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ARTICLE INFO ABSTRACT

Editor: Tzyy Haur Chong Water scarcity push towards increased number of desalination plants which suppose an exponential increase of
end-of-life (EOL) reverse osmosis (RO) membranes. This research is focused on converting EOL RO membranes
into ultrafiltration- (UF-like) and nanofiltration-like (NF-like) membranes to be used as tertiary treatment for
water reuse. Converted UF- and NF-like membranes were installed in a gravity driven membrane (GDM) setup.
The system was fed with secondary effluent of an urban wastewater treatment plant (WWTP) in Girona (Spain),
operated during 6 weeks with a driving force of 0,184 bar, applying daily membrane flushing and, chemical
cleaning after 2-3 weeks of operation. UF-like membrane achieved permeabilities of 12,2 and 8,8
L-m~2h~Y.bar™! pre- and post-chemical cleaning respectively. NF-like membranes demonstrated also to be of
interest for GDM systems, achieving permeabilities of 2,2 and 3,4 L-m~2h l.bar ! pre- and post-chemical
cleaning respectively. High permeate quality was obtained with turbidity rejection above 87,2 % and Escher-
ichia coli (E. coli) Logarithmic removal value (LRV) of 4 and 5 for UF-like and NF-like membrane respectively. UF-
like and NF-like membranes installed in a GDM system allowed to produce recycled water in accordance with
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Real Decreto 1620/2007 positioning it as a low-cost, and compliant solution for water reuse applications.

1. Introduction

Using reverse osmosis (RO) membranes, typically thin-film com-
posite (TFC) membranes with polyamide (PA) as the selective layer is
the state-of the art in desalination plants. RO desalination imple-
mentation has been widespread around the world due to the increasing
need for fresh water. In 2022, 22,757 desalination plants were operating
around the world with a total capacity of 212,79 million m3.day~! [1].

Membrane replacement rate is typically of around 20 %, i.e. 5 years
lifetime for seawater desalination and could decrease even down to 1-3
years for more challenging stream like landfill leachate [2,3]. This fact,
along with the large number of desalination plants that exist nowadays,
supposes that more than two millions of RO membranes will be dis-
carded in 2025, which, normally, are incinerated or disposed of in
landfills during hundred years until they are degraded [4]. Given the
steadily increase of membrane usage and the necessity to move towards
a circular economy, there is a crucial need to recycle end-of-life (EOL)
discarded membranes. Nowadays options for EOL RO membranes
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include direct recycling [5,6], regeneration [5], upcycling [5] or to
dismantle the components and recycle them independently [7].

The most common methodology consists in recycling membrane
modules without being dismantled using strong oxidants to degrade the
PA layer. Several studies mentioned for example, the use of potassium
permanganate to convert RO membrane into MF-like membranes [2,9]
or sodium hypochlorite to convert into nanofiltration-like (NF-like) or
ultrafiltration-like (UF-like) membranes depending on the exposure time
[8]. Membranes can be also converted using UV irradiation [4,10,11] or
gamma irradiation [12-15] but, in this case, membrane modules need to
be dismantled. By applying these methods, EOL RO membranes can be
reused in various applications like purification of monosaccharides [15],
clarification processes [9], water treatment [5,16], landfill leachate
treatment [17].

Gravity-driven membrane (GDM) system has been investigated for
the past decades [18]. This system allows to filter using solely the
gravity-force generated by a water height pressure differential between
the feed tank and the permeate outlet without the need of a pressure
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pump. Thanks to its easy operation, its lower energy consumption,
limited chemicals usage and low but stable flux, GDM systems have
gained increased attention in the past years. All these advantages, sup-
port the potential of GDM as an alternative to decentralized wastewater
(WW) treatment process [18,19]. A summary of past works comparing
the type of membrane used, the filtration area, the pressure applied, and
the water treated is shown in Table 1. Initially, GDM was implemented
to treat drinking water [20], but due to its great functionality, its usage
has been extended to other applications like to treat greywater [21-23],
surface water [24], groundwater [25], rainwater [26-28], and WW
[29-32] or as seawater pretreatment [33]. GDM has been tested even to
challenging WW as primary treatment or combined into GDM- mem-
brane bioreactor [34]. GDM system have been also implemented as a
household water treatment and safe storage (HWTS) systems for rural
areas, isolated areas or in emergency situations. In these cases, the fluxes
needed are lower than the ones for industrial applications and most of
them uses rainwater as a feed, as shown in the Table 1.

Typically, GDM systems use ultrafiltration (UF) membranes in hol-
low fiber (HF) [27,28,35] or flat-sheet (FS) [33,36,37] configurations.
UF is a perfect candidate for GDM system since it acts as a strong barrier
to pathogens and suspended solids and can be operated with low driving
force. The installation of these membranes can take two distinct con-
figurations: external [20,29,32] (membrane placed outside the feed
water tank) or submerged setup [25,26,33] (membrane placed within
the water tank). Each of these configurations presents its own set of
advantages and disadvantages. External configuration features easy
membrane replacement but pressure vessels, endcaps [17] or fitting
system are needed which suppose an extra cost. In external configura-
tion, the membrane is less prone to pollutant deposition but needs larger
footprint to install the system (membrane module and tank). Interest-
ingly for EOL membrane, submerged configuration allows to use
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membrane modules with external damage (due to former usage or fac-
tory issue) giving another potential life to membrane that would have
been otherwise directly discarded. However, the implementation of the
GDM system using 8" spiral-wound NF-like or UF-like membrane at
pilot-scale remains an area yet to be explored.

The aim of this research is to implement an 8" spiral wound EOL RO
membrane converted into UF-like and NF-like membranes in a GDM
system as a tertiary WW treatment. UF-like membranes will be assessed
in both configurations; external and submerged membranes while NF
will be assessed just in external configuration. The experimental setup
was located in the wastewater treatment plant (WWTP) of Quart, Girona
(Catalonia, Spain) as a tertiary treatment and operated for 6 weeks. This
study demonstrated the potential to implement a GDM system using EOL
membranes for water reuse on a tertiary effluent and to achieve sus-
tainable operation and permeate quality in line with Spanish law
directive.

2. Materials and methodology
2.1. Membranes

4 EOL membranes (CSM NF NE8040 and 3 TORAY RO TML720) and
a new but faulty membrane discarded in the manufacturing process
(Suez RO AG-400P) were used for this study. The membrane module
from Suez RO AG-400P has not been used before. CSM NF-NE8040 and
TORAY membranes (RO TML720) were previously used in a pharma-
ceutical process and to treat secondary urban WW effluent in a golf camp
respectively.

All membranes modules received a passive chlorine treatment to be
converted into UF-like or NF-like following the procedure from Garcia-
Pacheco et al. [50]. A sodium hypochlorite solution was used with a dose

Table 1
Summary of previous works on GDM systems.
Membrane Membrane state Pressure Filtration Operational mode Feed Flux Reference
(mbar) area (m?) (L-m2h™h
Pristine and EOL RO Recycled 100-160 2,23 Vertically submerged and external Synthetic river 1,92 (100-160 [17]
membrane converted into (municipal and and 80 vertically and horizontally water mbar)
NF-like and UF-like industrial) 1,54 (80 mbar)
UF flat sheet membranes New/virgin 50 0,06 Low-pressure gravity-driven Synthetic grey 1 (non-aerated) [22]
were UP150 from membrane bioreactor (GDMBR) water 2 (aerated)
Microdyn Nadir (150 kDa) system.
Hollow fiber high-density - 300 12 The bioreactor was operated as Greywater 1-2 [23]
polyethylene (pore size of discontinuously fed process with
0,2 pm) independent inflow and effluent times
UF flat sheet membranes New 50 0,00125 Decentralized rainwater treatment Rainwater 6-6,5 [26]
were UP150 from due to no backwashing, flushing and (rainwater)
Microdyn Nadir (150 kDa) chemical cleaning 4 (tap water -
control system)
UF flat sheet polyvinylidene - 40-100 0,00693 Lab-scale submerged GDM systems Seawater 7,7 (UF 12 h)| [33]
fluoride (250 kDa) (pretreatment) 7,3 (UF 24 h)
Membrane Membrane Pressure Filtration area Operational mode Feed Flux Reference
state (mbar) (m?) (L'm~2h7Y)
UF flat sheet polymeric New (coupon) 50, 70 and 0,00221 Back washing and chemical Well water 4,4 (50 mbar) [36]
membrane (100 kDa) 100 cleaning contaminated with 4,7 (70 mbar)
fecal microorganisms 6,5 (100 mbar)
UF flat sheet polyethersulfone New 65 - Dead-end without flushing or River-, lake- or diluted 4-10 [37]
membrane (100 kDa) cleaning wWw
UF flat sheet polyvinylidene New 50 (L) and - - Raw water from the 4,73 (PVDF-L)| [40]
fluoride (PVDF) and 150 (H) river 5,08 (PVDF-H)
polyethersulfone (PES) 3,85 (PES-L)|
(100 kDa) 4,38 (PES-H)
UF flat sheet PVC60/PEG400/  New 78 - Dead-end mode for 12 h River water 3 [42]
ZnO 14/10/1
Hollow fiber Multibore® PES New and 150 0,22 (new) 2 min backwash: No (nBW), River water 1,4 (nBW) [45]
(pore size of 0,02 pm) second-life (5 and 0,20 every two weeks (2wBW), 10,6 (dBW)
years) (second-life) weekly (wBW) and daily (dBW)| 0,58 (WBW)
+ daily relaxation (R + FF) 0,63 (2WBW)
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of 30.000 ppm-h and 300.000 ppm-h to convert the membranes into NF-
like and UF-like respectively. Afterward, the membranes were thor-
oughly rinsed with DI water. This treatment is based on membrane
surface transformation related to the degradation of the polyamide
layer, partially and totally to be converted into NF-like and UF-like
modules respectively. All the information is summarized in Table 2
including the internal code used during all the experiments. Table 4
shows the performances (permeability and salt rejection) before any
treatment applied after its first industrial application. The membranes
were characterized under the following conditions: 2000 mg-L~! NaCl
feed water, 15 bar, 25 °C and 15 % recovery, in a high-pressure filtration
pilot as explained in Section 2.2.1.

2.2. Set-ups

2.2.1. Membrane characterization pilot

Membranes were characterized prior and after the conversion pro-
cess. Permeability and salt rejection were measured using 2000 mg-L ™!
NaCl, under 15 bar, 25 °C and 15 % recovery. A schematic diagram of
the pilot plant is shown in Fig. 1. It consists in a 1000 L feed tank, a low-
pressure pump, high-pressure pump, a pressure vessel to fit one spiral
wound 8" membrane module and an electrical control panel. The feed
tank had a conductivity and level sensor recording data during all the
process. The salinity was regulated manually by adding salt in the feed
tank and checked by a conductivity sensor (4000-5000 pS-cm™1). The
pressure was regulated by automatic control of the back-pressure valve
located in the retentate pipe and the feed flowrate was controlled using a
flowmeter already implemented in the system. Pressure and tempera-
ture sensors were installed in the feed line. Permeate and retentate were
both sent back to the feed tank to operate at constant feed salinity. Both
permeability and rejection coefficients were calculated after at least 30
min of filtration.

2.2.2. Gravity driven membrane pilot tests

The GDM setup was located at Quart WWTP, Girona (Spain) which
has a biological treatment and low-loaded activated sludge to treat
municipal WW from Quart and surroundings with a capacity of 600
m>.day~!. The system was fed with the secondary effluent, i.e., super-
natant from the clarifier. Two different filtrations set up allowed to test
recycled membranes: in an external configuration and a submerged one.
CSM NFe, SUEZ UFe, TORAY NFe and TORAY UFe membranes were
tested in external configuration and the TORAY UFi as internal
configuration.

For the external configuration, the membrane was installed with
polyvinyl chloride (PVC) end-caps [17] in a vertical configuration next
to the feed tank. The end-caps design includes a mechanical fixing to fit
with the membrane module and avoid leakage between the feed and the
permeate. For the internal/submerged configuration, only a simple
fitting needs to be installed and connected to the membrane module

Table 2
Membranes used in the experiments.

Manuf.  Original Internal Area Treated First industrial
model code (m?) water application
Suez RO AG- Suez UFe 37 None Never industrially
400P used
Operating life-
span: 0 years
CSM NF CSM NFe Well water Pharmaceutical
NE8040 process
Operating life-
span: 3 years
Toray RO Toray Secondary Reclaiming water
TML720 UFi urban WW for a golf camp
Toray effluent irrigation
UFe Operating life-

Toray NF span: 5-10 years
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Fig. 1. Schematic diagram of the high-pressure filtering system (FT - flow
sensor, PT — pressure sensor, CT — conductivity sensor, LT - level sensor and TT
— temperature sensor).

permeate tube (a plug and an outlet fitting to collect the water). In this
case, the feed water filled the tank and all the membrane modules while
the treated water was collected using the permeate tube.

Fig. 2 shows the distribution of the setup for the experiments with
three membranes. The feed tank had one outlet in the top, one inlet in
the middle and two outlets in the bottom. The outlet at the top served as
overflow to maintain constant water level i.e., constant pressure.
Feedwater, i.e., secondary effluent of the WWTP, was injected from the
middle inlet. The two outlets at the bottom, fed the two membranes in
external configuration.

The GDM set up operation consisted in three successive steps: (1)
filtration during 24 or 72 h (during weekends) with the permeate valve
opened and a transmembrane pressure (TMP) of 0,184 bar, (2) 10 min of
relaxation by closing permeate valves and (3) flushing sequence of 5
min. The flushing was different for external or internal configuration. In
the case of the external configuration, the flushing consisted in con-
necting the effluent from the WWTP directly to the bottom of the
membrane module with the flushing valve opened and the permeate one
closed. The flushing was implemented in the same direction as the flow
in filtration mode, from the bottom to the top, in order to remove the
biofilm generated inside the membrane. For the internal configuration,
flushing consisted in emptying the feed tank and refilling it with the
secondary treated WW.

The experiment was divided into 2 phases, each one lasting about
2-3 weeks as shown on Table 3. The first one was performed directly
after membrane module conversion process and the second one after
chemical cleaning of the membrane module after 2-3 weeks of operation
in the GDM pilot. Chemical cleaning consisted in circulating a free
chlorine solution of 500 ppm through the membrane modules during
1,5 h (total dose of 750 ppm-h) [38]. This total exposure dose to free
chlorine was selected to do not overtake the limit of exposure for
polyamide membrane according to the manufactures (1000 ppm-h)
[39].

2.3. Evaluation of membrane performance

2.3.1. Permeate flux and permeability

The permeate flux (J) in GDM tests was assessed while operating
with WW by volumetrically measuring the permeated volume (using a 2
L container and stopwatch) and using Eq. (1). This process was repeated
five times to determine the standard deviation and was done each day
before and after flushing sequence. In Eq. (1), J is the permeate flow
(L-h’l), Vis the permeated volume (L) and t is the time needed to fill 2 L
(h).

J:v/tm )

Permeability (J') was determined using Eq. (2) based on permeate
flux, membrane characteristics and pressure in GDM system.
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Fig. 2. Schematic diagram of the experimental setup installed to test 3 membranes, two in external configuration one in submerged mode.

Table 3
Summary of operation time and modules used during the GDM pilot tests.

Cycle After conversion (1) After chemical cleaning
®)]

Experimental time (days) 12 23 20 19
Membranes used SUEZ UFe  TORAY UFi SUEZ UFe  TORAY UFi

CSM NFe TORAY UFe TORAY UFe

TORAY NFe TORAY NFe
7 =J/@ap)|— L @

N m?-h-bar

where J' is the permeability (L-m~2h 1.bar 1), A is the effective mem-
brane filtration area (rnz) and AP is the transmembrane pressure (bar). A
temperature correction factor (TCF) was applied to normalize the value
of permeability at 25 °C. The TCF was calculated as the average of three
different equations as shown in Eq. (3) where TCF is the temperature
correction factor and T is the temperature of the water from the
permeate (°C).

25-T
T+105

) +1,03@-D 4 1

3020 [ ok — =1 _
"\ 298 273+T
e —

. -]

1,002-¢

TCF =

3

Finally, the corrected permeability was calculated using Eq. (4)
where J .oy is the corrected permeability (L-m 2h Lbar ).

s — JTCE { } @

m?2-h-bar

For GDM, the TMP was calculated directly by the height difference of
the system as shown in Eq. (5). H is the height difference between the
feed tank and the permeate outlet from the system (m) and 10,2 rep-
resents the conversion factor between meter column of water (m.c.a)
and bars.

APong_term = H /10, 2[bar] (5)

For membrane characterization in high pressure setup, same equa-
tions as for GDM were used and TMP was determined through Eq. (6).
Precd> Pretentate and Ppermeate Deing the pressure in the feed, retentate and
permeate lines respectively.

AP, short—term — (P feed +P, retentate) / 2-P, permeate [bar] (6)

2.3.2. Rejection coefficients

Rejection was calculated using Eq. (7) with C, the feed concentration
and C, the concentration in the permeate. Rejection coefficients were
calculated for salts (conductivity) and turbidity.

%R =1-C,/C,[%] @)

2.4. Water quality analysis

Physical-chemical and microbiological quality of feed and permeates
from each membrane module in GDM operation were analyze two times
per week.

2.4.1. Physical-chemical parameters

Conductivity and pH were measured using Hach SensION+ EC7 and
PH3 equipment, respectively. Turbidity was measured using a Portable
Turbidity Meter from Hanna. Chemical Oxygen Demand (COD) was
measured using the Lovibond DQO MD 110 equipment and HR
200-15,000 mg-L’1 kits. Total Organic Carbon (TOC) was measured
using the Hach spectrophotometer DR3900 and the LCK387 kits. Cations
and anions were measured using Dionex Ion Chromatography
equipment.

2.4.2. Microbiological parameters

100 mL of permeate was filtered using a Biichner funnel with a cel-
lulose nitrate filter with 0,45 pm pores. The filter was then placed into
Chromogenic Coliform Agar (CCA) plates, which serve as a selective
medium for coliform bacteria. This media allows to differentiate be-
tween colonies of Escherichia coli (E. coli - identified by their blue color)
and other coliforms (identified by their pink color). Afterward, the
plates were incubated at 37 °C for 24 h. Following incubation, the
quantification of blue and pink colonies was performed. The total count
of colonies allowed to determine the concentration of total coliform
bacteria in the sample, expressed as Colony-Forming Units (CFU) per
100 mL. For feed samples, a 1:100 dilution was done and inoculated
directly onto the plate without filtering. Logarithmic removal value
(LRV) was performed to calculate the membrane rejection in base 10 by
comparing feed and permeate water. To determine the E. coli, other
coliforms and total coliforms LRV, Eq. (8) was used.
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LRV = 10g(CFUpermeate / CFUpeea ) [~ ] ®)

Finally, with Eq. (9), the percentage of rejection of coliforms was
calculated.

%Rejection = (CFUfeea — CFUpermeate) / CFUjeea-100[%] 9
3. Results and discussion
3.1. Membrane characterization

Permeability and salt rejection before and after the conversion pro-
cess are shown in Table 4. As seen on Table 4, the membrane with higher
permeability after conversion is the SUEZ UFe. This difference on
permeability can be related to the fact that this membrane has never
been used before and, consequently, has not been compacted unlike the
ones used in industry for years [51]. After conversion, membranes were
in the same range as observed with similar treatment in the literature. In
the case of the SUEZ UFe membrane, Moreira et al. [46] found a com-
parable increase in permeability, achieving a permeability of 50,4
L-m 2h lbar ! after converting an EOL membrane with initially
permeability of 4,5 L-m~2h~!.bar linto UF. Regarding the membranes
from TORAY, converted into UF-like membranes (UFe and UFi), the
values of permeability achieved after conversion were 11,5 and 26,7
L-m 2h L.bar ! respectively. Notably, despite originating from the
same production facility and sharing identical model specifications,
there exists considerable disparity in the achieved permeability values.
This discrepancy becomes more pronounced when comparing with the
results obtained by Molina et al. [47] using the same TORAY TM720-400
membrane. Molina et al. [47] achieved a significantly higher perme-
ability of 274,6 L-m~2-h~L.bar~L. It is crucial to note that Molina et al.
[47] experiments were conducted under different conditions, i.e. uti-
lizing a membrane coupon, operating at 5 bar pressure, and employing
distilled water for permeability determination. These variations in
experimental parameters likely contribute to the observed differences in
permeability values. Furthermore, the permeability values obtained in
this study for recycled NF membranes are comparatively lower than
those reported by Garcia-Pacheco et al. [49] using the TORAY
TM720-400 membrane. In their study, [49] a permeability of 14
L-m~2h~!bar ! was achieved after exposure to a free chlorine dose of
6200 ppm-h. However, in another study by Garcia-Pacheco et al. [50]
employing the same membrane, permeability values of 7,4
L-m~2h 1 .bar! after 20 h of exposure to a 124 ppm free chlorine so-
lution, and 17,2 L-m~2h~Lbar ! after 50 h were obtained. Once again,
it is important to consider that Garcia-Pacheco et al. [50] conducted
their experiments using coupon specimens, which may exhibit distinct
behavior compared to the entire module, potentially influencing mem-
brane permeability.

3.2. Gravity driven membrane filtration tests

As shown in Table 3, the experiment was divided into 2 cycles: (1)
after the conversion process and (2) after the chemical cleaning. The
membranes used in each cycle were the same and in the same configu-
ration (vertically submerged or external) so to comparatively assess the
impact of chemical cleaning.
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3.2.1. Permeability

This investigation demonstrated the feasibility of WW filtration
employing recycled modules within a GDM system, operating under a
TMP of 0,184 bar. Fig. 3 shows the permeability of the membranes
across both experimental cycles, pre- (light color circles) and post- (dark
color squares) daily flushing procedures. Blue dots represent data points
obtained after the conversion process cycle, while green dots indicate
observations following chemical cleaning. The delineated grey markers
denote the specific day of chemical cleaning execution. The SUEZ UFe
and CSM NFe membranes were subjected to testing in a vertically
external configuration for a duration of 12 days following the conversion
process, and afterward, for an additional 20 days post-chemical clean-
ing. Unfortunately, the CSM NFe broke during the transport and could
not be installed in the second cycle. Conversely, membranes sourced
from TORAY, including both UFe and NFe variants, underwent assess-
ment in an external configuration, while the UFi variant was evaluated
in a submerged configuration. All TORAY membranes were subjected to
testing for 23 days after the conversion process and an additional 19
days following chemical cleaning.

During the initial phase of experimentation, the Suez UFe membrane
exhibited a stable permeability levels pre-flushing, followed by a sub-
sequent increase after flushing. However, post-application of chemical
cleaning, this trend reversed, with permeability showing a decline in
both pre- and post-flushing states. In contrast, TORAY membranes
maintained a constant behavior throughout the experimental duration.
This discrepancy may be attributed to the prior history of the mem-
branes, where the SUEZ UFe had not been previously employed while
the TORAY UFe had been used and can be compacted. The average
permeability for the SUEZ UFe was around 12,2 L-m~2h Lbar! 2,2
L-m~2h™1) after the conversion process and around 8,7 L-m 2h lbar?!
a,e L-m~2h™1) after the chemical cleaning. These values exceeded
those obtained for TORAY membranes in this experiment, because of the
pristine condition of the SUEZ membrane. For the TORAY UFe mem-
brane, the permeability post-conversion was approximately 10,2
L-m 2h Lbar! 1,9 L~m’2~h’1), diminishing to around 8,5
L-m~2h Lbar ! (1,6 L-m 2h™1) after chemical cleaning. Conversely,
for the submerged membrane (TORAY UFi) the values were 3,8
Lm %h Ybar! (0,7 Lm%h') and 3,4 Lm 2h 'bar! (0,6
L-m~2h™Y) respectively. The values achieved by the TORAY UFi are
lower for an UF membrane but demonstrate that even if the membrane
has external damage, it can be used in a GDM system. As reported by
Garcia-Pacheco et al. [17] submerged membranes demonstrated inferior
permeability compared to externally positioned membranes, likely due
to higher sensibility to contaminants from the WWTP residing in the
feed tank, leading to fouling and subsequent permeability reduction.
Comparing results with NF membranes, the CSM NFe membrane
exhibited an average permeability of approximately 2,9 L-m >h~-bar™?
0,5 L-m~2h™1) post-conversion, whereas the TORAY NFe membrane
recorded approximately 2,3 L-m~2h lbar™! (0,4 L-m 2h~!). Post-
chemical cleaning, the TORAY NFe membrane demonstrated an unex-
pected increase in permeability to approximately 3,4 L-m~2h~!.bar!
(0,6 L-m~2 -h™1), surpassing conventional NF membrane expectations
and suggesting partial conversion into UF performance. This observa-
tion and the trend of membrane permeability decline post-chemical
cleaning for all the membranes except for the TORAY NFe, confirmed
the partially conversion of this membrane into UF-like membrane.

Table 1 presents an overview of flux values attained in GDM systems

Table 4
Permeability and salt rejection before and after the conversion process.
Membrane Suez UFe Toray UFe Toray UFi CSM NFe Toray NFe
EOL membrane performance (before conversion) Permeability (L-m 2h Lbar ) 2,15 1,9 1,6 45 2,5
Salt rejection (%) 99,8 96,7 93,6 99,1 97,6
After conversion Permeability (L-m Zh Lbar 1) 50,7 11,5 26,7 6,1 3,2
Salt rejection (%) 24,6 31,4 24,8 96,0 96,3
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Fig. 3. Permeability dynamics of the membranes (a. Suez UFe, b. Toray UFe, c. Toray UFi, d. CSM NFe, e. Toray NFe) across both experimental cycles, pre- (light
color circles) and post- (dark color squares) daily flushing procedures. Blue dots: after the conversion process, green dots: after the chemical cleaning process, dash
line: chemical cleaning day. The CSM NFe broke during the transport and could not be installed in the second cycle.

utilizing both new UF flat sheet membranes and converted EOL RO accumulation on the membrane surface. Additionally, the applied
membranes. Disparities in flux among different membranes can be pressure directly influences the achievable flux rate of the membrane.
attributed to membrane composition and configuration. In cases of The flux values obtained with UFe membranes (SUEZ and TORAY)
higher water contamination, flux tends to diminish due to fouling exhibit similarity to those reported by Wang et al. [30], Garcia-Pacheco
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et al. [17] and Ding et al. [22] but are lower compared to Peter-
Varbanets et al. [37], de Souza et al. [36], Teta Prihartini et al. [42]
and Ranieri et al. [33]. These discrepancies primarily are resulting from
the utilization of used membranes in contrast to pristine, uncompacted
new ones. Conversely, the installation of NF membranes in GDM systems
represents a relatively novel or less-studied approach and, the utilization
of recycled NF-like membranes represents a particularly innovative
application. Although the implementation of these recycled NF-like
membranes appears promising, filtration over extended periods neces-
sitates daily flushing to mitigate fouling. Comparing with the values
achieved by Garcia-Pacheco et al. [17], the permeability attained in
their study exceeded that of the present experiment. Employing a
TORAY TM720-400 membrane converted into NF-like, they achieved a
remarkably high permeability value of 14 L-m~2h~!.bar!, elevated for
an NF membrane.

3.2.2. Water quality

The assessment of water quality of the permeates (tertiary effluent)
and the feed water (secondary effluent) was conducted in order to
evaluate if permeate quality was in accordance with the regulatory
limits stipulated in the Real Decreto 1620/2007 [53]. This directive set
out maximum acceptable value (MAV) for various parameters including
E. coli, suspended solids (SS) and turbidity levels in the context of water
reuse. For urban uses like landscape irrigation, the MAV are 200
CFU-100 mL™! for E. coli, 20 mg-L™! for SS and 10 NTU for turbidity.
Additionally, pH and conductivity analyses were performed, revealing
negligible changes between the feed and permeate samples. The UF
membrane filtration exhibits minimal variations in pH and conductivity,
both below 1 %. Specifically, pH remains stable at approximately 7,3,
while conductivity stays close around 1300 pS-cm™!. Conversely, the NF
membranes show slightly higher fluctuations, with pH changing by
approximately 2 % to 7,2 and conductivity decreasing by 3 % to
approximately 1200 pS-cm ™ 'in the permeate. This outcome was antic-
ipated for the UF-like membrane because it exhibits minimal ion rejec-
tion capability, thus exerting minimal influence on these parameters. In
the case of NF-type membranes, the conductivity values may remain
comparable between the feed and permeate due to the development of a
boundary layer near the membrane surface known as concentration
polarization (CP) [17,52]. This phenomenon involves the accumulation
of retained solutes in the membrane, leading to a higher solute con-
centration at the membrane surface compared to the bulk solution.
Consequently, rejection values and flux may decrease due to the rise in
osmotic pressure.

Table 5 presents turbidity values (expressed in nephelometric
turbidity units, NTU) for both the feed and permeate samples, alongside
the corresponding turbidity rejection percentages for each recycled
membrane across both pre- and post-chemical cleaning cycles.

Regarding turbidity values, all the permeates complied with the Real
Decreto 1620/2007 [53] directive for water reuse with values below 10
NTU. The CSM NFe membrane, due to its higher selectivity, shows a
superior membrane rejection capacity. Conversely, the TORAY UFi
membrane, likely owing to its submerged configuration and consequent
heightened exposure to contaminants, exhibited a lower membrane
rejection rate. The CSM NFe membrane was the most effective in term of
contaminants rejection, but its flux collapsed easily showing limitation
in continuous filtration without cleaning during all day. Following
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closely in terms of contaminants rejection efficiency, the TORAY UFe
membrane demonstrates good filtering capacity and continuous filtra-
tion throughout each operational day.

To facilitate microbiological analysis, samples of both, permeate and
feed, underwent E. coli and coliforms analyses. Subsequently, LRV were
computed to assess the efficacy of contaminant removal by the mem-
branes. It is essential to note that external factors such as temperature
can impact the composition of the feed, especially since it consists of real
secondary effluent from the WWTP. On average the feed for the mem-
brane system, exhibited total coliform counts of approximately 1,8-10°
CFU-100 mL™! for the experiments prior chemical cleaning and 4,2-10*
CFU-100 mL " after the chemical cleaning. Such a substantial difference
could significantly impact the LRV values obtained. The LRV results for
E. coli and coliforms are presented in Fig. 4.

Analyzing the results pertaining to other coliforms, it was observed
that all membranes, with the exception of the SUEZ UFe prior to
chemical cleaning, exhibited values exceeding 200 CFU-100 mL™’.
Despite this, these values remained lower than those observed in the
feed water, indicating a partial rejection of coliforms by the membranes.
For E. coli, the rejection proved to be notably more effective, with values
falling below 20 CFU-100 mL’l, i.e., limit for the water reuse for irri-
gation. Especially, the UF TORAY internal and external membrane
permeates exhibited E. coli results surpassing 200 CFU-100 mL™l.
Comparing with findings from the study conducted by Figueras et al.
[44], the E. coli rejection rates for SUEZ UFe, CSM NFe, and TORAY UFi
membranes were slightly lower but still within the bounds defined by
regulatory standards (Real Decreto 1620/2007 [53]). In the case of the
TORAY UFe, the rejection before the chemical cleaning was lower in this
experiment but after the chemical cleaning, was higher than the one
achieved by Figueras et al. [44]. Remarkably, the TORAY NFe mem-
brane exhibited the highest E. coli removal capacity, achieving complete
removal pre-chemical cleaning and near-total removal post-cleaning.
These results aligned closely with those obtained by Figueras et al.
[44] using the TW30 module (RO recycled module). NF-type mem-
branes appear to be a favorable option for achieving higher LRV values
compared to UF-type membranes. Despite bacterial presence observed
in the permeate, this technology manages to significantly improve water
quality (Log LRV of 4-5). Exploring its efficiency across diverse water
sources could unveil its potential for household applications such as
cleaning, hygiene, and drinking.

Comparing the Spanish law (Real Decreto 1620/2007 [53]) with the
Regulation (EU) 2020/741 [54] of the European parliament and of the
council of 25 May 2020 on minimum requirements for water reuse,
different MAV have been observed. For irrigation water where the edible
part is in direct contact with reclaimed water, the EU 2020/741 [54] is
stricter than the Real Decreto 1620/2007 [53]. When comparing
turbidity values, the EU 2020/741 [54] for water reuse imposes a
stricter limit of 5 NTU compared to the Real Decreto 1620/2007 [53],
which allows up to 10 NTU. All samples met both criteria. Regarding
E. coli levels, the EU 2020/741 [54] for water reuse mandates a lower
threshold of 10 CFU/100 mL, whereas the Real Decreto 1620/2007 [53]
permits up to 100 CFU/100 mL. In the initial cycle, SUEZ and TORAY
NFe membranes met the requirement, with E. coli levels below 10 CFU/
100 mL, while TORAY UF membranes exceeded this threshold. In the
subsequent cycle, all TORAY membranes fit with the EU 2020/741 [54]
limit, while the SUEZ membrane recorded a value exceeding it. Overall,

Table 5
Turbidity of the feed and permeates and, the turbidity rejection of the recycled membranes tested for both cycles, prior and after applying the chemical cleaning.
Feed Permeate
Membrane - Suez UFe Toray UFe Toray UFi CSM NFe Toray NFe
Prior chemical cleaning Turbidity (NTU) 8,1 +4,9 1,0 £ 0,8 0,6 +£0,3 1,8 +£1,0 0,3+ 0,1 0,7 £ 0,5
Turbidity rejection (%) - 87,2 94,6 82,8 96,6 93,9
After chemical cleaning Turbidity (NTU) 10,3 + 8,4 0,6 +0,3 4,2+25 3,5+2,1 - 4,1+ 2,1
Turbidity rejection (%) - 94,5 56,0 63,3 - 57,0
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Fig. 4. LRV results for microbiological analysis for both cycles. Escherichia coli (left) and other coliforms (right).

permeate quality fit with the requirements of the Real Decreto 1620/
2007 [53] but in some cases did not comply with the more stringent EU
2020/741 [54] with regards to E. coli showing the necessity to perform
further tests for broader acceptance of the technology.

3.2.3. Cleaning impact

Internal chemical cleaning [38] and external cleaning utilizing
pressurized water were conducted to mitigate the biofilm accumulation
observed after 12 days of operation within the GDM system. Also, the
permeate tubes underwent chemical cleaning to disinfect them, pre-
paring for the second phase of the experiment under conditions akin to
cycle 1. Fig. 5 visually depicts the condition of the membranes before (a
and c) and after (b and d) external cleaning, focusing on the SUEZ UFe (a
and b) and CSM NFe (c and d) membranes. The GDM filtration config-
uration promotes the development of a biofilm layer within the mem-
branes, forming a “mini ecological system” that contributes to stable
flow rates [24]. This phenomenon arises from the accumulation of mi-
croorganisms, organic aggregates, colloidal material, and particulate
organic and inorganic substances on the membrane surface. Such bio-
film accumulation is evident in Fig. 5a and c.

The anticipated accumulation of foulants on the membranes was
displayed by a decrease in permeability across all tested membranes.
Employing a daily flushing procedure, incorporating both relaxation and
flushing cycles, is expected to reduce the fouling tendency of the
membrane and allowed to recover partially the initial permeability to
avoid the total clogging of the membrane. After the chemical cleaning,
the permeability did not come back to the initial state but showed less
difference before and after the flushing which suppose a more stable
values of permeability.

Considering values of turbidity, in the case of TORAY membranes,
chemical cleaning had a harmful effect on membrane rejection capa-
bilities, resulting in diminished capacity to reject contaminants.
Conversely, the SUEZ UFe membrane exhibited a completely opposite
result achieving a rejection rate of 94,5 %, akin to that of the TORAY
UFe membrane before chemical cleaning. These findings highlight how
easily membranes can be damaged by chemical cleaning. Various

factors, including drying, foulants, and chemical exposure during
membrane usage, contribute to membrane degradation, rendering them
more susceptible to treatments such as chemical cleaning. However, the
underlying mechanisms governing these phenomena and the resulting
alterations in membrane performance remain areas yet to be thoroughly
explored.

On the contrary, concerning the LRV values, there has been an uptick
in E. coli rejection observed with the TORAY membranes following
chemical cleaning, while coliform rejection shows less impact. This
observation can be linked to the chemical cleaning of the tubes. At the
end of Cycle 1, due to usage and climatic conditions, the values of E. coli
obtained were higher than the initial ones. This trend is affirmed by the
increased E. coli rejection on the permeate sample, due to the decrease in
E. coli, seen in Cycle 2.

In conclusion, while chemical cleaning had a discernible impact on
membrane performance, it proved to be insufficient for complete
restoration of initial performance levels. Moreover, the tube cleaning
has proven to be effective in microbiological rejection.

4. Conclusion

This study demonstrated the potential of integrating UF-like and NF-
like membranes, repurposed from EOL RO membranes, within GDM
systems to obtain reused water that fil existing directive (Real Decreto
1620/2007 [53]) for water reuse.

Among the membranes evaluated in the GDM system, the SUEZ UFe
emerged as the most efficient, achieving an average permeability of 10
L-m~2h ! bar! across both cycles and continuous filtration for up to
72 h. Moreover, this membrane exhibited high turbidity removal (90 %)
and substantial reduction in E. coli and coliforms. The TORAY UFe
presented the most promising overall performance with consistent
filtration throughout all day and turbidity rejection rate of 94,6 % (pre-
chemical cleaning) and 56 % (post-chemical cleaning), alongside E. coli
LRV of 2,7 (increasing to 4,9 post-chemical cleaning) and coliforms LRV
of 2 before and after chemical cleaning. Once more, the rise in LRV value
after chemical cleaning can also be attributed to the reduction in

Fig. 5. Membranes before and after the cleaning process: a) SUEZ UFe before, b) SUEZ UFe after, c) CSM NFe before and d) CSM NFe after.
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coliform composition within the feed.

Furthermore, our findings highlight the potential of NF-like mem-
branes in GDM systems with the limitation of needing daily flushing to
maintain filtration capability.

The results obtained also suggest that the permeate water quality
from both, converted new but faulty discarded from manufacturer and
EOL membranes, is suitable for water reuse. Despite bacterial presence
(LRV of 4-5) observed in the permeate, this finding underscores the
effectiveness of these membranes in treating WWTP effluent and
significantly enhancing water quality. These findings warrant further
exploration in other water sources to see their efficiency and to validate
the efficacy of this system for household water treatment and for
obtaining drinking water (with a disinfection), especially in remote or
emergency settings.

In conclusion, the integration of discarded and recycled 8" EOL RO
membranes, repurposed into UF-like or NF-like membranes, into GDM
systems showcases the potential of this approach for effective tertiary
WW treatment. Future research will focus on long-term experiments
incorporating automated control systems for permeate flux, alongside
optimization of flushing/cleaning procedures to define an optimal pro-
tocol and to assess the impact of multiple chemical cleaning on process
performances.
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