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ARTICLE INFO ABSTRACT
Keywords: Pressure-retarded osmosis (PRO) is a promising membrane technology for harnessing the osmotic energy of
Hypersaline produced water saline solutions. PRO is typically considered with seawater/river water pairings however greater energy can be

Pressure-retarded osmosis

recovered from hypersaline solutions including produced water (PW) from the petroleum industry. One of the
Pretreatment

Membrane configuration major challenges facing the utilization of hypersaline PW is its high fouling propensity on membranes. In this
Oil & gas industry unique experimental evaluation, real PW from different sites was pretreated to varying degrees: i) minimal, ii)
Energy generation intermediate, and iii) extensive. The treated effluent was subsequently used for PRO testing and fouling rates
were assessed for different membrane configurations over multiple cycles. Commercial grade flat sheet (FLS)
coupons and novel hollow fiber (HF) modules were compared to validate the lower fouling propensity of HF
membranes in PRO application. When minimally pretreated PW (10-micron cartridge filtration (CF)) was tested
in FLS mode, severe membrane fouling occurred and the PRO flux decreased by 60%. In contrast, HF modules
showed <1% flux decrease under both minimal and intermediate pretreatment schemes. Extensive pretreatment
(1-micron CF, dissolved air flotation (DAF), powdered activated carbon, and microfiltration) reduced FLS PRO
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flux decline to <1%. These results confirm that PW can be treated to suitable levels for PRO application to avoid
membrane fouling. Further validation of these pretreatment methods requires long term pilot testing and techno-

economic assessment.

1. Introduction
1.1. Background

With increasing energy demand due to the rapid population growth,
and higher risks of climate change, research efforts have focused on
renewable energy and lower carbon footprint technologies [1,2]. One
abundant source of energy is the osmotic energy available when solu-
tions of different salinities are separated by a membrane [3,4]. Several
technologies are available for harnessing potential osmotic energy and
converting salinity gradients into useful work including; pressure-
retarded osmosis (PRO) [5-7], reverse electrodialysis [8,9], and
capacitive mixing [10,11]. Among these technologies, PRO has been the
most widely investigated. In PRO, a low salinity feed solution (FS) is
separated from a higher salinity draw solution (DS) by a semi-permeable
membrane which allows only solvent molecules to pass through [12]. By
natural osmosis, water molecules from the low salinity feed are drawn
through the membrane to the higher salinity side until chemical equi-
librium is reached. If the DS side is under restricted volume conditions,
this flow of water causes an increase in the hydraulic pressure on the
draw side. The resulting pressurized flow of diluted DS can then be used
to generate power via hydroturbines in a way similar to conventional
hydro-power plants or converted directly into mechanical work by
pressure exchangers [13,14].

Thus far, PRO research has focused on membrane development and
mass transfer modeling [15-20]. There have also been several pilot scale
studies conducted including those by the Norwegian company Statkraft,
the Mega-ton project in Japan, and the GMVP project in Korea (here, G is
for global, M is for membrane distillation, V is for valuable resource
recovery, and P is for PRO) [21-25]. In a more recent study, Binger et al.
performed experimental evaluations of a pilot scale seawater reverse
osmosis (SWRO) system integrated with PRO to reduce overall energy
requirements of SW desalination. The DS used was RO concentrate and
FS was municipal tap water. Specific energy requirements for the overall
process were found to be greater than that recovered by PRO [26]. All
these studies focused on SW/freshwater pairings have proven to be to be
not economically viable for various applications due to an insufficient
salinity gradient [27,28]. This is because the specific energy recoverable
from this pairing is generally less than the energy inputs needed after
considering process inefficiencies. An alternative salinity gradient with
much higher osmotic energy is the hypersaline produced water (PW)/
SW pairing. PW is the water extracted with hydrocarbons from oil and
gas (O&G) reservoirs and represents the largest volume waste stream in
O&G operations [29]. PW from oilfield operations can have salinities as
high as 300 g/L [30-32]. Although this hypersalinity hinders the
availability of PW for reuse, it represents a huge amount of stored po-
tential energy that could be harnessed through PRO.

This PW/SW pairing can be used to either recover energy or to
produce water for use in secondary oil recovery operations. In the latter
case, the water drawn through the PRO membrane adds to the volume of
water injected into the geological formation resulting in higher oil flow
at the producing well. When PRO is used for waterflooding operations,
the product is not energy but oil, a more valuable commodity; a net
economic benefit of over $70,000/yr per 8”@ x 40” PRO membrane has
been projected [33]. Another example of a high salinity gradient
application is salt mining and the work undertaken by SaltPower in
Denmark. In this application, high salinity groundwater serves as the DS
to produce electricity; the FS can be either low salinity surface water or
another process stream from salt mining operations [34].

Several challenges face hypersaline PRO applications including the

development of mechanically strong membranes that are not susceptible
to concentration polarization effects and the implementation of effective
pretreatment technologies that can minimize membrane fouling. When
using PW, suitable pretreatment is essential to enable stable operation in
any membrane application. Although there are many publications
evaluating the fouling of PRO membranes and pretreatment methods,
these studies focused on SW, river water, and/or treated sewage effluent
streams with limited work on PW from the petroleum industry [35-41].
J. Ju et al. evaluated the effect of feed water quality and pretreatment
strategies on PRO flux and power density. They tested the efficiency of a
wide range of filtration technologies for treating effluent from a real
wastewater treatment plant as a potential PRO FS. Their results confirm
that organic matter present in the water greatly affects PRO fouling [42].
Yip and Elimelech also presented a study focused on the effect of organic
fouling on PRO performance using model river water containing natural
organic matter as the FS. Severe membrane fouling and water flux
decline were observed, confirming the huge impact that fouling has on
the energy potential of PRO systems [43]. Thus, an evaluation of the
pretreatment requirements and fouling mitigation strategies for PW use
in PRO application is essential to enable unlocking the high salinity of
these wastewater streams.

Both flat sheet (FLS) and hollow fiber (HF) membranes have been
developed and used for PRO testing in various applications with each
configuration having their own benefits and drawbacks [44-47]. While
published experimental data has generally reported higher applied hy-
draulic pressure for FLS compared to HF membranes, there are several
practical advantages to the use of HF modules for PRO, including:

e Higher packing density resulting in higher productivity per unit
volume [48,49].

e No need for spacers as they are self-supported membranes [50,51].

e Reduced fouling propensity.

Although the first two advantages are practical considerations, the
impact of configuration on membrane fouling in PRO application is not
reported in literature. Other references have reported comparisons be-
tween FLS and HF fouling rates in different applications. For example, in
a paper published by Howe et al. the team conducted side-by-side
microfiltration and ultrafiltration experiments which proved that FLS
membranes typically foul more rapidly than HF membranes under
similar conditions [52]. In another evaluation, Minier-Matar et al.
compared the fouling potential of FLS and HF membranes in forward
osmosis application. In this evaluation, the results again showed that HF
membranes had better flux and higher rejection compared to FLS
membranes [53]. These studies indicate that HF membranes could also
be less prone to fouling in PRO application; however experimental
evaluations remain necessary to validate this claim.

1.2. Objectives

Based on the above, this study focused on comparing various levels of
PW pretreatment for PRO application using different membrane con-
figurations. Actual hypersaline PW from oil production operations was
pretreated to varying degrees (minimal, intermediate, and extensive) by
a combination of physical and/or physicochemical processes. The effi-
ciency of these pretreatment technologies was then evaluated in PRO
mode for both commercial grade FLS membranes and novel HF modules
fabricated by the project team. To the authors' knowledge, this is the first
evaluation of actual hypersaline PW pretreatment requirements for FLS
and HF PRO membranes.
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2. Materials & methods
2.1. Actual produced water samples

Hypersaline PW samples were obtained from different O&G opera-
tions in the United States. The samples were characterized upon receipt
and stored at 4 °C to avoid changes in chemical composition. Water
quality analyses were also conducted before and after each experiment
for quality assurance purposes.

2.2. Synthetic seawater samples

Synthetic SW at 35 g/L salinity prepared from deionized water and
sodium chloride was used for this evaluation. This decision was made to
eliminate the interferences of organics present in actual SW that would
result in fouling both sides of the PRO membrane. Extensive studies in
literature already report SW testing and evaluations, including detailed
pretreatment [54-57].

2.3. Chemicals
The following chemicals were used in this evaluation:

e Deionized (DI) water supplied by Milli-Q ultrapure water system
(Integral 10, Millipore) at a resistivity of ~18 MQ-cm

e Sodium chloride (NaCl) at 99% purity, iron (III) chloride (FeCls)
>97% purity, and steam activated charcoal (Norit), from Sigma-
Aldrich

e Sodium hydroxide pellets (NaOH) from Thermo Fisher Scientific

e Biocide M-43 from Metito.

All chemicals were used as received without any modifications or
treatment except for the powder activated charcoal (PAC) which was
prepared according to the following procedure:

e Soaked in DI water for 1 h.

e Filtered through a 0.45 pm MF membrane (Sterlitech, USA) using
vacuum filtration.

e Dried in the oven at 105 °C for 2 h before testing.

2.4. Laboratory analyses

Table 1 summarizes the analytical measurements and laboratory
equipment used during this investigation.

2.5. Pretreatment technologies testing protocol

Different pretreatment technologies, selected based on team expe-
rience in PW treatment, were evaluated for the PRO DS (i.e. actual hy-
persaline 0il-PW). The effectiveness of these technologies was measured
through their ability to remove suspended solids and organics down to

Table 1
Analytical equipment.

Measurement Instrument model

pH and conductivity

Turbidity

Total organic carbon (TOC), inorganic
carbon (IC) and total nitrogen (TN)

Total oil & grease (TOG)

Dissolved ions

Orion 3-star meter, Thermo Scientific
Turbidimeter, Thermo Scientific
TOC-V, Shimadzu

Horiba OCMA-350 spectrophotometer
Ton chromatography, ICS 6000, Thermo
Scientific

Inductively coupled plasma (ICP), ICAP
6500, Thermo Scientific

Nicolet 6700 FT-IR spectrometer

Total elements

Fourier-transform infrared (FTIR)
spectroscopy

Surface appearance Nikon camera D5300 24 MP

Desalination 516 (2021) 115219

suitable levels that minimize PRO membrane fouling. The pretreatment
technologies selected include:

e Coagulation and dissolved air flotation (DAF): the coagulation protocol
was developed based on conditions reported in literature with FeClg
as the primary coagulant [58]. First, 120 mg/L of FeCl3 was added to
1.5 L of PWin a 2 L jar tester and the pH adjusted to 8.5 usinga 5 M
NaOH solution. After stirring for 10 min, ~500 mL of air-saturated DI
water pressurized at 40 bar was introduced targeting a 25% dilution
of the PW. The solution was left to separate for 15 min, and the
pretreated PW sample was collected using the jar tester drainage
valve. These basic DAF testing conditions were optimized in subse-
quent treatment evaluations for the specific water quality being
tested. Platypus 4G Jar Tester was used for this evaluation with DAF
test accessories No. 4GSAT and 4GCOPM (Australian Scientific Pty).

e Cartridge filtration (CF): following DAF treatment, CF was applied to
improve the removal of suspended solids and organics. Two CF sizes,
1- and 10-pum, were evaluated (LP Grade 30 and 50 respectively,
Parker). TOC analyses were conducted on filtered samples for per-
formance comparison.

e Powdered activated carbon (PAC) and microfiltration (MF): adsorption
using PAC followed by MF was applied as the final polishing step for
the removal of dissolved organics. Different PAC dosages of 250, 500,
and 750 mg/L were evaluated along with a control sample (i.e. PAC
dosage of 0 mg/L). For the dosage optimization study, 100 mL PW
after DAF and CF treatment was added to each 250 mL glass Erlen-
meyer flask having the weighed amounts of PAC. The mixtures were
then stirred for 1 h at 200 rpm using a VWR Scientific Advanced
Orbital Shaker, Model 3500. The solutions were then left to settle for
30 min before applying MF vacuum filtration using a 0.45 pm
membrane. TOC analysis was conducted on treated samples for
performance tracking.

2.6. Pretreatment schemes

Three different PW pretreatment schemes of varying extents (mini-
mal, intermediate, and extensive) were evaluated for the pretreatment
of the PRO DS (Fig. 1).

2.7. Bench-scale PRO setup

The bench scale PRO system (Fig. 2) consists of two closed loops, one
for the FS and the other for the DS. The feed loop, made of plastic (PFA
tube, Swagelok, USA), consists of a variable speed pump (KNF,
Switzerland) used to generate crossflow across the membrane cell (SEPA
CF II, Sterlitech, USA) and is capable of operating up to 7 bar pressure.
The DS loop consists of a high-pressure pump (Hydracell, USA) where
the DS recirculates through the cell at pressures up to 70 bar. The flow
rate in this loop is kept constant at different pressures using a PID
controller embedded within the control system (cRIO-9039, NI, USA).
Key process parameters, temperature, pressure, flowrates, conductiv-
ities (feed/draw) and water flux are monitored and recorded by the
control system. The water flux is calculated based on the change of the
feed tank weight, monitored through an analytical balance (Meter
Toledo, Switzerland). Both loops are temperature controlled using two
water baths (Julabo, Germany). To avoid excessive dilution of the DS
during the test, concentrated NaCl solution (3-5 M) is added via a dosing
pump (KNF, Switzerland) until the conductivity reading reaches the
target value. The unit is also flexible in operating under both FLS and HF
modes.

2.8. PRO membranes and spacers
Both FLS and HF membranes were used for this evaluation. For the

FLS mode, commercial thin film composite (TFC) PRO membranes were
obtained from Toray industries Inc. (Japan). The membrane coupons
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Fig. 1. Pretreatment schemes of PRO DS (actual PW).
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Fig. 2. PRO bench scale unit.
A) Photo. B) Schematic.

were loaded to the unit with the active layer facing the high-pressure DS
side and the support layer facing the low-pressure FS side. In the feed
channel, a standard Sterlitech skim plate and two SEPA CF permeate
carriers were used while the draw side had a SEPA CF medium foulant
spacer (47 mil). The edges of each membrane were covered with water-
resistant tape on the active layer side to prevent membrane damage

around the O-ring facing the high-pressure DS [59]. The average effec-
tive membrane area of the tested coupons was around 120 cm?.

Novel PRO HF TFC membranes with a polyethersulfone (PES) sup-
port layer and a polyamide (PA) active layer were prepared by the
project team and used in this comparative pretreatment evaluation. The
PA active layer was formed by interfacial polymerization (IP) method.
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Outer surface of the membranes (PES support layer) was designed to be
highly porous with an open pore structure to reduce internal concen-
tration polarization effects through faster solvent transport. The hollow
fibers were modulated for use in bench scale evaluations by assembling
5 fibers each [46]. During PRO testing, the high-pressure DS was facing
the active layer (i.e., on the lumen side) and the low-pressure FS was
facing the support layer (shell side). Table 2 summarizes the intrinsic
properties of both FLS, and HF membranes used in this evaluation.

The water permeability (A) value of the FLS membrane was higher
compared to the HF membrane, however its salt permeability (B) was
also higher resulting in a higher B/A value. Other PRO membranes re-
ported in literature have A values ranging between 0.5 and 3 LMH/bar,
and B values between 0.2 and 0.6 LMH. The resulting B/A values are
typically <1 and comparable to those reported in Table 2 for the
membranes under evaluation [60-66]. The HF membrane tested is
among the better performing range of membranes based on these B/A
values, while the FLS membrane used had a relatively high B value
which negatively affected its performance. Higher B/A values typically
indicate that a membrane is more susceptible to internal concentration
polarization effects as more salt passage and build-up takes place at the
support layer. This phenomenon results in lower effective osmotic
driving force and hence lower flux is expected for the FLS Toray mem-
brane compared to the HF module being tested.

2.9. PRO performance evaluation

During all stages of the FLS evaluation, flowrates were kept constant
at 600 mL/min on the DS side and 20 mL/min on the FS side. Prior to
testing, the membranes were compacted by circulating DI water on both
sides and gradually increasing the pressure on the DS side until the
maximum intended pressure was reached. The unit was then left under
pressure overnight for approximately 14 h and the stable DI water flux
recorded. Under these conditions DI water permeates from the DS to the
FS due to the applied hydraulic pressure (AP). Concentrated NaCl so-
lution is then dosed to the DS until its salinity reaches the desired con-
centration (0.6 M, or 1 M NaCl). In this situation, Ax becomes greater
than AP and water permeates against the applied hydraulic pressure in
PRO mode. The pressure is then decreased stepwise, and the average
PRO water flux is recorded for 40 min intervals at each stage [59].

A similar procedure was followed for the HF membrane testing,
except for 150 mL/min flowrates on both the FS and DS sides and
membrane pre-stabilization for only 60 min instead of overnight
compaction. These conditions are in agreement with previous evalua-
tions conducted by the project team on novel HF membranes [46].

2.10. Power density calculation

Power density (PD) is a common performance metric for different
PRO membranes and systems and is defined as the power produced per
unit membrane area. PD can be determined experimentally as the
product of the PRO water flux Jw and the applied hydraulic pressure
(Eq. (1.

PD = J,AP (€8]

Table 2

Intrinsic membrane properties.
Parameter FLS Toray Novel HF
Water permeability, A (LMH/bar) 2.33 +£ 0.5 1.22 +0.12
Salt permeability, B (LMH) 1.77 £ 0.5 0.55 £+ 0.05
B/A (bar) 0.76 = 0.5 0.45 £+ 0.05
Structural parameter, S (pm) 183 + 40 770 + 20
Area (cm?) 120 17.3
Material TFC TFC
Inner diameter/outer diameter (um) - 663/1050
Active layer - Lumen side
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Experimental results of the PRO membrane performance were vali-
dated against predictions of published process models for FLS mem-
branes [67,68]. For each test, the water and salt permeabilities were
calculated and input in the model along with the operating conditions.
Based on the outputs, the power density was calculated and compared to
the experimental data.

2.11. PRO fouling test protocol

PRO fouling tests were conducted using both FLS and HF mem-
branes. A new membrane was used for each pretreatment evaluation
cycle and a 5 mg/L biocide concentration was maintained in the system
throughout all stages to prevent biofouling. Flowrates were kept at 20
mL/min for FS and 600 mL/min for DS in FLS mode and 150 mL/min for
both FS and DS in HF mode. Both single- and multiple- cycle evaluations
were conducted in this study. A single-cycle evaluation consists of an
initial baseline, actual PW fouling test, and a second baseline, while a
multiple-cycle evaluation would continue for a second actual PW fouling
test and a third baseline. For FLS mode, PRO tests were conducted under
the following conditions:

—

. Overnight membrane compaction at 20 + 0.5 bar with DI water
on both sides.

ii. Initial baseline for 4 h at 15 + 0.5 bar with 35 g/L NaCl as FS
(mimicking the salinity of SW) and 90-215 g/L NaCl as DS
(mimicking the salinity of the PW sample being tested after ac-
counting for dilution losses in the pretreatment stages).

iii. DI water rinse and membrane compaction at 20 + 0.5 bar over-
night with DI water on both sides.

iv. PW fouling test for 4 h at 15 + 0.5 bar with 35 g/L NaCl FS and
pretreated PW as the DS.

v. DI water rinse and membrane compaction (same as #3).

vi. Second baseline (same as #2).

vii. Repeat PW fouling test (same as #4 on a fresh pretreated PW
sample).
viii. DI water rinse and membrane compaction (same as #3).
ix. Third baseline (same as #2).

For the HF configuration, membrane pre-stabilization at 10 bar
replaced overnight compaction. Actual PW fouling and baseline tests
were conducted at only 8 bar to accommodate for the lower membrane
pressure tolerance of these HF modules. Both FLS and HF evaluations
were carried out for 4 h intervals within practical limits of bench-scale
testing. Although longer test duration would provide additional data
of the fouling trends, larger PW volumes would be required. At this stage
multiple 4 h cycles were used to identify any severe fouling potential
based on pretreated water quality and provide an opportunity for
comparison of different membrane configurations.

3. Results & discussion
3.1. Pretreatment performance

While limited evaluations of PRO pretreatment requirements have
been conducted using actual wastewaters, especially PW from the pe-
troleum industry, in this study three hypersaline PW samples were
sourced from selected oil production fields in the United States.
Analytical properties of these samples are listed in Table 3. The total
dissolved solids (TDS) were calculated as the summation of dissolved
ions measured through ion chromatography and ICP. PW 1 and PW 2
had similar salinities but differed considerably in their organic fractions.
PW 3 on the other hand, had significantly higher salinity compared to
PWs 1 and 2, at this high salinity the TDS to conductivity ratio is above 1
[69]. Out of the three PW samples, PW 1 had the highest TOC (500 mg/
L) while PWs 2 and 3 had comparable TOC values of ~100 mg/L.

Pretreatment methods were evaluated to maximize removal of
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Table 3

Actual PW analytical properties.
Parameter Unit PW1 PW 2 PW 3
pH - 7.0 7.0 5.0
Conductivity mS/cm 118 124 252
TDS mg/L 88,000 93,000 314,000
Turbidity NTU 290 1100 390
TOC mg/L 500 120 100
IC mg/L 24 18 17
N mg/L 460 450 2500
Oil & grease mg/L 480 75 50

organics and suspended solids with %TOC removal used as the main
performance metric. 10-micron CF was selected as a baseline for the
minimal pretreatment scheme. Different CF sizes were then tested using
PW1 (500 mg/L TOC) after coagulation at basic DAF conditions. As
shown in Fig. 3, basic DAF treatment achieved 70% TOC removal, this
was increased to 78% with post-filtration by 10-micron CF, and to 84%
when applying 1-micron CF. Hence, 1-micron CF was selected for the
intermediate and extensive pretreatment schemes.

Following definition of the CF size for the various pretreatment
levels, three different PAC dosages (250, 500, and 750 mg/L) were
tested on PW 1 treated with DAF and 1-micron CF (i.e. TOC of 82 mg/L).
The PAC test was followed by 0.45 pm vacuum filtration to separate the
treated water from PAC before TOC analysis. Fig. 4 compares the TOC
removal for the tested PAC dosages. The control, which consists of only
feed PW (PAC dosage of 0 mg/L) showed minimum impact of the testing
procedure on the feed TOC (removal <1%). TOC removal stabilized at
~18% for the two highest dosages and hence 500 mg/L PAC dosage was
selected for the extensive pretreatment scheme. While it is understood
that PAC might be challenging for application, it was utilized as a
traditional organic adsorbent that will be optimized in the future by
replacement with more advanced materials.

Basic DAF conditions were developed for a specific water quality
reported in literature and involved using a coagulant (120 mg/L FeCl3 as
Fe) at a pH of 8.5 and temperature of 25 °C [58]. Since the PW samples
used for PRO testing in this study have different characteristics, the ef-
fect of using different FeCls concentrations on %TOC removal was
evaluated. Multiple FeCl; dosages of 120, 200, 250, and 500 mg/L were
evaluated using PW1 as the feed solution and TOC removal results are
presented in Fig. 5. Upon increasing the FeCl; dosage to 200 mg/L, the
PW TOC concentration decreased to 58 mg/L. Increasing the coagulant
dosage to 250 or 500 mg/L did not result in any further enhancement
and 200 mg/L was selected as the optimum FeCl; dosage.

Table 4 summarizes the analytical results obtained upon applying
the various pretreatment schemes on PW 3. Intermediate and minimal
pretreatment resulted in final TOC concentrations of 38 and 55 mg/L,
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Fig. 4. TOC removal of different PAC dosages (feed water used was PW1 after
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Fig. 5. TOC removal for different FeCl; dosages (other DAF conditions: 8.5 pH
and 25 °C).

respectively. Extensive pretreatment produced a final TOC of 27 mg/L
achieving an overall TOC removal of 73%. As for turbidity and TOG,
only 87% and 74% removals were achieved by minimal pretreatment
respectively while both intermediate and extensive pretreatment
schemes resulted in complete turbidity and TOG removals. The drop in
conductivity and increase in pH are both attributed to the dilution and
pH adjustment during DAF treatment. Table 5 presents a summary of the
analytical results for PW1 and PW2 after extensive pretreatment. These
pretreated PW samples were then tested in PRO mode to evaluate the

100 700
Feed TOC [Z4 Removal 84%
Effluent TOC 78% L 600
80 1
70%
- 500
R 60 4
s - 400 &
£
IS | O
-y 3000
200
20 A
® L
® 100
0 T T T 0
DAF DAF + CF (10 microns) DAF + CF (1 micron)

Fig. 3. TOC removal of different CF sizes (basic DAF conditions were used: 120 mg/L FeCls as Fe and 8.5 pH followed by 1- or 10-micron CF).
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Table 4

Analytical results summary for the applied pretreatment schemes on PW 3.

Desalination 516 (2021) 115219

Parameter Before pretreatment After pretreatment % removals
Min. Inter. Extn. Min. Inter. Extn.
pH 5.0 5.1 8.5 8.6 - - -
Conductivity, mS/cm 252 252 210 207 0% 17% 18%
Turbidity, NTU 390 49 <1 <1 87% 100% 100%
TOC, mg/L 100 55 38 27 45% 62% 73%
TOG, mg/L 50 13 <1 <1 74% 100% 100%
Table 5 4.5 4.5
Analytical results summary for the extensive pretreatment applied on PW 1 & ¢ Trial 1
404 x  Trial 2 4.0
PW 2.
Parameter Before After % removal 3.5 1 r3.5
pretreatment pretreatment & <
£ 30 ¢ L30 &
PW1 PW2 PW1 PW2 PW1 PW2 = 0 2
2 2.5 L2.5 2
pH 7.0 7.0 8.5 8.5 - - a a
Conductivity, mS/cm 118 124 88 82 25% 31% 8 2.0 t2.0 8
Turbidity, NTU 290 1100 <1 <1 100% 100% & 5
TOC, mg/L 500 120 48 46 90% 62% % 1.54 F1.5 g
TOG, mg/L 480 75 <1 <1 100% 100% o O .
1.0 A 1.0
effectiveness of the different pretreatment schemes in minimizing 0:51 [0:5
membrane fouling. 0.0 T T T T T 0.0
0 2 4 6 8 10 12
AP, bar

3.2. Membrane performance validation

Three different (Toray TFC FLS) membrane coupons were evaluated
to determine their PD at varying operating pressures and validate their
performance against predictions of published models [67,68]. Fig. 6
shows the resulting PD of these three coupons and corresponding model
predictions. It can be observed that all three coupons produce consistent
and reproducible PD data, and the model fitting is in agreement with the
experimental values confirming the reliability and accuracy of results.
Furthermore, with these FLS coupons applied hydraulic pressures of up
to 25 bar are reported enabling representation of the complete PD trend.
With increasing applied pressure PD increases reaching a maximum at
AP = Az / 2 and then decreases to 0 when AP = Ax.

A similar evaluation was conducted for the novel HF modules and
Fig. 7 shows the resulting PD of one of the membranes tested in dupli-
cate trials. Results indicate consistency and reliability of the data which
showed repeatable PD values in multiple trials. These results are also in
agreement with previously published evaluations and internal testing
conducted by the project team [46]. In contrast to the FLS modules, the
complete PD trend is not presented in Fig. 7 due to the limited applied

Fig. 7. Power density curve using HF membrane module with 1 M DS at 150
mL/min and DI water FS at 150 mL/min.

pressure tolerance of HF configuration.

3.3. PRO fouling evaluation

Bench scale PRO tests were conducted on the (minimal, intermedi-
ate, and extensive) pretreated PW to evaluate the effectiveness of these
pretreatment schemes for PRO application and compare fouling be-
haviors of FLS and HF configurations. The PRO water flux (Jy,) using the
minimally pretreated PW3 (10-micron CF only) is shown in Fig. 8. The
FLS membrane flux at an applied hydraulic pressure of 15 bar is plotted
in Fig. 8A. Severe membrane fouling was observed as J,y decreased by
65% from an average of 4.0 LMH in the initial baseline to 1.4 LMH in the
final baseline. In contrast, the HF membrane flux (Fig. 8B) remained
constant at an average of 12 LMH, under 8 bar applied pressure, for all
stages of the experiment. These results suggest lower fouling propensity
of HF configuration compared to FLS membranes. However, applied

Fig. 6. Power density curve using 3 different Toray FLS membranes with 0.6 M DS at 600 mL/min and DI water FS at 20 mL/min.
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Fig. 8. PRO flux for minimal pretreated PW3 or 215 g/L NaCl DS, and 35 g/L NaCl FS.

A) FLS membrane at 15 &+ 0.5 bar. B) HF membrane at 8 4 0.5 bar.

pressure could also be a factor emphasizing the increased fouling in FLS
compared to HF PRO experiments. The lower pressure tolerance limit of
HF membranes might constitute an obstacle for the application of HF in
PRO for energy generation, but lower operating pressures may still be
suitable for alternative routes such as PRO for waterflooding.

During PRO operation, the DS salinity was kept constant by dosing 5
M NaCl concentrated stock, however the FS salinity was not fixed to
avoid interference in flux measurement (i.e. feed weight reading). Thus,
FS salinity increased during the experiment as the FS was concentrated
while water passed through to the DS side and salt built up in the FS as a
result of reverse salt flux. This decline in effective osmotic driving force
resulted in the initial baseline flux of the FLS PRO test (Fig. 8A)
decreasing from 4.3 LMH at the beginning of the experiment down to 3.6
LMH at the end of the baseline run. To isolate the effect of FS concen-
tration from the flux loss due to fouling, J,, is normalized by the moving
average of the initial baseline flux (Jyo) for all stages of the experiment
and the resulting plot of normalized flux is shown in Fig. 9A. Due to the
lower overall membrane area and better salt rejection of the HF modules
less feed concentration effects are observed in the HF test (Fig. 8B).
However, for consistency and fair comparisons the normalized flux is
also plotted for this experiment in Fig. 9B and all further evaluations.
This method of normalization is consistent with published literature
studies on membrane fouling as it provides comparative results without
affecting overall flux trends [36,42,43,70,71].

The normalized FLS PRO flux (Fig. 9A) decreased from 1 in the first
baseline to 0.8 in the PW test and finally down to 0.4 in the final baseline
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indicating a 60% reduction in flux due to membrane fouling. In contrast,
the normalized PRO flux of the HF membrane test using the same
minimally pretreated PW3 showed no decrease throughout all stages of
the experiment (Fig. 9B). This normalized result suggests that HF
membranes are less prone to fouling compared to FLS coupons in
agreement with published literature. Although both the FLS and HF
membranes tested are of TFC type, they have different intrinsic mem-
brane properties (Table 2). These different properties could affect the
fouling propensity of the tested membranes and contribute to their
varying behavior. The hydrodynamics of the HF and FLS membrane
modules also play a role in their fouling potential. The HF membranes,
due to their configuration, could withstand higher cross flow velocities
compared to FLS since they are self-supported, which eliminates the
need of spacers [72,73]. This improvement in the hydrodynamics en-
hances the shear forces on the membrane surface reducing fouling de-
posits [74].

Next, the effectiveness of intermediate pretreatment (DAF and 1-
micron CF) for PW3 as DS was evaluated in both FLS and HF PRO
tests. Fig. 10 shows the resulting normalized PRO water flux. All base-
line runs exhibited a normalized flux of ~1 indicating no fouling for
both membrane configurations tested. These results suggest that inter-
mediate pretreatment is sufficient for both FLS and HF configurations
under the presented bench-scale conditions.

Extensively pretreated (DAF, 1-micron CF, PAC, and MF) PW3 and
PW2 samples were tested as DS for PRO in FLS configuration. This was
not required for the HF configuration since both minimal and

1.4 B) HF 1.4
1.2 A 1.2
£ 1.0 1gw O QT Tt ] |
=1 wé«:((q,s(r..m(\oéﬁ(é\««u( e T 1.0 =
= :
- =2
E 0.8 4 0.8 5
e [T
el el
£ 0.6 0.6 N
© ©
€ €
S 0.4 L 0.4 S
z Tz
O 1t Baseline
024 o Actual PW 0.2
A 2" Baseline
0.0 T T T T T 0.0
0 2 4 6 8 10 12

Fig. 9. Normalized PRO water flux for minimal pretreated PW3 or 215 g/L NaCl DS, and 35 g/L NaCl FS.
A) FLS membrane at 15 + 0.5 bar and J,,o ~4.0 LMH. B) HF membrane at 8 + 0.5 bar and J,,0 ~12 LMH.
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intermediate pretreatment evaluations using the HF membranes did not
show any fouling. Fig. 11A and B shows the resulting normalized PRO
flux for PW3 and PW2 respectively. Less than 1% decline in flux was
observed throughout all stages of the experiment confirming no fouling
effects on the membranes.

The water flux data of single-cycle evaluations indicates that PW can
be treated to suitable levels for PRO application to avoid membrane
fouling. These fit-for-purpose pretreatment schemes enable removal of
organics and suspended solids present in PW to acceptable levels for the
PRO process. The power density for the PW evaluations was calculated
based on average PRO flux under non-fouling conditions at the specified
pressure for both membranes. Approximately, 2 W/m? is estimated for
the FLS coupons and 3 W/m? for the HF modules. These values can be
significantly increased through the development of membranes that are
more resistant to internal concentration polarization effects and would
enable harnessing the actual osmotic potential of this solution pairing.
The team later evaluated multiple PRO fouling cycles to ensure consis-
tency and reproducibility of the data and assess any impact additional
cycles would have on the membrane performance. For this multiple
cycle evaluation, extensive pretreatment was used for FLS tests and
minimal pretreatment for the HF tests. Fig. 12A shows the resulting
normalized PRO flux when using extensive pretreated PW3 as DS for FLS
operation. The normalized flux remained at ~1 over the multiple-cycle
evaluation confirming no membrane fouling occurred. Similarly,
Fig. 12B shows the PRO water flux for the HF test with minimally
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pretreated PW3 as DS. Again, less than 1% decline in flux is observed
over the entire experiment duration confirming the previous single-cycle
evaluation results.

Based on these bench scale results; minimal pretreatment of PW
seems to be sufficient for HF PRO applications while intermediate pre-
treatment could also be applied in case a more conservative approach is
recommended. In contrast, using FLS membranes in PRO application
requires applying at least intermediate to extensive levels of PW pre-
treatment to avoid severe membrane fouling. Validation of these results
and optimization of the pretreatment technologies requires long term
pilot testing. The cost implications of applying these advanced treatment
technologies must also be considered through detailed techno-economic
analyses.

To validate the fouling performance obtained in PRO bench scale
evaluation of the Toray FLS membranes tested, FTIR analysis was per-
formed on clean and fouled membrane samples after oven drying at
105 °C. This analysis enables identification and comparison of key
functional groups from the compounds deposited on the membranes.
Fig. 13A compares the FTIR spectra in transmittance% against wave-
length (500-4000 cm™?) for a clean Toray FLS coupon against the PRO
tested coupons using pretreated PW3 at the minimal, intermediate, and
extensive levels. Peaks corresponding to C—H stretching vibrations at
wavelengths of 2966 and 2922 cm™! were observed on all membrane
samples [75,76]. Upon analyzing the membrane tested using minimally
pretreated PW, it was noticed that those two C—H peaks are intensified
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Fig. 11. Normalized PRO water flux for FLS membranes and 35 g/L NaCl FS at 15 + 0.5 bar.

A) Extensively pretreated PW3 or 215 g/L NaCl DS and Jyyo of 7.0 LMH.
B) Extensively pretreated PW2 or 93 g/L NaCl DS and Jy, of 3.1 LMH.



D. Dardor et al.

1.4 1.4
1.2 4 1.2
2 e g
2 1.0 PR st 10 2
3 3
X 0.8 1 Lo.g X
fra s
el kel
£ o061 Loe &
© ©
g 04 15t Baseline 04 g
z o Actual PW - Trial 1 Tz
A 279 Baseline
0.2 1 Actual PW - Trial 2 r0.2
X 3™ Baseline
0.0 T T T T T T T 0.0
0.0 2.5 5.0 75 10.0 12.5 15.0 175 20.0
Time, h

Fig. 12. Multiple cycle evaluations of PRO flux. FLS first.
A) FLS membrane, extensive pretreated PW3 at 15 + 0.5 bar (Jy,o ~ 4.3 LMH).
B) HF membrane, minimal pretreated PW3 at 8 + 0.5 bar (Jyo ~ 10.3 LMH).

suggesting that more organics were deposited on the membrane after
this PRO fouling test. These results are also supported by images taken
for each of the tested membranes as indicated in Fig. 13B. The mem-
brane surface image at minimal pretreatment confirms the deposition of
contaminants from the PW and resulting flux decline detected in the
PRO test. On the contrary, the FTIR spectra for both intermediate and
extensive pretreatment levels were found to be comparable to the clean
membrane coupon. In addition, the surface images taken at those pre-
treatment levels did not show any clear deposition of contaminants as
compared to the minimal level which again validates obtained PRO
bench scale results. Enhanced O—H stretching vibration at a wavelength
of 3304 cm™! was noticed only at the minimal level indicating the
deposition of some carboxylic acids that are not removed at the minimal
treatment level and possibly attributing to membrane fouling [77].

3.4. PRO economics and potential application

As in most membrane applications, feed pretreatment is critical and
PRO is no exception. Membrane treatment of PW, with its added
chemicals, poses particular challenges. The test results show that
rigorous pretreatment, including DAF and post filtration, is required to
prevent rapid fouling of the membranes. While this pretreatment will be
comparatively expensive, it has to be taken in context with the value of
the “product” of the PRO process. When PRO is applied to produce or
save electrical energy, the annual economic benefit is <$500 per module
and the process is not considered economically feasible [33]. When PRO
is applied for waterflooding, the product is oil, not energy, and the
economic benefit is projected to be >$70,000/yr for an 8” spiral wound
module [33]. At this level of economic benefit, even with extensive
pretreatment, the economics are expected to be favorable.

While this study is a proof-of-concept to identify possible pretreat-
ment strategies and evaluate innovative membrane products, further
assessment and optimization of pretreatment options needs to be done
via long-term pilot testing under relevant field conditions. More
emphasis must also be given to the production of enhanced PRO mem-
branes that are more resistant to fouling and concentration polarization
effects. This will generate the needed data to further validate process
feasibility and identify fit-for-purpose applications.

4. Summary & conclusions

This study focused on comparing various levels of PW pretreatment
for PRO application and evaluated the effect of membrane configuration
on PRO fouling rates. Actual hypersaline PW samples were sourced from
selected oil production fields in the United States. The PWs were first
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characterized and then pretreated to varying degrees by a combination
of physical and/or physicochemical processes targeting the removal of
organics and suspended solids. Salinities of these PWs ranged between
90 and 300 g/L while TOCs were at 100-500 mg/L. The effectiveness of
pretreatment technologies was then compared in PRO bench scale tests
using both FLS membranes and novel HF modules. To the authors'
knowledge this evaluation is the first to use actual PW for PRO appli-
cation, develop appropriate pretreatment strategies, and compare
fouling propensity of different PRO membrane configurations. Main
conclusions of this evaluation include:

1. The PRO bench scale system generated reproducible and reliable PD
data compared to published process models.

2. FLS testing enabled operation at a high-pressure range producing the
full PD trend, in contrast HF modules had limited applied pressure
tolerance which constricted generation of a similar plot.

3. Minimal pretreatment reduced the turbidity and TOC of PW3 by 87%
and 45% respectively, while extensive pretreatment enhanced those
removals to 100% for turbidity and 73% for TOC.

. HF membranes showed less fouling propensity than FLS coupons
during the PRO test with minimally pretreated PW; where <1% flux
decline was observed for HF compared to 60% decrease in FLS water
flux.

5. Both minimal and intermediate levels of pretreatment were sufficient

for the HF configuration and resulted in <1% decrease of PRO flux.

6. Intermediate and extensive levels of pretreatment were required to
maintain PRO flux in FLS mode with <1% decline.

. Multiple PRO fouling cycles provided insight into the stability of the
flux and ensured consistency of the data confirming initial single-
cycle observations.

These results verify that PW can be treated to suitable levels for PRO
application without entailing severe membrane fouling given sufficient
pretreatment is applied. It is noted that, even with advanced pretreat-
ment, PRO economics still appear to be favorable when applied for
waterflooding operations in O&G operations. Further studies should
focus on developing an optimal combination of the most cost-effective
pretreatment technologies, fabricating more foulant resistant mem-
branes that are not susceptible to concentration polarization effects,
evaluating membrane cleaning protocols, and conducting long-term
pilot testing with detailed techno-economic assessments for further
process validation and optimization.
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