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ABSTRACT

This work presents the potential to repair used and dysfunctional reverse osmosis (RO) compos-
ite membranes. Under constant use, polyamide-based RO membranes exhibit a timely deterio-
ration in salt rejection and water permeability from the values purported by their manufacturer.
Manufacturers typically anticipate a 5%-7% decline of both characteristics. These changes are
caused by an accumulation of various phenomena, including membrane matrix aging, fouling, and
mechanical or chemical deterioration. The present work aims to allow the reuse of damaged RO
membranes, which present a reduction in salt rejection together with an increase in flux, due to the
deterioration of the polyamide barrier layer on their upper surface. Deficient membranes taken from
desalination plants were cleaned, followed by the repair of the thermoset polyamide layer via inter-
facial repolymerization with trimesoyl chloride through a simple refurbishing process. Membranes
were tested using a laboratory-scale crossflow RO test unit. It was found that while plant-used,
defect membrane, exhibited a poor performance (salt rejection of 81% with a flux of 83 L/m?/h),
once repaired, the membranes exhibited a substantial increase in salt rejection capacity (95%) and
reduction in flux (36 L/m?/h), These results were in par with virgin membranes (salt rejection of 95%
and flux of 42 L/m*h) The repolymerization refurbishing technique and its resulting membrane
physiochemical characteristics are described in detail.
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1. Introduction

10.5 billion gallons per day is the expected desalination
capacity in the world in 20 y, practically doubling today’s
capacity. About two-thirds of these desalinate seawater in
designated plants [1]. Reverse osmosis (RO) technology was
developed over 50 y ago and has become the fastest-grow-
ing segment of the seawater desalination market, with cur-
rently a total of 9,000 plants worldwide [2]. Although the RO
process is considered a successful technique for seawater

* Corresponding author.

desalination, it is still requiring several times more ener-
gy-intensive over traditional treatments of a freshwater
resource. (specific energy consumption of 3.5-4.5 kWh/m?
for a real-scale seawater reverse osmosis (SWRO) process vs.
0.2-0.4 kWh/m?® for conventional treatments of surface water)
[3]. Consequently, new technological improvements to
reduce desalinate water production energy are frequently
appeared [4]. The steady trend of reduction of SWRO energy
requirements and costs together with increasing costs of
conventional water treatment and water reuse due to more
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stringent regulatory requirements are expected to acceler-
ate the SWRO market and the preference of the ocean as the
water source.

RO is a process based on a pressure-driven membrane,
where a polymer membrane is in the heart of the process,
separating the unwanted ions from a feed to obtain the
desired low-salinity product. The separation characteristics
and the membrane properties mostly depend on the chemical
and mechanical structure of the membrane materials.

Thin-film composite (TFC) polyamide membranes domi-
nate the market of RO membranes. To prepare the TFC mem-
brane, interfacial polymerization (IP) techniques are mostly
used resulting in three-layer structure: A structural support
layer (120-150 um thick) made of the polyester web which
provides mechanical support to the active layer; a micropo-
rous polysulfone interlayer (50 pm thick) that can withstand
high-pressure compression; and an ultra-thin polyamide bar-
rier layer on the upper surface (about 0.1 pm in thickness).
This layer is the active layer that controls membrane perfor-
mance (permeability and selectivity). To achieve high values
of permeability and selectivity, the active layer should have
an ultrathin thickness and a hydrophilic nature [5]. TFC RO
membranes achieve salt rejection level consistently higher
than 99%, at its standard test conditions, the seawater ele-
ment has a typical value of 99.8% while the brackish water
element has a typical value of 99.5% [6]. The ultra-thin poly-
amide films synthesized via IP can display a range of phys-
ical and chemical properties, based on the polymerization
conditions including the monomers concentrations and the
reactant ratios [7-12].

The fast-growing use of RO membranes in the sea and
brackish water purification is mainly attributed to the devel-
opment of more sustainable membrane technologies that
have lowered the cost of membrane modules and produced
a higher quality filtrate [4]. Still, the process of RO desalina-
tion suffers from serious concerns. A major problem is the
accumulation of organic and inorganic fouling on the mem-
brane surface that negatively affects its performance due to
the chemical degradation of the active membrane layer [7].
Fouling causes a serious decline in flux and filtrate quality
and ultimately causes an increase in the operating pressure
with time [8,9]. The major efforts of the membrane research
and the desalination industries have been to enhance, or at
least maintain, water flux, and salt rejection for longer peri-
ods, thus increase efficiency and reduce operating costs. To
maintain the high desalination capacities fouling problem
requires frequent chemical cleaning that ultimately short-
ens membrane life through damage to the barrier layer,
thus imposing a large economic concern on RO membrane
plant operation [10]. In addition to the fouling accumula-
tion problem, according to desalination plants, membrane
replacement is also required due to the timely decline of
salt rejection capacity, resulting from the pressure gradient
in operating RO membranes. This mechanical model of fail-
ure limits the membranes life-cycle due to breaching of the
ultra-thin polyamide layer which associated with the forma-
tion of ridges/cracks and chemical degradation on the PA
layer.

So far, used RO modules are considered as common
waste, with quantities that dramatically increase around the
world as the use in RO become more popular. Used-damaged

membranes are commonly buried in municipal landfills,
with few disposal alternatives proposed to RO users. The
environmental impact of this non-biodegradable membrane
waste is remarkable, as the annum volume of a single sea-
water RO plant is in the range of 100-200 m?. This major
drawback led to increased researchers interested in the reuse
options of wasted RO membrane [6,7,10]. Alternatively,
the modification and development of higher performance
RO membrane are undertaken, including improvements
in membrane materials, module and process design, and
energy recovery [6,11-19].

To date, no evidence exists of efforts that are aimed
toward the extension of a RO membrane life through refur-
bishing of old used and worn out membranes towards reuse
in seawater RO technology. This effort will be undertaken
in the present work by in-situ interfacial repolymerization
reaction of the ultra-thin polyamide (PA) layer using one or
two of the monomers, MPD in water and TMC in hexane.
This technique proposes to step forward in the approach
toward the refurbishing of the active layer, potentially
allowing recovered performances of the damaged mem-
brane, including rejection ability and an increase of flux at
least for the same level as in a virgin membrane, which will
allow their reuse in desalination plants.

2. Experimental
2.1. Materials

RO membranes [Filmtec SW-XLE440, Dow Water and
Process Solutions (Edina, MN)] were kindly supplied by
Via Maris Desalination Ltd. (Palmachim, IL). Virgin, con-
trol membranes were used as received. Used membranes
were such that served at the Via Maris plant for at least
2 y, and were identified by the operators as dysfunctional
membranes due to their poor desalination performance.
The reactive monomers and solvents used in this work were
m-phenylenediamine (MPD, >99%) and trimesoyl chloride
(TMC, 98%), Deionized (DI) water, and n-hexane (anhy-
drous > 95%). All chemicals were purchased from Sigma-
Aldrich (St. Louis, MO).

2.2. Preparation method

To allow the simple application of the PA monomers
onto the existing damaged polyamide layer, a dipping-based
IP protocol was used. The selection of the reactive mono-
mers solution concentrations for the refurbishing process
was based on existing polyamide-based RO membranes
preparation protocols [20-22].

Flat sheet membranes samples (138 cm?) were cut from
the supplied TFC membranes and wereimmersed in DIwater
for about one hour to remove accumulated dirt and residue
salts. The washed membranes were then placed in a plastic
container filled with MPD aqueous solution at 2 wt.% at RT.
After a 10 s immersion, membranes were removed from the
container and let dry in a chemical hood to remove excess
MPD solution. Membranes were then immersed for 10 s in
a plastic container filled with TMC in Hexane at 0.1 wt.% at
RT. After immersion, membranes were removed, washed by
hexane and dried in a chemical hood. Finally, the prepared
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refurbished membranes were immersed in DI water until
further use. To allow better insight into the chemical pro-
cesses occurring during the refurbishing process, a variation
on the aforementioned process was applied. In the first, only
TMC monomer was used, and in the second TMC + MPD
was applied. This was performed to evaluate whether the
monomers can react with the residual functional groups
exposed on the damaged reactive PA thin layer surface
during its lifetime use [23]. Virgin and used commercial
RO membranes were used as reference samples for perfor-
mance comparison. The prepared refurbished membranes
formulations are detailed in Table 1.

2.3. Testing and characterization

The performance of the membranes was examined in
terms of salt rejection efficiency and water flux carried out
using a lab-scale membrane flat sheet test rig. The observed
results were correlated to changes in the chemical and mor-
phological properties of the PA layer, carried out by scanning
electron microscopy (SEM), X-ray photoelectron spectros-
copy (XPS), Fourier transform infrared spectroscopy (FTIR),
atomic force microscopy (AFM), and contact angle (CA)
measurement.

2.3.1. Membrane flat sheet test rig

Membrane flat sheet test rig (SEPA CF Cell STERLITECH
Corporation, Kent, WA 98032-1911 USA) with a lab-scale
crossflow filtration was used to provide fast and accurate
performance data of the desalination capabilities of given
RO membranes in terms of flux and salt rejection. However,
it should be noted that the applied pressure in our mem-
brane element cell was limited to 40 bar, thus the perfor-
mance of given RO membrane sample was expected to be
lower than that of membranes operate in standard desali-
nation plants under much higher pressure conditions of
~60-70 bar (68 bar) [24]. Yet, the flat sheet membrane cell is
believed to have the ability to provide us comparative val-
ues in a real-time simulation of the larger, industrial spiral
wound membranes.

The flat sheet membrane cell was operated as follows:
A flat sheet membrane with an area of 138 cm? was sealed in
the cell body. An O-ring was placed in the cell body to prevent
leaking and generate an effective area. Hydraulic pressure
of 1,200 bar was applied, to compress the cell body against
the cell holder top to make sure that there will be no leaking
from the cell. The feed stream was pumped at a trans-mem-
brane pressure of 40 bar, from the feed tank to the feed inlet
and the feed flow was forced into the membrane cavity. The
total volume of the feed tank was 5 L. The feed tank was
equipped with a temperature control system maintained at

Table 1

23°C + 3°C. In the cavity, the feed flows tangentially across
the membrane. A portion of feed flows through the perme-
ate carrier to the center of the cell body top and then flows
through the permeate outlet into a collection vessel. The per-
formance and efficiency of the desalination process for the
different membranes were measured and calculated accord-
ing to the equations listed below. Measurement was repeated
on three different samples for each membrane module.
The mean results and standard deviations are reported.

The flow rate was carried out by measuring the time
required to fill 20 mL of desalinated water into a collection
vessel. The value of permeation flux J,) was calculated
using Eq. (1).

Flow (Ls™")x3,600(s/h)

membrane area (mz)

], (Lm’zh’l) = 1)

Additionally, the salt rejection level of the membranes
was characterized. The concentration of the salt in the feed
and permeate solutions was determined by measurements
of electrical conductivity. Feed solution salinity was kept
constant at 3,750 ppm of sodium chloride in distilled water
(by setting the solution conductivity to 7.5 mS/cm).

R(%)= Cfc_f 2 %100 2)

where R is defined as the fraction of solute retained by the
membrane for a given concentration of feed solution. C, is
the sodium chloride concentration in the feed and C, is the
concentration in the permeate.

2.3.2. Contact angle

CA measurement was carried out on the PA layer of
the membrane using the sessile drop method with a “Data
Physics” OCA 20 contact angle measurement apparatus by
ASTM D7334. CA provided insight into the surface hydro-
phobicity of the membrane’s upper surface and its under-
lying chemistry. A standard deionized, ultra-filtered water
droplet volume of 5 uL was set for all static contact angle
measurements. Contact angle (0) was recorded live using
a computer connected CCD camera equipped with an X10
magnification lens located on the apparatus. Snapshots were
taken after 10 s of droplet contact with the surface. Contact
angle measurement was performed with computer-assisted
graphical tools (SCA 20 software). The mean 0 value for
the surface of each sample and the standard deviation was
calculated from five measurements.

PA layer repolymerization synthesis formulation of refurbished membranes

Refurbished membranes

PA repolymerization synthesis formulation

samples MPD conc. (wt.%) in aqueous solution TMC conc. (wt.%) in hexane solution
T™™C 0 0.1
MPD + TMC 2 0.1
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2.3.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectrometer (ESCALAB 250)
ultrahigh vacuum (1 x 10®°bar) apparatus with an Al K-alpha
radiation X-ray source and a monochromator was used to
obtain the elemental composition at the top PA thin active
layer. The X-ray beam size was 500 um. The survey spec-
tra were recorded with pass energy (PE) of 150 eV and the
high energy resolution spectra were recorded with PE of
20 eV. Charging effects were corrected by calibration to a
relative carbon C 1s peak positioned at 284.8 eV. Analysis of
the XPS results was carried out using AVANTGE program.

2.3.4. Attenuated total reflectance—Fourier-transform
infrared spectroscopy

Membrane’s surface IR spectra were performed using a
Bruker Alpha-P ATR-IR. Spectra were recorded in a range
of 400—4,000 cmm™ at a resolution of 2 cm™ with 24 scans.

2.3.5. Atomic force microscopy

AFM was used to provide topographic images and
phase images of the scanned membranes per ASTM E2382.
Polyamide surface morphology of the RO membranes
was analyzed using an Innova AFM mounted on an active
anti-vibration table with a “Bruker” non-contact silicon
probe (Micro-fabricated Si oxide RTESP Ultralsharp with
integrated pyramidal tips). The 512 x 512-pixel images
were taken in tapping mode with a scan size of up to
10 um at a scan rate of 0.5 Hz. Also, the average roughness
(Ra) was calculated using the data from the images with
“NanoScope Analysis” (Bruker, Billerica, Mahusetts, USA;
version 1.40) software. Four different images were taken of
each sample.

2.3.6. Scanning electron microscopy

Membrane surface morphology analysis was carried
out using high-resolution scanning electron microscopy
(HR-SEM, Zeiss Gemini Ultra plus). The applied accelerating
voltage was 10 keV.

~—
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3. Results and discussion
3.1. Desalination performance

Water permeate flux and salt rejection level of the refur-
bished and reference membranes were evaluated by the
crossflow filtration unit. Fig. 1 presents the performance
of the membranes. The results show that the virgin mem-
branes have a higher salt rejection level (about 14% higher)
and a lower flux (one-half) compared to the used mem-
branes. These results are attributed to a failure in the PA
surface layer, enabling salt impurities to permeate through
the membrane resulting in a decrease in salt rejection val-
ues while allowing an increase of water flux. However,
when treated with each one of the tested procedures, used
membranes performance reached, or even exceeded those
of a virgin membrane. As expected, the flux values of the
treated membranes significantly reduced in comparison to
the used membrane. However, while TMC + MPD treated
membranes showed lower flux than the virgin membrane,
the flux value of the treated membrane with TMC only was
similar to that of a virgin membrane. These results can indi-
cate features changes appear in the PA top layer of the used
membranes after the different refurbishing process. The low
flux results of the TMC + MPD treated membrane (13.9 L/
m?/h) compared to the virgin (42.1 L/m?h) or TMC treated
(35.8 L/m?/h) membranes could be attributed to the use of
both monomers solutions for the chemical repolymerization
of the PA surface layer in the case of the TMC + MPD treat-
ment. Using both monomers can lead to the formation of a
too dense and thick PA new layer, which might affect directly
on the water flux and salt rejection capabilities of the treated
membranes. Based on these results, TMC + MPD treatment
seems to have no benefit in comparison with TMC treatment
only. Thus, the next characterization parts displayed only the
results of the TMC treated membrane in comparison to the
reference membranes.

3.2. Hydrophobicity

Contact angle measurements were utilized as an indi-
cation of the hydrophobicity of the PA active surface of the
RO membrane. Fig. 2 show the differences in the contact

(b)
100

90 82.9

80 Virgin

70 B Used

60 T™MC

50 42:1 B TMC+MPD
40 : 35.8

30 ‘

20 13.9
10 |

Flux [L/mZ2/h]

Fig. 1. Salt rejection (a) and Permeation flux (b) of four types of membranes (virgin, used, used treated with TMC, and used treated
with TMC + MPD) as measured using membrane element cell under an applied pressure of 40 bar.
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Fig. 2. Water contact angle results for virgin membranes, used
membranes, and used membrane after treating with TMC (refur-
bished).

angle measurements of used membranes before and after
interfacial repolymerization, compared to a virgin mem-
brane. Based on known interpretations of contact angle mea-
surements, all membranes tested were hydrophilic (contact
angles between 0° and 90°). The contact angle of the used
membrane (54.6°) was lower than that of the virgin mem-
brane, indicating a possible surface chemical change, and an
increased in surface tension. Once TMC treated was applied,
the higher contact angle (67.9°) indicates that the repolymer-
ization process may increase the surface hydrophobicity of
the membrane and thus decreased the surface energy close
to that of the virgin membrane. Although similar results of
contact angle were observed for the treated and virgin mem-
branes, poor correlation of hydrophobicity with membrane
fouling or flux properties were found in the literature [25,26].
Thus, it is difficult to use these results to support the mem-
brane performances shown previously and it is suggested to
conduct further studies on the issue.

3.3. Surface chemistry
3.3.1. XPS analysis

To show the successful interfacial repolymerization of
the PA layer in the TMC treated membrane XPS analyses
were performed. The chemical structure of the polyamide
active layer was determined using the X-ray photoelec-
tron spectroscope. Since the RO membrane is a composite
membrane consisting of a polyamide layer on a Polysulfone
support layer, the XPS depth profile was fixed to 10 nm to
analyze the near-surface region of the PA film alone with-
out the Polysulfone. The elements studied were C, N, and
O, which are elemental characteristics of the polyamide in
addition to S element which is elemental of Polysulfone that
might appear in the case of a failure in the integrity of the

Table 2
Elemental atomic concentrations of the membranes

PA active layer. The C 1s, N 1s, O 1s, and S 2p quantifica-
tion resulting from the XPS spectra of the membranes are
illustrated in Table 2. It can be observed that the used mem-
branes contain S elements while a virgin and TMC treated
membrane showed no or negligible quantities of sulfur. The
absence of S on the surface of the membranes indicating that
the membranes are integrally skinned. This means that the
repolymerization protocol successfully restored most of the
polyamide matrix. In addition, the typical atomic concen-
tration of aromatic polyamide C, O, and N, can help us to
explain the different behavior on the desalination process.
TMC treatment on the used membrane has resulted in a
higher concentration of nitrogen on the PA surface layer
reaching to similar nitrogen amount of a Virgin membrane.
Furthermore, an increase in the carbon concentration was
observed while the oxygen amount was decreased. Several
studies have used the XPS analysis to evaluate the degree
of cross-linking of the PA layer [7], based on the O/N ratio.
However, in the current study, this calculation could not
be performed as the oxygen concentration on the PA sur-
face layer was too high for all types of membranes. Yet, the
O/N ratio of a used membrane after treating with TMC was
more comparable to that of the virgin membrane, possibly
indicating that their theoretical degree of crosslinking was
similar.

3.3.2. Attenuated total reflectance—Fourier-transform infrared
spectroscopy analysis

Fig. 3 illustrates the ATR-FTIR spectra of a used and a
TMC refurbished membrane. N-H bend near 15,580 c¢cm™,
the C=C ring vibrations near 1,680 cm™, were visible in both
membranes [27]. Yet, both the N-H bend and the C=C ring
vibrations increases in intensity in the refurbished mem-
brane, with the former being closer to that of a virgin mem-
brane, while the latter being more prominent than both
the used, and the virgin membranes. These data corrobo-
rate with the XPS data, where nitrogen is present, possibly
in its primary or secondary forms, in the used membrane,
and available for reaction with TMC. The observed increase
in both nitrogen (from amines), and carbon (from aromatic
rings) in the refurbished membrane, probably result from the
repolymerization process. Surface polymerization is a com-
plex phenomenon, and one could expect the formation of a
polymer, that includes both TMC and MPC residues, and not
just TMC-originated carbon.

3.4. Surface morphology and roughness

Characterization of the surface morphological structure
is of primary importance for the essential understanding
of the membrane performance. Fig. 4 revealed the surface

Membranes samples %0 %N %C %S O/N ratio
Virgin membrane 4413 5.02 40.27 0.00 8.79
Used membrane 45.70 3.25 34.98 0.50 14.06
TMC treated membrane 39.46 5.07 45.40 0.02 7.78
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Fig. 3. ATR-FTIR spectra of virgin, used, and refurbished membranes.

Membranes Height- 3D surface image  Height- 2D surface image Phase- surface image
samples
Virgin
membrane 2755 nm
Average

roughness:
54(nm)

-242.9 nm

Height 10.0 um

Used
membrane 298.8 nm
Average
roughness:
71(nm)

-272.0 nm

Height 10.0 um' 0.0 Tapping Phase  10.0 um‘

TMC treated

membrane 203.1 nm 6.1V

Average
roughness:
36(nm)

Height 10.0 ym Tapping Phase  10.0 pm

Fig. 4. AFM topography and phase scans for virgin old and TMC treated membranes.
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Fig. 5. SEM micrographs of a used membrane (a and c) and a TMC treated membrane (b and d).

morphology of the TMC treated membrane in comparison to
the virgin and used membranes. AFM scans of height in 3D
and 2D in addition to phase structure and average rough-
ness values are displayed. No evidence of accumulated dirt
or residues minerals were distinguished on top of the PA
layer of all membrane samples. The surface structure of a
typical virgin RO membrane was notable, with the polyam-
ide surface layer’s structure covered with “mountainous”
peaks. A virgin membrane revealed an average surface
roughness of 54 nm. AFM scans of used membranes show
a relatively rougher surface (surface roughness of 71 nm)
with depressions separated by protrusions. The depres-
sions might correspond to the surface mechanical failures of
the used membrane. The surface structural of TMC treated
membranes was similar to that of a virgin membrane and
different from the used one. In addition, after the treatment
of a used membrane with TMC, the surface roughness was
significantly decreased to a value of 36 nm. It appears that
the repolymerized PA surface covered with mountainous
peaks was greatly homogenous and uniform without any
depressions on the surface and highest surface area, pos-
sibly indicating densification and recovery of the PA layer.
Visual assessment of the SEM images showed similar sur-
face features and was in a good agreement with the AFM
scans for the membranes tested (Fig. 5). Again, the surface
structure of the PA layer of the TMC treated membranes was
much more homogenous and uniform compared to the Used
one with a similar PA structure of a typical virgin membrane
(not shown) [7]. Finally, AFM and SEM scans support the
performances of the different membranes by correlating the
surface roughness properties and flux results. It has already

been recognized that surface with a smaller average rough-
ness suffered more flux decline since it had more surface
features and thus more surface area [25].

4. Conclusions

This study suggests a simple approach towards the
refurbishing of the PA layer in an RO membrane. The salt
rejection and the water flux were restored and reached the
values of a virgin membrane without significantly sacrific-
ing the flux (salt rejection of 95% with a flux of 83 L/m*h).
These findings demonstrate the potential of the suggested
method to be scalable to industrial applications and used
in desalination plants, were membranes treated by TMC
successfully restore the properties of a functioning virgin
membrane.
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