing the NH4SCN recovery.

Reverse osmosis (RO), forward osmosis (FO) and nanofiltration (NF) have been applied to
wastewater from desulfuration of coke oven gas containing NH;SCN [11,12], water from the ammonia-N
liquor tank of a coke-making plant in India [15] and to an aqueous process stream from acrylic fiber
industries containing NaSCN [13,16], respectively. RO has also been used to remove cyanides and
ammonium salts, though at concentrations lower than those included in this study [17]. Additionally,
when two thiocyanate salts are present, NF and/or RO membranes can be employed not only for
recovering them, but also for separating one salt from another [18,19]. Recently, polymer inclusion
membranes (PIM) have been also proposed as an appropriate method for cleaning-up of thiocyanate
from gold mine waters [20]. Jin et al. (2013) reported a pilot-scale system based in the combined use of
a membrane bioreactor as a pretreatment followed by the NF-RO system to treat coking wastewater
reduced thiocyanate concentration to a level suitable for industrial reuse [21].

In the present work, several samples of the coke condensates taken from a steel factory were
analyzed and found that NH4;SCN was the most important contaminant.

The experimental part focuses on assessing the performance of a RO commercial membrane with
synthetic aqueous solutions of NH4SCN and real wastewaters. Based on those experimental results,
an appropriate mathematical model of the RO process is to be developed and used in the design of a
full-scale RO plant. This RO plant design must treat a condensate flow rate of 50 m®/day and produce a
permeate with a low thiocyanate content, eligible for the biological wastewater treatment and a highly
concentrated NH4SCN solution, which can be used as raw material for several applications.

2. Materials and Methods

2.1. Experimental Equipment and Procedure

There are a variety of RO membranes available in the market, although each type is particularly
suited to certain applications. From a preliminary screening (results not shown), a polymeric
membrane from DOW FILMTEC™ (Edina, MN, USA) was selected: SW30. A spiral wound module
of 2.5” (diameter) and 40” length was used for laboratory-scale experiments. Larger spiral modules
(47-40”) were used for the pilot unit tests. Table 1 shows the specifications for both module types.
The same modules were used throughout the whole study. No damage was observed, so no replacing
was needed.

Figure 1 shows a diagram of the equipment used to perform laboratory experiments. It consists of
a small filtration unit fed from a 100 L tank by a positive-displacement pump. Pressure transducers
are placed before and after the module to monitor the pressure in the feed and retentate. Permeate is
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open to atmosphere. A needle valve is placed after the membrane module to vary the applied pressure.
Temperature is monitored using a Pt100 thermoresistance (WIKA, Kingenberg, Germany).

Table 1. Membrane specifications (according to the manufacturer).

Membrane Nominal Active Maximum Feed Stabilized Salt
Module Surface Area (m?) Flow Rate (m3/h) Rejection 1 (%)

SW30-2540 2.8 14 99.4

SW30-4040 7.4 3.6 99.4

1 Measured at 32,000 mg/L NaCl, 55 bar, 25 °C and 8% recovery.

TEMPERATURE &
PERMEATE PRESSURE | PUMP
OUTLET DISPLAY . CONTROLLER
]
[oRe]
................................................ [
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VALVE
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DAMPENER

PREFILTER

TRIPLE PISTON PUMP

Figure 1. Experimental setup.

Although the condensates do not contain suspended solids, they do have a large number of
suspended tar droplets. Tar is insoluble in most solvents and, thus, it is difficult to clean. It can deposit
on equipment and at the inlet of the membrane modules, clogging them. Therefore, basic water filter
cartridges (50 and 5 microns) were employed for its removal.

Pressure effect experiments were carried out at the total recycle, that is, retentate and permeate
were recycled to the feed tank. Concentration experiments were carried out at constant pressure
removing continuously the permeate.

The permeate flux through the membrane (J) was calculated using the following equation:

M
App-t

] = (1)
where M is the permeate mass collected, p its density, A;, the membrane area and t the permeation time.

Membrane separation performance was assessed by means of retention (also called rejection),
defined as:

Retention (%) = (1 - Z—P)-loo ()
F

where cp and cr are the concentrations in the permeate and in the feed, respectively.

The effect of pressure was assessed by conducting an experiment with increasing feed pressure
from 10 up to 50 bar, in 10 bar intervals at constant temperature (25, 35 or 45 °C). In the concentration
mode experiments, a constant temperature of 25 °C and a pressure of 50 bar were used. Results were
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analyzed using the solution-diffusion model [22] and the classic film theory [23], with the following
mathematical expressions for the overall permeate flux and for the solute flux, respectively:

] = A(AP - Ar) 3)
o Cm —Cp

J=kn )

Js = B (cB —cp) 5)

where,

J: Overall permeate flux (L/m? h).

Js: Solute flux, Js=J-cp, (g/m? h).

k: Mass transfer coefficient (L/m? h).

cm: Solute concentration on the membrane surface (g/L).
cp: Bulk solute concentration in the retentate (g/L).

cp: Solute concentration in the permeate (g/L).

A: Solvent (water) membrane permeability (L/m? h bar).
B: Solute membrane permeability (L/m? h).

In the data analysis presented, the solute is the thiocyanate ion. Equation (4) can be simplified
when high retention membranes are used in reverse osmosis processes. As concentration in the
permeate is generally much lower than that in the retentate, it can be neglected and when ¢, is constant,
according to the film theory:

J = const — k In(cp) (6)

Water permeability was checked before and after each run by checking tap water flux at five
transmembrane pressures (from 10 to 50 bar). The osmotic pressure was negligible and the permeability
was calculated as the slope, A, following Equation (3). The difference in water permeability was used
as a way to estimate fouling.

Experiments were done also at the industrial site in the vicinity of one of the purge pits, using the
same apparatus shown in Figure 1, but equipped with two commercial 4” RO membrane modules,
with an overall filtration area of 15 m? (a six-fold increase from laboratory-scale). The two modules
were placed in series, and a water-cooled shell and tube heat exchanger was also located after the
modules for improving the temperature control.

Additionally, two 1 m? tanks were used as intermediate storage for the condensate feed to the
module and to collect the permeate, respectively. The apparatus was also equipped with two auxiliary
centrifugal pumps. One of them was used to pump the condensates out of the purge pit into the
first 1 m3 feed tank, and the other one was placed between the 100 L tank and the in-line prefilters,
before the main high pressure pump, to overcome the prefiltration pressure drop and avoid cavitation
at the suction of the high pressure pump.

The water filter cartridges used in the laboratory tests gave poor performance in the industrial
installation, so they were replaced by in-line filters, with self-cleaning capability: A Rotorflush RF
Series filters, capable of removing suspended solids above 50 microns, allowed maintaining constant
flow rates with little maintenance.

Pilot testing lasted one month. It was not run continuously, but in daily 8-10 h shifts, because of
the nature of the condensates collection (they were also drawn daily).

2.2. Analytical Methods
Samples were analyzed as follows:
e pHand conductivity were determined by a potentiometric method, using a Mettler Toledo Seven

Multi Dual pH (Columbus, OH, USA) and conductivity meter.

42



Membranes 2020, 10, 437

e  Chemical oxygen demand (COD) was determined by refluxing a sample in strongly acid solution
with a known excess of potassium dichromate and then measuring the absorbance of the mixture
at a wavelength of 620 nm with a HACH DR/2010 spectrophotometer (HACH Co, Loveland,
CO, USA) [24].

e Phenolic compounds were characterized by their absorbance at 280 nm [25], with a T80
ultraviolet/visible (UV/VIS) spectrophotometer (PG Instruments Ltd., Leicestershire, UK)

e Total cyanide, free cyanide and weak acid dissociable cyanide concentrations were determined with
the same T80 UV/VIS spectrophotometer at 300 nm after the reaction of HCN with chloramine-T,
and the addition of a pyridine-barbituric acid agent. The hydrogen cyanide is generated by the
alkaline distillation [24] or of ultraviolet radiation [26] on the sample.

e  The thiocyanate ion was analyzed by their reaction with Fe(NO3)3-9H,0 at low pH, because
it forms an intense red color, suitable for colorimetric determination by a PG Instruments Ltd.
T80 UV/VIS spectrometer at 460 nm [24].

e  The concentration of ammonium was obtained through a potentiometric method, with a selective
electrode (Mettler Toledo Type 15 223 3000 Ammonium Electrode) (Columbus, OH, USA) and an
Ag/AgCl reference electrode (Mettler Toledo Type 373-90-WTE-ISE-S7) (Columbus, OH, USA) [27].

e SCN™ and NH;" were also measured through ion-exchange chromatography, together other
anions such as SO,2~, NO3~ and CI~. A Metrohm Ion Chromatograph 850 Professional IC
(Metrohm AG, Herisau, Switzerland) was used, equipped with a Metrosep A Supp 5-100 column
for anions, a Metrosep C 3-250/4.0 column for cations and a conductivimeter as a detector.

e Heavy metals and other atomic elements were evaluated by inductively coupled plasma (ICP) in
an Agilent 7500 ICP-MS (mass spectrometer) device (Agilet, Santa Clara, CA, USA).

3. Results

3.1. Analysis of the Samples

Several samples of the condensates were taken from the purge pits during four months, and then,
analyzed. Over the first three months, 150 L of the actual condensates were collected weekly, shipped,
and used for the lab-scale experiments. Pilot plant experiments were carried out onsite for a month
and daily samples were also analyzed. The maxima and minima values of the studied parameters are
given in Table 2. The major constituent in the coke wastewaters of this steel company is ammonium
thiocyanate. Typical values for thiocyanate ions were between 1 and 3 g/L. Cyanide concentrations
have not been included because they were always under the detection limit, 1 mg/L.

Table 2. Analyses of condensates collected during the sampling period.

Parameter/Element Minimum Maximum Element Minimum Maximum
pH 8.6 9.1 Ca (mg/L) 0.6 35
Conductivity (mS/cm) 4.8 14.6 K (mg/L) 0.6 2.7
COD (g/L) 0.6 32 Si (mg/L) 0.0 2.1
SCN~ (g/L) 0.2 9.0 Br (mg/L) 0.1 0.6
NH;* (g/L) 1.0 12.9 I (mg/L) 0.0 0.2
Phenols (measured as 116 355 Sr (mg/L) 0.0 0.1
absorbance at 280 nm) ’ ’ Al (mg/L) 0.0 0.2
SO4%~ (mg/L) 130 1007 Cu (mg/L) 0.0 5.0
Cl~ (mg/L) 6 50 Zn (mg/L) 0.0 0.1
NO;3;~ (mg/L) 12 60 As (mg/L) 0.0 0.1
Fe (mg/L) 12 30 B (mg/L) 0.0 0.2
Mg (mg/L) 0.9 13.6 Ba (mg/L) 0.0 0.5
Na (mg/L) 1.3 6.6 Ge (mg/L) 0.0 0.3

Both thiocyanate and phenols can be oxidized, thus contributing to the COD load, but after
an examination of the compiled data, it was concluded that the phenolic effect was rather limited,
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being the most of the COD associated with the thiocyanate concentration (an almost linear relation
between thiocyanate content and COD can be seen in Figure 2a). During these experiments, it was also
observed that the conductivity was mainly influenced by the thiocyanate concentration (Figure 2b).
This was useful for designing the experimental work, as conductivity is an easy parameter to follow.
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Figure 2. Chemical oxygen demand (COD; (a)) and conductivity at 25 °C (b) as a function of the
thiocyanate concentration.

Ammonium thiocyanate is highly soluble in water (over 1.5 kg/L), and at high concentrations
(above 300 g/L) conductivity does not behave proportionally to concentration (this was experimentally
checked). This behavior was also found in concentrated sodium thiocyanate solutions [28]. However,
the latter exhibits a maximum in conductivity that was not found in this work for the ammonium salt.

3.2. Effect of Operating Variables with Synthetic Solutions

The effect of pressure on RO of synthetic NH4SCN solutions between 1 and 50 g/L in the
temperature range 25-45 °C was evaluated in the total recycle mode. Figure 3a shows the effect of
pressure at 25 °C. As the concentration increased, the permeate flow decreased, since polarization and
osmotic pressure increased. The former resulted in a lower slope, while the latter implies that more
pressure had to be applied in order obtain flux through the membrane. For a given concentration,
as the transmembrane pressure increased, the permeate flux also increased. No membrane fouling was
seen, as water permeability before and after each experiment was the same.
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Figure 3. Effect of concentration on permeate flux (a) and on NH4SCN retention (b) when filtering
synthetic solutions of ammonium thiocyanate at 25 °C with the SW30-2540 RO membrane. (e): 1 g/L;
(0): 5g/L; (a): 10 g/L and (a): 50 g/L.

As concentration increased, salt rejection also decreased, as it can be seen in Figure 3b. This is the
result of a decreased water flux, as shown in Figure 3a together with an increase in solute diffusion,
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owing to the larger concentration difference across the membrane (the latter is the driving force for
diffusional transport). Therefore, the thiocyanate concentration plays a very important role in the
filtration process. As it increases, it actually influences negatively the performance of the process,
decreasing the filtration rate and salt rejection.

The experimental osmotic pressures computed from the linear regression of the data shown in
Figure 3 were compared with those calculated by the Morse (a modified Van't Hoff) equation [29].
assuming that NH4SCN was fully dissociated. The Morse equation gave values higher than
the experimentally determined ones at any condition. That is an indication that the salt is not
entirely dissociated.

The effect of the temperature on permeate flux can be seen in Figure 4a. Within the concentration
range studied, the higher the temperature, the higher the permeate flux. It can be explained by
the reduced viscosity, which reduced the resistance of water transport through the membrane and
higher membrane permeability. However, as temperature increased, ammonium thiocyanate retention
decreased (Figure 4b). This is again inherent to the nature of the separation process, in which the solute
transport through the membrane is a function of the solute solubility and diffusion coefficient in the
membrane. Both solubility and diffusivity increased exponentially with temperature, so the solute
permeability (the product of solubility and diffusivity) increased to a much larger extent than the water
flux (associated with viscosity). The result was the observed reduced retention.
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Figure 4. Effect of temperature on permeate flux (a) and on NH4SCN retention (b) when filtering a 5 g/L
NH4SCN synthetic solutions with the SW30-2540 RO membrane. (e): 25 °C; (O): 35 °C and (a): 45 °C.

3.3. Effect of the Transmembrane Pressure with Real Wastewaters

The fluxes obtained with the real coking wastewaters were lower (Figure 5a) than those obtained
with synthetic solutions, but they followed the same trends with respect to pressure and feed
concentration. However, rejections were similar at and above 20 bar, as shown in Figure 5b. A minimum
pressure of 20 bar is required for ensuring rejections above 90%. The results shown are an extract of
those performed with the weekly samples.

To account for fouling, water permeability was measured before and after each filtration.
No significant change was observed and no chemical cleaning was needed. The same RO module
was used for all experiments. To further analyze fouling, a hysteresis experiment was also carried out,
following the evolution of flux with time at each transmembrane pressure (TMP) was monitored as
shown in Figure 6. An operating pressure was selected and the permeate flux was measured for over a
period of time (normally flux declines with time, so data was collected until stable flux was reached);
then, the pressure was increased to achieve a new stable permeate flux and, before proceeding to the
higher next pressure it was decreased to its previous value to account for irreversible fouling owing to
increased pressure [30].
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Figure 5. Effect of concentration on permeate flux (a) and on NH4SCN retention (b) when synthetic
solutions (S) and real coke gas condensates (R) are filtered at 25 °C with the SW30-2540 RO membrane.
(e): S-1g/L; (O): R-0.8 g/L; (m): S-5 g/L; (0): R4 g/L; (a): S-10.0 g/L and (A): R-9.0 g/L.
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Figure 6. Effect of transmembrane pressure (TMP) on flux stability at 25 °C. Membrane SW30-2540
and NH;SCN concentration around 1 g/L. TMP were (o): 10 bar; (O): 20 bar; (a): 30 bar; (2): 40 bar;
and (m): 50 bar.

Since the flux remained stable and there was no decrease in water permeability, it can be concluded
that there was no significant (short-term) fouling observed. Flux decline with respect to water flux was,
thus, associated with the reversible phenomena, i.e., polarization. The ammonia content and high pH
of the condensates, together with a lack of organic matter and scaling inorganic salts were believed to
be the main reason for flux stability. This very positive result marked the industrial viability of the RO
treatment, since membrane fouling (and the subsequent flux decayed with time) is a key challenge and
obstacle for applying membrane technologies to industrial processes [31]. However, for a full-scale
plant it is recommended to install—as backup—a clean-in-place unit, for eventual rinsing, cleaning or
maintenance of the RO plant.

3.4. Effect of Feed Concentration with Real Wastewaters

Due to the variations in the initial concentration (in the weekly samples and in the daily condensates
fed to the pilot unit), fluxes also differed from day to day at the same pressure. When all data were
plotted together, flux decreased with concentration (Figure 7). Laboratory (black circles) and pilot
scale (open circles) results followed the same trend. Flux follows a logarithmic dependence with
concentration, as film theory predicts (Equation (4)). The constant term in Equation (6) and the mass
transfer coefficient can be calculated from the fitting line, being 66.0 L/m? h and 16.9 L/m? h, respectively.
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Figure 7. Permeate flux as a function of retentate concentration for several runs. Data collected at
50 bar and 25 °C. Filled circles are data obtained in the laboratory and empty circles are data obtained
in onsite pilot tests at the steel factory. Solid line is the fitting to Equation (6).

To calculate the solute permeability, a plot of the solute flux vs. the concentration difference
between the retentate and permeate is required as shown in Figure 8. This figure, again, includes data
from multiple runs. The slope of the straight line was B (0.438 L/m? h) according to Equation (5) of the
solution-diffusion model. At higher concentrations, towards the end of the batch concentration runs,
implying lower volumes in the feed tank, temperature was more difficult to control and there was
more data scattering (shown as triangles). Those values were not included in the regression.
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Figure 8. Solute flux through the membrane as a function of the difference between retentate and
permeate concentrations for several runs. Data collected at 50 bar and 25 °C (circles) and at various
temperatures (triangles). Filled and empty symbols have the same meaning that in Figure 7. Solid line
is the fitting of circles to Equation (4).

The initial assumption that permeate concentration was negligible seems reasonable only at
low feed concentrations. When retentate concentration rose, solute flux through the membrane
also increased leading to a rise in permeate concentration, which could reach non-negligible values.
Therefore, for the complete validation of the model, a batch concentration operation was simulated
using non-steady mass balances and the transport equations, and compared with experimental data.
Firstly, it was taken into account that only the permeate stream left the process. Thus, the overall and
solute non-steady mass balances can be written as follows:

av
E = _] Am (7)
(V.
VO — JAwer ®)
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where V is the volume of the feed/retentate remaining in the tank at a given time, ¢ the thiocyanate
concentration in the feed tank at the same given time and A, the membrane surface area. Developing
Equation (8) and substituting Equation (7) in it results in the following expression:

de (c—cp)

V-V ©)

Combining Equations (5) and (6), and considering that the solute and solvent flux are related by
the solute concentration in the permeate, Js = J.cp, the resulting expression is as follows:

N B C;
B+ const —kIn(c;)

cpi (10)

The numerical integration of Equation (9) along with Equation (10) with the experimentally
determined values of B, const and k, allowed the mathematical description of the complete RO process.
As it can be seen in Figure 9, the proposed transport model fit successfully the experimental results

over the whole concentration range. Therefore, this model will be used for the design of the full-scale
RO plant.

NH4SCN rejection (%)

80 . .
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Figure 9. Influence of SCN-concentration on the membrane rejection of this ion. Filled circles are data
obtained in the laboratory, empty symbols are experiments done in the steel factory and the solid line is
the model prediction.

3.5. Design of a RO Plant for Continuous Operation

Based on the experimental results and the model, a full scale RO plant was designed. The plant
must treat a condensate flow rate of 50 m3/day and produce a permeate with a low thiocyanate content,
eligible for the biological wastewater treatment and a retentate concentrated in NH;SCN. The RO
plant design began with the easiest assembly, a single stage. The operation mode chosen for the
system was fed and bled (a part of the retentate stream is recycled to the stage input) since it allows
working in the best hydrodynamics conditions. Based on the aforementioned limited capability of
the biological digestion to treat thiocyanate, the target maximum permeate concentration was set at
300 mg/L (0.3 g/L).

Initial values needed for solving the corresponding model equations were the feed flow rate and
feed concentration. The feed flow rate was set at 50 m3/day. As thiocyanate concentrations falls typically
in the range 1-3 g/L, but at times the concentration may spike to 9 g/L, those three values were chosen
for calculating different case studies. The membrane area and water recovery (ratio between permeate
flow and feed flow) were varied and the resulting permeate concentrations calculated. In order to
achieve high recovery, upstream concentration has to increase. One stage was unable to meet the
maximum allowed permeate concentration when the concentration was above 10 g/L.

To overcome this restriction, which is inherent to the lack of flexibility of a single stage design,
a two-stage RO process with internal recycle was then proposed. The first stage treats the condensates,
and produces a permeate stream, which always meets the concentration restrictions for reuse or
biological treatment. The second stage allows the concentration of thiocyanate in the retentate stream
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to a greater extent, while yielding a permeate stream, exceeding the 0.3 g/L, that is internally recycled
to the front end of the RO process.

The operating mode of each stage continues to be fed and bled. Thus, the retentate stream of
each stage is recycled back at the beginning of each stage respectively to allow proper hydrodynamics
conditions as shown in Figure 10.

Os1, cB1 O, cB2
E g ﬁ
Op1, cp1 Or, cp2

Figure 10. The two-stage reverse osmosis process working in the feed and bleed mode with internal recycle.

The design equations used, in addition to the solution-diffusion and film theory expressions given
in Equations (4) and (10), are the overall and solute mass balances for the two stage process:

Qr = Qp2 +0Op1 (11)

Qr cr = Qp2 cg2 + Qp1 ¢cp1, (12)

and the balances around the recycled permeate stream and first stage:
Qp1+Qr1 = Qr +Qm (13)

Qp1 cp1 + Qpicp1 = QF cr + Qpz cp2 (14)

where Q denotes flowrate, c denotes concentration at the stream locations indicated in Figure 10.

The required membrane area, A, for each stage j, can be calculated from the ratio of permeate
flowrate and permeate flux:

Qpj
Jj

In order to solve the above set of equations, it was necessary to define the feed flow rate, feed
concentration (1, 3 or 9 g/L) and two more parameters, one for each stage, respectively. For the first one,
permeate concentration was specified (0.3 g/L). For the second one, permeate concentration was also
selected and matched to be the same as the fresh condensate feed entering the first stage, although other
options are possible for this second variable (i.e., a given thiocyanate concentration in the final retentate
to facilitate further processing). The optimization criterion was to minimize the total membrane area
(as the sum of the areas of stage 1 and 2, A,;; and A;;p).

After the corresponding calculations, it was found that A,;; and A, were 50 and 41 m?,
respectively. For this design, Table 3 indicates volumetric flowrates and concentrations for different
feed concentrations. The designed plant would be able to treat condensates in within the studied
(1-9 g/L) thyocianate feed concentrations always meeting the design constrains by adjusting the

Apj = (15)

recovery. In practice, this can be easily automated with an in-line conductivity sensor.

Table 3. Volumetric flowrate in L/h (thiocyanate concentration in g/L) for the selected two-stage reverse
osmosis process design.

Qr (cr) Qp1 (cp1) Qg (cp1) Qp2 (cp2) Qg2 (cB2)
2083 (1.0) 2007 (0.050) 525 (4.6) 449 (1.0) 76 (26.0)
2083 (3.0) 1750 (0.078) 1025 (6.3) 691 (0.5) 334 (18.0)
2083 (9.0) 1176 (0.226) 1525 (12.4) 617 (0.6) 907 (20.4)
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4. Conclusions

Reverse osmosis using commercial SW30-2540 membrane, from DOW FILMTEC™  was proved
to be a feasible technology in the recovery of thiocyanates from the coke gas condensates.
The transmembrane pressure, temperature and feed concentration were the main operating variables.
The permeate flux increased with temperature and transmembrane pressure but decreased with the
feed concentration. On the other hand, NH4SCN rejection increased with pressure (especially at low
feed concentrations), but decreased with concentration and temperature.

The pilot plant runs were conducted to validate the lab-scale experiments with fresh condensate
feed, which typically show daily variation in concentration, and was a major concern for plant
performance. Confirmation of the absence of short-term fouling observed in lab-scale experiments was
also targeted. No fouling was observed throughout all the pilot runs carried out, despite the variable
feed concentration and temperature. Therefore, no cleaning cycles were needed. However, for a
full-scale plant it is recommended to install—as backup—a clean-in-place unit, for eventual rinsing,
cleaning or maintenance of the RO plant. The precaution that was required in the onsite testing was a
prefiltration step to remove suspended tar particles.

Experiments performed with samples in the laboratory and with fresh wastewater in the steel
factory were in good agreement. The solution-diffusion model and the classic film theory can be
combined for representing the process, fitting only three parameters. These models together with
mass balances were applied for designing a full RO plant for treating 50 m3/day of condensates in a
continuous mode (with NH4SCN concentrations in the range 1-3 g/L, but that can reach eventually
values of 9 g/L). The most appropriate design has two stages with internal recycle, with 50 m?
of membrane area in the first stage and 41 m? in the second stage. In this way, permeates with
concentrations of thiocyanate under 0.3 mg/L and retentate streams concentrated up to more than
20 g/L were obtained.
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Abstract: Pertraction of Co(Il) through novel supported liquid membranes prepared by ultrasound,
using bis-2-ethylhexyl phosphoric acid as carrier, sulfuric acid as stripping agent and a
counter-transport mechanism, is studied in this paper. Supported liquid membrane characterization
through scanning electron microscopy, energy-dispersive X-ray spectroscopy and Fourier transform
infrared spectroscopy shows the impregnation of the microporous polymer support by the membrane
phase by the action of ultrasound. The effect on the initial flux of Co(Il) of different experimental
conditions is analyzed to optimize the transport process. At these optimal experimental conditions
(feed phase pH 6, 0.5 M sulfuric acid in product phase, carrier concentration 0.65 M in membrane
phase and stirring speed of 300 rpm in both phases) supported liquid membrane shows great
stability. From the relation between the inverse of Co(Il) initial permeability and the inverse
of the square of carrier concentration in the membrane phase, in the optimized experimental
conditions, the transport resistance due to diffusion through both the aqueous feed boundary layer
(3.7576 x 10* s-m™1) and the membrane phase (1.1434 X 100 s:-m™1), the thickness of the aqueous
feed boundary layer (4.0206 x 107® m) and the diffusion coefficient of the Co(Il)-carrier in the bulk
membrane (4.0490 x 10714 m?.s71), have been determined.

Keywords: cobalt(Il); supported liquid membranes; ultrasound; D2EHPA; counter-transport;
transport parameters

1. Introduction

Cobalt is associated with many industrial and technological activities such as mining,
hydrometallurgy, medicine and the manufacture of batteries, steels, magnetic alloys, catalysts, glass,
ceramics, paints, lacquers, etc. [1]. Due to its industrial significance, cobalt production has grown
steadily over the last two decades, from 56,635 tonsin 2005 [2] to 124,344 tonsin 2018 [3], leading to
both the decrease of primary cobalt resources and the increase in cobaltwaste.

Moreover, the presence of cobalt in the wastewater of the above industries is an important
environmental problem because, like other heavy metals, it is not biodegradable and tends to
accumulate in living organisms, causing diseases and disorders. The acute effects of cobalt on humans
affect cardiovascular, endocrine, hematological, respiratory and nervous systems [4].

All this makes the recovery of cobalt from raw materials and secondary sources very interesting
from both environmental and economic reasons.
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Different techniques have been described for cobalt removal from aqueous solutions,
including flocculation [5], adsorption [6-9], biosorption [10-12], phytoremediation [13],
solvent extraction [14,15], ion exchange [16] capacitive deionization [17], electrowinning [18],
micellar enhanced ultrafiltration [19], nanofiltration [20], reverse and forward osmosis [21,22],
membrane distillation [23], liquid membranes [24-27] and combined methods [28].

Liquid membranes are receiving great attention as a separation process because they combine
the extraction and the recovery processes in a single continuous stage [29]. In a liquid membrane,
two miscible phases (feed and product phases) are separated by an immiscible phase (membrane
phase). Supported liquid membranes (SLM) are obtained when the pores of a thin microporous solid
support are filled with the membrane phase [29].

Traditionally, the filling of these pores has been carried out by impregnation of the microporous
support by the liquid membrane solution under pressure or under vacuum. In this paper, we use a novel
method based on the effects of ultrasound. The application of ultrasound to a liquid medium causes
mechanical vibration and acoustic streaming. As the liquid medium usually contains dissolved gaseous
nuclei, ultrasound generates acoustic cavitation (expanding and collapsing them), releasing large
amounts of energy that generate, among other effects, shock waves and micro jets [30]. Polyvinylidene
fluoride (PVDF) has been selected as the microporous support, due to its greater resistance to the
ultrasound mechanical effects [31,32].

Transport in a liquid membrane system is usually improved by adding to the membrane phase a
complexing agent (carrier) to carry the diffusing species across the membrane to the product phase [33].
This process can be accompanied by the transport of other chemical species from the product to the
feed phase (coupled counter-transport mechanism), which offers the possibility of transporting a
component against its own concentration gradient [34].

In this paper we study the Co(Il) pertraction from an acetate buffered aqueous feed phase to
an aqueous product phase which contains sulfuric acid as stripping agent (protons as counter ions),
through an ultrasound prepared supported liquid membrane containing D2EHPA in kerosene, by using
a coupled counter-transport mechanism.

To optimize the pertraction process, the effect on Co(Il) initial flux of different experimental
conditions (pH of the feed phase, carrier concentration in the membrane phase, stripping agent
concentration in the product phase and stirring rate in both feed and product phases) is analyzed.
From the relation between the inverse of Co(lI) initial permeability and the inverse of the square of
carrier concentration in the membrane phase, at the optimal experimental conditions, the transport
resistance due to diffusion through both the aqueous feed boundary layer and the membrane phase,
the thickness of the aqueous feed boundary layer and the diffusion coefficient of the Co(Il)-carrier in
the bulk membrane phase are determined.

2. Theoretical Background

The coupled counter-transport of Co(Il) ions through a liquid membrane using D2EHPA as carrier
and H* as counter ion (sulfuric acid as a stripping agent) is illustrated in Figure 1. Dimerized molecules
of carrier (HR); [35] diffuse from the membrane phase to the feed/membrane interface where they
undergo reaction with Co(Il). Each Co(II) ion is exchanged for two protons, according to the following
equation [36]:

Co* (aq) + 2(HR)p(org) & CORy(HR); (org) + 2H" (aq)

The Co(II)-carrier complex, CoR,(HR),, diffuses through the membrane phase to the membrane/
product interface where due to the high acidic conditions of product phase, the described reaction
is reversed and protons are exchanged for Co(II) ions, which are released into the product phase,
the carrier being regenerated to begin a new separation cycle. A coupled counter-transport mechanism
takes place, so that Co(II) and H* travel in opposite directions.
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The equilibrium constant of the described reversible reaction (K.) can be expressed by Equation (1).

[CoR,(HR),]

org

X [H+]§
o (1)

org

K, =

[C02+]aq X [(HR) 2}

Feed phase Membrane phase Product phase

2H*

Co*? CoR,(HR),

Co*2

2(HR),

Feed phase Membrane phase Product phase

Co*?

H+

Figure 1. Diagram of the coupled counter-transport of Co(II) ions using D2EHPA as carrier and H*
as counter-ion.

It can be considered that chemical reactions that take place at the feed/membrane and
membrane/product interfaces occur faster than the diffusion processes [37] and the Co(II) transport
rate is determined by the rate of diffusion of Co(Il) through the feed diffusion layer and the rate of
diffusion of the Co(II)-carrier complex through the membrane. The Co(Il) flux across the membrane
can be obtained by applying Fick’s first diffusion law to the diffusion layer on the feed side (Jg;) and to
the membrane (J;,) through the following equations [38]:

[Co™ ;- [C02+]i,f/m

Ay

Joi = )

[CoR,(HR),]; ¢/ = [COR, (HR)); 1/

] m = Am (3)

where A, is the transport resistance due to diffusion through the aqueous feed boundary layer (6/Dag)
(sm™1), Ay, is the transport resistance due to diffusion through the membrane phase(ém/Dps(s-m_l),
[Co%*]; is the cobalt concentration in the feed phase, [C02+]i’f/m is the cobalt concentration in the
feed/membrane interface, [CoR,(HR),]; ¢m is the complex concentration in the feed/membrane interface,
[CoRy(HR)2]; myp is the complex concentration in the membrane/product interface, op is the thickness
of the aqueous feed boundary layer (), D, is the average aqueous diffusion coefficient of the Co(II)
(m?-s71), 8 is the thickness of the membrane phase (1) and Dys is the diffusion coefficient of the
Co(Il)-carrier in the polymeric support.

Due to the different pH values of the feed and the product phases, the distribution coefficient of
Co(Il) between the membrane phase and the product phase is much lower than that between the feed
phase and the membrane phase. Consequently, the concentration of the Co(Il)-carrier complex at the
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membrane/product interface may be considered negligible compared to that at the feed/membrane
interface and Equation (3) can be rewritten as

[CoRy (HR),; ¢/

Jm = A, 4)

If, as assumed above, chemical reactions are fast compared with the diffusion rate, local equilibrium
is reached at the interface, where concentrations are related through Equation (1). Thus, in the steady
state, Jp1 = Jm= ], and by combining Equations (1), (2) and (4), the following flux expression can
be obtained:

K- [(HR),]*- [Co*"];

J= — - (5)
A~ [HT| 4+ Agyr - Ke - [(HR) ]
Thus, the permeability coefficient, P = J/[Co(Il)]f, can be written as [38]
_ K. - [(HR),)*
P= +? 2 ©)
Ay - [H ] +Agy- Ko [(HR),]
From Equation (6), the following expression for 1/P is obtained
2
LA+ B [H+] ?)
S =AM+ ——————
P K. [(HR))?

By plotting 1/P as a function of 1/[(HR);]», at constant pH, a straight line should be obtained with
slope (A [H J?)/K, and ordinate Apy. Knowing K. and the pH of the feed solution, A;; can be obtained
from the slope.

Since Agy = di/Dag, the value of the thickness of the aqueous feed boundary layer can be calculated
if the average aqueous diffusion coefficient is known.

Similarly, since Ay, = 6,/Dps, knowing the thickness of the supported liquid membrane, D) can
be calculated, while the diffusion coefficient of the Co(Il)-carrier in the bulk membrane phase (D)
can be obtained by the following equation [39]:

Dys - T2
pS
Dbm =

(8)

£

The porosity of the membrane (¢) is usually given by the membrane supplier and the tortuosity of
the membrane (7) can be calculated according to the relationship [40]:

1+,

TTi1o,

©)

where the volume fraction of polymeric support (V) is 1 — ¢ [41].
3. Materials and Methods

3.1. Materials

Cobalt(II) chloride (98%), sodium acetate (99%), acetic acid (95%) and sulfuric acid (95-98%) were
purchased from Panreac. Bis-2-ethylhexyl phosphoric acid (97%) was obtained from Sigma-Aldrich,
Madrid, Spain. Kerosene (99%) was supplied by BDH Middle East, Dubai, UAE. A microporous
hydrophobic PVDF ultrafiltration membrane (Millipore Durapore GVHP 10, Merck, Madrid, Spain),
was utilized as support for the liquid membrane (geometrical area 20 cm?, porosity of 75%, pore size of
0.22 um and thickness of 125 um).
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3.2. Methods

3.2.1. Preparation of Supported Liquid Membrane

The liquid membrane phase was constituted by kerosene solutions of D2EHPA at concentrations
between 0.2 and 0.8 M. The pores of the microporous support were filled with the membrane solution
by applying ultrasound, using Labsonic M (Sartorius SA, Madrid, Spain) ultrasound equipment
(titanium probe 10 mm diameter, sound rating density 130 W/cm?), at 30 KHz, 150 pum, for 30 min
(three times for 10 min, with 5 min intervals between them), and the active layer of the polymeric
support at a distance of 16 mm from the ultrasound probe [24] (Figure 2a).

a) Tl b)

Ultrasonic _| o Sampling
transducer
)% 10 Membrane
|
—

| o < -l

Ultrasonic

probe Ultrasonic Feed Product

generator
] [
Membrane L]
solution < Polymeric ‘ Magnetic stirrer Magnetic stirrer
S 7 support

Figure 2. Schematic representations of: (a) sonication system; (b) experimental transport cell.

3.2.2. Supported Liquid Membrane Characterization

Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX) and infrared
spectrometry (IR) were used to study the impregnation of the pristine PVDF porous polymeric support
with the liquid membrane phase by the effect of ultrasound (PVDEF-USLM).

The outer surface and elemental composition of both PVDF and PVDF-USLM were analyzed by
SEM using a HITACHI S-3500N apparatus, containing secondary and backscattered electron detectors
(Hitachi High-Technologies Corporation, Tokyo, Japan), equipped with an EDX XFlash 5010 analysis
system (Brukers AXS, Karlsruyhe, Germany). 15 kV, 10 mm work distance, samples sputtered with
a thin layer of platinum during 90 s by a sputter coater Polaron SC 7640 (Quorum Technologies,
Newhaven, UK) and 5000x magnification were used in SEM study, while 15 kV and 15 mm work
distance were used in EDX analysis.

The outer surface chemical functional groups of both PVDF and PVDF-USLM were analyzed
by using a NICOLET 5700 FTIR equipment (ThermoFischer Scientific, Waltham, MA, USA),
in transmittance mode from 400 cm™! to 4000 cm™~!.

3.2.3. Transport Experiments

Transport studies were carried out using a permeation cell consisting of two identical
compartments, containing 250 cm® (V) of feed or product phase, separated by the supported liquid
membrane with an effective area (A) of 15 cm? [24] (Figure 2b). As feed phase, aqueous solutions
of Co(II) between 0.010 M to 0.200 M (10 mol/m3 to 200 mol/m3) in 0.2 M acetate buffer, with pH
ranging from 3 to 7, were used, and aqueous sulfuric acid solutions between 0.005 and 1 M were
used as product phase. Both phases were mechanically stirred at speeds ranging from 50 to 400 rpm,
at room temperature.

3.2.4. Analytical Methods and Calculations

Samples from the product phase compartment were taken every 30 min and Co(II) concentrations
were determined by flame atomic absorption spectrophotometry at 240.7 nm usinga Shimadzu A A-2600
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apparatus (Duisburg, Germany). The experiments were carried out in duplicate and the results obtained
showed less than 3% deviation.

Initial Co(II) fluxes were determined, according to Equation (10) [42], from the slope of the straight
line obtained when plotting the Co(II) concentration in the product phase ([Co*?]p¢) as a function of
time during the first four hours of the experiment, because of the linear relationship observed during
that time.

d[C02+]
— pt
T

Initial Co(Il) permeability values (P) were determined, according to Equation (11) [43], from the
straight line obtained when plotting In[Cy/(Cy — Cpt)] versus time during the first four hours of the
experiment, when a linear relationship was observed

[C02+]f0 _A
o], ~[co* ],V

(10)

In Pt (11)

where [Co?*]y is the initial Co(II) concentration in the feed phase.

The instability of the supported liquid membrane was determined from the decrease in Co(II)
flux through the membrane in four successive experiments using the same membrane at the optimal
experimental conditions.

4. Results

4.1. Membrane Characterization

Figure 3 shows SEM, EDX and FTIR of both PVDF and PVDF-USLM.

PVDF

b1)

PVDF-USLM

b2)

2859 cm™

w2958 cm™ 2928 cm?

"

.~ PVDF

! -1
« = PVDF-USLM 1027 cm

4000 3500 3000 2560 2000
om-1

Figure 3. Membrane characterization of PVDF and PVDF-USLM by (al,a2) SEM; (b1,b2) EDX; (c) FTIR.
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SEM shows that the surface microstructure, in terms of the surface morphology and porous
structure, was not significantly changed after sonification/impregnation process, though the surface
roughness of the impregnated support slightly decreased, which must be a consequence of filling the
pores with the liquid membrane phase.

EDX characterization results of the shell surface shows the absence of phosphorus in the original
PVDF support but its presence in the PVDF-USLM membrane. This confirms that the polymeric porous
support has been adequately impregnated with the liquid membrane phase through the application
of ultrasound.

The analysis of the FTIR of PVDF-USLM film shows the presence of several significant bands
which are not present in PVDF film. The bands between 2958 and 2859 cm™! (corresponding to C-H
stretching) show the presence of methyl and ethyl groups and the band at 1027 cm~! (corresponding
to P-O-C stretching) shows the presence of P-O-CH,- groups. This supports the incorporation of
the liquid membrane phase (D2EHPA in kerosene) into the PVDF microporous support during the
sonification process with the liquid membrane phase.

4.2. Optimization of Co(Il) Transport Process

The influence on the Co(lIl) pertraction (expressed in terms of flux) of different parameters
such as feed phase Co(II) concentration and pH, sulfuric acid concentration in the product phase,
carrier concentration in the membrane phase and stirring speed in both feed and product phases,
is shown in Figure 4a—f.

Figure 4a shows the effect of Co(Il) concentration in the feed phase on Co(Il) flux. The flux
increased as the Co(Il) concentration in the feed phase increased from 10 mol/m3 to 100 mol/m? due to
the presence of a higher number of Co(Il) ions in the feed/membrane interface, which facilitated
the formation of Co(Il)-carrier complex leading to a higher transport. A further increase in Co(II)
concentration has no significant effect on flux due to saturation of the feed/membrane interface by the
Co(II) ions. A Co(II) concentration of 0.025 M (25 mol/m?>) was selected for subsequent experiments
as it is the lowest concentration at which significant flux variations were observed with the other
parameters studied.

As shown in Figure 4b, the flux increased when feed pH increased between pH 3 and pH 6 and
then remained constant. Atlow feed pH (high [H*]), the equilibrium of the extraction reaction was
highly displaced to the left, and no Co(II)-carrier complex was formed. Moreover, the low proton
gradient between product and feed phases generated a low driving force. As the feed pH increased
([H*] decrease), both the equilibrium of the extraction reaction shifted towards the right (more Co(1I)
carrier complex is formed) and the proton gradient between the product and the feed phases increased.
Consequently, Co(II) transport from the feed to the permeate phase increased. Above pH 6, the OH~
competes with the carrier to form a Co(Il) complex and so its transport decreases. Thus, a pH of 6 in
the feed phase was maintained throughout the study.

The pertraction of Co(Il) from aqueous feed phase across the membrane phase is dependent on the
concentration of the stripping agent (H,SO4) present in the product phase (Figure 4c). The results show
that the Co(II) flux increased sharply as the sulfuric acid concentrations raised from 0.005 to 0.100 M,
and then more slowly up to 0.5 M. At higher sulfuric acid concentrations, the Co(Il) flux remained
practically constant. These results confirm that the presence of a proton gradient between the product
and the feed phases is essential for a high mass transfer. Therefore, a sulfuric acid concentration of
0.5 M in the permeate phase was chosen for further experiments.

The effect of the carrier concentration in the membrane phase on Co(ll) flux is shown in Figure 4d.
As can be seen, Co(Il) flux increased as the carrier concentration increased from 0.2 to 0.65 M, but further
increases in carrier concentration had no significant effect on Co(Il) flux. According to the equilibrium
of the extraction reaction (reaction 1), the higher the carrier concentration in the membrane phase,
the more Co(II)-carrier complex is formed. Above 0.65 M, both the saturation of the feed/membrane
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interface by the carrier and the higher viscosity of the membrane phase led to the Co(II) flux remaining
constant. Therefore, a carrier concentration of 0.65 M was used in subsequent experiments.
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Figure 4. Influence on Co(Il) flux of: (a) initial feed pH; (b) sulfuric acid concentration in product phase;
(c) carrier concentration in membrane phase; (d) stirring rate in both aqueous and product phases;
(e) initial Co(II) concentration in feed phase; (f) successive runs with the same membrane.

The effect of stirring rate on Co(II) flux is shown in Figure 4e. The flux increased as the stirring
rate increased from 50 to 300 rpm, above which no appreciable variation was observed. This indicates
that the boundary layers thickness diminished continuously as the stirring rate increased and that
minimum values of these boundary layers (minimal diffusion resistance due to the boundary layers)
are reached at 300 rpm and above. Therefore, further experiments were carried out at 300 rpm.

The instability of the supported liquid membrane, measured as the decrease in Co(Il) flux in
four successive runs, is shown in Figure 4f, where the variation of Co(Il) concentration with time
in those four successive experiments with the same me<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>