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ARTICLE INFO ABSTRACT
Keywords: Water treatment is a key aspect for the sustainable management of oil & gas operations. Osmotic concentration
Osmotic concentration (0OCQ) is an advanced water treatment process, adapted from forward osmosis (FO), that does not require water
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recovery from the draw solution. In this study, two commercial hollow fiber FO membranes [Module 1, cellulose
triacetate (CTA) and Module 2, thin film composite (TFC)] were evaluated at pilot scale using actual process
water obtained from a gas production facility. The evaluation focused on assessing the membrane productivity,
fouling potential and chemical cleaning efficiency while normalizing the performance using a theoretical model
that account for the variability of the operating conditions. Performance tests showed that Module 2 has a higher
flux compared to Module 1, 9.9 L/m*>hvs1.7 L/m2~h; and lower specific reverse solute flux (RSF) for most of the
ions. Additionally, Module 1 benchmark experiment showed a 13% flux loss attributed to inorganic fouling
(calcium phosphate precipitation) while the flux loss in Module 2 was <5% possibly due to enhanced module
hydrodynamics and variation in membrane chemistry. Chemical cleaning (citric acid) proved to be successful in
restoring the flux for Module 1. From the 8.1 mg/L organic carbon present in the feed, advanced organic
characterization revealed that certain group of hydrophilic organics are able to pass through Module 1, but not
Module 2, translating to a specific forward organic solute flux of 0.9 mg/L and 0.1 mg/L for Module 1 and 2,
respectively. Finally, key sustainable and environmental considerations were presented in support of further
development of process implementation. The OC process has strong potential for full-scale installation; however,
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demonstrating its performance in the field would be the next step necessary for successful implementation of the

technology.

1. Introduction

During oil & gas extraction and production, large volumes of water
are brought to the surface (called produced water) or generated during
oil & gas processing (called process water) [1]. In conventional opera-
tions, 3 to 4 barrels (500 to 600 L) of water are generated for every barrel
(160 L) of oil extracted from the ground [1]. As the reservoir age, this
ratio could increase up to 10 barrels of water (1600 L); thus, efficient
water management is key for the sustainable development of oil & gas
fields [2-5]. Large amount of produced and process water are also
generated from gas fields [3,6].

Even though several water streams can be cost-effectively treated for
either reuse or surface discharge, the majority of the water is currently
injected into deep disposal wells [7] since that option typically requires
limited treatment, including removal of hydrogen sulfide and suspended
solids, and pH neutralization; but those requirements depend on the
environmental regulations of each country [8]. Typically, disposal wells
have limited capacity, and drilling additional wells is very costly [9];
especially if they are located offshore. Reducing the volume of water
sent to deep well injection, would increase the service life of the wells
and minimize the need for drilling new disposal wells.

Gas field wastewaters are typically characterized by their lower
salinity (<5000 mg/L) compared to conventional oil wells [2,3]; which
presents an attractive opportunity for recycle and/or reuse. In Qatar,
process water generated from natural gas production, is treated using
membrane bioreactor (MBR) and reverse osmosis (RO) reducing
wastewater disposal/injection volumes while generating permeate to be
reused as boiler feed water [10]. In Australia, the coal seam gas pro-
duced water is treated using ultrafiltration followed by RO and the
permeate is used for beneficial reuse in agricultural applications [11].
However, advanced treatment schemes come at a significant water
management cost [12-18].

Osmotic concentration (OC) is an advanced water treatment process
that has been adapted from forward osmosis (FO). In OC, the feed and
draw solutions flowed in different sides of a semi-permeable membrane,
where water from the feed solution flows through the membrane into
the draw solution, proportionally to the concentration gradient across
the membrane. Since OC does not require recovery of the draw solution,
it is mainly a volume reduction process (for feed solution) or dilution
process (for draw solution); thus, OC could be applied to cost-efficiently
reduce the volumes of low salinity produced and process water if a
relatively high salinity water stream is available nearby [19-22].

The OC process operates under lower pressure (typically atmo-
spheric) minimizing the amount of energy required when compared to
the state-of-the-art RO process. Since it is not a physical pressure driven
process, OC has less fouling tendency in comparison to RO [23-25]. The
drawback is that the process doesn't produce permeate water for reuse.

Previously our team evaluated OC process to reduce the gas field
produced and process water volumes via bench scale testing [26,27].
Results were promising showing stable FO membrane flux and excellent
organic rejection. Also, superior performance was observed for hollow
fiber (HF) configuration when compared to flat sheet, offering the
following advantages [26,28]:

- Higher packing density, reducing footprint (the physical area occu-
pied by the membranes) [29-31].

- Improved hydrodynamics minimizing fouling propensities [23].

- Self-supported, eliminating the need for spacers and potentially
reducing fouling [32].

Although, the impact of module configuration on FO membrane

fouling has not been widely study, researchers have reported compari-
sons between flat sheet and HF fouling rates in different applications.
Howe et al. conducted side-by-side microfiltration and ultrafiltration
experiments which proved that flat sheet membranes typically foul more
rapidly than HF membranes under similar conditions [33]. Dardor et al.
evaluated the performance of flat sheet vs HF membranes for pressure
retarded osmosis and concluded that FO HF is less susceptible to fouling
[34]. Those studies provide some indication that HF membranes could
also be less prone to fouling; however detailed experimental evaluations
remain necessary to validate this claim.

Currently, limited pilot studies are available in the literature for
treatment of real wastewaters by FO [35,36]. Oasys evaluated OC
technology based on thermally recoverable ammonium carbonate draw
solution and carried pilot investigation for treatment of high salinity
produced water in US [37]. The technology was also applied for zero
liquid discharge for the treatment of coal fired power plant wastewater
in China [38]. FO-RO has been applied for the treatment of raw pro-
duced water; the system achieved more than 99% rejection of almost all
the ions, but fouling was observed due to the organic constituent present
in the produced water. The team concluded that membrane cleaning and
pretreatment are needed for stable operation of the process [39]. Hy-
dration Technology Innovations (HTI) implemented FO process for
produced water volume minimization and reclaimed the water for reuse
in hydraulic fracturing [29]. Another pilot evaluation of the osmotic
dilution process consisted of applying FO/RO to integrate seawater
desalination with municipal wastewater treatment using a plate and
frame membrane module from Porifera. The study focused on under-
standing and developing fouling index for FO process that can be used in
assessing process performance and determining fouling and cleaning
frequencies [40]. Studies have also shown that advanced pretreatment is
key to ensure FO membrane integrity. Researchers have evaluated
pressure assisted FO (PAFO) in a pilot unit for seawater desalination
using spiral wound FO element from Toray concluding that advanced
pretreatment process for bacterial removal and organic matter is needed
for FO membrane integrity [41]. Researchers have also focused on
evaluating different membrane chemistries, cellulose triacetate (CTA)
and thin film composite (TFC) have been extensively studied and used in
the development of forward osmosis membranes [42-45].

As seen above, there has been some FO pilot studies that aimed to
increase the technology readiness level (TRL) of the process. However,
most of the evaluations focus on testing one type of membrane and have
not performed side by side comparison for different FO membrane
modules, under similar conditions. This type of comparison is critical in
determining which product material or configuration is more suitable
for the treatment of produced or process water within the oil & gas in-
dustry. Additionally, very limited pilot studies are available on evalu-
ating HF membrane configuration at pilot scale using actual wastewater
from industrial facilities [35,36].

In order to scale up the OC process, our team previously screened
various full-scale HF membrane modules in a bench-scale batch opera-
tion and identified commercial FO modules suitable for pilot evaluation
[46,47].

The present investigation compares two commercial HF - FO mem-
branes side by side, at pilot scale, using actual industrial wastewater to
compare membrane productivity, fouling propensities, and cleaning
efficiencies and also identify key factors that are critical for full-scale
implementation of the technology. The specific objectives of this
paper are to:
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m Assess the performance (flux and fouling) of two commercial
FO membranes at pilot scale level using actual process water
from a natural gas processing facility,

= Apply advanced methodologies to evaluate membrane charac-
teristics and water quality, and

m Identify sustainable and environmental considerations for full-
scale implementation of OC.

2. Materials & methods
2.1. Feed & draw solution water quality

Membranes were tested using actual wastewater (WW) which was a
mixture of different streams generated from a natural gas processing
facility in Qatar. Prior to collection, pretreatment of the actual WW
included a full-scale MBR for suspended solids and dissolved organics
removal [48]. A total volume of 5 m® of the pretreated WW was collected
from the processing facility and transferred to the pilot site where the
pilot evaluation was conducted.

Synthetic seawater was used as the draw solution (DS) to eliminate
potential interferences by organics present in actual seawater and thus
focus the membrane performance evaluation on the actual WW. Tar-
geting the salinity of the Arabian Gulf seawater (i.e., ~40,000 mg/L),
the DS was prepared using NaCl and dechlorinated tap water. Since
osmotic concentration does not require draw solution recovery, the
diluted draw solution (diluted seawater) can be disposed directly to the
sea.

Benchmark tests, using synthetic feed solution (FS), were used to
evaluate membrane integrity and stability prior to actual wastewater
(WW) testing. Benchmark tests were also performed after the actual WW
and chemical cleaning tests to assess membrane fouling, and cleaning
efficiency. The synthetic FS (2000 mg/L NaCl) was prepared using tap
water pretreated with activated carbon for chlorine removal [46,49].

Table 1 illustrates the water quality data for synthetic feed, real
wastewater and synthetic draw solution used in pilot testing. The scaling
potential of the industrial wastewater was calculated using OLI Stream
Analyzer 9.0 (OLI Systems Inc., Morris Plains, NJ, US). Additionally, the
membrane reverse solute flux (RSF) was calculated based on the ionic
composition of the feed solution at the beginning and end of the test to
determine the organic and inorganic passage through the membranes.

2.2. Pilot unit

A custom-built pilot testing unit was designed and assembled to
allow testing of different hollow-fiber FO membrane modules (Figs. 1
and 2). The unit can operate in one-pass configuration (without

Table 1
Water quality data for feed and draw solutions.
Parameter Unit FS FS DS
Synthetic Actual WW Synthetic

pH 7.9 7.1 7.7
Conductivity pS/cm 4000 2154 64,000
Turbidity NTU 0.2 0.3 0.7
Total dissolved solids mg/L 2424 946 41,051
Total suspended solids mg/L <5 <5 <5
Inorganic carbon mg/L 19 76 15
Total organic carbon mg/L 0.3 8.1 0.7
Chloride mg/L 1453 253 24,551
Sodium mg/L 971 422 16,500
Sulfate mg/L <0.1 245 <5
Phosphate mg/L <0.1 18 <5
Calcium mg/L <0.1 3.3 <5
Magnesium mg/L <0.1 3.2 <5
Iron mg/L <0.1 <0.1 <5
Strontium mg/L <0.1 <0.1 <5
Residual Cly mg/L <0.1 <0.1 <0.1
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recycling the feed or draw solution) and in feed and bleed mode (partial
recirculation), which allows the recycle of either feed or draw solution,
or both. The unit consisted in two identical loops, one for the feed and
the other for the draw solution. Each loop is equipped with sensors for
monitoring temperature, pressure, and conductivity. Positive displace-
ment pumps (KNF, Switzerland) were used to circulate the water within
the loops. Cartridge filters (5 p, Atlas Filtri, Italy) were installed ahead of
the membrane module for removal of suspended solids. A LabVIEW real-
time system (cRIO 9035, NI, USA) was employed to control the unit
operation, to record the performance parameters and to maintain con-
stant flow rates based on a proportional-integral-derivative (PID)
controller [50].

For “one-pass” operating mode (Module 1 - Fig. 1A), the water flux
was calculated using flowmeters installed at the inlet and outlet of each
stream (Omega, USA). For feed and bleed operation (Module 2 —
Fig. 1B), the flux was calculated based on the difference in weight of an
intermediate buffer tank (20 L) using a balance (Mettler Toledo,
Switzerland) with a capacity of 60 kg connected to the LabVIEW control
system. The intermediate tank allowed the feed solution to be concen-
trated to the target 75% recovery. Once the target value has been
reached the control system maintains the concentration constant (+5%)
by adding fresh feed based on intermediate tank conductivity readings.
When the volume reaches the maximum capacity of the feed tank (20 L),
12 L are transferred from the intermediate tank to the 5 m® feed
concentrate tank.

2.3. Membranes

Two commercially available HF- FO modules were evaluated for the
treatment of industrial wastewater. The membranes were selected
through a detailed bench scale comparison of various commercial
modules based on water productivity, salt and organic rejection, and
fouling propensity [46]. The two modules selected where those avail-
able as commercial products for pilot testing and they represent
different chemistries and manufacturers: cellulose triacetate (CTA,
Module 1) and polyamide thin film composite (TFC, Module 2). Details
of the modules are presented in Table 2.

Module 1 has an active membrane area of 31.5 m? and operates in
one-pass mode, without recirculation of the feed or draw solution. The
draw solution flowed in the lumen side of the fibers while the feed so-
lution flowed in the shell.

For Module 2, with an active membrane area of 0.5 m?, the feed
solution was recirculated but not the draw solution. For this module, the
feed solution was flowing in the lumen side while the draw solution
flowed in the shell.

2.3.1. Microscopic analysis

Microscope analysis of the fibers highlights the difference between
the fiber sizes for both membranes. As seen in Fig. 3A, Module 1 fibers
are hair-like looking with a diameter of approximately 130 pm, within
the range reported by others [51]. On the other hand, Module 2 had a
diameter of 1080 pm [30], 10x larger than Module 1. Fig. 3B and C
showed the cross sections of the fiber from Module 1 and 2 respectively,
highlighting their different inner diameters.

2.4. Mode of operation

Since the modules have different chemistries, membrane areas, and
fiber sizes, the operating conditions for each module were determined
based on the manufacturers' design and specifications to ensure opti-
mum membrane performance on achieving the target 75% recovery.
Those conditions include feed and draw flowrates and location (inside or
outside the lumen), mode of operation (one-pass or feed and bleed
recirculation) and the cleaning protocol.

Module 1 was evaluated in one-pass operation without recirculating
the feed or draw solutions (Fig. 1A). In this operating mode, the module



J. Minier-Matar et al.

Desalination 531 (2022) 115689

FT: Flow transmitter

Tank

Module 2

A TT: Temperature transmitter
o (7 (P (7 PT: Pressure transmitter CT: Conductivity transmitter
(FT
HF Membrane | (pT ] r - ;
Module 1
(Tr
PT
~ FT PT)(TT | fI ?;I'
Concentrate Feed Tank = \' \' S Draw Solution Diluted Draw
Tank Pump . Pump Tank Solution Tank
Filter Filter
ct) (FT) (PT) (T
pe=m=== 1 B
+ FT: Flow transmitter TT: Temperature transmitter
PT: Pressure transmitter CT: Conductivity transmitter
=== Intermittent flow ~——— Continuous flow
CT El PT)(TT
I .
FT
- v
Concentrate HF Membrane —

—

. Pum
Intermediate tank
on balance

Bleed Pump

(Tr
PT B
b l. ST !
\-' \ Draw Solution Diluted Draw
Rump Tank Solution Tank
Filter

Fig. 1. Custom built pilot unit. A) Operating mode for Module 1: One-pass. B) Operating mode for Module 2: Feed and Bleed.

can achieve the desired recovery due to its large membrane area. Based
on manufacturer's specifications, Module 1 operated in counter-current
mode with the draw solution flowing in the fiber lumen and the feed
solution flowing in the shell.

Module 2 has a lower membrane area compared to Module 1
(Table 2) and it was also tested in counter-current mode. To achieve the
75% recovery, Module 2 operated in feed and bleed mode (Fig. 1B).
Based on manufacturer's specifications, the draw solution flowed inside
the shell in one-pass operation while the feed solution flowed in the
lumen in feed and bleed recirculation. At the start of the experiment,
feed solution was concentrated from its initial salinity until reaching
75% recovery (concentration phase); then the module operated in feed
and bleed mode where fresh feed water was added periodically into the
intermediate feed tank (approximately 1-2 L based on the intermediate
tank conductivity readings) to maintain the concentration at the 75%
recovery +5%. Once the intermediate tank reached its maximum ca-
pacity (20 L), 12 L were automatically transferred to the feed concen-
trate tank.

2.5. Membrane cleaning

The cleaning procedures for each module were selected based on
manufacturers' recommendations to ensure compatibility with the
different membrane chemistries.

For inorganic removal, a 2% citric acid solution (pH between 3 and
4) was recirculated through the feed channel of each module for 15 min.

After each cleaning cycle, the membranes were flushed with dechlori-
nated tap water.

For organic fouling removal, a 10 mmol/L sodium dodecyl sulfate
(SDS) solution, adjusted to pH 4 using HCI, was used to clean Module 1.
The cleaning solution was recirculated through the shell of the module
for 15 min [52]. For Module 2, a 6 mmol/L NaOH solution (pH 11) was
recirculated within the fiber lumen for 15 min.

The efficiency of chemical cleaning was evaluated by comparing the
water flux (before and after cleaning) with the theoretical predicted
value from the model (Section 3); less deviation from the model pre-
diction, translates to more effective cleaning.

2.6. Chemical analysis

Table 3 lists the laboratory analyses applied for characterizing the
composition of the feed and draw solutions as well as to ensure that
residual chlorine concentration in test solutions was below 0.1 mg/L, the
specified membrane tolerance range for Module 2. The table also lists
the advanced techniques applied to characterize the fouling mechanism
of the membranes.

2.6.1. Inorganic analysis

Anions and cations analysis were performed using ion chromatog-
raphy (ICS 6000, Thermofisher, USA). Electrically generated eluents,
KOH and MSA, were used to inject the samples into the anion and cation
separation columns (AS19 and CS12A) follow by conductivity
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measurements to determine the ion concentration. The system was

Table 2 ) calibrated using commercial standards from ThermoFisher Scientific,
Membrane properties.
USA.
Parameter Units Module 1 Module 2 Metals were measured using inductively coupled plasma (ICP);
Toyobo Aromatec 2" samples were acidified with nitric acid (2%) prior analysis. Samples
HPC3205 were injected into the ICP and iron and strontium measured in radial
. Cellulose Thin film mode at wavelengths of 238.204 nm and 407.771 nm respectively.
Materia triacetate (CTA) composite (TFC)
Mem.brane.area m? 315 . 0.5 ] 2.6.2. Organic analysis
Configuration Feed Hollow fiber Hollow fiber Organic compounds in the various water streams were characterized
solution One-Pass Feed and bleed based on their hydrophobicity and hydrophilicity as well as on their
Draw molecular weight. This advanced organic characterization is unique in
. . One-Pass One-Pass . ir . .
Operating mode  solution , identifying hydrophobic compounds that may foul the membranes.
Ky, - mass transfer coefficient K(m ) 0.0150 0.0069 For this analysis, a custom-built chromatography system was
20 °C 0195 2.268 assembled (Fig. 4); the system consisted of a .hlgh-pljessgre liquid
A - Water 25°C L/(m2- 0.228 2.805 chromatography (LC) pump (ICS 5000+, ThermoFisher Scientific, USA),
permeability 30°C h-bar) 0.260 3.343 a size exclusion chromatography column and a total organic carbon
20°C ) 0.050 0.319 (TOC) detector (M9-SEC, Sievers, USA). The size exclusion chromatog-
B ;zzlxll(::bility iz g 1‘1; (m™ 8'823 g'izi raphy column was packed with Toyopearl HW50S resin (Repel, Ger-
Fiber inner diameter um 70 780 many), which is a super hydrophilic resin with particle size between 20
Fiber outer diameter pm 130 1080 and 40 pm. The M9-SEC TOC detector is capable of continuous analysis
Membrane thickness Hm 30 150 of total organic carbon with a response time of 4 s. The detector
Shell diameter mm 20 60 measured the TOC based on persulfate oxidation under UV light. To
Module active length mm 560 430

prevent interference from inorganic carbon, the sample is acidified with
6 M phosphoric acid to reach a pH of 2 prior removing the inorganic
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Fig. 3. Microscope images of the fibers. A) Comparison between Module 1 and Module 2 fibers. B) Module 1 — cross section, C) Module 2 — cross section.

Table 3
Summary of laboratory equipment.
Measurement Instrument model
Inorganics
pH and conductivity Orion 3-star meter, Thermo Scientific
Turbidity Turbidimeter, Thermo Scientific
Dissolved ions (chloride, sodium, sulfate, Ion chromatography, ICS 6000, Thermo
phosphate, calcium, magnesium) Scientific

Inductively coupled plasma (ICP), iCap

Metals (iron, strontium) 6500 Duo, Thermo Scientific

Residual chlorine DR 900 - method 8021, Hach
Organics
Total organic carbon/nitrogen TOC-V, Shimadzu

Liquid chromatography — organic carbon

detector (LC-OCD) Suez M9 SEC, Toyo-Pearl column resin

carbon via vacuum degasser.

After the removal of inorganic carbon, ammonium persulfate is
added to the acidified sample before entering a quartz reactor where
organics are oxidized in the presence of UV light (185 and 254 nm).
Once all the organics are oxidized to CO9, the sample flows through a
selective CO permeable membrane; the CO, passes through the mem-
brane where it is measured via a conductivity sensor and from that

o
=
IcH
2
wv |
T ! i
Q'I - —
[ ) a! )
— , Online TOC
; detector
' Column:
Hydrophilic organics
Eluent High pressure

pump

Fig. 4. Liquid chromatography with organic carbon detection (LC-OCD).
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measurement, the total organic carbon is calculated. To avoid accu-
mulation of CO» in the measuring loop, the solution flows through an ion
exchange resin, keeping the measuring loop ion free.

For the determination of the total organic carbon (TOC), the sample
is injected into the system bypassing the separation column. For the
determination of the different hydrophilic organic compounds, the
sample is sent through the separation column generating a chromato-
graph for the hydrophilic organics. The hydrophobic organics, define as
those organics that do not elute form the column during the 200 min
runtime, are determined by subtracting the concentration of the hy-
drophilic organics from the total TOC. The schematic of the system is
shown in Fig. 4.

3. Theoretical model

A model, developed and verified in a previous study [46] (available
for download at Mendeley Data: https://doi.org/10.17632/f4w9mr5z3t
[47]), was applied to validate the pilot test results related to membrane
permeability, fouling and cleanability. This model facilitated the com-
parison of the two pilot FO modules since it allows the normalization of
the membrane flux and RSF based on the theoretical expected values, by
accounting for the variability of the FS and DS as well as temperature
fluctuations.

The membrane performance for each test was compared to the pre-
dicted value from the model since the experiments were conducted at
different temperatures, due to seasonal variations (18 °C to 30 °C), and
that translated to slightly different fluxes.

The developed model was designed to predict flux, feed and draw
solutions effluent flows, and concentrations as well as the projected FS
recovery and DS dilution at varying operating conditions (e.g., tem-
perature and initial DS and FS salinities). Since the model can predict
membrane performance (i.e., flux) at varying conditions, such capability
was utilized to verify whether the change in flux during the actual WW
test was solely due to membrane fouling. Similarly, it was also applied to
check if the membrane's lost flux was restored after chemical cleaning.

In the model, water flux (Jyy) is calculated based on Eq. 1, for cases
when the active layer faces the feed solution (ALFS) or eq. 2 for cases
when the active layer faces the draw solution (ALDS) [53].

ATy, +B
J, =K, ln( draw +

2w T2 ) (ALF, 1
ATleg £, +B)( S) m

Desalination 531 (2022) 115689

A yay —Jw +B

J, = Ky,ln (;A ot B ) (ALDS) )
where K, is the mass transfer coefficient, A is the membrane water
permeability, B is the salt permeability, and If.q and Igqy are the os-
motic pressures for the feed and draw solutions respectively. The model
also considered the effect of temperature on performance by entering A
and B as a function of temperature; the model assumes the same tem-
perature for both feed and draw solutions.

For salt passage through the membrane, Eq. 3 is used to calculated
the solute flux (Js) [53].

B

Ji= wa 3

where f is the van't Hoff coefficient, T is the absolute temperature and R
is the universal gas constant.

Due to the large membrane area of the commercial modules, the feed
and draw solution concentrations changes as the water flow through the
module. To take that into consideration, the model divides the mem-
brane in small discrete sections (Am) and applied the equations for each
section, providing a flux and concentration profile across the module
(Fig. 5).

The model can predict performance in two different flow configu-
rations: co-current and counter-current. For co-current flow, the water
and solute flux are calculated for each discrete section (Am) using Eq. 1,
2 and 3, and then the flows and concentrations leaving each section are
calculated through Eq. 4, 5, 6 and 7 (Fig. 5).

FFiy, = FF;—J,; Am 4)
DF;., = DF;+J,; Am 5)
FC; FF; 4+ J;, Am
FCH] = (6)
FFiy
DC; DF; — J,;; Am
DCH] = (7)

DF iy,

where FF and DF are the flows for the feed and draw solutions respec-
tively and FC and DC are the concentrations of NaCl for the feed and
draw solutions for each section respectively.

The determination of the key model outputs in counter-current mode

Co-Current
Feed Solution '
bl
»| o Js Js | Js s Js Js | Js : Js Js >
Draw Solution H . H
Counter-Current
Feed Solution
bttt
< Js Js Js s | Js Js Js s s s <
H : H Draw Solution
Co-Current - Section i Counter-Current - Section i
FF, ! : FF, ;
— W ——p ™ FF; ' FFiuq
FC, : T l FCisq Fc, ” le s — " Fe,
DFi_»i Js — 5 DFiy DF, s : DF,.
L DCiut DG, ¥ oc,

Fig. 5. Membrane sections for co-current and counter-current configurations [46].
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is achieved through an iterative process. The inlet flowrates and con-
centrations for the feed and draw solutions are used as initial points and
the model estimate the initial output values assuming co-current oper-
ation mode. The water and solute fluxes are calculated for each discrete
section (Am) using egs. 1, 2 and 3; and to calculate the flowrates and
concentrations, egs. 4, 6, 8 and 9 are used. The output values of the
model are compared with the input flowrates and concentrations of the
draw solutions; if they are not within the tolerance limits (1 mg/L for the
concentration and 0.1 mL/min for the flow rate), then root finding
methods are used to estimate the draw solution outlets and the process
iterates until the draw solution concentrations are within the tolerance
limits. A process flowchart for the model has been reported in our pre-
vious publication [46].

DF;,, = DF; —J,; Am ®

DC; DF; +J,, Am

DCi+1 = DF
i+1

C)
The osmotic pressure for both feed and draw solutions are calculated
using Eq. 10 [54]:

n= - ¢I‘i—Tln(Xw) (10)

where I1 is the osmotic pressure, ¢ is the osmotic coefficient, Vyy is the
volume of water per mole (also known as partial molar volume), X,y is
the mole fraction of water. To account for the changes of temperature
and concentrations, the osmotic coefficient (¢) and water density
(needed for the partial molar volume determination) are obtained from
the data generated by Pitzer et al. [55] by interpolating between the
closest points. Those calculations assumes that the feed and draw solu-
tion contains only NaCl. The Stokes-Einstein Eq. [56] is used to calculate
the diffusivities of NaCl according to Eq. 11:

KT
~ 6myr

(€8]

where D is the diffusivity of NaCl, Kp is the Boltzmann's constant, r is the
stokes radius (0.16 nm for NaCl [57]), and 7 is the dynamic viscosity,
determined using the correlation developed by Ozbek et al. [58].

Before being able to predict module performance, the mass transfer
coefficient (Ky,) and structural parameter (S) need to be fitted with a
known flux value and the A and B parameters (as function of tempera-
ture). The fitting of the model is also performed via an iteration process
to ensure accuracy of the predictions and to account for the hydrody-
namic conditions of the module. The correlation between the mass
transfer coefficient (K,) and structural parameter (S) is shown in Eq. 12
[30].

K, =

D
5 12)

4. Results & discussion
4.1. Benchmark performance — Synthetic solutions

The membranes' integrity and stability were evaluated through
benchmark performance tests prior to actual WW testing. Long-term
tests (50 h of continuous operation) were conducted using synthetic
feed and draw solutions targeting 75% FS recovery. In some cases, the
synthetic feed and draw solutions were slightly higher or lower than the
target due to small variability in the preparation volume (5 m®) in the
field. However, those changes in the concentrations were within 5% and
were accounted for during the normalization through the model. Fig. 6
compares the experimental benchmark flux against the model-predicted
flux for both Modules. The figure also presents the variation in salinity of
feed and draw solutions during the test. For Module 1 the flux started at
1.8 L/m?h and decreased slightly due to the dilution of DS as verified by
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Fig. 6. Model and pilot-scale test results for: A) Module 1 and B) Module 2,
using benchmark conditions (Synthetic FS: 2000 mg/L NaCl and DS: 40,000
mg/L NaCl).

the performance model (Fig. 6A). The average water flux for Module 1
was measured at 1.7 L/m2. h. Module 2 showed ~4x higher benchmark
flux at 6.4 L/m>h (Fi g. 6B). Since Module 2 has the feed solution in feed
and bleed mode, the first 3 h of the test are considered the concentration
phase before reaching steady state performance. Due to their chemical
properties, TFC membranes have higher water flux compared to CTA
[59]. These findings agree with earlier studies confirming the higher
permeability of TFC-based membranes against CTA [45,60]. Data for
both modules showed good agreement with model predictions which
confirms the model's accuracy.
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Fig. 7. Model and pilot-scale test results for Module 1 and 2 using Industrial
WW (Actual FS: 946 mg/L and synthetic DS: 40,000 mg/L NaCl).
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4.2. Pilot-testing performance - actual WW

Following the benchmark test, both modules were evaluated on
actual industrial WW targeting the same FS recovery of 75%. Fig. 7
presents the pilot testing results for both membranes compared to the
model. Average stable fluxes of 1.7 and 9.9 L/m%h were obtained for
CTA (Module 1) and TFC (Module 2) chemistries, respectively, during a
50-h test. For Module 2, the higher flux obtained with the real WW in
comparison to the benchmark is attributed to the lower salinity of the
actual WW (TDS: 946 vs 2000 mg/L - Table 1) that enhances the driving
force across the membrane. Since module 1 operates in one-pass
configuration the impact of the feed solution recovery on the water
flux is not as significant as in module 2, which operates in feed and bleed
mode. For module 2, the membrane is constantly exposed to the
concentrated brine (at the target recovery), while in module 1, the feed
concentration is changing as the water flows through the module and
only the final section is exposed to the TDS concentration at the target
recovery.

Experimental data were also correlated with the performance model
prediction and found to be comparable (i.e., <5% deviation). Since the
performance model assumes that all the TDS in the solutions is NaCl,
some minor deviations on the water flux and RSF (for the industrial
wastewater) are expected due to other ions present in the industrial
wastewater. The predictions are expected to be more accurate for the
benchmark tests since those solutions only contain NaCl.

4.3. Membrane fouling and chemical cleaning efficiency

A second benchmark test was conducted in order to assess the fouling
propensity of the actual WW on the tested membranes. Tests were
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performed following similar operating conditions as the initial bench-
mark using synthetic feed and draw solutions. Fig. 8A and Fig. 8B pre-
sent the final benchmark flux results for Module 1 and 2, respectively.
Experimental data were also validated with model predictions and
compared based on flux loss. In Fig. 8A, the final benchmark flux for
Module 1 was at 1.6 L/m?h with ~13% flux loss from the model pre-
dicted flux at 1.8 L/m%h which indicates fouling of Module 1. On the
contrary, in Fig. 8B the final benchmark for Module 2 was at 7.4 L/m2h,
less than 5% flux loss from the model prediction at 7.6 L/m?. h. This
indicates that Module 2 was apparently less susceptible to fouling in
comparison to Module 1 possible due to different membrane chemistries
and enhanced module hydrodynamics (since it operates at higher flow
rates) which can minimize fouling.

Since the operating conditions are changing slightly (temperature
and FS/DS concentrations), it is not possible to determine fouling by just
comparing the absolute fluxes. The flux should be compared against the
expected theoretical flux from the model which account for the process
variabilities; significant deviations from the model predictions were
considered fouling.

As noted earlier, both organic and inorganic membrane chemical
cleaning procedures were followed to recover lost flux. Upon applying
SDS surfactant cleaning on the Module 1, no improvement on membrane
flux was observed and similar flux loss (~13%) compared to the model
was still present. With the application of citric acid cleaning, the
membrane flux was recovered back to 1.8 L/m?h, matching the model
prediction. This observation indicates that the type of fouling occurred
on the Module 1 was mainly inorganics in nature. Similarly, Module 2
showed minimum fouling behavior (<5%) and citric acid cleaning
showed no significant improvement on the water flux.
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Fig. 8. Model and pilot-scale test results for initial benchmark, final benchmark, and chemical cleaning (NaOH/SDS followed by citric acid) for A) Module 1 and B)

Module 2 (Synthetic FS: 2000 mg/L and synthetic DS: 40,000 mg/L NaCl).
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4.4. Inorganic analysis

To confirm the possibility of inorganic fouling, the water quality was
modeled using OLI, an electrolyte simulation software, to determine the
scaling potential of the industrial wastewater. Before concentration, the
scale potential was below the thermodynamic limit; however, after
reaching 75% recovery, OLI predicts potential scaling of calcium phos-
phate salts; with a scale tendency 36,000 x higher than the thermody-
namic limit; and if we considered external concentration polarization,
the scaling tendency could be higher [61]. Calcium phosphate could
precipitate in many forms, Hydroxyapatite, Cajo(PO4)s(OH), is the
most common one [62]; however researchers have reported that the
amorphous form, CaPOy, could also precipitate in the membrane surface
[63]. The kinetics of calcium phosphate depend on various parameters
including pH, temperature, calcium and phosphate concentrations,
among others [64]. Researchers have reported calcium rate loss as low
as 0.35 pmol/min (14 pg/min) when seeding crystals are not present,
but the rate increases significantly once the first crystals are formed
[65]. The slow precipitation kinetics of calcium phosphate could
translate to slow decline in flux over time.

Table 4 showed the RSF for feed solution. Positive values indicate ion
flowing from the DS to FS while negative values referred to ions flowing
from the FS to the DS. The ions with the highest reverse solute fluxes
were sodium and chloride since those are the primary ions in the syn-
thetic DS. For Module 1, the negative RSF for calcium and phosphate is
attributed to calcium phosphate precipitation, which was responsible for
the flux loss after the actual WW test.

As seen in Table 4, Module 2 has lower RSF for most (majority) of
inorganics as compared to Module 1; in agreement with the higher
rejection capabilities of the TFC membranes [29]. Also, Module 2 has a
higher rejection of sulfate ions; Module 2 has a sulfate specific forward
solute flux of 56 mg/L vs 90 mg/L from Module 1.

4.5. Organic characterization analysis

To assess the impact of organics on membrane performance, the feed
solution before and after the treatment was analyzed using an advanced
organic characterization technique, LC-OCD, to classify the organics
based on their hydrophobicity and hydrophilicity. Results showed that
the feed water contains a total organic carbon content of 8.1 mg/L and
from those, 7.9 mg/L are hydrophilic (organics that prefer the water
phase based on the interaction with the separation column) [66], and
only 0.2 mg/L are considered hydrophobic. The hydrophobic organics
are typically more problematic for membranes since they tend to adhere
on the membrane surface [66]. Due to the low concentration of hydro-
phobic organics, organic fouling was not expected.

The hydrophilic organics can be further characterized based on their

Table 4

Membrane reverse solute flux (RSF) on industrial wastewater.

Positive values: ions flowing from the DS to FS. Negative values: ions flowing
from the FS to the DS.

Parameter Module 1 Module 2
RSF Specific RSF Specific
RSF RSF
mmol/(m?- mg/L mmol/(m?2- mg/L
h) h)
Na™ 5.7 75 37 78
Ca?* -0.01 -0.2 0.3 1.1
Mgt -0.08 -1.1 -0.2 -0.3
Cl™ 7.6 156 25 81
S042~ -1.6 -90 -6.4 -56
PO,3* —0.01 -0.8 0 0
Total organic _02 09 _o1 _o1
carbon

10
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Fig. 9. Organic Characterization data for inlet feed and concentrated feed,
including expected molecular weight distribution (MWD) based on Poly-
ethylene Glycol (PEG).

molecular weights by size exclusion chromatography. Fig. 9, showing
the chromatograph of the hydrophilic organics, reveals that the
concentrated feed of the Module 2 has a similar distribution as the initial
feed solution; the increase on each peak area is approximately 4 x which
correspond to the concentration factor of the industrial wastewater
(75% recovery). For Module 2, the only peak that did not increase was
the peak at 28 min, equivalent to polyethylene glycol (PEG) molecular
weight (MW) of approximately 62 kDalton, which could be attributed to
organics passing through the membrane. Based on mass balance calcu-
lations (Table 4), Module 2 shows an organic specific forward flux of 0.1
mg/L which could be attributed to the portion of the hydrophilic or-
ganics not matching the expected 75% recovery.

On the other hand, the chromatograph for the concentrated feed of
the Module 1 does not show a 4x increase on the peak areas for most of
the peaks. The peak eluting at 60 min, equivalent to a PEG MW of 150
Da, is approximately 2x larger than the feed one (instead of the ex-
pected 4x), which could be due to organics passing through the mem-
brane. Similar observation can be drawn for peaks eluting before 60
min, which may be only partially rejected by the membranes. The peak
at approximately 70 min, equivalent to PEG MW of 50 Da, has an area of
around 4x that of the feed highlighting that it may have been rejected
by the membrane. Since the cleaning procedure for organic removal did
not show an increase in membrane performance, those organics may not
be deposited on the membrane.

Compared to Module 2, Module 1 has a specific organic forward flux
of 0.9 mg/L, which is significantly higher compared to 0.1 mg/L from
Module 1 (Table 4). That is consistent with the higher rejection capa-
bilities of TFC membranes compared to CTA [67].

4.6. Considerations for full-scale implementation

OC process is capable of successfully reducing wastewater disposal
volumes from oil & gas operations. However, for full-scale imple-
mentation, certain factors should be considered for a successful cost-
effective deployment of the technology to reduce the volume of indus-
trial wastewater (Fig. 10) as compared to RO. Those factors include:

4.6.1. Low energy

Energy is one of the key factors governing the economics of OC. Since
OC runs at ambient pressure, the energy needed is significantly lower
compared to RO. Based on the pump energy requirements [26,68], OC
operating at 1 bar pressure, requires 6.3 kWh for a 2000 m>/day pro-
cessing plant. For the same capacity, a low-pressure RO plant, operating
at 15 bars, requires 46 kWh.

The lower energy demand helps in reducing the operating cost



J. Minier-Matar et al.

Desalination 531 (2022) 115689

1 - - ™~ -~
\C Innovative Application A o)
900 00) \\\
X ofo ¢ 0 O\
) Q\\o Low Energy = @?é Sustainable \90 \\
g = > 7N
! ( ) b ~
< . ~
- — Y
\
Oil & Gas Operation Injection Well N
Y
Process Concentrated
Q »‘ ﬂ
i Water Process water 'é‘
Q 2 Low salinity | =
.é” FO Membrane ) »
o
g Brine - Diluted \ %
() L .
o High salinity brine -
> Desalination Plant Sea
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implementation.

[69-71]; an MBR-FO system could have a net present value (NPV) 20%
lower than MBR-RO [70].

4.6.2. Sustainability

OC can be a sustainable process since it is capable of minimizing
greenhouse gas (GHG) emissions associated with water volume reduc-
tion by decreasing energy required for the treatment compared to the
state-of-the-art RO [72]. Assuming that the electricity is generated by a
clean burning fuel, natural gas (400 gCOy/KWh) [73], that would
translate to 30 gCO,/m>. This emission is 7x lower compared to low
pressure RO, operating at 15 bar, which has an emission of 222 gCOy/
m>,

Another sustainable aspect of the process is the beneficial dilution of
the brine discharged to the Arabian Gulf. The process is capable of
diluting the brine up to 75%, depending on the feed and draw solution
concentrations [46,49,74]. This environmental benefit minimizes the
impact on the marine life and enable alternative disposal options,
making OC an attractive process for future project developments.

4.6.3. Innovative application

OC has its niche application in places where the low salinity pro-
duced, or process water are available. Those water sources could be
ideal for a volume reduction process due to the low salt content [23].

Another key aspect is to have the low salinity stream near a draw
solution (i.e., seawater or desalination brine). In Qatar, the gas pro-
duction facilities are nearby to full-scale water desalination plants,
which makes it feasible to implement the OC process at full-scale.

For the wastewater evaluated, OC could reduce its volume up to
75%, enhancing the life of the disposal wells beyond current advanced
treatment process (MBR-RO) that targets 60% volume reduction. To
advance the TRL of OC for this application, a demonstration-scale
testing in the field, under relevant conditions, is currently being plan-
ned to obtain a detailed economic assessment and validate the perfor-
mance parameters of the technology.

5. Conclusions

This study presented a side-by-side performance evaluation of two
commercial HF - FO membranes at pilot scale for actual wastewater
volume reduction from oil & gas operations. A theoretical model was
used to normalize and compare the performance data of the two mod-
ules taking into consideration the variability of the operating conditions.
The key outcomes of the project were:

11

m Long-term benchmark tests (50 h of continuous operation),
conducted using synthetic feed and draw solutions, showed
good agreement between the experimental data and model
prediction. Less than 5% deviation between the theoretical and
experimental values were observed.

Performance tests conducted using actual wastewater from a
gas production facility showed that Module 2 (TFC) has a
higher flux compared to Module 1 (CTA), 9.9 L/m>hvs1.7L/
m?h; and lower specific RSF for most of the ions.

Module 1 benchmark test (after the actual WW) showed a 13%
flux loss compared to the model predicted value, the flux loss
was attributed to inorganic membrane fouling (calcium phos-
phate precipitation). The loss of flux for Module 2 was <5%
possible due to difference in membrane chemistry and to
enhanced hydrodynamics within the module (since it operates
at higher flow rates).

For Module 1, chemical cleaning (citric acid) proved to be
successful in restoring the flux back to their initial performance.
From the 8.1 mg/L organic carbon present in the feed, organic
characterization analysis reveals that certain group of hydro-
philic organics are able to pass through Module 1, but not
Module 2, translated to a specific forward organic solute flux of
0.9 mg/L and 0.1 mg/L for Module 1 and 2, respectively.

For volume reduction of industrial WW, OC has lower energy con-
sumption compared to RO since it operates at ambient pressure. OC is
also a more sustainable process since it reduces the greenhouse gas
emissions, and it is able to dilute the brine discharged. OC has its niche
application in places where the low salinity industrial WW are in close
proximity to a high salinity brine to serve as draw solution. Finally, the
OC process has strong potential for full-scale installation; however,
demonstrating the technology in the field would be the next step for
successful implementation of the technology.

Nomenclature

A water permeability coefficient [L/(m? h bar)]
B salt permeability coefficient [L/(m? h)]

D diffusion constant [m?/s]

DC draw concentration [mol/L]

DF draw flowrate [L/min]

FC feed concentration [mol/L]

FF feed flowrate [L/min]

i discrete section number

Js solute flux [mol/(m? h)]
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Jw water flux [L/(m? h)]

Kp Boltzmann's constant [(m2 kg)/(K sz)]
Kn mass transfer coefficient [L/(m? h)]

r Stokes radius [m]

R universal gas constant [(L bar)/(K mol)]
S structural parameter [m]

T temperature [K]

Vw volume of water per mole (partial molar volume) [L/mol]
Xw mole fraction of water

B van't Hoff coefficient

Am discrete membrane area [mz]

n dynamic viscosity [kg/(m s)]

I1 osmotic pressure (bar)

17 osmotic coefficient
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