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Keywords: membranes. The results show that membranes oxidized at 10,000 ppm.h had a significant
Reverse osmosis increase in permeability (3.1x), reaching NF-like capacity. On the other hand it was observed
Membrane recycling a decrease in the rejection of salt (4.35x) and acetaminophen (1.5x). Scanning Electron
Oxidation Microscopy (SEM) shows the positive effect of chlorine in the complete removal of particles
Desalination deposited over the membrane. This oxidation condition also increased the average roughness
Membrane second life (2.42x) of the membrane, as shown by Atomic Force Microscopy (AFM). Analysis by Fourier
Nanofiltration Transform Reflectance Spectroscopy (FTIR) suggests that chlorine oxidation replaced the
hydrogen in the amide nitrogen. Both FTIR and SEM suggests the polyamide layer was not
Article type: Research Article fully degraded. Application tests suggests that the recycled membrane can be used for the
treatment of brackish and surface waters. The recycling of reverse osmosis membranes can
® be an alternative to simple landfill disposal, allowing owners to shift from disposal cost to
revenue, as well as being a sustainable solution. The high permeability achieved on these
© The Author(s) oxidized membranes suggest many other NF/UF functions could potentially use recycled RO
Publisher: Razi University membranes.
1. Introduction Najar et al. 2020), pressured by population growth and water scarcity.

In addition to strategies for preserving existing water sources, it is

The sixth objective of Sustainable Development Goals from the necessary to look for new sources and new techniques for potable
United Nations is the supply of drinking water to the growing population  water production, to meet this growing demand for this inevitable
(Sarup et al. 2020), which is an urgent demand from society (Hibbs et  resource (Lilane et al. 2019). Reverse Osmosis (RO) has the capacity
al. 2016). The need for water is estimated to yearly grow by 1 % (Al- of producing potable water (Lilane et al. 2019; Aghababaei. 2017),
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either for the treatment of wastewater, or for the desalination of brackish
and saline water. In fact, the annual growth rate of reverse osmosis
desalination in the world is approximately 55 % (Okamoto and Lienhard.
2019). The intensive and worldwide use of RO membranes creates
another issue: the aged membranes. Biofouling (Nejati et al. 2019),
inorganic fouling (Ruiz et al. 2019) and organic fouling (Guo, Ngo and
Li 2012; Sim et al. 2018; Oulad et al. 2018) can cause damages to RO
membrane. In addition, these polymeric composite membranes (Liu et
al. 2008; Zaidi et al. 2015; Zou et al. 2010) are likewise affected by the
cycles of cleaning, as a result of the chemicals applied during the
process (Benavente and Vazquez. 2004). Finally, the polymeric
membranes are susceptible to chlorine attack, which also lead to
lifespan remission (da Silva et al. 2021).

The aged RO membranes are becoming an environment liability
(Lawler et al. 2012), given that they are currently being sent as solid
waste to landfills, after all recycling is not the usual procedure to
disposal (Goodship. 2007). Each year 14,000 tons of membranes are
accommodated in landfills around the globe (Landaburu-Aguirre et al.
2016; Lee, Arnot and Mattia. 2011). Incinerating the membranes for
thermal exploitation is possible, however, considering the side effects,
a more sustainable alternative is required (Pontié et al. 2017). Thereby,
giving these aged membranes a second life cycle could be a solution.
Mohamedou et al. (2010) performed autopsies on aged RO
membranes, the results demonstrate that aged RO membrane could be
directly reused as Nanofiltration (NF) for seawater pretreatment.
Rodriguez et al. (2002) proposed chemical treatments that could be
applied to aged RO membranes to allow the recycling of these
membranes. Veza e Rodriguez-Gonzalez (2003) modified aged RO
membranes by surface oxidation using potassium permanganate,
producing an efficient filtration membrane for tertiary treatment of
municipal wastewater. Lawler et al. (2012) suggested that the treatment
of the aged RO’s surface prior to the recycling could increase the
sustainability of this technology. Furthermore, Pontié (2014) pointed
several strategies for the recycling of aged RO membranes and one
proposal of the researcher was to transform aged RO membranes into
ultrafiltration (UF) membranes after oxidation with sodium
hypochlorite. Pype et al. (2016) showed that sodium hypochlorite
modified the selective layer of aged membranes by introducing chlorine
into the molecular structure of the membrane, resulting in the increase

of the permeability and decrease of the rejection of interest compounds.
Antony et al. (2016) reported that the RO’s rejection to salt decreased
from 99% to 40% on hypochlorite aged membranes, at the pace that
the permeability increased by 261%. On the other hand, Donose et al.
(2013) analyzed three types of commercially available RO membranes
that were exposed to hypochlorite solutions and achieved high salt
rejection even after oxidation, when the permeability only increased if
the oxidation of the membrane occurred at basic pH. Garcia-Pacheco
et al. (2019) reported that these treatments ensued in the
transformation of aged RO membranes into NF and UF membranes.
Thus, the oxidation of aged RO membranes by hypochlorite is a
promising alternative to convert aged RO membranes to recycled NF
or UF membranes, extending the life cycle of membranes on other
applications.

The use of recycled RO membranes must be studied to identify
potential applications, such as for the treatment of surface water,
tertiary treatment of wastewater, or for the removal of emerging
pollutants from water sources. The presence of emerging pollutants is
being frequently reported worldwide, not only in superficial water
(Geissen et al. 2015; Mutiyar, Gupta and Mittal. 2018; Heidarzadeh et
al. 2020), but also in groundwater (Sacher et al. 2001), lakes
(Daneshvar et al. 2010) and rivers (Wiegel et al. 2004). The long-term
effects of these emerging contaminants in humans are still uncertain
(Taheran et al. 2018). Paracetamol, also known as acetaminophen, is
a clinical use substance of 151, 2 g/mol. Acetominophen is an emerging
contaminant, traces were found in a river source of potable water in
northern Brazil (Veras et al. 2019). Most water and wastewater
treatment plants are unable to remove such compounds (Veras et al.
2019). Post-treatments may still be required to remove these emerging
contaminants from treated water, and the recycled RO membranes
could be introduced in such treatment plants. Thereat acetaminophen
was chosen as an interesting compound, representing medium size
molecules. Fig. 1 shows the size range of several molecules, and some
characteristics of the membrane separation processes. As the oxidation
widens the pores on the selective layer, the selectiveness of the
membrane is lowered, while the permeability increases. This procedure
may allow the usage of recycled membranes for applications that
natively utilize NF or UF.
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Fig. 1. Characteristics of pressure driven membrane separation process and some substances usually separated by each process. Adapted

from Warsinger et al. (2018).

In order to enter the circular economy, these recycled membranes
must prove to be able to perform in specific applications. There are
several application niches for these recycled membranes (Raval et al.
2012), such as the water demineralization, pre-treatment of brackish
water, pre-treatment for desalination, surface water treatment, post-
treatment of drinking water, clarification of effluents, grey water reuse
systems, rainwater reuse system or even specific compound removal.
In fact, Lawler et al. (2013) reported that each recycled membrane
requires its own characterization and individual attribution for proper
application. While several works describe and break down the
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processes involved in membrane oxidation and its effects, few articles
actually applied the recycled membranes for individual applications.
The aim of this work was to transform end-of-life RO membrane into
a technically viable lower selectiveness membrane as NF or UF by
oxidizing the selective layer of the aged RO membrane and test
possible applications for the recycled membrane. The membrane
oxidized at 10.000 ppm.h presented an increase in permeability,
approaching NF-like membranes. A decrease in the rejection of salt and
acetaminophen was observed as a result of oxidation. Scanning
Electron Microscopy (SEM) evidences the complete removal of
particles over the membrane after oxidation. Average roughness
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increased after oxidation, Fourier Transform Reflectance Spectroscopy
(FTIR) suggest polyamide layer still remains over the membrane.
Application tests suggests the membrane 10.000 ppm.h could be
applied to treat brackish water and surface water. By recycling these
aged membranes, there could be a shift from disposal cost to source of
revenue, benefiting both society and environment.

2. Materials and methods
2.1. Materials

The aged RO membrane was a 4” Ultra Low Pressure 2012 — 100
from Vontron. The membrane is of spire-wound configuration, made of
polyamide and with an area of 1.4 m2. The aged membrane was gently
donated by Purificatta Company (Brazil). The first life cycle of the
membrane was to treat well-water in self-service machines (please see
https://purificatta.com.br/).

For the cleaning procedure, Analytic Standard Nitric Acid (Synth),
Sodium Hypochlorite 12 % (Synth) and WClean-Enz (WGM) were used.
The clean membranes were stored in Analytic Standard Glycerin
(Dinamica Quimica Contemporanea). Acetaminophen (Sigma Aldrich)
and Lactose Monohydrate (Synth) were used for the rejection tests.

2.2. Methodology

Methodology was divided in related subsections further detailed
below.

2.3. Membrane autopsy and cleaning

The membrane was stored in wet conditions into permeate of RO.
An autopsy of the membrane was performed prior to the cleaning
procedures and oxidation tests (Fig. 2). The membrane was
disassembled, and the flat sheets were rinsed using an appropriate
protocol. In order to simulate the mechanical effect of the high flux
during standard cleaning procedures of membrane systems, the
membranes were gently brushed for exact 5 minutes while submerged
in a series of different pH solutions, as follows: 7,0 (H,0), 11 (NaOH),
7, 4 (HNO3) and 7,0 (H20). The cleaning procedure inspired upon the
protocol of Garcia-Pacheco et al. (2019) with the addition of the extra
mechanical procedure.

Coupons of 200 cm? (20 cm x 10 cm) were cut from different areas
of the membrane and stored in Milli-Q water. Note that even after
standard cleaning procedures, the coupons were not scaling free (Fig.
2b).
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Fig. 2. (a) and (b) pictures of the membrane during the autopsy
procedure of the aged membrane, (c) and (d) scanning electronic

microscopy (SEM) of the aged membrane at 20 um and 1 pm,
respectively.

(d)

The characteristics of the aged membrane can be found along with
the results. In summary, the hydraulic permeability is 5.59 L/h.m2.bar
(Table 3) and the salt rejection is 64.2 % (Fig. 6a).

2.4. Oxidation of the membrane

The oxidation solution was prepared by diluting NaOCI with Milli-Q
water without pH correction. Table 1 summarizes the conditions of each
treatment as well as the oxidation solution pH.

Table 1. Experiments conditions of oxidation of the aged RO
membranes.

Exposure dose

Test name (opm.h of Cly) Oxidation Solution pH
0 0 -
8,000 8,000 11.32
9,000 9,000 11.56
10,000 10,000 12.08

The oxidizer solution was poured into 1 L beakers, and each
coupon was submerged in the solution for 1 h. The oxidation process

protocol was inspired from Garcia-Pacheco et al. (2019). Following the
exposure time, coupons were soaked in Milli-Q water five times for the
complete removal of any residual chemical. The residual chlorine and
pH of the rinse water were measured by quick tests (Genco - Brazil) to
ensure that the membrane was chlorine free and in neutral pH. Note
that “Test 0”, which is also referenced as 0 ppm.h refers to the aged RO
membrane (not oxidized).

2.5. Investigation of membrane performance

The methodologies of membrane performance evaluation were
further divided in related subsections and detailed below.

2.5.1. Permeate flux and hydraulic permeability

The experiments were conducted using a commercially available
bench-scale membrane test cell (Sepa CF, GE Osmonics) for flat
sheets membranes. Fig. 3 shows the schematic of the equipment. The
feed solution (6) had the temperature recorded (7) during the process.
The pump (5) forced the solution through the test cell (2), the internal
pressure was measured using a gauge (3). A valve (4) was used to
manage the flow and the pressure. The concentrated was poured back
to the feed solution (6) while the permeate was stored (1) for further
analysis. To evaluate the flux of the membrane, the operation time was
recorded using a regular stopwatch and volume of permeate was
measured by a graduated cylinder. During the procedures, the coupons
(200 cm?) were placed inside the test cell (2). The hydraulic permeability
test utilized Milli-Q water, being the first test of each membrane.
Followed by membrane rejection of salt, acetaminophen and lactose
(2.3.2) and finally the application test. During the batch of experiments,
the membranes were not removed from the test cell, since it would
dislocate the membrane, which can cause procedural errors.

The flux and permeability procedure were inspired by
methodologies published elsewhere (Garcia-Pacheco et al. 2015;
Garcia-Pacheco et al. 2019; Lawler et al. 2012; Lawler et al. 2013;
Rodriguez et al. 2002).
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Fig. 3. Schematic of the bench-scale membrane test cell, (1)
graduated cylinder, (2) test cell, (3) pressure gauge, (4) recirculation
valve, (5) pump, (6) feed solution storage beaker, (7) thermometer.

We studied the mechanism of transport through reverse osmosis

. membranes by the hydration-diffusion mass transfer well-known model

(Eq. 1).

J=A AP-ATT 1)
_ (AP—AT)

R=A A(AP-AT)+B @

where, A = the hydraulic permeability, B the ions permeability, AP-Atr
the effective transmembrane pressure, AP is the difference in pressure
across the membrane, At is the osmotic pressure of the feed solution.

For the attacked end-of-life RO membranes, another simple model
of liquid flow through these membranes is to describe the membranes
as a series of cylindrical capillary pores of diameter d. The liquid flows
through a pore (q) is given by Poiseuille’s law (Eq. 3).

_ nxd*
" 128xuxI

X AP ©)

where, AP is the pressure difference across the pore, p is the liquid
viscosity and | is the pore length. The permeate flux (Jp) is the sum of
all the flows (q) through the individual pores and can be obtained by the
Eq. 4.

Jp = Lp AP @)

where, Lp is the hydraulic permeability expressed in L/h.m2.bar, AP is
the difference in pressure across the membrane.

The permeate flux (J) was determined by volumetrically measuring
the permeated at different feed pressures. The permeate was always
recirculated back to the feed tank, maintaining the feed solution at a
constant concentration. The hydraulic permeability can also be
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obtained from the slope of the linear regression of the permeate flux
versus the feed pressure.

The effect of the temperature was adjusted to 20 °C using
correlation with the viscosity of water at different temperatures (3 % per
degree). In addition, we compared the transport through the membrane
by advection and hydration/diffusion mass transfer. Plotting Cp vs 1/Jp
each part of solute mass transfer (diffusion and convection) may be
obtained separately. Furthermore, to better quantify hydration/diffusion
and advection, both contributions of mass transfer in NF, a new
adimensional number was defined by Ould Mohamedou E. et al. (2010),
denoted in Eq. 5.

I Cad ti
Pe" =)o Jarmusive ®
This means that an advective mass transfer is dominant if Pe’ > 1, and
a diffusional mass transfer is dominant if Pe’< 1 and both masses
transfers are equivalent for Pe’=1.

2.5.2. Membrane rejection

We evaluate the membrane rejection regarded to three parameters:
salt, acetaminophen and lactose. The rejection to salt is a fundamental
parameter since most RO membranes are used for desalination. The
salt rejection can be easily predicted by measuring the electrical
conductivity of the permeate. A solution of NaCl 0.1 mol L't was used
as a model. The electrical conductivity was measured using portable
conductivity meter Cond 3151 from WTW (Xylen Analytics - Germany).
A solution with 5 % (w/v) of lactose and NaCl (0.1 mol L'*) was used to
evaluate lactose rejection. Lactose was measured by spectroscopy in
the near infrared by a Soma Scope MK2 coupled with a Lactoscope
FTIR (Delta Instruments, Canada). A solution of 100 mg/L of
acetaminophen and 0.1 mol L of NaCl was utilized as a standard
solution for the permeate tests. Acetaminophen was measured
according to the procedure of Mbokou et al. (2016). The method is
based upon the redox potential of acetaminophen measured by glassy
carbon probe, in our study the probe was attached to the equipment
PG581 from Uniscan Instruments Further details can be on Mbokou et
al. (2016).

The membrane rejection (R) for each parameter was calculated
using Eg. 6.

R = ( - %) x100 6)

where, R is the membrane rejection in %, C; is the concentration in the
permeate, and C; is the concentration in the feed solution.

2.5.3. Morphology of the aged and oxidized membranes

The membranes were analyzed by Scanning Electron Microscopy
(SEM) with an acceleration of 3 kV using the equipment JSM JEOL
6301F manufactured by JEOL (USA) and Atomic Force Microscopy
(AFM) using the equipment CPII manufactured by Veeco (USA).

2.5.4. Membranes’ FTIR spectra

The function groups of the membranes were analyzed by Fourier-
transform infrared (FTIR) spectroscopy. Coupons of 1 cm? of
membranes were inserted in a Cary 630 spectrophotometer reader in
the spectral region of 0 to 4000 cm™ with a resolution of 4 cm™.

2.5.5. Simulation of permeation flux and salt rejection

The software from Dow Chemical® ROSA 9.1 was primarily created
to simulate and predict the behavior of membranes only at standard
conditions. Since the software can accurately reproduce the
performance of pristine membranes (Boulahfa et al. 2019; Sahinkaya
et al. 2019), it was utilized to generate references in order to compare
with the aged and oxidized conditions. All the simulations of rejection
on ROSA utilized 5840 mg/L of total dissolved solids (TDS), the
equivalent of 0.1 mol/L of NaCl.

2.5.6. Prediction of pore diameter and Molecular Weight Cut-Off of
the membranes

The pore diameter of an unknown membrane can be estimated
using Equation 7. The equation derived from Poisseuile’s law, when a
well-known membrane can be used as a reference to determine the
pore diameter (dp) in nm of similar membranes for specific operation
temperatures.
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= [4p
I 0
where, A, is the permeability of the reference membrane, dpO is the
pore diameter of the reference membrane, and Ap is the permeability
of the similar membrane. In this case, the reference membrane at the
temperature of 20 °C had a permeability of 4.23 L/h.m2.bar, and the
pore diameter of 0.69 nm. The Molecular Weight Cut-Off (MWCO) is
defined as the molecular weight at which 90% of the macromolecular
solute is rejected by the membrane (Singh. 2005). The MWCO of a
membrane can be also calculated using the empirical Eg. 8 (Bacchin
and Maurel. 2017).

4 d

P (8)

0,076

MWCO = *

2.6. Application of the recycled membrane to the treatment of
brackish water and surface water

We choose the best oxidation condition to evaluate the capacity for
the treatment of brackish water and surface water. This procedure
allows to point some direction for possible applications of these
recycled membranes. Brackish water was sampled from surface water
in hydraulic annexed of the Loire River between Nantes and St Nazaire
(estuarine) in France. We collected 5 L of the water in plastic vessels
and immediately took the water for the experiments on the recycled
membrane. The same procedure of sampling brackish water was
performed to collect surface water from St Nicolas Dam water in the
vicinity of Angers (France). The characterization of the samples is
shown in Table 2.

Table 2. Characteristics of the brackish water from Loire River and
surface water from Saint Nicolas Dam river in France.

Physico- . Electrical
chemical pH ;D/SL Tu:\lb.ll.ﬂty’ Conductivity,
parameters 9 uS/em, at 20 °C
Brackish water 7.4 1800 15 2808
Surface Water 8.4 540 16 842

2.7. Data Analysis

The statistical analysis of the results was performed using Statistica
7.0 at 5 % of significance.

3. Results and discussion
3.1. Permeate flux and hydraulic permeability

The average permeate flux of the oxidized membranes showed a
broad increase when comparing to the reference aged RO membrane
(0 ppm.h), as shown in Fig. 4a. The surface of polyamide membranes
is modified during the chlorinated oxidation, since it breaks and
weakens hydrogen bonding, and this breakage/weakening can lead to
alteration in the permeability and membrane rejection (Kwon and
Leckie. 2006). Terrero et al. (2015) showed that chlorinated oxidation
impairs the polyamide active layer of the membranes. The authors
suggested, the intensity of amide | and amide Il peaks from the
polyamide layer were reduced after the exposure, and nearly vanished
after long exposure time (420 hours of exposure time at 124 ppm). We
simulated the permeated flux of different loose RO (BW30 — Dow
Chemical and LP-4040 — Vontron) and tight NF membranes (NF270
and NF90 from Osmonics) in Fig. 4b to compare with the permeate flux
of the oxidized membranes. The aged membrane (0 ppm.h) showed a
higher flux than the references LP-4040 and BW30-4040. The intrinsic
deterioration of the membranes during operation was reported to
increase the size and the number of pores on the membrane (Garcia-
Pacheco et al. 2019); this fact contributes for the permeability increase
(Lawler et al. 2013). Permeate flux of oxidized aged RO membranes
can be compared with the NF membranes. However, the doubt is if the
selectivity of the aged RO membrane could be also compared with NF.
The average hydraulic permeability of the oxidized and the reference
membranes was normalized by the aged RO membrane. The
comparison between the effects of the oxidation on the permeability
with the references membranes is summarized in Table 3.

Table 3. Summarized hydraulic permeability of aged, oxidized and
reference membranes.
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Aged (0) and oxidized

Simulated on ROSA
membranes (ppm.h)

8 g g o
Membrane g < = Q =3 =3 = =
® S S o 2 = 2 S
2 a E R‘ o [ee] o —
faa} - P4 L
z
Hydraulic
Permeability 2.69 493 731 1065 559 987 865 17.36
(L/h.m2.bar)
Normalized
hydraulic 0.48 088 131 190 100 1.76 155 3.10
permeability

The aged membrane (0 ppm.h) presented 13 % higher
permeability than the reference LP-4040 - Vontron (generated by ROSA
software), as a consequence of the cycles of use/cleaning (Lawler et al.
2013) during the two years of use. Note that the BW-30 membrane is
meant for the desalination of brackish water, with a lower permeability
than LP-4040. On the other hand, the aged membrane has a lower
permeability than the tight NF-90, it means that in terms of permeability,
the aged membrane is in a range between NF and RO membranes.
Furthermore, the oxidation process drives to permeabilities higher than
NF-90 and NF-270 membranes.
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Fig. 4. Permeate flux at different pressures (a) of the aged RO and
oxidized membranes and (b) Simulation of permeate flux of
membranes references on ROSA software.

Additionally, the end-of-life membrane used in this work had the
presence of inorganic scaling (Figure 2), which could contribute to the
increase of permeability due to mechanical or chemical degradation of
the polyamide layer (Garcia-Pacheco et al. 2019). Fig. 5 shows the
statistic comparison of hydraulic permeability of the aged and oxidized
membranes. The permeabilities of the membranes were also
statistically analyzed. The results confirmed that the O ppm.h, 8,000
ppm.h and 9,000 ppm.h are in the same statistical group (b). On the
other hand, the oxidized membrane in 10,000 ppm.h showed the higher
permeability among all membranes, and it is the only member of the
second statistical group (a).

Hydraulic Permeability (L.h"'.m?Zbar™)
=

0 8000 9000
Oxidation Condition (ppm.h)

10000

Fig. 5. Average hydraulic permeability of the aged RO membrane and
oxidized membranes.

The permeability of the membrane oxidized in 10,000 ppm.h
reached 17.36 L/h.m2.bar (3.10 times the permeability of the aged
membrane). Antony et al. (2016) reached a similar increase on the
permeability when oxidized a RO membrane at 10,000 ppm.h of
chlorine, and the oxidized membrane has shown a hydraulic
permeability of 7.3 L/h.m2.bar while the reference had 2.8 L/h.m? bar
(2.6 times the permeability of the aged membrane). The permeability of
the membrane O ppm.h, 8,000 ppm.h and 9,000 ppm.h presented
commercial NF-like range, since most NF membranes have MWCO
between 100 Da and 1000 Da. On the other hand, the most oxidized
membrane (10,000 ppm.h) reached commercial UF-like range, since
UF membranes MWCO usually ranges between 1,000 Da and 100,000
Da. A similar fact was described by Garcia-Pacheco et al. (2019), but
instead, the authors used the concentration of 300,000 ppm.h to oxidize
the aged tight RO membrane SW30 from Osmonics. The permeability
achieved in this work by the membrane 10,000 ppm.h was higher than
the SW30 RO membrane, since only a fraction of oxidizer was needed
to reach UF-like permeability, different from Garcia-Pacheco et al.
(2019). Each membrane is designed for specific purposes, the 300,000
ppm.h oxidized by Garcia-Pacheco et al. (2019) could have had a
denser polyamide layer, thus requiring more oxidation. Also, as
mentioned by Lawler et al. (2013), each membrane must be studied
separately and individually, since the ageing of each membrane depend
on many factors. Many researchers have been evaluating the benefits
of increasing membrane permeability. Okamoto and Lienhard (2019)
described that higher permeability benefits the operation of these
membranes for desalination. Reyes-Contreras, Leiva and Vidal (2019)
demonstrated that increasing permeability leads to reduction in the
water production cost and Cohen-Tanugi et al. (2014) found that the
increasing of three times the permeability would result in 63% fewer
pressure vessels or 46% less energy for desalinate brackish water by
RO. The permeability is indeed a key factor in this subject, during the
last few decades, the permeability improvements of membranes is one
of the main reasons of water production cost decrease (Reyes-
Contreras, Leiva and Vidal 2019). On the other hand, Table 4 shows
that as the permeability increase as the MWCO also increases. Thus,
harm to the selectivity of the membrane could be expected in these
extreme oxidization conditions, impairing the selectiveness and
rejection to solutes, subject that will be approached in the sequence.
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Fig. 6. (a) Salt rejection of the aged and oxidized membranes; (b) Salt
rejection of references membranes simulated on ROSA software.

13 4 NF270-400

3.2. Membrane rejection

Fig. 6 shows the salt rejection of the aged and oxidized membranes
(a) in different pressures as well as the reference membranes simulated
on ROSA software (b) and the averaged rejection obtained by different
pressures of the tested membranes (c). The simulated rejection of
references membranes NF 90-4040 and LP-4040 reproduced the

theoretical rejection pattern at increasing feed pressure. On contrary,
the aged and oxidized membranes did not follow the same behavior
and there was no correlation between the pressure and the rejection.
We highlighted the average rejection for each oxidation condition in
Figure 6a. ROSA software considers a diffusional flux when predicting
the salt rejection on references membranes and maybe the oxidation of
the membranes takes to higher salt transmission through the
membranes due the convective flow because the pores of the
membranes become wider (as predicted in Table 3). The aged RO
membrane (0 ppm.h) achieved the highest salt rejection (64.20%)
among the tested conditions. However, this rejection is lower than all
the simulated rejections of pristine-reference membranes. Indeed, as
reported by other references (Do et al. 2012; Ettori et al. 2011; Kwon,
Tang and Leckie 2006; Simon et al., 2009), aged membranes have
lower salt rejection than pristine membranes due to the damages during
their lifetime. Figure 6a shows that as the higher oxidation conditions
as the lower the salt rejection. Antony et al. (2016) reported a similar
behavior on pristine membranes that were oxidized at 10,000 ppm.h;
the rejection to NaCl decreased from 99 % to 40 % after the oxidation.
As shown in Figure 7a, the oxidation at 10,000 ppm.h decreased the
average rejection of the aged membrane by 77 %, similar to the 60 %
reported by Antony et al. (2016). Fig. 7 shows the linearization of the
diffusive and convective fluxes, that is used to find the modified Pe’
number (Table 4). The Pe’ number (Eq. 5) expresses the relationship
between the advective and hydration-diffusive mass transfer through
the membrane (Diawara et al. 2003; Ould Mohamedou et al. 2010).
When Pe’ > 1 convective mass transfer is dominant; when Pe < 1
diffusional mechanism masters the mass transfer.

Table 4. Predicted pore diameter and molecular weight cut-off of reference, aged and oxidized membranes.

Simulated on ROSA Oxidized membranes, ppm.h
o o
3 S =
Membrane 5 3 8 8 8 =]
o ~ S S S -
> N S o0 o S
LL LL
z 4
dp (nm 0.91 1.09 0.79 1.05 0.99 1.40
MWCO (Da) 492.28 787.59 352.17 716.41 607.04 1451.05
0,042 For the aged membrane (0 ppm.h), the flux is mastered by diffusion.
0,040 On the other hand, as more open the pore size (as predicted on Table
0,038 3) as more diffusive mass transfer occurs through the membrane. This
0,036 implies that the mechanism of mass transfer of salts through the
g'gg; membrane changes as more severe is the oxidation. Still, as more
‘:: 0,030 drastic the oxidization, as higher is the predicted MWCO of the recycled
3 0028 membrane (Table 5), reaching the range of NF or even UF. Thus, new
£ 0,026 applications for these recycled membranes must be tested. The
o 0024 rejection to acetaminophen by the aged and oxidized membranes is
© 0,022 shown in Fig. 9.
0,020 Ny = *
0018 SRl )= G 00 1eea 200y Table 5. Peclet's (Pe’) number for aged RO membrane (0 ppm.h) and
0,016 oxidized membrane in 10,000 ppm.h of Cl..
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Fig. 7. Salt concentration in permeate versus inversed flux
(JY), for prediction of diffusive and convective mass transfer across
the aged (a) and oxidized in 10,000 ppm.h (b) membranes.
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Fig. 8. Lactose rejection of the aged, oxidized and references NF
membranes.
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The aged membrane has a rejection to acetaminophen of
approximately 42 %. On the other hand, the statistical analysis has
shown that all the oxidized membranes achieve a lower rejection than
the aged membrane, separated in another statistical group (thus,
present the same rejection to acetaminophen, between 24 % and 30 %.
The low rejection to acetaminophen molecule (molecular diameter of
0.285 nm) by NF membranes was reported by Azais et al. (2016). The
authors suggested that the molecule is smaller than the pores of the
membrane NF270 (0.40 nm). The rejection to acetaminophen in pure
water on the NF-270 ranged between 5 % and 35%. The authors also
reported that the high polarity caused by the substitution of benzene
ring by hydroxide and amide groups can contributes to the low rejection
of acetaminophen. GE et al. (2017) utilized the same NF-270
membrane model in order to test acetaminophen rejection from ultra-
pure water solution. The rejection only reached 16.4 %. Higher rejection
was achieved by changing the solution’s pH into alkaline condition and
results show that electrostatic repulsion has a stronger impact on the
rejection rate than steric exclusion. On the other hand, the aged RO
membrane (0 ppm.h) had also shown a low acetaminophen rejection,
possibly as a consequence of its lifetime.
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Fig. 9. Acetaminophen rejection of the aged and oxidized
membranes.

As reported by Kwon (2006), the oxidation of RO membrane

increases hydrophilicity and made zeta potential slightly more negative.
In this context, the Fig. 9 suggests that the rejection of acetaminophen
seems to increase at higher concentration of oxidizers. Increasing zeta
potential of the membrane during oxidation may have created a coated
surface dispelling acetaminophen and increasing the rejection.
The rejection of several pharmaceuticals on NF (NF90) and RO (BW30)
membranes were tested by Licona et al. (2018). The study found that
acetaminophen as well as caffeine rejection were the lower among all
the tested pharmaceuticals, including ibuprofen, dipyrone, and
diclofenac. Since acetaminophen was in the non-ionic form at the tested
pH, there was no electrostatic interaction with the membrane, which is
negatively charged, enforcing the idea of the coated oxidized
membrane. For this reason, the author suggests that rejection by size
(sieving) was the main removal mechanism for the NF90. For the
BW30, acetaminophen accumulated on the surface of the membrane
due to size exclusion. Radjenovi¢ et al. (2008) utilized a full-scale
drinking water treatment plant treating groundwater with
pharmaceuticals. The acetaminophen rejection (44.8 %-78.3 %) was
lower when compared to other pharmaceuticals, possibly due to its
small molecular size and low polarity. The rejection of acetaminophen
using UF (4.5% - 16.1 %) and NF (13.4 % - 39.6 %) was also evaluated
by Acero et al. (2010) on water and municipal secondary effluent.
According to the author, adsorption is the main retention mechanism for
UF membranes, while for NF membranes size exclusion and
electrostatic repulsion of negative species at high pH are responsible
for micropollutant rejection. The removal of acetaminophen (5 mg/L)
was also tested on a nanofiltration NFOO membrane for the sake of
comparison and the results are shown in Fig. 10. Note that the
acetaminophen rejection by both membranes has a similar behavior,
but the pristine NF90 rejected this pharmaceutic specie in a high rate.
At a feed pressure of 20 bar in NF90, the permeate reached 0.2 mg/L.
In comparison to regulations, the phenol index for influent is 0.3 mg/L.
Thus, this NF 90 membrane allowed to nearly eliminate acetaminophen
from water.
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Fig. 10. Acetaminophen removal in different pressures (a): using
pristine NF90 nanofiltration membrane and (b) recycled aged RO
membrane by oxidation in 10,000 ppm.h of Cls.
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Fig. 11. (a) SEM image of the 0 ppm.h membrane and (b) 10,000
ppm.h.
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3.3. Membrane Morphology

Fig. 11 a and b shows the micrographs from SEM analysis of the 0
ppm.h and 10,000 ppm.h membranes, respectively. The cleaning
procedure associated with the oxidation likely removed the inorganic
scaling from the membrane surface, since the oxidized membrane
10,000 ppm.h did not show any presence of scaling (Fig.
11b). Differences on the morphology of aged RO membrane (0 ppm.h)
and oxidized membrane in 10,000 ppm.h of HCIO can be observed in
Fig. 12. Fig. 12a present some impacts on the surface of the
membrane, as could be expected for an aged membrane. On the other
hand, the Fig.12b shows a more damaged membrane, which could also
be expected for the oxidized membrane. It can be understood that even
though the oxidation (10,000 ppm.h) partially damaged the membrane
(Fig. 12b), the characteristics of the polyamide layer is still present on
the surface of the membrane (Fig. 11b). These differences in oxidized
membranes were also identified by Garcia-Pacheco et al. (2019). The
authors also confirmed that shorter exposure periods, such as those
carried out during this work, are linked to less damage to the polyamide
layer.

Ra =267 nm

Ra=110 nm

(b)

Fig. 12. SEM image and AFM analysis of the (A) aged RO membrane
and the (B) membrane oxidized in 10,000 ppm.h of Cl..

The SEM and AFM analysis in Fig. 12 confirms a higher average
roughness (Ra) for the oxidized membrane in 10,000 ppm.h when
compared to the O ppm.h. The usual application of RO membranes can
modify the roughness of the membrane, as shown by Mohamedou et
al. (2010) when compared new and aged membranes. However, our
work suggest that the severity of oxidation can increase the roughness
of the membrane. This is of concern for the reuse of the oxidized
membranes because higher roughness is linked to fouling. As a
reference, the roughness of the pristine NF-270 membrane was
reported by Tang (2007) as low as 9.0 nm, and the NF90 presented
129.5 nm. In contrast, our recycled membrane showed a roughness of
276 nm.

3.4. FTIR analysis

The FTIR spectra of the aged (0 ppm.h) and oxidized (10,000
ppm.h) membranes were overlapped and analyzed, as shown on Fig.
13. FTIR analysis detects bonds between atoms in a molecule and
provides information about functional groups as well as the chemical
structure of the analyzed material. As reported by Kwon (2006), the
chlorinated oxidation modified the peaks at 1541 and 1609 cm™, which
are mainly contributed by the N-H bending motion of amide (Socrates.
1994). The author further explained that the amide nitrogen is the
dominant reaction site with chlorine, where the hydrogen attached to
the amide nitrogen are replaced by chlorine. The author also
demonstrated that the content of chlorine on the surface of the oxidized
membrane is linked to the concentration of nitrogen in the membrane.
Analyzing the FTIR of the 10,000 ppm.h membrane, a subtle difference
can also be observed on these bands, meaning that the same
phenomenon may have occurred on the oxidized membranes. Kwon
(2006) used exposure time of the membranes into HCLO in different
times. The researcher reported changes in N-H bending of amide,
which is the dominant reaction site with chlorine.
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Fig. 13. FTIR of the aged RO membrane (green line) and oxidized membrane (red line).

On the other hand, Pacheco et al. (2019), submerged the
membranes into chlorine solutions for as high as 242 h of exposure
time, finding that Amide I, Il and band C=C nearly vanished at 124 ppm
for 242 hours. The same behavior did not occur when the exposure time
was proportionally reduced and free chlorine concentration increased.
It can be deduced that the oxidation begins breaking N-H and continues
with the degradation of the remaining polyamide molecule if the
exposure maintained. The bands in the range of 805 cm "* and 690 cm"
1 are assigned to the vibration of N-Cl (Petterson. 1960) performed a
peak lowering on the oxidized membrane when compared to the aged
membrane. This confirms the idea that hydrogen from amide nitrogen
were replaced by chlorine molecule. As reported by Kwon (2006), the
insertion of chlorine in the membrane surface increases hydrophilicity
of the membrane, which can then lead to permeability increase.
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3.5. Applications of the recycled membranes

Previous results of our work have shown that the oxidized RO
membrane has the characteristics of a loose NF membrane. Thus, we
investigated applications for this recycled membrane for desalination of
brackish water and treatment of surface water.

3.5.1 Brackish water demineralization

The hydraulic permeability of the membrane 10,000 ppm.h when
treating brackish water is shown in Fig. 14. The permeability of the
membrane with pure water (17.4 L/h.m2.bar) was approximately 5 times
higher than the experiment performed with brackish water (3.
L/h.m2.bar) at 20 °C. In fact, the concentration of salt in the solution
reduces the driving force (pressure) due to the osmotic pressure,
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lowering the permeability of the system. The salt rejection from brackish
water by the recycled membrane (oxidized in 10,000 ppm.h of Cl,) is
shown in Fig. 15. There was a typical behavior of the membrane
rejection and, as the pressure is increased, the rejection also heightens.
The rejection by NF membranes is a consequence of the sieving effect,
electrostatic and steric interactions (associated with charge shielding),
Donnan exclusion, and ion hydration (Paugam et al. 2004). Thus,
rejection in NF depends on several factors, such as MWCO, pH, ionic
strength, water composition, and sieving effects. In 18 bar of pressure,
the salt rejection of membrane 10,000 ppm.h reached 81 %; this value
is near the 82 % of TDS rejection found by Brido et al. (2019) in the
desalination of groundwater using SR3 NF membrane from Koch
(MWCO 200 Da).
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Fig. 14. Permeate flux of the oxidized RO membrane in 10,000 ppm.h
when treating brackish water.

The well-known NF-270 membrane from Dow (MWCO 200-400 Da)
has the rejection higher than 97 %, whilst the rejection of NF ESNA1
from Nito-Denko (MWCO 100-300 Da) is 89 % (Mohammad et al.
2015). Thus, the behavior of our recycled membrane is similar of a NF
membrane in terms of permeability and salt rejection. The recycled RO
membrane has good prospect of use for desalination of brackish water
for the production of drinking water in such relation of TDS
concentration, which is below 500 mg/L, as suggested by the World
Health Organization guidelines for drinking water (WHO. 2011). In
addition, to achieve the goal of 500 mg/L, a rejection of 75 % is required
to adjust the TDS of the brackish water, and only 8 bar of pressure is
required (Fig. 15) for the operation of the desalination system using this
recycled RO membrane.
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Fig. 15. Salt rejection of the oxidized RO membrane in 10,000 ppm.h
when treating brackish water.

3.5.2. Surface water treatment

The permeability of the oxidized membrane in 10,000 ppm.h was
only 26 % (4.54 L/m? h) of the permeability of the membrane with pure
water (17.40 L/m? h). Fig. 16 shows the permeate flux of the recycled
membrane in different pressures. Contrary to the application on
brackish water, the reduction of permeate flux is attributed to fouling of
organic material, such as humid acids and colloidal material. In fact, the
presence of humid acids has been preventing the use of these
membranes on the treatment of surface water. On the other hand, the
membrane has shown typical permeability of NF applications
(Mohammad et al. 2015). This fact, associated with the rejection of
turbidity higher than 99.2 % and 20 % of salts, shows that the recycled
membrane could be an option for removal of turbidity as post-treatment

of wastewater with low turbidity. Environmental application has been
the main focus of NF studies (Mohammad et al. 2015), and there is a
great potential for polishing water from water treatment stations.
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Fig. 16. Permeate flux, salt and turbidity rejection of the oxidized
membrane in 10,000 ppm.h treating surface water from St Nicolas
Dam river (France).

The Fig. 17 shows the membrane after the permeation of surface
water. We can see the deposition of material on the membrane surface.
As discussed in item 3.3, the high roughness of the oxidized membrane
can be a crucial factor for the operation of these recycled membranes.

-

Fig. 17. Picture of the oxidized membrane in 10,000 ppm.h of chlorine
after treating surface water.
4. Conclusions

This paper evaluated the recycling of aged RO membranes by
oxidation of active layer in sodium hypochlorite. The obtained
evidences suggest that chlorine reacts on the polyamide layer of the
membrane, widening pores thus decreasing rejection to salt. However,
this oxidation condition does not fully harm the active layer and the
recycled membrane could be useful for a second life. The normalized
permeability of the recycled membranes suggests membrane 10,000
ppm.h a NF like permeability. On the other hand, conditions of 8,000
ppm.h and 9,000 ppm.h of oxidation did not change the permeability.
The lack of relation between operation pressure and salt rejection
suggests these recycled membranes could be operated in low pressure
without negative consequence to the membrane rejection. The salt
rejection decreased 77 % after the 10.000 ppm.h oxidation, and the
oxidation promotes a more convective flux as the pores are more open.
As the recycled membranes have similar characteristics of NF
membranes, the rejection to acetaminophen of the oxidized
membranes are also similar to NF membranes and near in a range
between 23 % and 28 %. The membrane 10,000 ppm.h was tested to
the treatment of brackish water, the results of permeability and salt
rejection suggest that is similar to other NF membranes while treating
brackish water. The same membrane was also tested for the treatment
of surface water, and a high rejection of turbidity was achieved, but the
membrane fouled during the procedure and this fact needs further
studies. The high permeability achieved on these oxidized membranes
suggest many other NF/UF functions could potentially use recycled RO
membranes.

Acknowledgement
The author Fabio Ivan Seibel would like to thank the Coordination

for the Improvement of Higher Education Personnel (CAPES) for the
scholarship.

85



Seibel et al. / Journal of Applied Research in Water and Wastewater 8 (1) 77-87

References

Acero J. L. Benitez J. F., Teva F., Leal A. |., Retention of emerging
micropollutants from UP water and a municipal secondary effluent by
ultrafiltration and nanofiltration, Chemical Engineering Journal 163
(2010) 264-272.

Aghababaei N. Reverse osmosis design with IMS design software to
produce drinking water in Bandar Abbas Iran, Journal of Applied
Research in Water and Wastewater 4 (2017) 314-318.

Antony A., Branch A., Leslie G., Le-Clech P., Impact of membrane
ageing on reverse osmosis performance — Implications on validation
protocol, Journal of Membrane Science 520 (2016) 37-44.

Azais A., Mendret J., Petit E., Brosillon S., Evidence of solute-solute
interactions and cake enhanced concentration polarization during
removal of pharmaceuticals from urban wastewater by nanofiltration,
Water Research 104 (2016) 156-167.

Benavente J., Vazquez, M. |., Effect of age and chemical treatments on
characteristic parameters for active and porous sublayers of
polymeric composite membranes, Journal of Colloid and Interface
Science 273 (2004) 547-555.

Boulahfa H., Belhamidi S., Elhannouni F., Taky Mohamed., El Fadil A.,
Elmidaoui A., Demineralization of brackish surface water by reverse
osmosis: The first experience in Morocco, Journal of Environmental
Chemical Engineering 7 (2019) 1-9.

Cohen-Tanugi D., McGovern R. K., Dave J. H., Grossman J. C.,
Quantifying the potential of ultra-permeable membranes for water
desalination, Energy and Environmental Science 7 (2014) 1134-
1141.

Daneshvar A., Svanfekt J., Kronberg L., Prévost M., Weyhenmeyer G.
A., Seasonal variations in the occurrence and fate of basic and
neutral pharmaceuticals in a Swedish river-lake system,
Chemosphere 80 (2010) 310-309.

Do V. T., Tang C. Y., Reinhard M., Leckie J. O., Effects of chlorine
exposure conditions on physiochemical properties and performance
of a polyamide membrane-mechanisms and implications,
Environmental Science and Technology 46 (2012) 13184-13192.

Donose B. C., Sukumar S., Pidou M., Poussade Y., Keller J., Gernjak
W., Effect of pH on the ageing of reverse osmosis membranes upon
exposure to hypochlorite, Desalination 309 (2013) 97-105.

Ettori A., Gaudichet-Maurin E., Schrotter J. C., Aimar P., Causserand
C., Permeability and chemical analysis of aromatic polyamide based
membranes exposed to sodium hypochlorite, Journal of Membrane
Science 375 (2011) 220-230.

Garcia-Pacheco R., Landaburu-Aguirre J., Lejarazu-Larrafiaga A.,
Rodriguez-Saez L., Molina S., Ransome T., Garcia-Calvo E., Free
chlorine exposure dose (ppm-h) and its impact on RO membranes
ageing and recycling potential, Desalination 457 (2019) 133-143.

Ge S.,FenglL., Zhang L., XuQ., Yang Y., Wang Z., Kim K. H., Rejection
rate and mechanisms of drugs in drinking water by nanofiltration
technology, Environmental Engineering Research 22 (2017) 329-
338.

Geissen V., Mol H., Klumpp E., Umlauf G., Nadal N., Ploeg M. V. D.,
Zee S. E. A. T. M. V. D., Ritsema C. J., Emerging pollutants in the
environment: A challenge for water resource management,
International Soil and Water Conservation Research 3 (2015) 57-65.

Goodship V., Introduction to Plastics Recycling Second, Smithers
Rapra Technology Limited, Second ed., Shawbury: United Kingdom;
(2007).

Guo W., Ngo H. H., Li J., A mini-review on membrane fouling,
Bioresource Technology 122 (2012) 27-34.

Heidarzadeh M., Abdi N., Varvani Farahani J., Ahmadi A., Toranjzar H.,
The effect of Typha Latifolia L. heavy metals phytoremediation at the
urban wastewater entrance to the Meighan wetland, Journal of
Applied Research in Water and Wastewater 7 (2020) 167-171.

Hibbs M. R., McGrath L. K., Kang S., Adout A., Altman S. J., Elimelech
M., Cornelius C. J., Designing a biocidal reverse osmosis membrane
coating: Synthesis and biofouling properties, Desalination 380 (2016)
52-59.

86

Kwon Y. N., Leckie J. O., Hypochlorite degradation of crosslinked
polyamide membranes. |. Changes in chemical/morphological
properties, Journal of Membrane Science 283 (2006) 21-26.

Kwon, Y. N., Tang, C. Y. and Leckie, J. O., Change of membrane
performance due to chlorination of crosslinked polyamide
membranes, Journal of Applied Polymer Science 102 (2006) 5895-
5902.

Lawler W., Antony A., Cran M., Duke M., Leslie G., Le-Clech P.,
Production and characterisation of UF membranes by chemical
conversion of used RO membranes, Journal of Membrane Science
447 (2013) 203-211.

Lawler W., Bradford-Hartke Z., Cran M. J., Duke M., Leslie G., Ladewig
B. P., Le-Clech P., Towards new opportunities for reuse, recycling
and disposal of used reverse osmosis membranes, Desalination 299
(2012) 103-112.

Licona K. P. M., Geaquinto L. R. O., Nicolini J. V., Figueiredo N. G.,
Chiapetta S. C., Habert A. C., Yokoyama L., Assessing potential of
nanofiltration and reverse osmosis for removal of toxic
pharmaceuticals from water, Journal of Water Process Engineering
25 (2018) 195-204.

Lilane A., Saifaoui D., Hariss S., Jenkal H., Chouiekh M., Modeling and
simulation of the performances of the reverse osmosis membrane,
Materials Today: Proceedings 24 (2019) 114-118.

LiuM., Yu S., Tao J., Gao C., Preparation, structure characteristics and
separation properties of thin-film composite polyamide-urethane
seawater reverse osmosis membrane, Journal of Membrane Science
325 (2008) 947-956.

Mbokou S. F., Pontié M., Bouchara J. P., Tchieno F. M. M., Njanja E.,
Mogni A., Pontalier P. Y., Tonle I. K., Electroanalytical Performance
of a Carbon Paste Electrode Modified by Coffee Husks for the
Quantification of Acetaminophen in Quality Control of
Commercialized Pharmaceutical Tablets, International Journal of
Electrochemistry 2016 (2016) 10.

Mutiyar P. K., Gupta S. K., Mittal A. K., Fate of pharmaceutical active
compounds (PhACs) from River Yamuna, India: An ecotoxicological
risk assessment approach, Ecotoxicology and Environmental Safety
150 (2018) 297-304.

Nejati S., Mirbagheri S. A., Warsinger D. M., Fazeli M., Biofouling in
seawater reverse osmosis (SWRO): Impact of module geometry and
mitigation with ultrafiltration, Journal of Water Process Engineering
29 (2019) 1-7.

Okamoto Y., Lienhard J. H., How RO membrane permeability and other
performance factors affect process cost and energy use: A review,
Desalination 470 (2019) 1-21.

Oulad F., Zinatizadeh A. A.,Derakhshan A. A., Purification performance
evaluation of licorice agueous solution using modified nanofiltration
membrane, Journal of Applied Research in Water Wastewater 5 (2)
(2019) 431-434.

Ould Mohamedou E., Suarez D. B. P., Vince F., Jaouen P., Pontié M.,
New lives for old reverse osmosis (RO) membranes, Desalination 253
(2010) 62-70.

Pontié M., Awad S., Tazerout M., Chaouachi O., Chaouachi B.,
Recycling and energy recovery solutions of end-of-life reverse
osmosis (RO) membrane materials: A sustainable approach,
Desalination 423 (2017) 30-40.

Pontié M., Old RO membranes: solutions for reuse, Desalination and
Water Treatment 53 (2015) 1492-1498.

Pype M. L., Lawrence M. G., Keller J., Gernjak W., Reverse osmosis
integrity monitoring in water reuse: The challenge to verify virus
removal - A review, Water Research 98 (2016) 385-395.

Radjenovi¢ J., Petrovic M., Ventura F., Barcel6 D., Rejection of
pharmaceuticals in nanofiltration and reverse osmosis membrane
drinking water treatment, Water Research 42 (2008) 3601-3610.

Reyes-Contreras C., Leiva A. M., Vidal G., Evaluation of triclosan toxic
effects on the methanogenic activity, Electronic Journal of
Biotechnology 39 (2019) 61-66.

Rodriguez J. J., Jiménez V., Trujillo O., Veza J. M., Reuse of reverse
osmosis membranes in advanced wastewater treatment,
Desalination 150 (2002) 219-225.



Seibel et al. / Journal of Applied Research in Water and Wastewater 8 (1) 77-87

Ruiz S. G., Lopez-Ramirez J. A., Zerrouk M. H., Lopero A. E. C., Alonso
J. M. Q., Study of reverse osmosis membranes fouling by inorganic
salts and colloidal particles during seawater desalination, Applied
Catalysis B, Environmental 118224 (2019) 733-742.

Sacher F., Lange F. T., Brauch H. J., Blankenhorn I., Pharmaceuticals
in groundwaters: Analytical methods and results of a monitoring
program in  Baden-Wirttemberg, Germany, Journal of
Chromatography A 938 (2001) 199-210.

Sahinkaya E., Tuncman S., Koc I., Guner A. R, Ciftci S., Aygun A.,
Sengul S., Performance of a pilot-scale reverse osmosis process for
water recovery from biologically-treated textile wastewater, Journal of
Environmental Management 249 (2019) 1-8.

Sim L. N., Chong T. H., Taheri A. H., Sim S. T. V., Lai L., Krantz W. B.
Fane A. G., A review of fouling indices and monitoring techniques for
reverse osmosis, Desalination 434 (2018) 169-188.

Simon A., Nghiem L. D., Le-Clech P., Khan S. J., Drewes J. E., Effects
of membrane degradation on the removal of pharmaceutically active
compounds (PhACs) by NF/RO filtration processes, Journal of
Membrane Science 340 (2009) 16-25.

Sgrup H. J. D., Brudler S., Godskesen B., Dong Y., Lerer S. M,
Rygaard M., Arnbjerg-Nielsen K., Urban water management: Can UN
SDG 6 be met within the Planetary Boundaries?, Environmental
Science and Policy 106 (2020) 36-39.

Taheran M., Naghdi M., Brar S. K., Verma M., Surampalli R. Y.,
Emerging contaminants: Here Today, There Tomorrow!,
Environmental Nanotechnology, Monitoring & Management 10
(2018) 122-126.

Terrero P., Garcia-Pacheco R., Campos-Pozuelo E., Rabadan F. J.,
Molina-Martinez S., de Lajarazu A. O., Zarzo-Martinez D.,

Transformation of end-of-life RO membrane into recycled NF and UF
membranes: Results of the transformation process and its validation
at pilot scale, IDA15WC (2015) 1-18.

Veras T. B., Paiva A. L. R., Duarte M. M. M. B., Napole&o D. C., Cabral
J. J. S. P,, Analysis of the presence of anti-inflammatories drugs in
surface water: A case study in Beberibe river-PE, Brazil.,
Chemosphere 222 (2019) 961-969.

Veza J. M., Rodriguez-Gonzalez J. J., Second use for old reverse
osmosis membranes: Wastewater treatment, Desalination
157 (2003) 65-72.

Warsinger D. M., Chakraborty S., Tow E. W., Plumlee M. H., Bellona
C., Loutatidou S., Karimi L., Mikelonis A. M., Achilli A., Ghassemi A.,
Padhye L. P., Snyder S. A., Curcio S., Vecitis C. D., Arafat H. A.,
Lienhard J. H., A review of polymeric membranes and processes for
potable water reuse, Progress in Polymer Science 81 (2018) 209-
237.

Wiegel S., Aulinger A., Brockmeyer R., Harms H., Loffler J., Reincke
H., Schmidt R., Stachel B., Tumpling W. V., Wanke A,
Pharmaceuticals in the river Elbe and its tributaries, Chemosphere 57
(2004) 107-126.

Zaidi S. M. J., Fadhillah F., Khan Z., Ismail A. F., Salt and water
transport in reverse osmosis thin film composite seawater
desalination membranes, Desalination 368 (2015) 202-213.

Zou H., Jin Y. Yang J., Dai H.,, Yu X.,, Xu J., Synthesis and
characterization of thin film composite reverse osmosis membranes
via novel interfacial polymerization approach, Separation and
Purification Technology 72 (2010) 256-262.

87



