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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Investigated desalination via osmoti
cally assisted reverse osmosis (OARO)

• Tested efficacy of multiple pretreatment 
technologies on saline produced water 
(PW)

• Improved removal of high fouling po
tential organics by pretreatment, 17 to 
62 %

• Reduced organic membrane fouling by 
pretreatment; flux loss dropped from 20 
% to 2 %

• Generated preliminary product water 
quality for potential beneficial reuse
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A B S T R A C T

In a rapidly developing oil and gas industry, sustainable management of produced water (PW) is a key challenge. 
Due to increasing environmental regulations, the industry is driven towards reducing volumes of PW requiring 
deep well injection and maximizing beneficial reuse. Among multiple innovative technologies being explored, 
osmotically assisted reverse osmosis (OARO) has been gaining attention as a possible cost-efficient route for brine 
concentration. This study addressed key knowledge gaps associated with facilitating the industrial application of 
OARO for hypersaline PW including a systematic evaluation of pretreatment requirements, membrane organic 
fouling potential, and product water quality for beneficial reuse applications. A sequence of multiple technol
ogies, including chemical coagulation, softening, microfiltration, stripping, and granular activated carbon (GAC) 
adsorption, were configured and tested as pretreatment level I, level II, and level III. Approximately 60–70 % of 
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the dissolved organic carbon (DOC) in the PW originated from organic acids, which were proven to exhibit low 
membrane fouling potential. The remaining DOC (30–40 %), composed of other constituents including the high- 
fouling potential hydrophobic organic carbon (HOC), were reduced by ~17 %, ~38 %, and ~ 62 % via appli
cation of pretreatment level I, level II, and level III, respectively. Membrane fouling tests using level I PW quality 
resulted in immediate fouling and a flux drop of ~20 %. A flux loss of ~8 % was obtained using level II PW 
quality which was reduced to ~4 % by application of level III pretreatment. Generated results were used to 
depict the fouling mechanism for the different DOC fractions in the PW including, organic acids (electrostatic), 
HOC (adsorption), and uncharged/neutrals (diffusion). The study also shared preliminary insights on the ex
pected product water quality and discussed implications for reuse applications including posttreatment, toxi
cological evaluations, and regulatory requirements.

1. Introduction

Produced water (PW) is the naturally existing saline water generated 
during the extraction of oil & gas (O&G). Typically, volumes of PW can 
range between an average of 3–4 barrels per barrel of oil and can reach 
up to 10 barrels for some locations [1–6]. In the United States, 
approximately ~20 billion barrels per year of PW are produced by 
onshore O&G activities, with >15 million barrels generated daily in the 
Permian Basin [7]. Large volumes of PW require efficient management 
to reduce handling or disposal costs and associated environmental risks. 
Current PW management practices involve underground injection for 
either disposal, pressure maintenance, and/or water flooding for 
enhanced oil recovery in active formations [8]. Limited reuse of PW is 
also considered after minimal treatment for industrial applications. 
Adopting treated PW effluents for reuse outside the O&G industry re
quires addressing several challenges including the complex water 
quality, the limited toxicity data, and the knowledge gaps for adequate 
regulatory responses and risk assessment frameworks [9]. Only for 
specific high-quality PWs and/or some locations, other non-industrial 
PW reuse applications can include landscape irrigation and livestock 
watering [10]. Nevertheless, with increasing environmental regulations 
and concerns associated with induced seismicity, there are stringent 
constraints on the PW discharge quality and injection volume, respec
tively. These factors have globally driven the O&G industry towards 
reducing the PW volume requiring disposal via developing fit-for- 
purpose PW beneficial reuse solutions [11,12].

PW possesses a complex composition of organics and inorganics 
governed by several factors like hydrocarbon type, location, and age of 
reservoir. Organics include oil, present as free, dispersed/emulsified, 
and dissolved, as well as some chemical additives and their associated 
transformational byproducts during interactions with the formation 
water. Inorganics cover suspended particles, dissolved solids (known as 
total dissolved solids (TDS), precipitated solids (i.e., scales), and metals. 
TDS is considered one of many challenging contaminants hindering the 
treatment and reuse applications of PW. A gas field PW typically has 
relatively low TDS (i.e., <10 g/L) compared to >100 g/L TDS expected 
for oil field PWs [1–3]. Membrane desalination by reverse osmosis (RO), 
driven by applied pressure overcoming the osmotic pressure, has been 
proven to be one of the most energy efficient processes for desalinating 
streams of TDS concentrations up to ~70 g/L [13–22]. The relatively 
low TDS PWs (i.e., less than seawater salinity of 35–40 g/L) demonstrate 
higher opportunities for desalination application at lower specific en
ergy consumption (< 5 KWhr/m3) [23,24].

Treatment of high salinity PWs, for purposes of complying with 
emerging brine management strategies and/or minimum/zero liquid 
discharge (MLD/ZLD)) targets, is typically more challenging and energy 
intensive [25,26]. This is due to the elevated boiling points, for thermal 
processes, or osmotic pressures, for membrane processes for high TDS 
streams. Such waters have been traditionally desalinated or concen
trated using thermal processes such as multi-effect distillation, falling- 
film evaporators, or mechanical vapor compression [11,27–30]. How
ever, thermal processes are relatively expensive and highly energy 
intensive (> 30 kWhr/m3) [23]. Recently, non-thermal membrane 
desalination has been suggested for the treatment of high salinity 

wastewater, including high-pressure reverse osmosis (HPRO) and 
osmotically assisted reverse osmosis (OARO) [31–34]. As shown in 
Fig. 1, the HPRO process allows for treating salinities ranging between 
70 g/L to ~120 g/L. However, HPRO requires operating at elevated 
hydraulic pressures to overcome the hypersaline PW osmotic pressure. 
The high-pressure requirement by the HPRO might in some cases restrict 
the process applicability due to membrane pressure tolerance [35]. 
Several recent studies have demonstrated the substantial reduction in 
membrane performance due to compaction [35]. A study by Anvari et al. 
[36], focused on assessing the viability of HPRO processes in concen
trating feedwaters up to 250 g/L, concluded that the development of 
pressure-resistant membranes is crucial for expanding the boundaries of 
HPRO commercial application. On the other hand, OARO is a unique 
membrane process that fills in the energy gap between the conventional 
RO and thermal evaporative processes. The process overcomes chal
lenges associated with excessive pressure requirements while simulta
neously treating high TDS waters of up to ~200 g/L [37–41]. The OARO 
process features two saline solutions of similar osmotic pressure sub
jected to both sides of the RO membrane, referred to as “feed” and 
“sweep”. The main function of the saline sweep solution is to reduce the 
osmotic pressure differential across the membrane which results in 
lowering the required RO feed pumping energy. In other words, upon 
feeding identical salinity solutions on both sides of the membrane, the 
osmotic differential across the membrane would be minimum, hence 
water permeation will solely be dependent on the applied pressure and 
not the initial concentration of the feed. This makes the OARO process 
applicable for concentrating high salinity wastewaters without requiring 
operation at extreme pressures [14,37,42,43].

Research studies assessing OARO for brine concentration have been 
focused on theoretical modeling and performance predictions 
[39,42–47], investigation of OARO practical application via bench and/ 
or pilot scale tests [37,38,48–52], and membrane development or 
optimization to address mechanical stability, structural parameters, and 
external/internal concentration polarization [38,48,53]. However, 
similar to other membrane-based processes, development of effective 
pretreatment strategies to prevent membrane fouling is crucial for 
minimizing constraints on achievable recoveries and enabling cost 
effective application [54–56]. Existing OARO studies were found to be 
mostly focused on the use of either synthetic solutions or pretreated 
seawater with limited data available on real industrial wastewater. 
Although insights on the fouling behavior of inorganics and/or selected 
model organics were provided [57,58], the behavior and impact of 
complex organic constituents, typically present in real wastewater, on 
the OARO performance remain underexplored. Furthermore, data 
regarding the generated water quality and implications for beneficial 
reuse were found to be lacking. A recent pilot study by Houghton et al. 
[35] investigated one OARO configuration using a hypersaline PW (TDS 
= 133 g/L) from the Permian Basin. Although several pretreatment 
technologies were considered to avoid impacting the process perfor
mance, the study concluded that additional pretreatment is still required 
to enhance the process efficiency. Also, details on the applied pretreat
ment efficiency and associated impacts on membrane fouling were 
found to be inadequately demonstrated. Therefore, this study focused on 
addressing key research gaps associated with facilitating the OARO 
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industrial application for desalinating hypersaline PW via presenting a 
systematic evaluation of pretreatment requirements, membrane organic 
fouling potential, membrane cleaning efficiency, and product water 
quality for reuse. Specific objectives were defined to highlight the novel 
aspects of the study which include: 

• Characterizing the organic constituents of real hypersaline PW 
samples from an oil and gas production operation.

• Assessing the efficiency of several pretreatment technologies with 
focus on enhancing the removal of organic constituents.

• Evaluating membrane performance, fouling potential, and chemical 
cleaning efficiency through bench scale RO tests conducted at rele
vant industrial conditions.

• Generating preliminary product water quality data and discussing 
potential for reuse applications.

2. Materials and methods

2.1. Analytical & characterization methods

Multiple analytical and characterization techniques were applied for 
the comprehensive analysis of PW quality, assessment of pretreatment 
efficiency, and evaluation of membrane fouling.

2.1.1. Basic analytical methods
pH and conductivity were analyzed using an Orion 3 Star meter. 

Dissolved ions and total elemental content were measured using Ion 
chromatography (ICS 6000, Thermo Scientific) and inductively coupled 
plasma (5900 SVDV, Agilent), respectively. Dissolved organic carbon 
(DOC) and inorganic carbon were analyzed by a combustion method 
using a TOC Analyzer, TOC-V, Shimadzu. Total oil and grease (TOG) 
content was measured by Horiba extraction methods (US EPA test 
method 413.2 solvent) using OCMA-350 spectrophotometer. Hach 
turbidimeter was used for turbidity measurements. DR6000 UV VIS 
Spectrophotometer by Hach was used for ammonium analysis 
(Ammonia TNT 831, Hach).

2.1.2. Advanced characterization
For in-depth analysis of DOC, the Thermo Scientific Dionex Integrion 

high-pressure ion chromatography (HPIC) system (Dionex IonPac ICE- 
AS1) coupled with a Dionex™ AS-DV Autosampler and suppressed 
conductivity detection was applied for organic acid analysis. Other 
advanced tools also included Fourier transfer infra-red (FTIR) and 

scanning electron microscope (SEM) analyses, which were applied to 
study the surface morphology and properties of the RO membrane.

2.2. Feedwater samples

2.2.1. PW samples
PW samples, referred to as PW 1 and PW 2, from unconventional 

O&G operations in the Permian Basin were collected. The samples, 
collected from different locations, were characterized upon receipt and 
stored in a refrigerated environment at 4 ◦C to avoid changes in chemical 
composition. Water quality analyses were also conducted prior to each 
assessment for quality assurance and control. A summary of the average 
initial PW quality, based on three analytical measurements per PW (i.e., 
n = 3), is presented in Table 1. For salinity (i.e., TDS), it ranged between 
~80,000 for PW 1 up to ~120,000 mg/L for PW 2. The PW samples 

Fig. 1. Comparison of saline water treatment technologies in terms of energy consumption and feedwater TDS including brackish water RO (BWRO), seawater RO 
(SWRO), HPRO, OARO, evaporators (EVAP) and crystallizers (CRYST) [59,60].

Table 1 
Average quality of PW samples, based on three analytical measurements per PW 
(n = 3).

Parameter Unit PW 1 PW 2

pH – 6.7 ± 0.2 6.7 ± 0.1
Conductivity ms/cm 124 ± 4 142 ± 15
Alkalinity mg/L as CaCO3 299 ± 1 250 ± 6
Turbidity NTU 240 ± 7 214 ± 5
UV254 – 0.312 ± 0.005 0.166 ± 0.005
TDS mg/L 85,483 ± 2305 112,259 ± 1417
DOC mg/L 127 ± 6 47 ± 6
TOG mg/L 113 ± 1 191 ± 57
Bicarbonate (HCO3

− ) mg/L 163 ± 1 234 ± 5
Chloride (Cl− ) mg/L 52,319 ± 437 68,374 ± 927
Sodium (Na+) mg/L 28,745 ± 210 37,272 ± 1179
Bromide (Br− ) mg/L 459 ± 3.4 504 ± 12
Potassium (K+) mg/L 517 ± 15 617 ± 14
Calcium (Ca2− ) mg/L 2615 ± 136 3329 ± 23
Magnesium (Mg2− ) mg/L 324 ± 16 475 ± 50
Sulfate (SO4

2− ) mg/L 370 ± 3 75 ± 8
Ammonium (NH4

+) mg/L 514 ± 23 688 ± 9
Barium (Ba) mg/L 2.2 ± 0.3 29 ± 1
Lithium (Li) mg/L 22 ± 1 37 ± 1
Iron (Fe) mg/L 17 ± 1 21 ± 3
Manganese (Mn) mg/L 0.40 ± 0.2 0.53 ± 0.05
Strontium (Sr) mg/L 527 ± 15 1085 ± 47
Boron (B) mg/L 104 ± 0.5 76 ± 1
Silicon (Si) mg/L 22 ± 5 16 ± 1
Acetic acid mg/L 198 ± 4 65 ± 7
Propionic acid mg/L 15 ± 3 <0.1
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showed similar pH values, close to the neutral range, at ~6.5. Hardness 
levels were found to exceed 6000 mg/L CaCO3, which classifies both PW 
samples as “very hard” [61]. Organic content, in terms of DOC, differed 
between PW 1 and PW 2. The average DOC content in PW 1 was 
measured at ~127 mg/L, whereas PW 2 showed ~42 mg/L. Deviation in 
the PW DOC content can be attributed to the location, geological for
mation, and hydrocarbon type. Most of that DOC was confirmed to come 
from organic acids, primarily acetic acid (representing ~60–65 % of 
total DOC). Other organic acid constituents such as formic and butyric 
acids were found to be close to detection levels (i.e., <1 %). Differences 
in average concentrations of several elements (e.g., strontium, iron, 
lithium, and manganese) and ions (e.g., chloride, sodium, ammonium, 
magnesium, sulfate, calcium, and barium) were also observed. In most 
cases, except for sulfate, boron, and silicon, PW 2 was found to contain 
higher ionic fractions than PW 1. Other not reported constituents were 
either close to detection levels or not analyzed.

2.2.2. Synthetic solutions
Synthetic solutions were also used in selected membrane fouling 

evaluations for optimization and benchmarking purposes. Synthetic 
NaCl solutions at ~40,000 mg/L and synthetic produced water (SPW) 
solutions mimicking the composition of real PW were tested. The NaCl 
solutions were primarily used for the benchmark tests as a performance 
“Baseline”. For the SPW solutions, they were utilized for assessing 
fouling impacts of specific constituents in the PW. This technique was 
adapted to aid in focusing the fouling tests, performed using real PW, on 
evaluating organic membrane fouling. Two SPW recipes were formu
lated based on the attained pretreated PW quality. SPW 1, to only mimic 
the inorganic fraction in the PW (i.e., no organics), and SPW 2 to target a 
known fraction of organics while maintaining a similar inorganic matrix 
to SPW 1. This strategy will allow for using the real PW to evaluate 
fouling caused by unidentified organic species.

2.3. Pretreatment technologies

Various technologies were considered for PW pretreatment. The se
lection was based on several considerations, including the type of con
taminants in PW as well as the applicability range and efficiency of the 
pretreatment technology. Typically, conventional pretreatment tech
nologies applied for RO can include coagulation- flocculation, media 

filtration, dissolved air flotation (DAF), lime/soda ash softening, ozon
ation, membrane processes (microfiltration (MF), ultrafiltration (UF), 
nanofiltration (NF)), biological processes, and adsorption/ion exchange 
(IX) [62]. Depending on several factors including feedwater quality, 
reuse application, cost, and others, a sequence of pretreatment tech
nologies is applied to sustain the RO operation. In this study, a combi
nation of sequential physical and/or chemical processes targeting 
different pretreatment levels (i.e., primary to advanced) was selected for 
qualification on hypersaline PW. Test protocols were developed and/or 
optimized to assess the pretreatment efficiency, which was verified via 
water quality analyses performed before and after each treatment step. 
Fig. 2 describes the selected technologies which included:

2.3.1. Chemical coagulation
Chemical coagulation is one of several primary methods applied for 

the removal of suspended solids and oils from PW [63]. Tests were 
performed using a Platypus 4G Jar Tester (Australian Scientific Pty). 
Iron III chloride (FeCl3, >97 % purity, Merck) was used as a coagulant. 
Previously, optimization tests were conducted by assessing the impact of 
coagulant dosage on the removal efficiency. Dosages between 120 and 
500 mg/L were tested with pH adjustment to 8.5, mixing speed of 200 
rpm for 15 min, and finally settling time of 2 h, as developed in earlier 
studies [64,65]. The supernatant was then collected and analyzed to 
assess DOC, turbidity, & Fe removal efficiencies. A coagulant dosage of 
200 mg/L was determined optimum based on obtained removal 
efficiencies.

2.3.2. Softening and MF
Softening was applied targeting the removal of hardness. Water 

hardness typically originates from the existence of cations like calcium 
and magnesium. Conventional methods applied for water softening 
primarily involve chemical precipitation. Commonly used chemicals are 
lime (calcium hydroxide) or caustic and soda ash (sodium carbonate). 
The PW used in this study has both carbonate and non‑carbonate 
(dominant) types of hardness. Therefore, the chemical treatment 
required the presence of two components: hydroxyl ions (OH− ) to raise 
the pH and remove carbonate hardness and carbonate ions to remove 
the non‑carbonate hardness. In this study, sodium hydroxide (NaOH) 
and sodium carbonate monohydrate (SCM) were used for the PW soft
ening treatment. As verified with OLI Systems [66], while calcium 

Fig. 2. A diagram depicting the PW target contaminants (top) and the corresponding applied pretreatment technologies (bottom).
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carbonate precipitation occurs at pH ~9–9.5, waters with high magne
sium content require pH above ~11 for the precipitation of magnesium 
hydroxide [67]. Accordingly, 5 M NaOH solution was used to raise the 
PW pH to ~11.5–11.8. Based on the measured hardness levels in the PW 
and theoretical softening reactions [68], required amounts of SCM were 
calculated as ~9000 mg/L for PW 1 and ~ 12,500 mg/L for PW 2. After 
adding SCM to the PW, the mixture was stirred for 45 min using the 
Platypus 4G Jar Tester. Samples were then allowed to settle for 1–2 h 
before applying MF under vacuum (Nylon, 0.45 μm, Sterlitech) on the 
supernatant.

2.3.3. Stripping
Removal of NH4

+ and HCO3
− was achieved via pH adjustment fol

lowed by stripping using nitrogen (N2) gas (Nitrogen Gas Generators, 
LNI). Removal of excess HCO3

− was applied to eliminate scale formation 
contributors and consequently prevent RO membrane fouling. Although 
NH4

+ salts are quite small and less likely to cause RO membrane scaling, 
their levels in treated effluents are strictly monitored and regulated for 
specific reuse applications [69]. RO NH4

+ rejections are pH dependent. 
At high pH, ammonia gas (NH3) is prevalent, and being a gas, will not be 
rejected by the RO. At low pH, the prevalent ion is NH4

+, which is then 
rejected by the RO [69]. Based on that, it is also of vital importance to 
evaluate the NH4

+ removal efficiency and associated effects on RO per
formance. Effluent PW from the softening-MF step would be at high pH 
(~ > 11.5). At these alkaline conditions, NH4

+ will deprotonate to vol
atile NH3 gas, which can be then stripped by bubbling N2 gas [70]. N2 
gas bubbling was applied at high intensity for 24 h, which was deter
mined based on the achieved removal efficiency from multiple experi
mental trials. Removal efficiencies were measured via analyzing treated 
samples for NH4

+ content. Similarly, close to neutral pH, HCO3
− ions will 

be present in the water, while at low pH (i.e., < 6) HCO3
− ions will be in 

the form of carbon dioxide (CO2) [71]. Therefore, the PW pH was then 
lowered to ~5 using a 6 N HCl solution. The samples were purged again 
using N2 gas for 1–2 h. HCO3

− removal efficacy was verified via inorganic 
carbon analysis. An indication of CO2 removal was also evident via an 
increase in pH to ~7–8. In terms of DOC, as the solubility of some or
ganics is pH dependent, this treatment step is expected to contribute to 
partial DOC removal, which may include volatile organics and/or other 
insoluble organic species at low pH conditions [70].

2.3.4. Adsorption
Organic fouling is a major concern limiting RO performance. While 

inorganic and biological fouling can be typically managed using chem
icals, organic fouling on the other hand is managed by pretreatment 
[72]. The industry-standard absorbent granular activated carbon (GAC) 
was applied targeting the removal of organics from PW. Attributed to its 
surface hydrophobic properties, GAC treatment is expected to mostly 
target the hydrophobic-type organic species present in the PW [73–75]. 
Minimal impact on the hydrophilic organic fraction, such as organic 
acids, is anticipated. A fixed-bed column setup was built consisting of 
three main parts: feed pump and tank, column, effluent collection. To 
prevent corrosion issues, Perfluoro alkoxy (PFA) tubing and fittings 
were used. The column (PFA, Parker, diameter: 1.6 cm) height was fixed 
at ~40 cm. Feed PW was pumped through the column using a positive 
displacement pump (KNF, Switzerland) at a flowrate of 2 mL/min in a 
bottom to top flow direction. The adapted design and/or operating 
conditions will then allow for operating an empty bed contact time 
(EBCT) of 40 min, which is within typical EBCT ranges applied for GAC 
[73,75,76]. First, weighed amounts of glass wool (~80 mg) were placed 
at the bottom and top column fitting parts to hold the media in place. For 
GAC preparation, the media was initially sonicated in deionized (DI) 
water for 0.5 h (Basis: 5–6 cycles for every 10 g media/250 mL DI water) 
and then dried at 105 ◦C for 4 h. Media sieving (USA standard test sieve, 
Cole Parmer) was performed to obtain a specific size range and prevent 
pressure build up in the bed by fine particles. A mixture of 14 mesh (40 
%) and 16 mesh (60 %) sizes was used [75]. GAC was then loaded to the 

column. The bed was first flushed with DI water for 24–48 h to dissolve 
air bubbles/gaps within the bed and confirm minimal release of residual 
organics from the GAC bed (i.e., effluent DOC <1 mg/L). After that, the 
operation was switched to PW treatment mode. Effluent samples were 
collected automatically at different time intervals to assess DOC removal 
and column breakthrough. The sampling at specific time intervals was 
accomplished via Open Manipulator P from Robotis. (ROS, Open-Source 
Robotics Foundation, USA) controlled with a custom-made C++ code 
[75,77].

2.4. RO testing for membrane fouling evaluation

An RO test protocol was developed to assess the efficiency of PW 
pretreatment and the expected product water quality. In Fig. 3, a typical 
staged OARO system, crossflow reverse osmosis (CFRO) with brine 
reflux [13,39,42], for concentrating PW from ~100 to ~200 g/L is 
shown. This mode involves applying three CFRO stages and one RO 
stage. The integration of an RO stage is crucial to help increase process 
efficiency/viability and allow for generating clean water for reuse ap
plications. Initially, the 2nd CFRO stage will receive the feed PW coming 
at ~100 g/L and the sweep PW at 150 g/L (from 3rd CFRO stage). The 
feed will be concentrated, and the sweep will be diluted. Similarly, the 
3rd CFRO stage will use a 150 g/L feed coming from stage 2 with a 
recycled 200 g/L PW sweep. The 1st stage will take the 100 g/L sweep 
from stage 2 and a 60 g/L RO brine as the feed. Finally, the sweep so
lution exiting the 1st CFRO stage will be at~40 g/L, which is within the 
operable salinity range of a conventional RO. The objectives of this study 
involve assessing the saline PW pretreatment efficiency, the membrane 
fouling tendency, and the generated product water quality. Thus, 
mimicking the RO stage will provide initial understanding on the min
imum PW pretreatment requirements as well as generate product water 
quality data while operating at moderate pressures. It will also aid in 
identifying fatal flaws related to RO membrane fouling and operation. 
Therefore, a test setup and procedure were designed targeting the RO 
stage in the CFRO system under relevant industrial conditions.

2.4.1. RO bench scale setup
A custom-built bench set-up was used for this evaluation (Fig. 4). The 

unit consists of a high-pressure pump (Hydracell, USA), membrane cell 
(Sterlitech, USA), water bath (Julabo, Germany) and feed tanks (Ster
litech, USA) connected in a closed loop. All the wet parts under pressure 
(pump, membrane cell, heat exchanger) are made of Hastelloy (alloy C- 
276) to prevent corrosion due to the high salinity of the feed stream. 
Commercial thin-film composite RO membranes (SWC5, Hydranuatics) 

Fig. 3. A schematic of a typical OARO configuration, a staged CFRO system. 
The figure highlights the RO stage being targeted in the study for pretreatment, 
membrane fouling, and product water quality evaluation.
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were applied for testing. In terms of piping material, Hastelloy pipes 
were deployed for the high salinity pressurized feed side, and PFA tubing 
were used for the low salinity and pressure permeate side. The unit is 
controlled through a LabVIEW Compact RIO system (NI, USA) which can 
maintain the feed flowrate constant using a proportional-integral- 
derivative (PID) controller. The PID reads the flowmeter data and ad
justs the revolution per minute (RPM) of the pump to reach the target 
flowrate. For pressure control, a second PID controller is used; this PID 
gets feedback from the pressure sensors to automatically adjust a back 
pressure regulator using a Dynamixel actuator (Robotis, South Korea). 
The unit can run on two operating modes: recirculation and concen
tration. During recirculation mode, the permeate is sent back to the feed 
tank. During concentration mode, the permeate is collected in a separate 
tank and the cumulative weight is monitored using an analytical balance 
(Mettler Toledo) to determine the feed concentration factor. For both 
operating modes, the permeate flow is measured through a liquid 
flowmeter (Sensirion, Switzerland) installed at the outlet of the cell. To 
avoid depressurizing the system while changing between the baseline 
and feed solutions, two inline feed tanks were installed with isolation 
valves to allow switching of the solutions. During operation, key oper
ational parameters, feed and permeate conductivity, temperatures, 
pressures, and water flux were recorded as function of time.

2.4.2. RO test procedure
Fig. 5 depicts the developed RO test protocol steps. To mimic the RO 

operation within the CFRO staged system (Fig. 3), the pretreated PW 
samples were diluted with DI water to a target salinity of ~40 g/L 
(within RO operable salinity limit). Accordingly, PW 1, with TDS of ~85 
g/L, was diluted by ~50 %, while PW 2, with TDS of ~112 g/L, was 
diluted by ~65 %. The dilution using DI water is consistent with the 
CFRO system operation (Fig. 3) at which only pure water permeates 
through the membrane causing the dilution of the sweep solution (feed 
to RO). First, the RO membrane was compacted for 24 h using DI water 
at ~52 bar until stable water flux is achieved. Dosages of antiscalant 
(5.5 mg/L) and biocide (3.7 mg/L) chemicals were used throughout 
testing for scaling and biological fouling inhibition, respectively [72]. 
The test protocol, applied for both the synthetic and real solutions, 
involved six steps operated at a pressure of ~52 bar: 

• Step 1: an initial baseline test was conducted using a NaCl solution at 
40 g/L in recirculation mode until stable flux was achieved.

• Step 2: depending on their salinity (i.e., PW 1 or PW 2), the pre
treated PW was first diluted using DI water to mimic the RO stage in 
the CFRO system, and then subjected to the membrane in recircu
lation mode. This step, performed using only the diluted conditions, 
was utilized for assessing possible immediate fouling scenarios (i.e., 
fatal flaw).

• Step 3: the pretreated PW was then concentrated to ~65 g/L via 
operating in concentration mode. This step was employed to study 
membrane fouling at concentrated conditions, mimicking the RO 
performance in the CFRO system.

• Step 4: the membrane was then subjected to the concentrated PW 
quality at ~65 g/L at recirculation mode until stable flux was 
achieved.

• Step 5: a final baseline test was performed and compared to the 
initial baseline. Differences between the initial and final baseline 
tests were exploited as indicators of membrane fouling.

• Step 6: a post-cleaning baseline was conducted to determine the total 
membrane flux recovery due to chemical cleaning. Standard RO 
chemical cleaning protocols, recommended by membrane vendors 

Fig. 4. RO bench scale test setup diagram.

Fig. 5. RO bench scale test protocol steps, presented in terms of membrane 
permeability. All test steps were operated at ~52 bar in presence of biocide 
(3.7 mg/L) and antiscalant (5.5 mg/L). Pretreated PW is treated by RO: first an 
initial baseline test (NaCl, TDS:40 g/L). Then in Step 2, the initial PW test 
(TDS:40 g/L) is performed. This is followed by the PW concentration test in 
Step 3 (TDS: 40 to 65 g/L). Step 4 is the concentrated PW test (TDS:65 g/L) 
(showing lower permeability due to increased salinity). The final baseline test is 
performed in Step 5. After recirculating the cleaning solutions (citric acid fol
lowed by SDS + EDTA), a post-cleaning baseline test is performed in Step 6 
(NaCl, TDS:40 g/L).
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[78], were applied for membrane cleaning and flux recovery under 
no pressure. The standard RO protocol included two chemical 
cleaning stages. First, a low pH stage targeting inorganic fouling 
using a 2 % citric acid solution recirculated for 30 min. After an NaCl 
baseline (like step 1), the second cleaning step was applied at high 
pH targeting organic fouling by recirculating a 0.025 % sodium 
dodecyl sulfate (SDS) and 0.8 % ethylenediaminetetraacetic acid 
(EDTA) solution at pH of 11 for 30 min. Although this is a 
commercially applied standard procedure, it is merely effective for 
certain types of foulants at specific operating conditions [79].

The RO test results, obtained as water permeability/flux in L/m2.h 
(LMH), were normalized by driving force and reported as LMH/bar. The 
diving force (bar) reflected the difference between the applied hydraulic 
pressure and the osmotic pressure. Osmotic pressures were estimated 
using OLI Systems [66] based on measured conductivity. Additionally, 
mass balance calculations, using concentrations and volumes of the RO 
feed, permeate, and reject, were carried out to elucidate the fouling 
mechanism.

3. Results and discussion

3.1. Pretreatment evaluation

3.1.1. Pretreatment schemes
As shown in Fig. 6, three PW pretreatment levels were developed: 

level I, level II, and level III. Each level targeted the removal of specific 
contaminants, generating different pretreated water qualities for sub
sequent membrane fouling assessment. Level I involved bulk removal of 
oils, suspended solids, and hardness (i.e., Ca and Mg) achieved via 
application of chemical coagulation, softening, and MF. The removal of 
hardness is key for RO operation and membrane performance to prevent 
inorganic fouling caused by scale formation. Level II included an addi
tional two-stage N2 stripping, first at high pH for NH4

+ removal, and then 
at low pH for HCO3

− removal. The removal of HCO3
− will further reduce 

risks of membrane fouling due to scale formation. Significant levels of 
NH4

+ were detected in the PW samples. Evaluating NH4
+ removal under 

pretreatment will allow for assessing its removal efficiency and impact 
on final RO permeate quality (i.e., for reuse applications). Additionally, 
as the solubility of some organics is pH dependent, the pH adjustment/ 
stripping step is expected to contribute in partial DOC removal, which 
may include volatile organics and/or other insoluble organic species at 
low pH conditions [70]. Finally, level III targeted enhanced removal of 
organics, particularly hydrophobic organic carbon (HOC), via applica
tion of GAC adsorption. HOC compounds are usually considered a major 
concern impacting RO operation and membrane lifespan. With GAC 
targeting HOC, performance data obtained from level II and level III 
pretreatment will allow for assessing the fouling propensity attributed to 
HOC. Pretreatment and RO evaluations were initially carried out on PW 
1, possessing higher DOC content than PW 2, while PW 2 was later tested 

for validation purposes.

3.1.2. Pretreatment efficiency results

3.1.2.1. Inorganics. The assessment of efficiency for the three devel
oped pretreatment levels was divided into two categories: inorganics, 
and organics. Table 2 summarizes the removal efficiencies achieved for 
selected inorganic constituents in PW 1. All pretreatment levels realized 
>99 % removal of turbidity and other high fouling potential species like 
Ca, Mg, Fe, and Mn. Also, ~99 % removal was achieved for Sr, and Ba, 
and ~ 84 % for Si. Lower removals of ~19 % were obtained for B. 
Although high pH conditions were provided, effective boron removal 
requires applying other treatment technologies such as ion exchange or 
RO at high pH conditions [80,81]. level II pretreatment, involving 
stripping at high followed by low pH conditions, exhibited improved 
removals of NH4

+ up to 99 % and HCO3
− up to 97 %. Similar inorganic 

removal performances were obtained for level II and level III pre
treatments since they only differed in terms of organics removal (i.e., 
due to GAC adsorption). As expected, removals of <5 % were realized 
for Na, Cl, K, SO4

2− , and Li since they were not targeted by applied 
treatment technologies.

3.1.2.2. Organics. The second category for the assessment of pretreat
ment efficiency included organics removal. In this study, different 
strategies were adapted to manage membrane fouling. While inorganic 
fouling was controlled by using antiscalants, biofouling was managed by 

Fig. 6. Pretreatment levels tested in the study: level I, level II, and level III.

Table 2 
Summary of the removal efficiencies for different pretreatment levels obtained 
for selected inorganics in PW 1.

Pretreatment Removal %

Parameter Unit Feed (PW 1) Level I Level II Level III

Turbidity NTU 240 ± 7 >99 % >99 % >99 %
Ca mg/L 2615 ± 136 >99 % >99 % >99 %
Mg mg/L 324 ± 16 >99 % >99 % >99 %
Fe mg/L 17 ± 1 >99 % >99 % >99 %
Mn mg/L 0.4 ± 0.2 >99 % >99 % >99 %
Sr mg/L 527 ± 15 99 % 99 % 99 %
Ba mg/L 2.2 ± 0.3 99 % 99 % 99 %
NH4

+ mg/L 514 ± 23 17 % 99 % 99 %
HCO3

− mg/L 163 ± 1 N. a.1 97 % 97 %
Si mg/L 22 ± 5 84 % 84 % 84 %
B mg/L 104 ± 0.5 19 % 19 % 19 %
Cl mg/L 52,319 ± 437 <2 % <2 % <2 %
Na mg/L 28,745 ± 210 <2 % <2 % <2 %
K mg/L 517 ± 15 <2 % <2 % <2 %
Br mg/L 459 ± 3.4 <2 % <2 % <2 %
SO4

2− mg/L 370 ± 3 <2 % <2 % <2 %
Li mg/L 22 ± 1 <2 % <2 % <2 %

N.a.: Not applicable. Excess bicarbonate was added to the PW to enhance soft
ening. Removal of bicarbonate was achieved by stripping (Levels II and III).
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using biocides, in addition to the PW high salinity which can to some 
extent limit bio-growth. Managing organic fouling, however, can only be 
achieved via adequate pretreatment [72]. Water quality is a key 
component in the process of developing optimum pretreatment strate
gies. Fig. 7 shows a graphical representation of the organics in PW 1, in 
terms of DOC, prior to pretreatment. With a total DOC of 127 mg/L, the 
HPIC results on PW 1 confirmed the presence of considerable concen
trations of acetic acid (~65 % of total DOC) and some propionic acid 
(~3.7 % of total DOC). In the figure, this DOC fraction, representing 
organic carbon from acetic and propionic acids, was referred to as 
“Organic acids”. The remaining DOC was considered as “unidentified 
DOC”. The unidentified DOC comprised of other fractions including but 
not limited to HOC and other hydrophilic components (e.g., neutrals, 
humics, and others), as elaborated by Dr. Huber [74,82,83]. Previous 
studies have investigated the fouling propensities of organic acids, 
specifically acetic acid, and other neutral species. Due to factors 
involving their hydrophilicity, charge, or size, these compounds were 
found to exhibit low RO membrane fouling tendencies as compared to 
HOC [15,84–86]. The HOC compounds are considered a major concern 
for RO operation as they tend to adsorb and foul the membrane [87]. 
Therefore, the pretreatment evaluation in this investigation targeted 
reducing the “unidentified” fraction, containing HOC and exhibiting 
higher fouling potential, while simultaneously tracking the organic 
acids content.

Fig. 7 also compares test results for pretreatment level I, level II, and 
level III applied on PW 1. Focusing on the unidentified DOC fraction, 
from a total DOC of 42 mg/L in PW 1 (before pretreatment), level I 
achieved ~17 % removal down to 35 mg/L. For all pretreatment levels, 
analyses revealed negligible impact on the concentrations of organic 
acids (~85 mg/L). The data also showed that stripping, applied vigor
ously for extended durations at adjusted pH conditions, has contributed 

to removing some organics. The DOC distribution for PW 1 after level II 
pretreatment showed a decrease in the unidentified DOC fraction down 
to 26 mg/L (~38 % removal). As highlighted earlier, these may repre
sent volatiles and/or other insoluble organics under certain pH condi
tions. For level III, attributed to its inherited surface hydrophobic 
properties, GAC treatment further reduced the unidentified DOC frac
tion down to ~16 mg/L, predominantly targeting HOC species. Level III 
achieved the maximum unidentified DOC fraction removal efficiency at 
~62 %. RO tests were then conducted to assess the three pretreated PW 
1 qualities and compare their fouling propensities.

3.1.3. Performance comparison
In Table 3, the pretreatment removal efficiencies obtained were 

compared to other recently reported relevant pretreatment evaluations 
targeting membrane desalination. With focus on saline PW (i.e., TDS ~ 
> 100 g/L), the selected pretreatment train in this investigation, applied 
with few modifications for purposes of technology qualification for the 
targeted PW quality/application and improvement of removal efficiency 
for specific contaminants of concern, was found to be comparable to 
other studies while showing improved performances in few areas. In 
terms of inorganics, DAF or coagulation/flocculation were mainly 
considered. The current study showed enhanced removals (i.e., >99 %) 
for high fouling potential metals like Fe and Mn. Also, the applied pre
treatment in this study involved softening which better reduced inor
ganic fouling risks via removing Ca, Mg, Si, Sr, and Ba. The study also 
assessed stripping for NH4

+ removal to provide insights on treatment 
efficiency as well as achievable product water quality for reuse. >99 % 
removal for NH4

+ was achieved via high pH stripping. For organics, the 
tested pretreatment uniquely targeted the removal of high molecular 
weight and/or HOC species, which are known to exhibit high RO 
membrane fouling tendency. Although a few studies investigated the 

Fig. 7. PW1 DOC distribution before and after application of level I, Level II, and level III pretreatments.
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application of biological processes such as membrane bioreactors (MBR) 
for the removal of DOC, yet challenges associated with salinity 
impacting the microorganism viability and/or efficiency still require 
further optimization. It is worth mentioning that the applied biological 
treatment in the reported studies primarily targeted the removal of low 
molecular weight organics (known to possess low membrane fouling 
tendency).

3.2. RO membrane fouling evaluation

3.2.1. Benchmark tests
Selected preliminary RO tests were systematically performed using 

synthetic solutions to establish proper performance benchmarks for the 
organic fouling evaluation. To start with, a benchmark test using a 
synthetic NaCl feed solution (40 g/L), antiscalant, and biocide was 
conducted to condition and assess the stability of the developed test 
setup and experimental protocol. As shown in Fig. 8A, generated water 
flux data were plotted against experiment time for each of the test steps. 
Obtained membrane water fluxes were stable at ~12 LMH throughout 
the initial baseline and the initial feed conditions (operated at constant 
salinity – recirculation mode). Upon concentration (RO protocol: Step 
3), the membrane permeability gradually decreased due to the increase 
in feed salinity, before stabilizing at ~4 LMH at the final feed salinity of 
65 g/L. The difference between the initial and final baseline tests was 
used to assess membrane fouling. As expected, when compared to the 
initial baseline, the final baseline test showed a negligible drop in 
membrane flux (i.e., <1 %) upon the concentration of the NaCl solution. 
SEM images comparing the membrane surface morphology before and 
after testing are shown in Fig. 8B and Fig. 8C, respectively. The images 
show that the membrane surface morphology before and after testing is 
comparable, which is confirmation of maintained membrane integrity.

Two more benchmark tests using SPW solutions were conducted. 
While the study focused on assessing the fouling behavior of organics, it 
is of equal importance to initially establish a benchmark for the fouling 

tendency of inorganics. The first test involved using SPW 1 solution at 
40 g/L consisting of a multi-element composition mimicking level II or 
III pretreated PW 1. Level II or III were considered to account for all 
inorganics targeted by the applied pretreatment, including NH4

+ and 
HCO3

− . Consistent with the systematic benchmark testing approach, the 
second test used SPW 2 which targeted the organic acids fraction. SPW 2 
comprised of multi-inorganics, like SPW 1, along with acetic acid which 
represented majority of the organic acids in PW 1. Likewise, the dif
ference between the initial and final baseline tests was used to assess 
membrane fouling as compared in Fig. 9. Upon comparing the normal
ized baseline fluxes from the three benchmarks tests, NaCl, SPW 1 and 
SPW 2, comparable flux losses ranging between ~1–2 % were realized. 
These results confirm efficiency of the applied pretreatment in reducing 
fouling concerns associated with the inorganics. They also verify the 
minimal RO fouling contribution by organic acids, which allows 
focusing the real PW evaluation on the behavior of the unidentified 
DOC.

3.2.2. Organic fouling

3.2.2.1. Pretreatment screening. RO organic membrane fouling assess
ments were split into three parts. The first part involved performing a 
quick RO test including steps 1 & 2 only from the developed RO eval
uation protocol. The test was conducted to determine the minimum PW 
pretreatment requirement and assess potential instant fouling scenarios. 
Fig. 10 compares the resulted RO membrane permeabilities, in LMH/ 
bar, from applying level I (Fig. 10A) level II (Fig. 10B) and level III 
(Fig. 10C) on PW 1. As shown in Fig. 10 A, although the pretreated PW 1 
quality was diluted by ~50 % (i.e., to lower the salinity to 40 g/L), the 
subjection of level I quality to the RO membrane resulted in immediate 
decline in permeability (~20 %). On the contrary, Fig. 10 B and Fig. 10C 
show negligible decline (<1 %) in membrane permeability upon testing 
either level II or level III pretreated PW 1 qualities. Based on this, it was 
confirmed that at least level II pretreatment quality is required to 

Table 3 
A comparison of pretreatment performance efficiency with published studies on saline PW samples.

Ref. Wastewater Pretreatment Removal efficiency

This study
PW from the Permian Basin 
(TDS: 80–120 g/L)

– Coagulation
– Caustic-soda ash softening
– MF
– N2 Stripping
– GAC adsorption

Inorganics: maximum removals achieved  
> 99 % for turbidity, Ca, Mg, Fe, Mn  
~ 99 % for Sr, Ba, and NH4

+

~ 84 % for Si  
~ 19 % for B  
< 2 % for Li, Cl, Na, K, Br, and SO4

2−

Organics: initial DOC = 127 mg/L  
~ 17 % for coagulation + softening + MF  
~ 38 % for coagulation + softening + MF + N2 stripping  
~ 62 % for coagulation + softening + MF + N2 stripping + GAC

[88]
Shale gas flowback water 
(TDS: 103 g/L)

– DAF
– Ozonation
– GAC adsorption
– Aerobic degradation

Inorganics: maximum removals achieved  
> 99 % for Fe  
> 56 % for Zn  
> 36 % for P 
~21 % for K  
< 15 % for B, Br, Na, Cl, S, Mg, Ba, Li, Ca, Ba, Mn, Sr, NH4

+

Organics: initial DOC = 649 mg/L  
~ 4 % for DAF  
~ 8 % for DAF + ozonation  
~ 36 % for DAF + ozonation + GAC  
~ 95 % for DAF + ozonation + GAC+ aerobic degradation

[89]
PW from the Permian Basin 
(TDS: ~119 g/L)

– Coagulation/Flocculation
– MBR
– GAC adsorption
– IX

Inorganics: maximum removals achieved  
~ 10–15 % for B, Ca, Mg, K, SO4

2− , and Sr  
< 10 % for Cl, Br, Na, and Mn 
Organics: initial DOC = 41 mg/L  
~ 48 % for Coagulation/Flocculation  
~ 83 % for Coagulation/Flocculation+ MBR  
~ 91 % for Coagulation/Flocculation+ MBR + GAC + IX

[64]
PW from unconventional operations in the United States 
(TDS: ~314 g/L)

– DAF
– Cartridge filtration (1 μm)
– Powdered activated carbon (PAC)
– MF

Inorganics: maximum removals achieved  
> 99 % for turbidity 
Organics: initial DOC = 100 mg/L  
~ 73 % for DAF + Cartridge filter + PAC+ MF
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prevent extreme scenarios of membrane fouling. The following full RO 
tests, involving the concentrated conditions of pretreated PW 1, were 
then conducted to compare the performance efficiency of pretreatment 
level II and level III.

3.2.2.2. Fouling evaluation on PW 1. The second part of the RO organic 
fouling assessment involved applying the six-step test procedure to 
evaluate the efficiency of pretreatment level II and level III. Different 
from the first part, in these tests the membrane will be subjected to both 
the initial and concentrated PW 1 qualities. Fig. 11 compares the ob
tained normalized water fluxes (LMH/bar) for the initial, final, and post- 
cleaning baseline tests. Results showed reductions of 8 % and 4 % in 
membrane permeability from operating level II and level III pretreated 
PW 1 qualities, respectively. Since fouling by inorganics and/or organic 
acids was ruled out via benchmark tests, the obtained data, specifically 
for level II scheme, confirm organic membrane fouling attributed to the 
“unidentified” DOC fraction. However, the PW fouling tendency was 
reduced with the application of level III pretreatment, involving 
enhanced DOC removal by GAC. Chemical cleaning for flux recovery 
was conducted on the tested membranes as shown in Fig. 11. Flux re
covery was not achieved (i.e., irreversible organic fouling) as both 

baseline fluxes, final and post-cleaning, were comparable. Fig. 12 shows 
results from FTIR analysis performed to inspect organic deposits/resid
ual on the membrane surface after testing different pretreated PW 1 
qualities. Obtained spectra for the clean/fresh, after level II, and after 
level III membrane samples were compared. With a focus on the C–H 
stretching represented by wavelengths ranging between 2850 and 3100 
cm− 1, increased deposition of organics was detected on the membrane 
surface subjected to level II pretreated quality. Consistent with the RO 
test results, lowered C–H stretching intensities were observed for the 
membrane tested with level III pretreated quality. The data herein 
demonstrates the crucial role of pretreatment in minimizing organic 
membrane fouling as well as the need for developing alternative 
chemical cleaning procedures to improve flux recovery.

3.2.2.3. Fouling evaluation on PW 2. As shown in Fig. 13A, PW 2 pos
sesses a lower DOC concentration, specifically for the unidentified 
fraction. Data generated on PW 1 quality showed that at least extensive 
levels of pretreatment (i.e., level III) are required to minimize RO fouling 
tendencies. Therefore, for data validation, PW 2 was used to assess the 
impact of initial water quality, specifically the unidentified DOC, on 
both the pretreatment efficiency and RO fouling propensity. Fig. 13B 

Fig. 8. A: Real-time flux data (LMH) for the NaCl synthetic solution test using the developed RO protocol (operated at ~52 bar), B: SEM image showing the surface 
morphology of the clean RO membrane (before testing), and C: SEM image showing the surface morphology of the RO membrane after testing.
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presents PW 2 DOC distribution before and after application of level III 
pretreatment. Focusing on the unidentified DOC fraction, ~85 % 
removal was achieved down to a concentration of ~3 mg/L. Fig. 13C 
compares the obtained RO test results for level III pretreated PW 1 and 
PW 2. The lower DOC content of PW 2 allowed for assessing the impact 
of the unidentified DOC concentration on membrane fouling. The 
comparison between the initial and final baseline results for PW 2 
showed a lower total flux loss of ~2 %, as compared to PW 1 at ~4 %. 

The results emphasize the vital role of pretreatment in removing prob
lematic organic species, like HOC, from the PW to sustain RO operation.

3.2.3. Organics fouling mechanism
Based on water quality results obtained from the pretreatment and 

RO testing, a fouling mechanism describing the behavior of the different 
DOC fractions present in the PW samples was elucidated. Table 4 shows 
the PW 1 RO water quality and mass balance summary comparing the 
pretreatment level II and level III. The mass balance results confirm the 
higher fouling tendency of level II PW quality, exhibiting a higher DOC 

Fig. 9. Benchmark RO test results using synthetic solutions. SPW 1 mimicked 
the inorganic fraction of PW 1 (no organics), to test fouling by inorganics. SPW 
2 mimicked the inorganic fraction of PW 1 along with acetate, to test fouling by 
organic acids.

Fig. 10. Organic fouling evaluation: quick RO assessment to screen the pretreatment requirement using PW 1, A: Level I, B: level II, and C: Level III.

Fig. 11. RO organic fouling evaluation for pretreatment level II and level III 
using PW 1.
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loss percentage (~10 %) as compared to level III PW quality (~1 %). The 
mass balance calculations agreed with the obtained RO fouling behav
iors demonstrating higher membrane permeability losses for level II 
against level III PW qualities. Since the tested pretreatment schemes 
only differed in terms of the application of GAC adsorption, HOC frac
tions in PW 1, not removed by GAC in level II pretreatment, were likely 
the primary cause of the RO membrane fouling. Calculations for major 
inorganics, such as Na and Cl, as well as for acetic acid showed good 
balance (~ < 5 %). The table also shows that acetic acid was rejected by 
the RO membrane, which agrees with reported RO rejections of similar 
compounds in other studies [15]. However, some DOC levels were 
detected in the RO permeate. The fact that these organic species were 
not rejected by the RO membrane indicates that these compounds do not 
possess a hydrophobic nature. HPIC analysis on the RO permeate 
confirmed absence of acetic acid and/or other charged organic species. 
This suggests that the measured DOC in the permeate is likely to reflect 
hydrophilic uncharged-type species passing through the RO membrane. 
RO rejections of uncharged species (i.e., neutrals) may vary depending 
on multiple factors including diffusion, n-octanol/water partition coef
ficient (Kow), and/or molecular size [84,87].

In Fig. 14, experimental findings, including water quality and 
membrane surface analysis, were used to describe the separation of the 
different DOC fractions via RO as well as the membrane fouling mech
anism. Based on the pretreatment and RO results, the PW (RO feed) 
consisted of organic acids and an “unidentified fraction” which was 
found to primarily comprise of HOC and some neutrals. The figure de
picts the removal mechanism for different DOC fractions present in the 
PW. Rejection of organic acids was accomplished by electrostatic in
teractions with the membrane, which agrees with the achieved RO re
jections [90]. The membrane fouling was found to be mainly attributed 
to the adsorption of HOC compounds on the membrane as verified by 
FTIR and mitigated via level III pretreatment. For neutrals, once iden
tified, the mechanism will be dependent on the properties/nature of the 
compound, which will govern the RO membrane rejection [85]. 
Although preliminary conclusions were presented based on experi
mental/applied routes, proper identification of the DOC species, espe
cially those contributing to membrane fouling, will allow for optimizing 
the pretreatment strategies and/or membrane chemical cleaning 

procedures targeting fractions of concern.

3.3. Product water quality

Table 5 presents preliminary RO permeate quality generated in this 
study upon the treatment of PW 1 and PW 2. In terms of rejections, 
~97–98 % and ~ 83–88 % were achieved for TDS and DOC, respec
tively. The membrane also showed rejections >99 % for SO4

2− , Sr and 
acetic acid. As expected, lower boron rejections, in the range of ~50–70 
%, by RO were obtained due to the operating pH. Boron is generally in 
the form of boric acid at neutral pH and dissociates into negatively 
charged borate at high pH (i.e., ~10–11), which can be then removed 
via ion exchange and/or membranes processes [80,81]. Removals for 
other species present in PW 1 and PW 2 were found to range between 
~89–98 %. Obtained preliminary data can be used, depending on the 
target application (industrial, irrigation, agriculture, or others) to opti
mize pretreatment and/or develop fit-for purpose posttreatment stra
tegies to comply with environmental regulations for reuse and/or 
discharge applications [9,91]. Post-treatment will be needed to bring 
specific constitutes to acceptable reuse levels [92]. For instance, bro
mide levels in the permeate must be reduced to avoid the formation of 
toxic brominated disinfection by-products [93]. Subsequent treatment 
(e.g., IX, zeolites, etc.) may also be required for boron, sulfate, ammo
nium, DOC, and others as per targeted reuse specifications [92]. 
Comprehensive water quality analysis, including toxicity tests, is key in 
optimizing the implemented treatment train to allow for treating the PW 
to non-toxic levels and remove contaminants of concern.

3.4. OARO research outlook

Multiple research studies have extensively investigated factors gov
erning the commercial applicability of OARO for brine concentration 
[25,35,42,44,94]. Based on simulations, bench/pilot testing using syn
thetic and/or real solutions, and technoeconomic assessments, key 
performance aspects associated with OARO application were studied. 
These mainly included permeability/flux, rejection, fouling, membrane 
chemistry and/or availability, concentration polarization, flow and/or 
membrane configuration, pressure, feed/sweep salinities, recovery and 

Fig. 12. FTIR analysis showing the impact of organic fouling on the chemical properties of the RO membrane surface for a clean RO membrane against membranes 
tested with levels II and III pretreated PW 1 quality.
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staging, capital and operating expenditures (CAPEX/OPEX), pretreat
ment, product water quality, and others. While most of these perfor
mance aspects were broadly investigated, some still require further 
exploration. OARO future research directions should focus on optimized 
pretreatment strategies integrated with advanced organic characteriza
tion, improved membrane materials and/or cleaning protocols, targeted 
assessment of posttreatment requirements supported by toxicological 

evaluations, thorough technoeconomic assessments, and detailed eval
uation/review of product water quality and regulatory requirements for 
beneficial reuse. Additionally, tests should also consider studying the 
impact of staging on process performance including long-term assess
ment through pilot testing.

4. Conclusions

This study evaluated the pretreatment requirement, the membrane 
fouling potential, and expected product water quality for OARO appli
cation to real hypersaline PW collected from O&G operation. Initially, 
high salinity PW samples were sourced and characterized, with 
emphasis on dissolved organics (i.e., DOC). After that, a sequence of 
water treatment processes, including chemical coagulation, softening, 
microfiltration, stripping, and GAC adsorption; were configured and 
evaluated as level I, II, and III pretreatment. RO fouling tests were then 
conducted to assess each pretreatment level on membrane fouling, 
chemical cleaning efficiency, and product water quality. Key findings 
from the study include: 

1- Approximately 60–70 % of organics present in the PW samples 
originated from organic acids, primarily acetic acid, which exhibited 
a low membrane fouling potential.

2- The remaining DOC (30–40 %), referred to as “unidentified”, 
composed of other constituents including the high fouling potential 

Fig. 13. Pretreatment and organic fouling evaluation on PW 2. A: PW 2 DOC distribution before pretreatment, B: PW 2 DOC distribution after level III pretreatment, 
and C: membrane fouling comparison for PW 1 and PW 2 pretreated by level III.

Table 4 
PW 1 RO mass balance summary: Level II vs Level III levels.

Na Cl DOC Acetic acid

PW 1 Level II
RO feed (mg/L) 15,396 23,360 45 88
RO permeate (mg/L) 494 757 5.6 <0.1
RO reject (mg/L) 23,309 35,497 57 125
Mass in (mg) 61,592 93,453 178 352
Mass out (mg) 63,861 97,262 162 341
Deviation (%) 4 % 4 % − 10 % − 3 %

PW 1 Level III
RO feed (mg/L) 15,287 23,325 41 92
RO permeate (mg/L) 418 636 6.5 <0.1
RO reject (mg/L) 22,705 34,643 58 135
Mass in (mg) 61,155 93,311 164 368
Mass out (mg) 62,025 94,636 165 366
Deviation (%) 1 % 1 % 1 % − 1 %
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HOC, were reduced by ~17, ~38 %, ~62 % via applying pretreat
ment level I, level II, and level III, respectively.

3- Level I pretreated PW quality resulted in immediate membrane 
fouling and flux loss of ~20 %, thus was excluded from subsequent 
testing.

4- Level II pretreated PW quality resulted in ~8 % loss in membrane 
permeability, which was confirmed unrecoverable by chemical 
cleaning.

5- Level III pretreated PW quality, involving enhanced DOC removal by 
GAC, exhibited reduced membrane fouling tendency at ~4 % as 
compared to level II.

6- Standard cleaning methods were found ineffective in recovering 
membrane permeability caused by organic fouling.

7- Based on the pretreatment and RO performance results, the fouling 
mechanism for different DOC fractions including organic acids 
(electrostatic), HOC (adsorption), and uncharged /neutrals (diffu
sion) were depicted.

8- Preliminary insights into the expected product water quality (i.e., RO 
permeate) were discussed, which will aid in optimizing pretreatment 

and/or evaluating post-treatment strategies for fit-for purpose PW 
beneficial reuse opportunities.

Findings from the study were utilized to discuss the OARO research 
outlook including pretreatment optimization, advanced PW organic 
characterization, development of novel membrane materials and/or 
cleaning procedures, posttreatment requirements, product water quality 
and regulatory requirements for reuse, technoeconomic assessments, 
and finally OARO staging and long-term performance testing.
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Fig. 14. A depiction of the RO removal mechanism for different organic fractions in the PW including, organic acids (electrostatic), HOC (adsorption), and un
charged/neutrals (diffusion).

Table 5 
PW 1 and PW 2 RO product water quality.

Parameter Unit PW 1 PW 2

RO Feed RO Permeate RO Reject RO Feed RO Permeate RO Reject

pH – 8.1 7.7 7.4 8.1 7.5 7.1
Conductivity ms/cm 58.6 1.96 82.8 59.5 1.64 85.1
TDS mg/L 39,205 1080 59,754 38,577 927 60,615
DOC mg/L 39 6.5 58 9.7 1.2 18.1
Cl− mg/L 23,300 643 35,520 24,082 546 36,057
Na+ mg/L 15,307 421 23,386 13,997 361 23,860
Br− mg/L 208 6.1 298 183 4.3 256
Ca mg/L 3.1 0.2 4.8 1.7 <0.1 2.9
Mg mg/L 1.4 <0.1 2.0 0.2 <0.1 0.3
SO4

2− mg/L 164 1.1 229 23 0.1 32
Si mg/L 1.6 0.18 2.5 1.9 <0.1 3.6
K+ mg/L 228 8.4 320 251 6.3 353
Acetic acid mg/L 92 <0.1 135 23 <0.1 30
NH4

+ mg/L 2.8 0.13 3.5 7.4 0.46 9.0
Li mg/L 11 0.23 16 14 0.26 21
B mg/L 37 16 48 24 8.0 27
Sr mg/L 6.9 <0.1 9.6 2.7 <0.1 3.3
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