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ARTICLE INFO ABSTRACT

Keywords: The synthesis of tailormade thin-film composite (TFC) nanofiltration (NF) membranes produced by interfacial
Thin-film composite polymerization is presented for the separation of unspent (MEA-triazine) and spent (DTZ) HsS scavengers ob-
Nanofiltration

tained from an oil and gas wastewater from an offshore installation in the North Sea. The physicochemical
properties, thermal stability, and hydrophilicity of the synthesized TFC membranes were investigated using SEM,
FTIR, XRD, TGA, and contact angle. Filtration layer thicknesses from 25 to 400 pm were investigated and the
optimal value (100 pm) was determined, based on the efficiency in the separation and the water permeability.
Operating at 50% permeate recovery, rejections for MEA-triazine and monoethanolamine of 62% and 82%,
respectively, were obtained, with zero rejection for DTZ. In 24 h batch recirculation tests, the water permeability
remained stable at 6 L/(m? h-bar), indicating insignificant fouling with 13 times higher compared to the 0.45 L/
(m2-h-bar) achieved by the commercial NF270 membrane under comparable conditions. The results indicate that
the NF of mixtures of spent/unspent HyS scavengers using tailored membranes is a promising strategy for
recovering MEA-triazine, thus reducing costs for offshore oil and gas operators, while reducing the environ-
mental impact associated to the discharge of this wastewater.

Triazine-based H,S scavenger
Spent and unspent scavengers

1. Introduction

The oil and gas industry has long been challenged by the need of
removing hydrogen sulfide (H2S) from the hydrocarbon production
streams. H5S is a colorless, highly corrosive, and combustible gas with
high toxicity even at the low concentration levels commonly observed in
natural gas and crude oil [1]. To increase the lifespan of facilities and
comply with environmental and safety regulations, the content of HaS
must often be reduced in upstream operations, i.e., before the hydro-
carbons are transported or stored. In the case of offshore oil and gas
production, HjS is typically removed by direct injection of chemicals,
called HsS scavengers, into the production streams. The scavengers
convert HyS into by far less hazardous and corrosive species [2,3].

1,3,5-Hexahydrotriazines are the most common H,S scavengers used
nowadays, with a recent trend towards water-soluble species [4]. More
specifically, the water-soluble species 1,3,5-tri(2-hydroxyethyl)hexahy-
dro-S-triazine (HET), also known as MEA-triazine in oil and gas industry,
is by far the most popular HyS scavenger accounting for more than 80%
of the oilfield market due to very favorable scavenging kinetics [5].
Concerning the application of HET to treat natural gas, a basic aqueous

solution of the scavenger is injected and dispersed into the gas stream,
leading to the HjS absorption and conversion into organics containing
nitrogen and sulfur [6]. The two nitrogen atoms in HET are replaced in
two sequential steps with the sulfur atoms from H»S, generating mon-
oethanolamine (MEA) in each step and 5-(2-hydroxyethylhexahydro-1,
3,5-dithiazine (DTZ) in the second step [7,8]. HET is generally utilized
in large stoichiometric excess to increase the rate of the H,S removal and
assure that the concentration of HyS in the gas stream is reduced below
the maximum allowed limits in the given contact times. Downstream of
the separation of the gas stream from the scavenging solution, a
wastewater containing unreacted HET, MEA and DTZ is therefore ob-
tained. The spent and unspent scavenger (SUS) wastewater is prob-
lematic to handle due to its fouling and scaling propensity caused by its
alkaline pH and DTZ polymerization [3]. The SUS stream frequently
ends up in the water discharge from the platform due to lack of feasible
alternatives [2]. Even though it is a small-size stream, compared to the
total produced water discharge, it contributes significantly to the envi-
ronmental impact of offshore oil and gas production to the marine
environment. It is worth mentioning that triazines find use as pesticides,
while MEA is classified by the European Chemicals Agency (ECHA) as
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harmful to marine life with long-term impacts [9]. Therefore, it would
be beneficial to treat the SUS wastewater before discharge to recover the
unreacted HET and the produced MEA, thus reducing the environmental
impact.

Membrane technology among other water treatment processes might
be considered as a possible choice for the treatment of SUS solution due
to its modular structure, which allows adapting it to the existing offshore
facility due to the small size of the SUS wastewater stream [10,11].
Furthermore, it provides benefits in terms of low environmental impact
because membranes do not require the use of chemical additives. In a
recent work, it has been shown that nanofiltration (NF) with the
commercially available FilmTec™ NF270, which is a thin-film com-
posite polyamide membrane, could separate HET (rejection 71%) and
MEA (rejection 50%) from DTZ (zero rejection) in a lab-scale study
carried out on a real offshore SUS feed. This work has demonstrated the
potential for preventing discharge of unreacted HET and MEA into the
sea, while opening for the opportunity of reusing the unreacted HET,
thus offering environmental as well as economic benefits for the oper-
ators [12]. To realize the potential, it would be desirable to improve the
mass balance of the selective HET recovery by increasing the HET
rejection by the NF membrane, while still allowing DTZ to pass through
and increasing the membrane permeability. This calls for tailor-made NF
membranes for this particular application, which has not previously
been considered on a commercial scale. Membrane separation perfor-
mance depends on the differences in mass transfer of target molecules
through the membrane. Transport distance (thickness) through the
membrane is an important factor for mass transport, and in this work,
we investigate how varying the thickness of the middle layer of a
thin-film composite (TFC) membrane influence the separation perfor-
mance. During membrane synthesis, varying the thickness of this layer is
rather facile and has not been well explored in published research,
compared to the more complex process of varying the dense top layer.
TFC membranes are composed of an ultrathin polymeric selective layer
and a porous substrate. In general, TFC membranes offer many advan-
tages such as low operating pressure, high retention toward organic
molecules, high flux, and low maintenance costs compared to traditional
separation processes [13]. For TFC membranes, interfacial polymeriza-
tion (IP) is utilized to produce polyamide (PA) filtration layers on top of
typically polysulfone support to achieve a reverse osmosis (RO) and
nanofiltration (NF) membrane suitable for filtration of organic and
aqueous liquids. The active PA layer is around 10-200 nm thick, and the
resultant membranes have in the literature shown permeabilities that
increase with decreased PA thickness, two orders of magnitude above
commercial TFC membranes while maintaining the rejection of the
target contaminant [14]. Different materials have also been used to
improve the separation performance and anti-fouling capabilities of
thin-film polyamide membranes [15-17]. Recently, dopamine (DA) has
been employed for the fabrication of highly-efficient membranes.
Dopamine converts to polydopamine (PDA) through self-polymerization
in an alkaline environment in the presence of oxygen. In fact, poly-
dopamine (PDA) functions as an adaptable organic nanomaterial
capable of homogeneous dispersion into the polymer matrix due to its
superior properties such as being tightly adherent and highly hydro-
philic because of the inclusion of catechol, quinone, imine and amine
groups. Polysulfone (PSF) has been widely utilized as a membrane ma-
terial for water treatment due to its high permeability, hydrophilicity, as
well as mechanical, thermal, and chemical stability [18]. Poly-
vinylpyrrolidone (PVP) has been used as a pore-forming agent which can
modify the structure of membranes such as pore formation and inter-
connectivity, resulting in improved separation performance [19,20]. A
first approach to optimize a TFC membrane towards a specific applica-
tion is to change the thickness of the filtration layer as demonstrated in
previous works [21-25].

In this work, we demonstrate a facile fabrication of a TFC membrane
with different PSF layer thickness by using interfacial polymerization
with the aim of selective rejection of HET from SUS wastewater.
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Chemical structure, morphology, thermal stability, and physicochemical
properties such as surface charge, and hydrophilicity of the synthesized
TFC membrane surface were investigated to verify the stability and
integrity of the prepared membrane. The performance of the synthesized
TFC membrane was investigated for the treatment of a sample of SUS
wastewater obtained from an offshore oil and gas installation in the
North Sea. In addition, the nanofiltration experiments were also applied
to single solute solutions (HET, MEA, and DTZ) to elucidate the in-
teractions of these species with the membrane. Furthermore, the effect
of the PSF layer thickness was also investigated in order to check the
separation performance with the modification applied and the results
were compared to the performance of the commercial NF270 mem-
brane. Measurements of water permeability and 24 h filtration studies
were also conducted to examine the fouling propensity of the SUS
wastewater on the synthesized TFC membranes.

2. Experimental
2.1. Materials

Polyethylene terephthalate non-woven support fabrics (PET, Nova-
texx 2413) were purchased from Freudenberg Group (Germany). Poly-
sulfone pellets (PSF, MW: 35,000 g~mol’1, Sigma-Aldrich, Denmark),
polyvinylpyrrolidone (PVP, MW: 35,000 g-mol !, Sigma-Aldrich,
Denmark), and N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich,
Denmark) were used to prepare a polysulfone porous substrate. m-
Phenylenediamine (MPD, 99 %, Sigma-Aldrich, Denmark), dopamine
hydrochloride (DA, Sigma-Aldrich, USA), trimesoyl chloride (TMC, 98
%, Sigma-Aldrich, Denmark), and n-hexane, (VWR, Redmond, WA)
were used for interfacial polymerization.

The SUS solution was provided from an offshore oil and gas pro-
duction platform in the North Sea. The sample was collected offshore,
downstream of the separation from the gas, depressurized to atmo-
spheric pressure, and delivered to our laboratory where it was stored at
4 °C. The pH and conductivity of the SUS solution were measured using a
pH meter (Metrohm, 913) and a conductometer (Metrohm, 912),
respectively. The viscosity of the SUS solution was measured using a
cone and plate viscometer (Brookfield, CAP 2000). The physical and
chemical properties of the SUS solution are shown in Table 1. 1,3,5-tri(2-
hydroxyethyl)hexahydro-S-triazine (HET, >95 %, Santa Cruz Biotech-
nology), monoethanolamine (MEA, >99 %, Acros Organics), and 5-(2-
hydroxyethyl)hexahydro-1,3,5-dithiazine (DTZ, >98 %, Toronto
Research Chemicals) were used to prepare single solute solutions and as
external standards for the calibrations. Methyl heptadecanoate (MHD,
>99.0 %, Sigma-Aldrich) and 1-Propanol (>99.5%, VWR) were used as
an internal standard for GC-MS and GC-FID, respectively. Dichloro-
methane (DCM, >99.8 %, VWR) was used as a liquid-liquid extraction
solvent.

2.2. Preparation of thin film nanocomposite membranes

The PSF powder was dried overnight before usage and a certain
amount of PSF and PVP were added to NMP as a solvent. The mixture
was kept under stirring overnight at 50 °C until a homogeneous solution

Table 1
Physical and chemical properties of SUS solution.

Physical properties Chemical properties

Density (kg/m>) 1024 TOC (g/L) 98 +5
(22°0)
Viscosity (cP) 2.6 (25°C) Triazine (HET, g/L) 140 +
15
Conductivity (mS/ 10.3 (22°Q) Monoethanolamine (MEA, g/ 69 +12
cm) L)
Dithiazine (DTZ, g/L) 25+ 3
pH 10.2
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was obtained. The casting solution was subsequently left without stir-
ring to remove air bubbles. The solution was cast onto the PET non-
woven fabrics using a doctor blade (TQC Sheen, The Netherlands)
with thickness values in the range 25-400 pm and a casting velocity of 5
mm/s. After casting, the obtained membranes were soaked in a coagu-
lation bath at room temperature for 24 h. The fabricated membranes
were washed and stored in deionized water before the application of IP.
The polysulfone membranes were immersed in an aqueous solution of
MPD (2 wt%) and DA (0.1 wt%) for 2 min, and the remaining solution
was wiped away from the membrane surface. Subsequently, IP was
carried out by transferring a n-hexane solution of TMC (0.1 wt%) into
the membrane surface for 1 min. The TFC membranes were heat-treated
in an oven at 60 °C for 20 min and then stored in deionized water prior to
use (Fig. 1). The synthesized (PET+PSF+PA) membranes were denoted
by TFC and the synthesized (PET+PSF) membranes by PSF.

2.3. Membrane characterization

The morphology of the surface of the membranes and their cross-
sections were characterized by scanning electron microscope (SEM,
FEI Quanta 650 F). The membranes were submerged in liquid nitrogen
for 3 min and then broken to examine the cross-section morphology.
Fourier Transform infrared spectroscopy (FTIR, Thermo Scientific,
Nicole iS5, US) was used to examine the chemical structures of the
membrane surface and X-ray diffraction (XRD, Panalytical Ltd, Aeris,
UK) was used to evaluate the composition of the membranes. Ther-
mogravimetric analysis in a TG/differential thermogravimetry (DTG)
was used to determine the thermal stability of the prepared membranes
at a heating rate of 10 °C/min in Ny using a TGA-550 equipment (TA
Instruments, US). Contact angle (CA) at the interface between water and
the membrane surface was measured with a drop shape analyzer (KRUSS
DSA 100, Germany) using the sessile drop method to assess its hydro-
philicity. MilliQ water (2 pL) was used to generate the droplets to be
contacted with the membrane surface at room temperature. For each
membrane, the CA values presented in this work are the average of five
measurements taken at various places. The surface charge of the mem-
brane was measured by a SurPASS electrokinetic analyzer (Anton Paar
GmbH, Graz, Austria) using 1 mM KCl aqueous solution as an electrolyte
solution and a 100 + 2 ym gap between the membranes (Fig. S1). The
influence of pH on the zeta potential was investigated using automatic
titration with 0.1 M HCI and 0.1 M NaOH.

2.4. Analytical characterization

HET and MEA were measured using a GC-FID (PerkinElmer Clarus

-

/L¥ /”\
5

Casting solution

Membrane casting

PA active layer

Heat Treatment
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690, USA). DTZ was quantified via liquid-liquid extraction procedure
with DCM using gas chromatography coupled with mass spectrometry
(GC-MS, PerkinElmer Clarus 680 GC, PerkinElmer Clarus SQ 8 T MS,
USA). The concentrations of HET, MEA, and DTZ were determined by
means of the external standard method. Internal standards were also
used expressing the response of each species relative to the respective
internal standard. The analysis of each sample was repeated three times
with relative standard deviation (RSD) less than 5%. A multi-N/C 2100
TOC analyzer was used to quantify total organic carbon (TOC). All the
measurements were repeated three times, resulting in RSD values that
were always less than 1% and the averages were provided. More details
about the SUS solution analysis are reported elsewhere [2].

2.5. Membrane filtration protocol

The membrane performance was evaluated using a cross-flow
filtration system (FT17-50, Armfield, UK) comprising a membrane
cell, a feed pump, a pressure gauge (0-40 bar), a thermometer, an
electronic balance, and a feed vessel equipped with a thermostatic jacket
connected to a heating/cooling unit to adjust the temperature as shown
in Fig. 2. The system is connected to a computer for data acquisition. The
volume of the feed vessel is 1 L with a membrane coupon diameter of
90 mm (effective surface area of 63.6 cm?).

For each experiment, all the membranes were pre-compacted by
deionized water for 1 h at a transmembrane pressure (TMP) of 10 bar
until the permeate flux was constant. Membrane pure water flux was
measured with five different TMP values in the range 1-10 bar at 25 °C.
Concerning the experiments with SUS and single-solute solutions,
500 mL of SUS wastewater was circulated through the system at
approximately zero-gauge pressure for 30 min to allow the membrane
surface to saturate. After that, the feed solution was filtrated at a TMP of
1 bar for the synthesized TFC membrane due to the high permeability of
the membrane and 30 bar for the commercial NF270 membrane due to
the low permeability and for the comparison to our previous work, and
at 40 °C with 2.5 m/s cross-flow velocity and a 100 L/h feed flow rate.
The experiment was stopped when a permeate mass of 50% of the mass
of the feed was collected. The membrane permeability and the rejection
of individual species, as well as the TOC rejection, were measured. The
permeability (Py,) and the rejections (R) of the TFC membranes were
calculated as follows:

Vp
P, =
AAPt

€8]

Cp

R=1-——1"——
Y2(Cr + Cr)

@

Phase inversion

—

PSF membrane

D

Aqueous solution

Coagulation bath

MPD+DA

Hexane solution

Fig. 1. Schematic illustration of the fabrication of a TFC membrane.
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Fig. 2. Photograph and schematic of the cross-flow filtration system.
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14(TOCr + TOCy)

3

rejection = 1 —

where V), is the permeate volume, A is the effective filtration area, AP is
the transmembrane pressure and t is the filtration time. Cr, Cp, and Cg
are the concentrations of the species under consideration in the feed,
permeate and retentate solution, respectively. Analogously, TOCr, TOCp,
and TOCg are the TOC values of the feed, permeate and retentate
solution.

Membrane fouling is the deposition and accumulation of unwanted
materials on membrane surfaces, which causes a decrease in membrane
flux, a decrease in membrane performance, as well as high trans-
membrane pressure (TMP), and high maintenance cost. Therefore, it
should be minimized as it causes challenges in large-scale applications.
In this regard, 1 L SUS wastewater was used to investigate the fouling

300 pm Y vach

propensity of the synthesized TFC and NF270 membranes during 24 h at
TMP values of 1 bar and 30 bar, respectively. Also, in this type of ex-
periments, the membranes were pre-compacted at TMP of 10 bar with
deionized water for at least 1 h and the SUS wastewater was circulated
through the system at approximately zero gauge pressure for 30 min.
The permeate was returned to the feed vessel to keep the feed concen-
tration constant in order to approximate a steady-state filtration process.
Samples were collected every 4 h from both the feed and the permeate to
calculate the rejection of individual SUS species and TOC, as well as the
permeability over time.

3. Results and discussion
3.1. Membrane Characterization
Fig. 3 section

shows the surface morphology and cross

cg’ ~.‘ ,(\J

det pr

High vacuum ETD

HV  spot
10.00 kV. 3.0

i
100 pm

100 pm

Fig. 3. SEM image of surface morphology and cross section of a,d) PET, b,e) PSF and c,f) TFC membranes.
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microstructure of the PET substrate, PSF, and TFC membranes. The PET
substrate is highly porous as shown in Fig. 3a. The surface morphology
of the PSF and the synthesized TFC membrane has no evident pores or
defects (Fig. 3b and c). The top surface of the PSF membrane (Fig. 3b)
has a smooth and flat surface with no protrusions. On the other hand, the
synthesized TFC membrane has granular-like structures without distinct
cavities on the top surface, which evidences the formation of PA layers
on the PSF substrate (Fig. 3c). The cross-sectional SEM images of the
synthesized TFC membrane (Fig. 3f) show a sponge-like pore structure
that initiates just below the top surface of the porous PSF support, which
is uniformly coated with a thin layer of polyamide. The polysulfone
substrate layer and the polyamide skin layer in the membrane are
evident in the cross-section images (e and f), with a 100-250 nm skin
layer. The sponge-like micro-voids extend from the PSF surface of the
substrate all the way through the layer.

A hydrophilic surface is an important characteristic of a membrane
to promote high permeability and decrease fouling propensity. The
hydrophilicity of the membranes was determined using contact angle
analysis, as illustrated in Fig. 4a. Fig. 4a depicts the change in contact
angle during the various stages of membrane preparation. The average
contact angle of the hydrophobic PET membrane was 104°, while it was
73° for the PSF membrane, whereas the synthesized TFC membrane had
a much lower contact angle of 51°. As a term of comparison, the com-
mercial NF270 membrane showed a CA of 54°. These data indicate the
increased hydrophilicity of the synthesized TFC membrane, comparable
with the contact angles published in the literature for same type of
membranes [26]. This result is attributed to the permeation of diamine
into the pores of the PSF membrane layer which connects to the pore
wall via self-polymerization during the TFC formation process,
increasing their hydrophilicity compared to the pure PSF layer [27]. In
addition, the synthesized TFC membrane is more hydrophilic than
commercial NF270 due to the presence of DA, which has hydrophilic
hydroxyl and amine groups, leading to the lowest contact angle,
reducing the permeation resistance, and consequently the highest
wettability of the surface, as previously observed in the literature.

Thermogravimetric analysis was used to investigate the thermal
stability of the PET substrate, as well as the PSF and TFC membranes as
shown in Fig. 4b. The PET substrate shows a single degradation stage at
345-516 °C with a weight loss of 86.4%. The DTG curve shows the
maximum decomposition rate at 414 °C, which corresponds to the
decomposition of cyclic oligomers and the release of acetaldehyde
groups and anhydride oligomers [28]. For the PSF membrane, the
weight loss below 200 °C corresponds to water and solvent losses, while
the weight loss of 80.6% in the temperature range 340-500 °C is
ascribed to the thermal decomposition of the polysulfone layer with
maximum weight loss observed at 419 °C [29]. The TGA curve of the
synthesized TFC membrane shows three different stages of weight los-
ses: (i) a first stage in the temperature range of 345-430 °C, which is
caused by the thermal decomposition of the PET substrate and accounts

140
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for a weight loss of 66.7 %j; (ii) a second stage in the temperature range
of 445-550 °C, which is due to the degradation of the polyamide layer
and accounts for a weight loss of 13.2%; and (iii) a third stage starting at
560 °C, which is associated to the degradation of the polysulfone layer
[30].

The appropriate infrared absorption bands of the PET substrate, as
well as of the PSF and TFC membranes, are shown in Fig. 5. For PET, the
stretching vibration at 1711 cm ~1indicates the carbonyl bonds (C=0),
while the vibration bands at 1408 cm !, 870 cm !, and 721 cm !
represent aromatic (C—=C), (=C-H) and (C-H) bonds, respectively [31].
In addition, the band at 1340 cm™ 1 is associated to aliphatic (C-H)
bonds, while the three strong stretching vibration bands at 1239 cm 1,
1091 cm !, and 1016 cm ! indicate the presence of an ester bond
(C-0). For the FTIR spectrum of the PSF membrane, the absorption
bands at 1148 cm™! (0=S=0 stretching), 1238 cm ! (C-O-C stretch-
ing), 1494 cm~ ! and 1586 cm ™! (C=C aromatic) are characteristic of
polysulfone [32]. In addition, the bands at 1020 cm ™! and 830 em ™! are
for C-H stretching of polysulfone aromatic ring [29]. After the IP reac-
tion, two strong characteristic imide bands appear, which are at
1776 cm™! and 1717 cm™! and correspond to the asymmetric and
symmetric stretching mode of C=0O (imide I). In addition, the band at
1364 cm~ ! is assigned to the C-N-C stretching mode (imide II) [33].
Three new peaks at 1543 cm’l, 1610 cm™!, and 1665 cm™! are
observed in the TFC membranes, attributed to the N-H bending of amide
I in the -CO-NH- group, the aromatic amide ring breathing, and C=0
stretching vibration in the amide I bond. These peaks are all associated
with the polyamide active layer on the PSF membrane [24]. In addition,
the reduction in intensity of the peaks at 1244 cm ™! and 1152 cm™! in
the TFC membrane spectra reveals the formation of the layer on the
polysulfone membrane. Furthermore, the peak intensity at
3100-3700 cm ™! is ascribed to N-H and O-H stretching vibrations in
polydopamine (PDA), leading to increased membrane hydrophilicity
[34]. These characteristics are comparable to previous TFC preparations
[35,36].

The crystallinity of PET, PSF, and TFC membrane was investigated
using X-ray diffraction as shown in Fig. 5b. The characteristic peaks of
the TFC membrane and PET are approximately identical, as seen from
the literature [37-40]. The PET and TFC membranes exhibit three
diffraction peaks at 20 = 17.65°, 22.81°, and 25.87° corresponding to
the reflections from the (010), (110), and (100) planes, which emphasize
the semi-crystalline structure of the thin film membrane, whereas the
broad peak at 20 = 17.5° corresponds to the amorphous structure of the
PSF membrane [41,42].

3.2. Membrane rejection performance

Pure water permeability tests were performed to investigate the ef-
fect of each membrane on the transmembrane flux, which affects the
energy required for the process. Permeability values for the NF270 and
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Fig. 4. a) Contact angle of the PET, PSF, TFC and NF270 membrane and b) TGA and DTG of the PET substrate, PSF membrane and TFC membrane.
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Fig. 5. a) ATR-FTIR images and b) XRD of the PET substrate, PSF membrane and TFC membrane.

the synthesized TFC membrane are shown in Fig. 6. As can be seen, the
pure water flux increases linearly with the transmembrane pressure. The
permeability of the synthesized TFC membrane was measured to
20 L-m~2h~1bar~!, which is twice as high as the permeability of the
NF270 membrane (10 L-mfz-hflbar*l). This result is consistent with
other TFC membranes reported in the scientific literature, exhibiting
higher water permeability compared to typical commercial membranes
[43,44]. This is likely due to the differences in the membrane layer
thickness.

Membrane thickness is a critical parameter that affects the perfor-
mance of the membrane as it influences the mass transfer of substances
within the membrane wall. Fig. 7 depicts the relationship between
average permeability and rejection of HET, MEA, and DTZ from the SUS
solution as a function of the membrane thickness, by varying the
thickness of the middle PSF layer in the range of 25-400 ym. As can be
seen, the rejection of HET and MEA increases as the thickness of the
membrane increases up to 100 um. At higher thickness values, the
rejection of HET keeps rather stable at around 60 %. With regard to
MEA, the rejection has a maximum of 82 % at 100 pm, while decreasing
at higher thicknesses to values in the range of 40-50 %. On the other
hand, the rejection of DTZ is close to zero at all conditions. The obser-
vation that the HET rejection increases slightly with the PSF layer
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Fig. 6. Pure water flux and permeability as a function of the transmembrane
pressure for the NF270 and the synthesized TFC membrane at 25 °C.
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Fig. 7. Effect of membrane thickness on the rejection of HET, MEA and DTZ
and permeability of the synthesized membrane (measured at permeate recovery
of 50 %).

thickness is of interest and indicate that not only the thickness of the
selective PA top layer, which was kept constant in this study, plays a role
in separation performance using TFC membranes, but there are in-
teractions between the top layer and the semi-porous PSF middle layer
affecting the mass transport through the membrane. Separation is
attributed to the different migration/diffusion rates through the non-
porous and semi-porous polymeric materials of the membrane,
whereas the PET support provides the sufficient strength for the mem-
brane to withstand the applied transmembrane filtration pressure. When
the membrane thickness is less than the critical thickness, the rejection
of the SUS species increases as the thickness increases. After the mem-
brane thickness exceeds the critical thickness, the rejection of HET,
MEA, and DTZ from SUS solution remains almost constant or decreases,
as a significant increase in skin layer thickness leads to a reduced
penetration of PA into the pores of the substrate [21-25]. The average
permeability of the membrane decreases with the thickness because of
the increase in the mass transfer resistance with the increased membrane
thickness, allowing less water to flow through. When the membrane
thickness is too high, problems such as excessive pressure drop and cost
arise.

The rejection of the SUS wastewater components and the overall
rejection of organic species, as measured by TOC, is shown in Fig. 8a for
the synthesized TFC at 100 pm thickness and the NF270 membranes.
The results show that the in-house synthesized TFC membrane have
enhanced selectivity towards the separation of HET and DTZ from the
SUS feed. In addition, the synthesized TFC membrane exhibits better
performance than the commercial membrane NF270 with respect to the
rejection of both HET and MEA, as well as a lower rejection for DTZ.
More specifically, for the synthesized TFC membrane, the rejection of
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thickness, and 50% recovery.

HET and MEA was 62%, and 82%, respectively, while DTZ was not
rejected at all. Meanwhile, for the NF270, the rejection of HET, MEA and
DTZ was found to be approximately 56%, 43% and 4%, respectively. The
main mechanisms that influence membrane separation are size exclu-
sion, adsorption, electrostatic exclusion, and dielectric exclusion [45].
In this study, size exclusion and dielectric exclusion plays a major role
for membrane separation. The highest rejection of HET may be related to
the higher molecular size (219.28 Da) compared to the smaller size of
DTZ (165.3 Da). Where the lowest rejection of DTZ can be explained by
the larger dipole moment of DTZ (3.66 D) compared to the other two
molecules, i.e., HET (1.31 D) and MEA (1.12 D). Other researchers have
previously discussed that organic compounds with high dipole moment
(>3 Debye) exhibit significantly lower rejection than expected based on
a purely size exclusion mechanism [46,47]. Therefore, the molecule
having a dipole moment is able to pass through the membrane structure
and enter the pore more readily due to the attractive contact between its
polar centers and immobilized charged groups on the membrane surface
and this impact is stronger for molecules with cylindrical forms (high
length to width ratio [12,48]. In addition, the n-octanol-water partition
coefficient of DTZ (log Kow equal to 0.9) indicates that DTZ is more
hydrophobic than HET and MEA. Hydrophobic species have a tendency
to adsorb on membrane surfaces and then pass through the membrane
[49]. Overall, it is noteworthy to mention that the synthesized TFC
membrane has twice the permeability of the NF270 while also exhibiting
slightly improved rejection properties for HET and MEA and an
improved separation selectivity of HET and DTZ. Moreover, the syn-
thesized TFC had the highest TOC rejection of about 47 %, compared to
37 % for NF270.

To better understand how HET, MEA, and DTZ are separated from
the SUS wastewater, three single-solute solutions containing 1 g/L of
HET, 10 g/L of MEA and 50 mg/L of DTZ were prepared in Milli-Q water
and filtered using the synthesized TFC membrane. Fig. 8b shows that the
rejections of HET and MEA were approximately 26%, while the rejection
of DTZ was close to zero. The very low rejection of DTZ and the sub-
stantially lower rejection of MEA, compared to the MEA rejection values
measured when operating with the SUS, is very much in line with the
literature findings on these molecular species utilizing the NF270
membrane [12]. Rejection data on single-solute solutions of HET were
however not available in the literature. The results of this work show
that also the rejection of HET, analogously to MEA, is substantially lower
when operating on single-solute solutions, compared to the HET rejec-
tion measured when operating with the SUS. These results points to-
wards a hypothesis that the high rejection of HET and MEA when
operating on the SUS is caused by the interaction of HET and MEA via
intermolecular hydrogen bonding and the formation of HET-MEA
complexes of apparent larger molecular size. The hypothesis is based
on research by Vorobyov et al., 2002) which demonstrated hydrogen

bond formation in aqueous solutions of MEA [50]. Therefore, the
interaction of the species and the size exclusion mechanism plays a key
role in the rejection of HET, MEA, and DTZ from the SUS solution.

3.3. Membrane fouling performance

Fouling is a significant issue of membrane technology, which has
negative implications such as a decrease of flux and the quality of
filtered water. Severe fouling may require membrane replacement or
chemical cleaning [51]. In this regard, an experiment was carried out to
investigate the fouling propensity for the NF270 and the synthesized
TFC membranes operating with the SUS over a longer period of opera-
tion (24 h). Fig. 9a shows that the permeability of the synthesized TFC
membrane did not decrease and remained approximately constant at 6
+ 0.3 L/(m?h-bar) during its long-term operational stability. Fouling
agents may easily adhere to the surface of hydrophobic membranes due
to their hydrophobic nature itself. However, connecting to the hydro-
philic surfaces of the membrane is difficult, and even if they could be
linked, they could be rapidly dislodged from the surface by water
penetration [52]. In addition, the TFC membrane shows good stability,
where the feed and permeate TOC (Fig. S2) were also kept consistent
within the range of 96-99 g/L and 71-80 g/L, respectively, indicating
that the filtration was carried out in a continuous and high-quality
manner. Furthermore, the TOC rejection (Fig. 9b) ranged from 40 %
to 48 %, indicating that the permeate recirculation was completed
effectively. The rejection of HET and MEA for both the membranes was
almost constant during the long period of the filtration process. The
NF270 had permeability of approximately 0.45 + 0.05 L/(m?h-bar)
and a TOC rejection of 37.5% when compared to synthesized TFC. This
result shows that the synthesized TFC membrane exhibited much higher
permeability (>10 times) compared to the commercial NF270
membrane.

4. Conclusions

This work presents the synthesis of a TFC polyamide membrane for
the recovery of MEA-triazine (HET, unspent HyS scavenger) from a
wastewater produced in offshore oil and gas industry containing spent
H,S scavengers (DTZ). An investigation on the membrane performance,
permeability, hydrophilicity, fouling, and the effect of the membrane
thickness is presented. In comparison to the commercially available
polyamide membrane NF270, tested in a previous work for this indus-
trial application, the in-house synthesized TFC membranes of this work
exhibit significant improvements in permeability 6 L/(m%h-bar) vs.
0.45 L/ (m2~h-bar), together with improved selectivity towards the sep-
aration HET/DTZ. More specifically, the rejection of HET and MEA with
the in-house synthesized membrane was 62 % and 82 %, respectively,
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membrane thickness, and 50 % recovery.

which represents an improvement from the 56 % for HET and 43 % for
MEA observed with the NF270 membrane. In addition, the synthesized
membrane in this work showed zero rejection for DTZ. The synthesized
TFC membrane also showed higher TOC rejection (47 %) compared to
the NF270 (37 %). The analysis of the effect of the membrane thickness
showed an optimal value at 100 um. The synthesized membrane also
showed significant antifouling properties over 24 h of operation. Based
on these findings, the low-cost TFC membrane synthesized in this work
exhibits the ability to recover the unspent HyS scavenger chemical MEA-
triazine with high efficiency. It appears to be attractive for the design of
a membrane separation process aimed at recovering the unspent scav-
enger and recycling it to the HyS scavenging unit, thus reducing oper-
ating costs in production chemicals for the operator, as well as reducing
the environmental impact factor related to the discharge of this chemical
into the sea.
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