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Summary
Sustainable use of scarce water resources and stringent environmental
regulations are currently moving the focus towards environmentally
friendly and cost-effective injection methods in the offshore oil industry.
Water injection is used for most oil reservoirs as pressure support and
improved displacement of oil. Most water-based enhanced oil recovery
(EOR) techniques consist of chemical injection into reservoirs resulting
in hazardous flow back of chemicals and produced water (PW). Smart
water injection is an alternative and simultaneously represents a
sustainable environmental and economic EOR flooding technique. The
optimized ionic composition of injection water improves the initial
wetting towards more water-wet conditions, which improves
displacement efficiency due to increased capillary forces.
Smart water improves oil recovery by wettability alteration in both
carbonate and sandstone reservoirs. Seawater is the main injection brine
offshore and when enriched in divalent ions such as SO42- and Ca2+ and
depleted in Na+ and Cl- is considered smart water in carbonates. Injection
brine with salinity below 5,000 mg/L and low in divalent cations are
considered suitable as smart water in sandstone reservoirs.
Nanofiltration membranes (NF) are efficient in performing partial
desalination of seawater and PW at low feed pressures resulting in high
flux and low power consumption. The main focus of this research was to
determine appropriate technical conditions and limitations of NF
membranes for producing smart water from seawater and PW.
Special focus was on exploring NF membrane performance in terms of
flux and rejection under varying feed compositions, pressures, pH and
recoveries of polyamide and sulfonated polyethersulfone membranes.
Both permeate and retentate streams from NF membranes are used for
producing smart water. The divalent ion rich retentate could be used in
carbonate reservoirs, whereas the permeate with low divalent ion
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concentrations is optimal for sandstone reservoirs with seawater as
membrane feed.
Produced water re-injection (PWRI) as smart water was evaluated as an
alternative to PW discharge in terms of environmental and economic
advantages. One of the main concerns in membrane treatment of PW is
the presence of organics that cause membrane fouling. De-oiling of
synthetic PW by media filtration upstream NF membranes eliminated
fouling during short-term membrane experiments.
Additionally, the presence of barium and strontium ions in PW cause
scaling if mixed with seawater. Membrane removal of Ba2+ and Sr2+ was
optimized by increasing the concentration of scaling ions in the feed
which resulted in efficient removal of Ba2+ and Sr2+ during NF
experiments. However, the main challenge in reusing PW as smart water
is low flux through NF membranes.
Experiments with altering pH of seawater were performed within pH
limitations of the membrane materials to determine the effect of pH on
membrane performance. A comparison between pH tolerance on
polyamide and sulfonated polyethersulfone membranes were conducted
during the experiments. A significant change in ion rejection was
observed even with small changes in pH.
Another limitation with NF membrane separation with PW is the high
total dissolved solids (TDS) in PW yielding high osmotic and operating
pressures. Dilution of PW with NF permeate with seawater as feed
reduces TDS.
Artificial neural network (ANN) was used to predict ion rejection based
on multiple variable experimental data for feed pH, pressure and flux.
An ANN structure was designed that were in close agreement between
ANN predictions and experimental data, exceeding 95 % agreement for
the tested membranes.
Based on experimental data, a predictive model was developed to
quantify individual ion rejection by polyamide membranes using
vi

Spiegler-Kedem model based on non-equilibrium thermodynamics and
steric hindrance pore model. These models using rejection and flux
values from six commercially available membranes determined the
membrane transport parameters that included reflection coefficient and
solute permeability. Membrane characterization was also accomplished
by determining the effective pore radius of each membrane based on
steric hindrance pore model for individual ions present in seawater.
Experimental data were implemented for modeling the rejection
characteristics of polyamide NF membranes with pure water
permeabilities suitable for smart water production. Equations were
formulated from plots of pure water permeability versus reflection
coefficient and solute permeability which enable end users to choose
suitable NF membranes without performing extensive membrane
experiments.
Power consumption analysis of membrane operations was evaluated for
smart water production in carbonates and sandstones using both seawater
and PW as membrane feed. Power consumed per cubic meter of smart
water produced for carbonates was 0.7 kWh/m3 and 5.2 kWh/m3 for
sandstones using seawater as feed. A power consumption analysis using
PW as feed was 0.88 kWh/m3 for carbonate reservoirs. For sandstone
reservoirs, the power required for smart water production was 13.99
kWh/m3.
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Introduction

Global energy requirements will rise 30 % and the demand for oil will
reach 105 million barrels/day by 2040 [1]. Environmentally friendly and
cost-effective recovery mechanisms are preferred to mitigate the
demand-supply balance. A range of approaches has been developed over
the years to meet this increasing energy demand. Most oil reservoirs
implement waterflooding and water-based EOR. Ionic modification of
seawater and PW by membranes is such an appropriate energy-efficient
method for hydrocarbon recovery.

Oil Recovery Methods
In classic reservoir engineering, oil recovery is classified as primary,
secondary and tertiary processes [2].
Primary recovery results from natural pressures in reservoirs
transporting oil to the well surface [3]. Typical recoveries for primary
production are 5-20 % of the original oil in place (OOIP). Secondary
recovery methods are applied when reservoir pressures decrease during
production. Water or gas is injected to retain reservoir pressure and
sustain the flow of hydrocarbons towards the production wells. Water
forces oil through the reservoir rocks towards the production wells.
Seawater is readily available offshore in large quantities and with its
incompressible nature requires less energy compared to gas injection.
Secondary recovery is pursued until injected fluid appears in
considerable amount in the production wells making oil production
uneconomical. Primary and secondary recoveries from reservoirs
produce 20 - 50 % of OOIP depending on the properties of oil and
reservoirs [2] .
Tertiary recovery is also referred to as enhanced oil recovery (EOR) and
is implemented following primary and secondary recoveries. EOR
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includes techniques for improving oil displacement leading to further
increase in hydrocarbon production.
EOR methods are classified into four different categories relating to the
mechanisms of oil displacement as shown in Table 1.
Table 1. EOR classifications [2]

Thermal EOR processes

Chemical EOR processes

Gas EOR processes

Emerging EOR processes

Steam flooding
Hot waterflooding
In-situ combustion
Cyclic steam stimulation
Surfactant flooding
Polymer flooding
Alkaline flooding
Solvent flooding
Micellar
Hydrocarbon injection
CO2 flooding
Nitrogen flooding
Flue gas injection
Water - Alternating - Gas (WAG)
Smart water
Low salinity waterflooding
Carbonated waterflooding
Microbial EOR
Foam

EOR methods recover 50 – 80 % of OOIP [2, 3]. In modern reservoir
management, pressure maintenances are mostly achieved through water
injection and it is generally accepted that EOR should be implemented
as early as possible for optimizing the EOR effect.
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EOR by Smart Water
Increased awareness of chemicals added to the environment is a major
concern in the oil and gas industry. EOR by smart water is both costeffective and environmentally friendly compared with alternative
methods in Table 1. Recent extensive studies and experiments have
confirmed that initial wetting equilibrium in reservoirs between pore
surface minerals, crude oil and formation water (FW) could be changed
by injecting brines with different ion compositions compared with FW.
Smart water facilitates wettability alteration towards more water-wet
conditions. Increased positive capillary forces improve the microscopic
sweep efficiency in heterogeneous pore systems, which increase oil
recovery. Both field observations and laboratory studies confirm
significant EOR potentials using smart water.
Wettability is defined as the ¨tendency of one fluid to spread on or to
adhere to a solid surface in the presence of other immiscible fluids¨ [4].
Reservoir mineralogy has a fundamental property which regulates the
type of interactions controlling adsorption of polar organic compounds
in crude oil. Carbonate and sandstone reservoirs differ as the carbonate
surface charge is positive whereas sandstones are negatively charged due
to the presence of minerals such as clays, quartz, feldspar, and silicate
[5].
Injected brine composition is of utmost importance in a wettability
alteration process. Ion composition, pH and salinity of the brines are the
determining factors [6]. An injected brine with an ion composition
different from FW could be capable of modifying the chemical
equilibrium between mineral - FW - crude oil [7].

Smart Water Production from PW
PW is the largest wastewater stream from oil production and is a mixture
of FW, injected water, production chemicals, and crude oil. The content
is mainly hydrocarbons, inorganic salts, metals and naturally occurring
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radioactive materials [8]. Salinity of PW varies between 1000 and
250,000 mg/L [9].
Generally, treatment of PW involves removal of organics such as
dissolved and emulsified oil components, dissolved inorganic ions, and
particulates such as sand and clay. PW is treated by physical and
chemical means before discharging to the environment. Numerous
treatment technologies are used to reduce oil in water before discharge
where maximum allowed concentration is 40 mg/L of oil in water in
several countries [10]. The official threshold for oil in water discharges
in Norway is 30 mg/L [11]. Treatment technologies are selected based
on PW chemistry, available space, cost, discharge and reuse options.
Reuse of PW as smart water by modifying the ionic composition with
membranes is a new approach. A number of pre-treatment steps
upstream of membrane treatment are required to prevent membrane
fouling. Pre-treatment involves de-oiling, disinfection to avoid
biofouling, and suspended solids removal to avoid membrane pore
blockage.

Smart Water Production by Membranes
Membranes are defined as selective barriers that permit passage of
certain components while retaining others in a feed [12]. Membrane
desalination processes were investigated for producing injection water
with required smart water ionic composition. Most onshore oil fields use
surface or aquifer water for pressure maintenance and oil displacement.
NF and reverse osmosis (RO) membranes are two pressure-driven
membrane desalination technologies of interest offshore for smart water
production.
During cross flow membrane operations, the feed stream is split into
retentate (reject) and permeate [13]. The retentate from an NF membrane
with seawater as feed becomes enriched in divalent ions and meet criteria
for smart water in carbonate reservoirs. The NF permeate, depleted in
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divalent ions and enriched in monovalent ions, may be used as smart
water in sandstone reservoirs. A schematic of an NF membrane process
is shown in Figure 1.

Figure 1. Schematic of smart water production from seawater using NF
membranes
NF membranes are easy to operate and are without phase change during
operation. Membrane systems are readily combined with supplemental
separation processes. Another potential advantage of NF membrane is
that performance changes with temperature, pH and feed concentrations
[14]. Membrane-based technologies are more suitable for offshore
applications due to relatively compact footprint as well as low weight
and power requirements compared to alternative desalination
technologies [15].
NF and RO membrane desalination processes are widely used both
onshore and offshore for desalination and sulfate removal for scale
prevention.
-

In Marathon Oil Co.UK Ltd. developed together with FilmTec a
thin film composite membrane (TFC) for sulfate removal with a
capacity of 40,000 barrels per day on South Brae platform
installed in November 1988. GE Power and Water reported in
2015 that there are over 80 sulfate removal membrane units
globally [16].
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-

Major seawater desalination plants for potable water production
include 330,000 m3/day in Ashkelon, Israel and a 136,000 m3/day
Tuas in Singapore [17].
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The main objective of this research was to evaluate the potential of using
RO and NF membranes for producing smart water by using seawater and
de-oiled synthetic PW as membrane feed.
In Paper I, production of smart water from seawater for carbonate and
sandstone reservoirs was evaluated. Seawater was spiked with divalent
ions to determine the effect of increased concentrations of SO42-, Ca2+,
and Mg2+ on flux and ion rejection. The energy consumed by major
desalination technologies was compared. It was concluded that the use
of membranes was optimal for the production of smart water. The power
consumed for producing 1 m3/h of smart water from seawater using
membranes was evaluated.
Paper II evaluates the possibility of reusing de-oiled PW as smart water
in carbonate reservoirs. Research on PWRI as smart water is an
innovative idea and experiments with de-oiled PW were performed to
determine membrane separation efficiencies. De-oiling of synthetic PW
was performed using a media filtration unit. Rejection of Ba2+ and Sr2+
were also determined during the experiments. The NF permeate with PW
as feed was subjected to equilibration experiments to analyze whether
the permeate is compatible with chalk. Power consumed for different
water sources used to produce smart water from PW was calculated. The
paper concluded that NF is the best available option to produce smart
water in carbonates without use of chemicals.
At neutral pH, most NF membranes are negatively charged. Hence,
electrostatic interactions between charged solutes and membrane play a
role in ion rejection and this interaction depends on feed pH. During
reuse of PW as smart water, pH of PW is one of the main concerns that
affect NF membrane performance. In Paper III, the effect of pH on NF
membrane performance was discussed. Experiments were performed on
three NF membranes with varying feed pH values from 2.5 to 10.2. The
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corresponding ion rejections and flux were measured. Spiegler - Kedem
and steric hindrance pore models were used to determine the variations
in pore size with pH. An artificial neural network (ANN) was designed
with pH, flux and pressure as inputs to the model to quantitatively predict
ion rejection. Results can be implemented in industrial scale-up when
PW and saline water with different pH are used.
In Paper IV correlations were developed for selecting porous polyamide
membranes with high feed ionic concentrations for smart water
production using Spiegler - Kedem and steric- hindrance pore models.
Ten correlations were suggested which could predict the reflection
coefficient and solute permeability of individual ions when pure water
permeability of a specific membrane was known. This guides the
selection of polyamide NF membranes for smart water production.
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Initial reservoir wetting is controlled by polar acidic and basic organic
components present in crude oil. These components can be quantified by
acid or base number analysis. The unit of measurement is mg KOH/g for
both cases. In acid number analysis, the measurement unit represents the
amount of KOH required to neutralize the acidic components in one
gram of oil. For basic number measurement, the unit represents the
equivalent concentration of basic organic material present in one gram
of crude oil.
These acidic materials are generally represented by the carboxylic
functional group, -COOH and naphthenic acids where the basic material
are typically nitrogen in aromatic molecules and is represented by R3N:.
Acid and basic material present at the oil-water interface undergoes fast
proton exchange reaction that is affected by the pH of the aqueous media
and is presented in Equation 1 and Equation 2.
ܴଷ ܰ ܪା ֎  ܪା  ܴଷ ܰǣ

(1)

ܴ ܪ ֎ ܪܱܱܥା  ܴିܱܱܥ

(2)

Acid material control initial wetting in carbonates and have alkaline pH
due to CaCO3 dissolution, and positively charged mineral surfaces
interact with negatively charged acidic components.

Smart Water
Smart water has an ion composition and salinity different from FW and
can alter the established equilibrium between crude oil, FW and pore
surface minerals thereby modifying the wetting properties of reservoirs
[18]. Smart water is easily implementable, environment-friendly and
cost-effective compared to other water-based chemical EOR methods.
Optimized smart water compositions have to be evaluated for individual

9

Literature Review

reservoirs depending on initial wetting, FW composition and reservoir
temperature.
3.1.1 Smart Water in Sandstone Reservoirs
Injection water with salinities less than 5,000 mg/L is defined as smart
water in sandstones [19]. Mineral surfaces in sandstone reservoirs are
generally negatively charged [5]. The wettability in sandstones can
change from strongly water-wet to strongly oil-wet. Silica or clay
minerals contribute with a large surface area with permanent localized
negative charges. Clays undergo CoBR interactions through cation
exchange processes and it is confirmed that they have an affinity for
crude oil components. It has been suggested that low salinity effect
(LSE) in sandstones is controlled by desorption of the polar compounds
from the silicate surfaces [20], and is pH dependent. The degree of oil
wetness is related to the affinity of polar components at a certain pH,
temperature and brine salinity [20].
Figure 2 shows the effect of low salinity brine on sandstone cores at 60
°C confirming that increased oil recovery was observed during low
salinity waterflooding.

Figure 2. Oil recovery tests on sandstone cores at 60 °C by secondary
and tertiary LS injection [21, 22]
10
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The core was initially injected with FW resulting in 40 % OOIP. This
was followed by LS brine injection resulting in an OOIP increase to 50
%. However, when the core was injected with LS brine from start
resulted in a plateau of 60 - 65 % OOIP by less PV injection.
LSE reported by Tang and Morrow [23] indicated that oil recovery in
sandstones increased during spontaneous imbibition (SI) and
waterflooding with low salinity water. However, several authors have
argued to the existence of different thresholds of salinity that aids in
positive salinity effects [24, 25]. It was argued that the presence of
divalent ions in low salinity brines have mixed results [26]. Austad et al.
[19, 20] suggested that the presence of divalent ions in low salinity brines
is not advantageous as it may hinder the rise in pH which is essential to
obtain LSE. However, recent research shows that EOR effects with
25,000 mg/L NaCl are possible [27].
Figure 3 presents an explanation for smart water effect in sandstones
according to Austad et al. [20]. Figure 3 explains how the acidic and
basic components adsorbed onto the clay minerals are desorbed from the
clay surface by an in-situ pH increase.
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Initial Situation

Low Salinity Flooding

Final Situation

Figure 3. Smart water mechanisms with LSE on sandstone reservoirs [20]
Clays have permanent negative charges and behave as the main wetting
mineral in sandstone reservoirs. Equilibrium established with formation
water is disturbed when low salinity brine is injected into the reservoir.
This results in desorption of Ca2+ from the surface to establish a new
equilibrium which creates negative charges on the clay surfaces. This
negative charge is balanced by adsorption of H+ at the negative site
located on the clay surface. The adsorbed H+ creates a local pH rise and
is the basis for desorption of organic components from clay. Equation 3
explains the reaction.
Clay - Ca2+ + H2O → Clay - H+ + Ca2+ OH- + heat

(3)

Presence of divalent ions can reduce the rise in pH by precipitation of
hydroxides as shown in Equation 4 and Equation 5 and resulting in
reducing possible LSE in sandstones.
Mg2+(aq) + 2OH- (aq) ֎ Mg (OH)2 (s)
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Ca2+(aq) + 2OH- (aq) ֎ Ca (OH)2 (s)

(5)

3.1.2 Smart Water in Carbonate Reservoirs
The mechanisms by which modified brines or smart water change the
wettability of carbonate reservoirs are explained in Figure 4. The initial
wetting in carbonates is controlled by negatively charged acidic polar
components adsorbed to positive sites at the mineral surface. The
wettability alterations are promoted by desorption of acids from the
mineral surface.

a)

b)

Figure 4. Schematic of mechanisms for wettability alteration in
carbonates a) Mechanisms when monovalent ions are present b)
Mechanisms with increased Ca2+ and SO42- and decreased Na+ and Clconcentrations [28].
The wettability alterations are triggered by chemical adsorption of SO42and Ca2+ [19] present in seawater. Hence, seawater can act as smart water
in carbonates and shift the wettability from mixed-wet to water-wet state.
Injection of fluids with salinities between 6,000 and 28,000 mg/L is
suitable for carbonate reservoirs. Smart water enriched in sulfate and
divalent cations but depleted in monovalent ions are desired in
carbonates. Smart water should be enriched with 2 - 4 × SO42- and 1 - 2
× Ca2+ concentrations compared to seawater for EOR [18, 19, 29].
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Figure 5 shows increased oil recovery when seawater was injected into
a carbonate core.

Figure 5. Effect of smart water on carbonate core at 110 °C [19]
The core is subjected to spontaneous imbibition with FW for 12 days
resulting in 10 % OOIP confirming initial mixed wetting (Figure 5).
Viscous flooding (VF) of the core with FW after SI increased the
recovery to 28 %. Switching to seawater after 30 days resulted in an
increase to 45 % OOIP. Figure 5 confirms the positive impact of
seawater or smart water injection in carbonate reservoirs.
The established chemical equilibrium of a carbonate system is disrupted
when a brine with a different ion composition is injected. Negatively
charged SO42- interacts with positively charged carbonate surface,
lowering the surface charge. Due to less electrostatic repulsion, more
Ca2+ approach the surface and displaces the carboxylic material from the
mineral surface. This symbiotic SO42- - Ca2+ interaction initiates
desorption of active polar organic components from the carbonate
surface, resulting in wettability alteration [19, 30]. At temperatures
above 90 °C, in the absence of Mg2+ in the brine, CaSO4 anhydrite
precipitation occurs, decreasing the concentration of active ions. If Mg2+
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is present in the brine, the ion stabilizes SO42- by forming an ion pair
between Mg2+ and SO42-.
Strand et al. [18] and Zhang et al. [30] described the effect of varying
sulfate and calcium concentrations in a brine based on seawater and
concluded that the oil recovery increased as SO42- and Ca2+
concentrations in the imbibing fluid increased. The results are presented
in Figure 6 and Figure 7.

Figure 6. Spontaneous imbibition of brines with varying SO42concentrations into fractional intermediate wetted chalk cores [30]
SO42- acts as a catalyst for wettability alteration as presented in Figure 6.
The figure demonstrates that brine with no sulfate had the least oil
recovery and the recovery increased with increasing SO42concentrations. The result confirms that seawater act as smart water in
carbonates [30].
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Figure 7. Spontaneous imbibition of brines with varying Ca2+
concentrations into chalk cores at 70 °C [30]
Increased wettability alteration with increased calcium concentration
occurs as confirmed in Figure 7. Mineral dissolution could not explain
the EOR effect due to the common ion effect. Increased Ca2+
concentrations reduce CaCO3 dissolution.
Figure 8 shows the oil recovery effect when modified seawater with only
divalent SO42- and NaCl were used [31].
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Figure 8. SI experiments with modified seawater containing only SO42and NaCl (without Ca2+ and Mg2+) [31]
Figure 8 demonstrated that modified seawater with only sulfate is not
smart water even though sulfate could change the mineral surface charge.
Presence of Ca2+ and Mg2+ in the brine is required for wettability
alteration and further oil displacement.
Smart water EOR is temperature dependent. EOR brines at high
temperature should have only reduced NaCl concentration or low salinity
without any increase in SO42-/ Ca2+ since an increase in these ions will
result in precipitation. At low reservoir temperature, low NaCl
concentration and increased SO42-/ Ca2+ concentration will improve the
efficiency compared to seawater.
The results confirm that seawater can act as an EOR fluid in chalk
reservoirs [19]. However, seawater could be made even smarter and
result in further increase in oil recovery. Figure 9 shows the impact of
modified brines when spontaneously imbibed into the chalk core [32].
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Figure 9. Spontaneous imbibition of brines into oil saturated chalk cores
at 90 °C with VB (FW), seawater (SW), and modified seawater
(SW0NaCl, and SW0NaCl- 4 × SO42-) [32]
FW gave an ultimate recovery of 18 %, seawater behaved as a smart
water and improved the oil recovery to 38 %. Seawater depleted in Na
(SW0Na) resulted in a maximum oil recovery of 47 % of OOIP, and
further spiked four times with sulfate (SW0Na4S), the oil recovery
increased to 62 % OOIP. Hence, the imbibition rate was improved when
NaCl was removed and when sulfate concentration was increased. This
behavior is in line with the mechanism explaining the increased
concentration of active ions in the double layer at the chalk surface. The
results confirm that wettability alteration in carbonate reservoirs is
sensitive to the ionic composition and concentration of ions in the
injected brine.

Membrane Technology
Membrane desalination processes are designed based on the ability of
semipermeable membranes to selectively separate or minimize the
passage of certain ions. Microfiltration (MF), ultrafiltration (UF), NF
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and RO are pressure-driven membrane processes and is classified
according to pore sizes. MF membranes have pores in the range 0.1-10
μm with operating pressure 0.1-2 bar. UF membranes have pores from
1-100 nm with operating pressures 1-10 bar [13]. Removal of substances
by MF and UF is based on sieving mechanisms. UF rejects colloids,
viruses, and macromolecules from solution but allows the passage of
dissolved ionic species. The separation based on sieving in UF depends
on molecular weight cut-off (MWCO) of solutes [12]. The cut-off value
is defined as the molecular weight of the solute where 90 % is rejected
by the membrane [33].
NF and RO membranes are both pressure-driven and diffusioncontrolled membrane processes and are mainly used when small organic
molecules such as glucose or low molecular weight solutes such as
inorganic salt separation are required. For NF membranes, the pore size
ranges from 0.1 to 1 nm whereas RO membranes are considered nonporous [13]. The operating pressure of NF membranes is 3-20 bar
whereas for RO the operating pressure varies from 10 to 100 bar
depending on the osmotic pressure of feed solutions. The main difference
between RO and NF is based on selectivity. RO membranes work on the
solution-diffusion mechanism and reject all ions including monovalent
ions with only water molecules passing through the membrane. NF
rejects divalent ions and allows passage of monovalent ions. Thus, due
to a change in pore size, the operating pressure for all membranes varies
significantly and increases with a decrease in pore size.
NF membranes are mostly TFC consisting of active polyamide or
polysulfone layer deposited on a microporous polysulfone layer
supported by a reinforcing fabric. Membrane separation is solely by the
active layer.
Membrane performance is evaluated by determining rejection, flux, and
recovery.
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3.2.1 Rejection
Rejection measurements are performed to determine the separation
characteristics of membranes. Observed rejection Robs is calculated using
Equation 6.


(6)

ܴ௦ ൌ ͳ െ




where Cp is the solute concentration in the permeate, Cf is the solute
concentration in the feed.
3.2.2 Flux
Flux Jv is defined as volume flowing through a membrane per unit area
and time and is generally presented as L m-2 h-1 [13]. Flux is calculated
using Equation 7.


(7)
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where V is permeate volume during time t and A is membrane area.
For a semipermeable membrane, the flux is also defined as in Equation
8.
(8)

ܬ௩ ൌ ܮ ሺοܲ െ ߎி ሻ

where Lp is water permeability, ΔP is pressure and ΠF is the osmotic
pressure of the feed. The plot of pressure against pure water flux Jv
results in a straight line if no membrane fouling occurs. The slope of the
line corresponds to the pure water permeability of the membrane.
The pure water permeability is also expressed by the Hagen-Poiseuille
equation and is defined by Equation 9.


ܮ ൌ  ݎଶ ሺ ೖ ሻȀͺρ

(9)

௱௫

where rp is pore radius, Ak /Δx is the ratio of membrane porosity to
membrane thickness and μ is the feed viscosity.
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3.2.3 Permeate Recovery
Permeate recovery is an important parameter in the design and operation
of membranes. Recovery is the fraction of feed flowing through the
membrane and defined by Equation 10.
ܴ݁ܿݕݎ݁ݒሺΨሻ ൌ 

ܳ
൘ܳ ൈ ͳͲͲ


(10)

where Qp and Qf are the permeate and feed flow rates, respectively.

Factors Affecting NF Membrane Performance
The main factors influencing the performance of NF membranes are:
1. Feed - Solids retention and water flux through NF membranes are
strongly dependant on the concentration of feed. The higher the
feed concentration the lower will be the ion retention and flux.
This is a typical characteristic of charged membranes [34].
2. Pressure - Flux increases linearly with operating pressure
provided no membrane fouling occurs.
3. pH - Numerous studies have focussed on the effect of pH on
separation of ions with NF membranes [35, 36]. NF membranes
normally contain functional groups that are strongly pH
dependent that protonate or deprotonate with changing pH. At low
pH, a high proton concentration is present in the solution leading
to protonation of the functional group, resulting in positive
membrane charge below the membrane isoelectric point [36]. At
high pH, the proton concentration is low and leads to
deprotonation of the functional group resulting in negative
membrane charge. Thus, the feed pH can change the nature of the
membrane surface charge [37] and pore size and thus affect the
membrane separation efficiency.
4. Temperature - Feed viscosity decreases with increasing
temperature and reduces membrane resistance resulting in higher
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water flux and solute passage through the membrane. An increase
in temperature also reduces concentration polarization (CP) due
to reduced viscosity. Hence, total resistance to filtration decreases
reducing necessary transmembrane pressure at a constant flux
[38].
5. Membrane - Variations in membrane performance occur
depending on membrane material. A wide range of polymers is
used for manufacturing membranes that include cellulose acetate,
polyamide, and sulfonated polyethersulfone. The hydrophilic or
hydrophobic properties of membrane materials affect
performance. Hydrophilic membranes made from polyamide and
cellulose acetate are less prone to fouling in comparison to more
hydrophobic
membranes
such
as
polyethersulfone.
Polyethersulfone, however, has a wider pH tolerance [12].
6. Turbulence - Spiral wound membranes operate in turbulent flow
[12]. Turbulence has a large effect on flux through membranes.
Turbulent flow reduces formation of a gel layer or concentration
polarization near the membrane surface. The turbulence in the
system is calculated by measuring cross-flow velocity. The
velocity in feed channel is calculated by dividing the volumetric
flow rate by cross-sectional area.
The cross-flow velocity (ʋ) in ms-1 is calculated by Equation 11
[39].
ᖳൌ

ொ
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(11)

where Qf is feed flow rate in Lh-1, A is feed channel cross-section
which is the product of channel width wch, channel height hch and
flow channel porosity (Ø).
Porosity of a material is a measure of voids. For spiral-wound
membranes, feed channel porosity is measured as the ratio of void
volume over total spacer volume and varies between 0 and 1 [39].
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For flow velocity calculations in this research, the porosity is
assumed to be 0.89.
Reynolds number Re is calculated to determine whether the flow
is in laminar or turbulent regions and is calculated by Equation
12.
ܴ݁ ൌ 

ఘఔ

(12)

ఓ

where ρ is the density of feed water in kg m-3, ν is the kinematic
viscosity in m2 s-1, μ is the dynamic viscosity in Ns m-2, D is the
hydraulic diameter (m) calculated by Equation 13.
ଶ

(13)

 ܦൌ  ା

where a is membrane width and b is channel spacer height (m).

Separation Mechanisms
Nanoscale pores and charged membrane surfaces make the partitioning
and transport mechanisms in NF complex. Separation in NF is based on
sieving or steric hindrance, Donnan or electrostatic effects and dielectric
exclusion [40, 41].
Removal of uncharged solutes is mainly due to steric or size exclusion
in which shape and solute size are predominant factors. Solutes with a
larger size than membrane pores are rejected due to sieving. Smaller
solutes pass through the membrane [42].
The Donnan effect results from charged nature of membranes where
most NF membranes are negatively charged at neutral pH. Solutes with
the same charge as the membrane, co-ions, are repelled while counterions are attracted to the membrane [43]. Due to the Donnan effect,
distribution of charged ions between the membrane and solution is
affected by interactions between ions in solution and membrane surface
charge. Hence, high retention of SO42- occurs while retention of Na+ is
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low. However, the separation mechanism is dependent on feed pH since
the membrane surface charge can vary due to dissociation of functional
groups on membrane surface with changing pH [44, 45].
Dielectric exclusion occurs due to the difference between interfaces of
solution and membrane with different dielectric constants [46, 47].
Hydration energy of ions also plays a role in ion separation. Ions with
higher hydration energy are more efficiently retained. More energy is
required to remove ions with high hydration energy compared with ions
having low hydration energy [48, 49].

Kedem - Katchalsky Permeability Equations
Transfer of solutes through a charged membrane is described using the
principles of nonequilibrium thermodynamics. In a two-component
system consisting of a solute and water with two fluxes Jv and Js,
respectively, is related by three membrane coefficients [50]
1. The hydraulic permeability Lp
2. The solute permeability Ps
3. The reflection coefficient σ
Kedem and Katchalsky [51] proposed a set of equations to define the
volume flux Jv and the solute flux Js and membrane coefficients in
Equation 14 and Equation 15.
ܬ ൌ ܮ ሺ߂ߏ െ ߪ߂ߨሻ
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where ΔCs = Cm - Cp, with Cm the solute concentration at the membrane
surface. ΔP the pressure difference and Δπ the osmotic pressure
difference across the membrane.
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Spiegler - Kedem Model
An important aspect of membrane modeling involves characterizing
membranes in terms of parameters that allow the membrane to be defined
by simplified mathematical models. The Spiegler - Kedem Model (SK)
[50] is based on principles of irreversible thermodynamics and is used to
determine transport parameters of NF membranes. This model considers
a membrane as a black box [52] with no insight into structure and
morphology of the membrane [53]. The relation between observed
rejection Robs and volume flux Jv with regard to this model is given by
Equation 16 and Equation 17.
Robs = σ

ሺଵିிሻ

(16)
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and σ is the reflection coefficient and Ps the solute permeability
coefficient.
The membrane parameters σ and Ps are determined by fitting the SK
model by using flux and rejection values from experiments.
The reflection coefficient σ is a measure of the selectivity of a membrane.
If σ = 1, the membrane is semipermeable whereas if σ = 0, the membrane
is unselective with no ion separation [54].

Steric Hindrance Pore Model
The first step in membrane characterization involves the estimation of
membrane effective pore size. The steric hindrance pore model (SHP)
was developed by Nakao et al. [55], and later applied by researchers [34]
to predict separation performance of NF membranes. According to this
model, the reflection coefficient σ and the solute permeability Ps
obtained from the SK model is linked to the membrane morphological
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parameters pore radius rp and the ratio of membrane porosity to
membrane thickness Ak/Δx.
The membrane parameters σ and Ps are related to the membrane
structural parameters according to Equations 18 - 22.
ߪ ൌ ͳ െ ܵி ሼͳ  ሺͳൗͻሻ ݍଶ ሽ
ܲ௦ ൌ ܦǤ ܵ Ǥ ሺ

(18)
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where
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where SD and SF are the steric hindrance factors for diffusion and
filtration flow, respectively, D is diffusivity and rs is the Stokes radius of
the solute. Stokes radii and ion diffusivity of solutes are provided in
Table 2.
Table 2. Ion Properties [56, 57, 58, 49]
Ions

Cl-

Na+

SO42-

Ca2+

Mg2+

Stokes Radius
(nm)

0.121

0.184

0.231

0.310

0.348

Ion Diffusivity,
D∞ (m2/s×10-9)

2.03

1.33

1.06

0.792

0.706

Hydration free
energy (KJ/mol)

-340

-365

-1145

-1592

-1922
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Artificial Neural Network (ANN) Theoretical
ANN’s are computational models inspired by structural and functional
aspects of biological neural networks. ANN’s can effectively create a
relation between input and output variables without considering any
detailed physical interaction between variables. ANN’s are capable of
mapping non-linear relationships between inputs and outputs in a system
through interconnected groups of artificial neurons. A multi-layer
perceptron ANN structure may consist of a single layer or multiple layers
of neurons.
Weight coefficients and biases connect the neurons and to generate a
neuron output, an activation or transfer function is established on the
summation of weights and bias input of neurons in each layer. Each
neuron is a computational processor that has a summing junction
operator and a transfer function. The transfer function converts the net
inputs into an output. Generally used transfer functions for solving
regression problems include the log-sigmoid transfer function (logsig),
the hyperbolic tangent sigmoid transfer function (tansig), and the linear
transfer function (purelin) [59].
Feed-forward backpropagation algorithm was used for data training. The
method by which the input neurons and the outputs are connected is
known as the architecture of the neural network. The neuron networks
are usually grouped into several layers such as input, hidden and output
layers. Number of neurons in the input layer corresponds to the number
of inputs provided to the neural network and are considered as passive
and only transmits signal to the next layer. Neurons present in the hidden
layer are active and take part in signal modification. The number of
neurons in the output layer are also active and corresponds to the number
of outputs in the network. ANN works through a training process where
the network trains the neurons how to produce an output within the
desired accuracy corresponding to an input pattern.
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For evaluation of ANN accuracy, the mean square error (MSE) and
statistical coefficient of determination R2 were used after training
performance of the network. The MSE is expressed in Equation 23.
 ܧܵܯൌ

మ
σ
సభሺ௧ ି ሻ

(23)



where ti is the i-th target value, ai is the predicted output value and n is
the number of samples.

Membrane Regeneration
Adequate pre-treatment is required to slow down or prevent membrane
fouling and to maintain the production capacity of a membrane.
According to the guidelines, membranes should be cleaned in any of the
following cases; when a 10 % drop in permeate flow is observed, when
a 15 % increase in operating pressure is observed for identical flow rate
or when the permeate salt content increases by 10 % [60]. The frequency
of cleaning influences the operating lifetime of a membrane.
Chemical cleaning is commonly the main requirement of a cleaning
procedure and that cleaning should be able to restore membrane flux and
be effective against the foulants as well as sustain membrane retention
characteristics. Cleaning agents are chosen based on the type of foulants,
thermal and chemical properties of the membrane material [13]. Acidic
cleaners are used to reduce inorganic foulants whereas alkaline cleaners
are used for organic foulants [12].
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4

Experiments and Methods

4.1

Membrane Selection

Eight commercially available membranes were chosen for this research.
Seawater and synthetic PW were used as membrane feed. Dow FilmTec
provided FilmTec NF 270 and SR 90 and Nitto Hydranautics provided
other six membranes. The membranes used for the experiments are
negatively charged. The main specifications of these membranes are
provided by the manufactures in Table 3.
Table 3. Membrane specifications according to manufacturers [61, 62]
Membranes

Material

Area (m2)

pH range

HYDRACORe10*

Sulfonated
polyethersulfone

2.3

2-11

HYDRACORe50*
NF 270

3-10
2.6

SR90
ESNA
NANO-SW

Composite
polyamide

2-10
2.3

3-9

LFC3

2-10.6

HYDRApro501

2-11

* MWCO of HYDRACoRe10 and HYDRACoRe50 are 3000 and 1000
Daltons, respectively.
The maximum operating pressures of all membranes are from 41 to 41.6
bar. All membranes except for HYDRApro 501 has a maximum
operating temperature of 45 °C. The operating temperature is pressure
dependent for HYDRApro 501 and may be operated at 41 bar and 14 bar
at 65 °C and at 90 °C, respectively.
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4.2

Membrane Testing

The operating pressures were gradually changed from 9 bar to 18 bar
with 25 minutes membrane stabilization time between pressure changes.
A schematic of the membrane set-up for experiments is shown in Figure
10. The pressure vessel had one spiral-wound membrane module.

Figure 10. Schematic of the membrane system used for the experiments
[63]
Retentate and permeate were recirculated to a feed tank to maintain
identical feed concentrations over time. Equation 24 exemplifies the
mass flow through the membrane.
(24)

ܳ ܥ ൌ ܳ ܥ   ܳ ܥ

where Qf, Qp, and Qc are feed, permeate and retentate flow rates,
respectively.
Cf, Cp and Cc are feed, permeate and retentate concentrations,
respectively.
The permeate and retentate flow rates were manually measured by using
a calibrated cylinder and a stopwatch. pH, TDS, conductivity and
temperature were recorded for all samples.
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4.3
Chemicals, Analytical Instruments and Feed
Compositions
Analytical grade chemicals were used for all experiments. pH was
recorded by VWR Phenomenal pH 1100L. TDS and conductivity were
measured using TDS meter VWR collection CO3100N. Individual ion
concentrations in the feed, permeate and retentate was determined using
ion chromatography (Dionex ICS-5000+ DP). Turbidity of the samples
was measured in nephelometric turbidity unit (NTU) using a
turbidimeter. At each pressure, temperature, conductivity, salinity, TDS,
pH and flow rates of retentate and permeate were determined.
Different feeds were used during the experiments. Filtered normal
seawater with a conductivity of 49 mS/cm and pH 8 was used.
The ionic composition of PW and seawater are similar, however, with
difference in salinity. For ease of experiments, all synthetic PW
experiments were performed with seawater at different concentrations.
-

-

-

For determining Ba2+ and Sr2+ rejection, seawater was used as
feed for NF. Permeate without SO42- was collected and mixed
with BaCl2 and SrCl2.
Synthetic PW was produced by mixing Ekofisk oil with seawater
at 0.1, 0.2, 0.3, 1, 2- and 3-mL/L oil in seawater at 19,000 rpm
using Polytron PT 300 Mixer from Kinematica.
During PW pH experiments for reuse of PW as smart water, it
was assumed that PW was diluted to seawater concentrations and
analytical grade HCl and NaOH were thus added to normal
seawater. 12 feed pH values were used; 2.5, 3, 3.5, 4, 4.5, 5, 6, 7,
8.5, 9.2, 9.7 and 10.2. Experiments were also performed with
normal seawater at pH 8.

Brine compositions used for experiments and analyzed by IC are
reported in Table 4.
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Table 4. Ion compositions of feed analyzed by IC
Ions

HCO3ClSO42Mg2+
Ca2+
Na+
K+
Ba2+
Sr2+
Li+

4.4

Concentrations, mM
Seawater
Synthetic PW for Ba2+
and Sr2+ experiments
2
0.00
525
352
24
0.00
51
7.1
9.3
5.67
450
396
10
7
1.6
1.6
-

Membrane Cleaning and Preservation

The interval for cleaning of membranes depends on the type of feed.
Membranes were routinely cleaned with pure water at 9 bar after each
experiment to prevent accumulation of irreversible foulant on the
membranes. HCl and NaOH cleaning solutions recirculated for 30 - 45
minutes through the membranes after each set of experiments. The
membranes were first washed with HCl diluted with tap water at pH 3
followed by NaOH washing at pH 10 - 11. At the end of each cleaning,
the membranes were immediately rinsed with clean water until the
permeate conductivity was as pure water. Metabisulfite was used to
preserve membranes when not used for more than a week.

4.5

Media Filtration for Oil Removal

A lab-scale media cylindrical filtration unit of diameter 25 cm and height
120 cm was constructed to remove oil from synthetic PW. The media
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was powdered activated carbon and anthracite. Anthracite was placed on
top followed by activated carbon. Pebbles were placed at the bottom to
provide support. Backwashing was performed with a 350 W pump at a
maximum flow rate of 2500 L/h. Synthetic PW was used as feed and the
effluent was collected and immediately used as NF feed. Three trials
were performed for each concentration. The unit was backwashed with
tap water after experiments for each concentration. Samples were
collected from the influent, effluent and backwashed water in regular
intervals to check concentrations of oil in water. The media was replaced
when the backwash water contained oil droplets even after prolonged
washing.
Hydrocarbon removal efficiency Eoil (%) was calculated using Equation
25.
ܧை ൌ ͳ െ

ܥሺሻ
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where Cp(oil) and Cf(oil) are the oil concentrations in the effluent (permeate)
and influent (feed), respectively.
A schematic of the filtration unit is shown in Figure 11.
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Figure 11. Schematic of the lab-scale media filtration unit

4.6

Infrared (IR) Analysis

Oil in synthetic PW was analyzed by IR spectrometer (Agilent Cary 630
FTIR). Extraction of media filter influent, effluent and de-oiled NF feed
and permeate were performed immediately using cyclohexane according
to ASTM D7678-17 [64].
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4.7

Scanning Electron Microscopy (SEM)

SEM was used in this research to analyze the membrane surface after a
year of operation. While using SEM, the membrane surface must be
conductive to produce signals and avoid charging when the electron
beam impinges on the membrane surface. Thus, a conductive coating of
palladium was applied. However, SEM could only give information on
the macroscopic structure of the NF membranes, as the maximum
resolution obtained was 200 nm. The analysis was performed at 10 mm
working distance with an accelerating voltage of 15 kV and aperture size
of 30 μm.

4.8

Modeling of Membrane Experiments

Modeling based on experiments were performed using Spiegler - Kedem
and steric hindrance pore models. ANN was used during experiments
with PW. Flux, pressure and pH from three NF membranes were used as
input and rejection of Cl-, Na+, Mg2+ and Ca2+ were the output.
4.8.1 Models-based on Spiegler - Kedem and SHP models
A predictive model helps users obtain membrane characteristics, predict
process performance and aid in improving the process. Beginning with
the SK model for filtration through a porous membrane, equations were
derived to compute NF reflection coefficient and solute permeability
within a particular pure water permeability range and possible rejection
for individual ions in seawater. For this purpose, the transport parameters
were obtained using a nonlinear least squares method by fitting the
experimentally obtained rejection and flux data to the SK model. The
SHP model determined the pore radius of membranes by using the
Stokes radius of ions from Table 2.
4.8.2 Data Training by Artificial Neural Network
Rejection of ions was predicted using ANN when feed pH was varied. A
feed-forward back propagation ANN was used that works with a set of
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input and output data. Feed pH, pressure and flux data were used as input.
A number of neurons were altered to design the best ANN structure for
predicting ion rejection. The number of hidden neurons was selected
after evaluating the neurons performance by calculating the mean square
error (MSE). The set of neurons with least MSE was selected for the
ANN structure. The training of the ANN model was carried out by using
the Levenberg - Marquardt algorithm. For proper network training, and
to avoid overfitting, the experimental data were randomly divided into
three sets of 70 %, 15 % and 15 % for training, validation, and testing,
respectively. A set of 65 samples were provided for each membrane with
varying pH and operating pressures. Hence, 45 samples were used for
training and 10 each for validation and testing of the proposed ANN
design.
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5

Results and Discussion

Performance of NF, based on brine composition, concentrations,
pressure and pH, was determined by measuring permeability, flux and
rejection. Major results obtained during the research are explained in this
section.

5.1

Pure Water Permeability

Membrane flux from pure water feed and applied pressure was obtained
for the membranes prior to testing of seawater and PW. The membranes
were washed with tap water until all preservatives were removed. The
permeate and retentate were recirculated to the feed tank during washing
until the conductivity of the feed water equals the conductivity of tap
water. Water flux from eight membranes was recorded. Pure water
permeability is used as a baseline to evaluate cleaning efficiency of
membranes.
Pure water permeabilities of individual membranes are presented in
Table 5.
Table 5. Pure water permeabilities of tested membranes
Membranes
HYDRACoRe 10
ESNA
NF 270
HYDRACoRe 50
SR 90
NANO-SW
LFC3
HYDRApro 501

Pure water permeability
(Lh-1 m-2 bar-1)
13.56
10.52
9.38
5.15
4.46
3.27
2.85
1.32
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Pure water permeability is related to the structural parameters of the
membrane according to Hagen Poiseuille as shown in Equation 9. Thus,
a membrane with higher permeability has a larger pore size. According
to Table 5, the effective pore size of the membranes is in the descending
order HYDRACoRe 10 > ESNA > NF270 > HYDRACoRe 50 > SR 90
> NANO-SW > LFC3 > HYDRApro 501.

5.2

Reynolds Number

Reynolds number was calculated to determine whether the flow was
laminar or turbulent. Equations 11, 12 and 13 were applied with seawater
as membrane feed with density, kinematic viscosity and dynamic
viscosity of seawater at 25 °C used for calculations. The spacer height
was obtained from membrane manufacturers.
The Reynolds number was 261. Theoretically, this value is in the laminar
region. However, the feed spacers between the membranes act as
turbulence promoters and contribute additional turbulence.

5.3

Effect of Applied Pressure on Ion Rejection

Ion rejection from NF membranes with seawater as feed showed high
divalent and low monovalent ion rejection. Rejection varied with
membrane pore size. Figure 12 shows rejection by NANO-SW
membrane, a tight membrane according to the pure water permeability
values in Table 5.
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Figure 12. Ion rejection with increasing pressure with NANO-SW
Ion rejection for NANO-SW in Figure 12 shows that rejection increased
in the order Na+ < Cl- < Ca2+ < Mg2+ < SO42- and is explained by
differences in hydration free energy of ions. Na+ and Cl- have a hydration
free energy of -365 KJ/mol and -340 KJ/mol, respectively. Na+ is
attracted by the membrane and is rejected the least as observed in Figure
12. Ions with lower hydration energies permeate easier through the
membrane. However, the effect of negative membrane charge plays a
major role in separation. Cl- will be rejected by the membrane even with
a lower hydration energy. Cl- rejection is higher than Na+ due to its
charge. Hydration free energy of Ca2+ (-1592 KJ/mol) is lower than Mg2+
(-1922 KJ/mol) and has accordingly the lower rejection of the two. The
negatively charged divalent sulfate has the highest rejection by NF
membranes. Hydration free energy of SO42- is -1145 KJ/mol [49].
Rejections of Cl- and Na+ with a change in pressures are demonstrated in
Figure 13 and Figure 14, respectively.

39

Results and Discussion

Figure 13. Cl- rejection for six NF membranes

Figure 14. Na+ rejection for six NF membranes
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Figure 13 shows that Cl- rejection is higher than Na+ rejection at all
pressures except for HYDRACoRe 10 and HYDRACoRe 50. Anions
will be rejected more than cations when a negatively charged membrane
is used. However, for both HYDRACoRe membranes, the rejection is
opposite, perhaps due to a comparatively lower surface charge.
SO42- rejection with increasing pressure for six membranes are shown in
Figure 15.

Figure 15. Comparison of SO42- rejection with pressure for six
membranes
Rejection presented in Figure 15 confirms that NANO-SW, SR 90 and
NF270 are highly negatively charged and have smaller effective pore
sizes yielding high divalent anion rejection. ESNA is likewise a
negatively charged membrane, however, with larger pore size. Both
HYDRACoRe membranes showed lower SO42- rejection due to lower
surface charge. The overall results show that retention of multivalent
ions was higher than the retention of monovalent ions though the tighter
membranes also retained monovalent ions. The results are supporting
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reported values of Stokes radius and confirms that ions with a relatively
larger diffusivity have lower rejection. Ion permeability through NF
membranes has strong correlations to their radius of hydration and
hydration energy. Mg2+ and Ca2+ have larger Stokes radius and higher
hydration energy as reported in Table 2. These ions hold their hydration
shells more strongly, thus are more effectively removed by membranes.

5.4 Effect of Increased Feed Concentration on Ion
Rejection
Experiments with seawater spiked with chemicals using NANO-SW
were performed to investigate the effects of increased divalent ion
concentrations on rejection of ions. Several researchers have reported a
decrease in salt retention with increasing feed concentrations [65, 66].
Concentrations of SO42-, Ca2+ and Mg2+ were increased individually by
addition of Na2SO4, CaCl2 and MgCl2 to seawater. Spiking with divalent
ions was performed as smart water for carbonates includes high divalent
ion concentrations.
SO42- was added in doses of 54 mM (dose 1), 76 mM (dose 2) and 95
mM (dose 3) to seawater. Three trials at each dose were performed and
samples were collected for IC analysis. Pressures were increased from 8
bar to 16 bar. Membrane stabilization time was 25 minutes for each
pressure change. Washing with pure water was performed after each
dose. The NANO-SW membrane was rinsed with seawater before
another spiking. Figure 16 shows flux behavior with increasing feed
concentration, dose 1 to dose 3, by addition of Na2SO4 to seawater.
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Figure 16. Flux variations with increased SO42- concentrations in the feed
The results confirm that volume flux increases linearly with applied
pressure and decreases with an increase in feed concentration. This
behavior is due to an increasing osmotic pressure difference across the
membrane as the ion concentration increases.
Figure 17 shows the effect of increased SO42- concentration on Clrejection using NANO-SW.
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Figure 17. Cl- rejection with increased SO42- concentration
According to Figure 17, with increased SO42- concentrations in the feed,
retention of Cl- decreased for a fixed pressure. This variation is explained
by electrostatic and steric hindrance effect. At low feed concentrations,
membrane charge has a dominant role in ion rejection and the negatively
charged membrane rejects Cl-. When SO42- concentration in feed
increased, effective membrane charge reduces and the dominant
separation mechanism becomes steric hindrance increasing permeation
of Cl-. Similar effects are observed in the literature [66, 67, 68]. Further
explanation for the observed decrease in Cl- rejection is due to the
increased concentration of Na+ added to the solution with SO42- as
Na2SO4. For maintaining electroneutrality, one of the co-ions has to
permeate with the counterion. This results in a preferential permeation
of Cl- rather than SO42- due to high hydration energy and Stokes radius
of SO42-.
According to Figure 16 and Figure 17, it will be advantageous to spike
divalent ions in the feed rather than to the retentate for producing smart
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water in carbonates. This assist in increased permeation of Cl- with
increasing SO42-.

5.5

Produced Water Treatment

Oily wastewater contains impurities resulting in membrane fouling and
scaling, affecting the filtration process and shortening membrane life.
Though the RO membrane provides better water quality, NF membranes
are more cost-effective for reuse of PW in the oil and gas industry.
However, real and synthetic PW must be evaluated carefully as real PW
makes the membrane process less effective due to fouling.
5.5.1 De-oiling of Synthetic PW by Media Filtration Unit
Synthetic PW with oil was filtered through a media filtration unit. The
influent and effluent samples were extracted according to ASTM D767817 with cyclohexane and the extracted samples were analyzed with IR
Spectrometer. 96 - 98 % hydrocarbon removal efficiency was calculated
according to Equation 25. A visual comparison of the influent and
effluent samples from media filtration unit before and after extraction
with cyclohexane is shown in Figure 18.

Figure 18. Comparison of influent and effluent samples a) before
extraction b) after extraction
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5.5.2 Barium and Strontium Removal
Synthetic PW spiked with Ba2+ and Sr2+ was treated with NANO - SW
at room temperature. The results are shown in Figure 19.

Figure 19. Rejection of Ba2+ and Sr2+ with NANO-SW
The results show that the membrane rejected 64 % Sr2+ and 53 % Ba2+.
The hydration free energy of Ba2+ is -1273 KJ/mol [69] whereas that of
Sr2+ is -1395.7 KJ/mol [70] The difference in hydration free energy
explains the higher rejection of Sr2+ compared to Ba2+. Figure 20 shows
flux versus pressure when Ba2+ and Sr2+ were spiked in the feed. The
linear relation confirms that no fouling occurred during the operation.
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Figure 20. Flux versus pressure with Ba2+ and Sr2+ in the feed
5.5.3 Importance of Adequate Membrane Cleaning
The polyamide NF membrane (NANO-SW) after operation for a year
was analyzed using SEM. The SEM experiments were performed after
several experiments with synthetic PW containing Ba2+ and traces of
SO42- (6 mg/L) in the feed. No chemical treatment or washing was
conducted on the membrane after the experiments in order to analyze the
amount of Ba2+ precipitation during membrane separation.
The SEM images revealed that ion precipitation occurred and was largely
seen on the feed side of the membrane. The SEM images of the
membrane are presented in Figure 21.
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Figure 21. SEM image of NF membrane on the feed side
The energy dispersive X-ray spectroscopy (EDS) resulted in an analysis
of the elements present on the surface. EDS analysis of Spot 1 in Figure
21 is presented in Figure 22.

Figure 22. EDS analysis of Spot 1
The SEM-EDS analysis revealed the accumulation of inorganic
precipitates on NF membrane surface. It is evident that Ba2+ and SO4248
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are present on the surface due to high concentration of Ba, S, and O in
the spectrum. Figure 23 demonstrates the SEM image on the permeate
side of the membrane. Precipitation of ions on the permeate side is less
than on the membrane feed side.

Figure 23. SEM image on the permeate side of the membrane
Analysis of SEM images suggests that proper chemical membrane
cleaning is required during treatment of PW with scale causing ions,
which could otherwise lead to permanent scaling and membrane
production loss.
5.5.4 Effect of Produced Water pH on NF Membrane
Performance
pH of synthetic PW was varied from 2.5 to 10.2 and pressure increasing
from 9 to 18 bar. Experiments were performed for three NF membranes;
ESNA, NF 270 and HYDRACoRe50. Three trials each was performed
at all pH concentrations.
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A significant change in flux and rejection was observed with variations
in pH. Flux was higher in basic environments. When flux increased with
an increase in pH, the rejection of charged ions decreased. Highest flux
was observed for ESNA indicating a larger pore size than for
HYDRACoRe and NF 270. A change in ion rejection was noticeable
between acidic and alkaline environments for divalent ions. A sharp
decrease in Mg2+ rejection was observed in the basic environment for
ESNA and NF 270. It was confirmed that pore size decreased with a
decrease in feed pH using SK and SHP models (Equation 16 - Equation
22).
Effect of feed pH on flux with ESNA is shown in Figure 24.

Figure 24. Flux variations with a change in pH with ESNA membrane
According to the Donnan effect, negatively charged membranes attract
positively charged ions. NF membrane acquires charges in the presence
of an ionic solution due to the association or dissociation of functional
groups on the membrane surface that strongly depends on the pH of the
solution.
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Polyamide NF membranes consist of both carboxyl group (≡ COO-) and
amino groups (≡ NH3+) and exhibit positive and negative surface charges
depending on pH. At acidic conditions, protonation of amine occurs
(≡NH2 → ≡NH3+) resulting in increased pore size and increasing flux.
This explains a slight peak in flux in an acidic environment at pH 5 in
Figure 24. At alkaline pH, polyamide membrane matrix appears to be
more expanded due to deprotonation of carboxyl group (≡COOH →
≡COO-) resulting in increased flux [36, 44] as for ESNA and NF 270.
Figure 25 shows Cl- rejection for NF 270 when feed pH varied from 2.5
to 10.2. A rejection minimum at acidic pH was observed between pH 4
and pH 5 and a maximum Cl- rejection was observed at pH 3.

Figure 25. Effect of pH on Cl- rejection for NF 270
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Figure 26. Effect of pH on Na+ rejection with NF 270
Figure 26 shows Na+ rejection at varying feed pH. The results show that
Na+ rejection coincides with Cl- rejection at varying pH. At pH 3, a Na+
rejection maximum is observed which confirms that monovalent cation
is also rejected enabling electroneutrality in solution.
Positive charges of a membrane increase with a decrease in pH below
the isoelectric point of the membrane [44] and results in more Na+
rejected by the membrane. The isoelectric point is the point where
rejection of Na+ and Cl- is the lowest. The membrane charge is
considered positive below the isoelectric point and is negative above the
isoelectric point [36, 44, 71]. Since anions and cations do not act
independently, Cl- is also rejected to maintain electroneutrality.
Similarly, at pH 9.7, when the membrane is more negatively charged, Clexperiences an electrostatic repulsion from the membrane and thus more
Cl- is rejected and explains the peak at pH 9.7 in Figure 25. This results
in a subsequent increase in Na+ rejection to maintaining the
electroneutrality of the permeate as observed in Figure 26.
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Change in pore size with varying pH was determined using SK and SHP
model and is presented in Figure 27. The pore size was calculated based
on the solute - to - pore size ratio of Mg2+ for the three NF membranes.

Figure 27. Variations in pore size with feed pH
Figure 27 shows that the separation performance of membranes varies
with membrane material. Variations between acidic and basic pH are
more obvious in polyamide membranes since they are more hydrophilic
and are prone to ionization and hydration in aqueous solutions. This
results in changes on the conformation of polymer chains, especially at
different pH. Since the NF membranes have nanoscale pore dimensions,
even a small change in pore size would have a clear impact on membrane
performance. ESNA and FilmTec NF 270 are hydrophilic polyamide
membranes whereas HYDRACoRe membranes are made of
hydrophobic polyethersulfone with a high pH tolerance [12]. This
explains the relative stable behavior of HYDRACoRe with pH.
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5.5.5 Predicting Ion Rejection by Artificial Neural Network
After providing the necessary data, the neural network model was
created using MATLAB software. The number of neurons used for the
network in this research is seven where the calculated MSE values were
the least along with the highest R2 values. It was observed that the
training of input and output data was well performed with an R2 value of
0.996 for training. R2 value for test data is also greater than 0.99
confirming that ANN predicted rejection values and experimental values
are in close agreement. These values signify the ability of ANN in
predicting major ion rejection if flux, pH and pressure are available and
simulation can be used for entering new inputs. Figure 28 shows the
ANN structure used for ion predictions with varying input variables.

Figure 28. ANN design with 7 neurons to predict ion rejections at
varying feed pH
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5.6

Spiegler - Kedem Model

Estimation of transport parameters σ and Ps was by using the SK model.
Equations 16 and 17 were independently fitted to each set of
experimentally obtained values for Robs and Jv, corresponding to each
major ion in seawater, which did yield the transport coefficients specific
for individual ions. The procedure was repeated for six NF membranes.
The transport parameter σ confirmed that with an increase in ion
rejection, the reflection coefficient increased and with an increase in ion
permeability coefficient, Ps increased. Figure 29 shows rejection versus
flux for Na+ with ESNA when the values were fitted using the SK model.
The data points present the rejection values from the experiment and the
solid line presents the values obtained using the SK model with the bestfitted σ and Ps values. Figure 29 shows that the theoretical curves are in
close agreement with experimental values.

Figure 29. Rejection versus flux for Na+ for ESNA

5.7

Steric Hindrance Pore Model

Evaluation of effective pore size rp of the membranes was determined
using steric hindrance pore model. The value of such measurements
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enables determining the pore size based on a single ion rather than using
an uncharged molecule such as glucose for measuring the effective pore
radius. This increase proper understanding of real case scenario using
membranes for desalination.
Transport parameters for each ion with NF membranes were determined
by fitting Robs versus Jv according to the SK model. The estimated σ and
Ps values for each ion were substituted in Equations 18 - 22 to determine
the pore radius specific to a particular ion and is presented in Table 6.
This method assumes that only steric effects cause ion rejection and that
ions with Stokes radius larger than the membrane pore size are rejected.
The SK model used to analyze the experimental rejection data versus
flux showed a good fitting for all ions investigated.
Table 6. Effective ion pore radius rp calculated using SK and SHP models
for different membranes
Ions

ESNA

NF 270

SR 90

HYDRACoRe
10

HYDRACoRe
50

NANOSW

rp (nm)
Cl-

0.41

0.35

0.24

-

0.37

0.24

+

0.63

0.52

0.45

1.42

0.46

0.42

2-

0.34

0.25

0.24

0.73

0.33

0.24

2+

0.71

0.58

0.39

0.37

0.86

0.62

0.41

0.99
2.15

0.67

2+

0.68

0.40

Na

SO4
Ca

Mg

Negative reflection coefficients were obtained for Cl- with
HYDRACoRe 10. This could be due to negative rejection of Cl-.
However, during experiments with HYDRACoRe10, negative rejections
were not observed. This could be mainly due to the fact that the
experiments were performed at operating pressures between 9 and 18 bar
and negative rejection is generally observed at lower pressures and
rejection becomes positive with increasing pressure [72, 73, 74].
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The estimated rp values confirm that the effective pore size was lowest
for NANO-SW and HYDRACoRe10 had the largest pore size. Hence,
the pore size of the tested membranes was in the sequence
HYDRACoRe10 > ESNA > HYDRACoRe 50 > NF 270 > SR 90 >
NANO-SW. This order is valid when Cl-, Ca2+ and Mg2+ effective pore
radius of each ion is compared for six membranes. While comparing the
rp values for Na+, results were slightly different; HYDRACoRe50 was
tighter than NF 270. The rp values for SO42- cannot be compared due to
several mechanisms affecting the ion. SO42- is a divalent anion and will
be rejected by the negatively charged membrane though the hydration
energy of SO42- is low (-1145 KJ/mol).
Ten model correlations were developed using results from four
polyamide NF membranes, which could determine the rejection,
reflection coefficient and solute permeability of individual ions in
seawater. The four membranes chosen were ESNA, NF 270, SR 90, and
NANO-SW.
The pure water permeability chosen for the model is in the range required
for smart water production. The only variables required for this model is
the pure water permeability and membrane flux with seawater as feed.
Figure 30 shows the pure water permeability of polyamide membranes
versus σ and Ps of chloride for four NF membranes mentioned earlier.
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Figure 30. Pure water permeability versus (a) reflection coefficient (b)
solute permeability of chloride
Figure 30 (a) shows that with an increase in water permeability, the
reflection coefficient of ions decreased whereas Figure 30 (b) shows that
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the solute permeability increased. This confirms that when the effective
membrane pore radius increases, permeability increases, resulting in low
ion rejection.
A close correlation between the model and experimental values of σ, Ps,
and rejection of ions were obtained. The correlations are valid if the feed
is seawater with no change in viscosity and ionic concentration for all
four tested polyamide membranes. Equations 26 – 35 determines σ and
Ps of each ion with a given pure water permeability Lp0.
ߪష ൌ  െͳ ൈ ͳͲଵ ൈ ܮ  ͲǤͶͶͻ

(26)

ߪேశ ൌ െ ൈ ͳͲଽ ൈ ܮ  ͲǤ͵͵ͳͺ

(27)

ߪௌைర మష ൌ െͳ ൈ ͳͲଵ ൈ ܮ  ͳǤͳͳͺ

(28)

ߪమశ ൌ െ͵ ൈ ͳͲଵ ൈ ܮ  ͳǤͳ͵ͷͶ

(29)

ߪெమశ ൌ െ͵ ൈ ͳͲଵ ൈ ܮ  ͳǤʹͷͷͻ

(30)

ܲ௦ష ൌ ͳ ൈ ͳͲଵଵ ൈ ܮ െ ͳǤͳͳͶͶ

(31)
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(32)

ܲ௦
ܲ௦

ಿೌశ

ೄೀర మష

ܲ௦

ೌమశ

ܲ௦

ಾమశ

ൌ Ͷ ൈ ͳͲଷଵ ൈ ܮ ଷǤସଽ

(33)

ൌ ͳ ൈ ͳͲଵଵ ൈ ܮ െ ͲǤ͵ͺͺ

(34)

ൌ ͻ ൈ ͳͲଷ ൈ ܮ ଶǤଽସଵସ

(35)

The correlations can be used for calculating σ and Ps of polyamide
membranes with a pore size between 0.4 to 0.86 nm and with pure water
permeabilities between 5 × 10-12 to 3 × 10-11 m/s/Pa.
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5.8

Power Consumption Analysis

A power consumption analysis of membrane performance for smart
water production from seawater and de-oiled PW for both carbonate and
sandstone reservoirs were performed.
5.8.1 Power Consumption Analysis with Seawater as Feed
Retentate from NF membrane is rich in divalent ions and suitable for
smart water for carbonates. NF and RO in parallel are suitable for smart
water production for sandstones. The experiments were conducted at
room temperature with an assumed pump efficiency of 80 %. The NF
and RO membranes for smart water production with seawater as feed
operated at 16 bar and 55 bar, respectively. Experimental results are
directly available for full-scale applications. Normal seawater was feed
to commercially available NF membranes with a surface area of 2.3 -2.6
m2 .
Pre-filtered seawater at 1 m3/h was used as feed in crossflow NF
membranes, which resulted in two streams with different ionic
compositions. The permeate is rich in monovalent ions (TDS 20,800 21,000 mg/L) suitable for sandstones after dilution, whereas the retentate
is rich in divalent ions such as SO42-, Ca2+, and Mg2+ and therefore
suitable for carbonates. TDS in retentate depends on pore size and charge
of the chosen NF membrane, applied pressure, and temperature.
Smart water for sandstone reservoirs should be low in divalent ions with
TDS less than 5,000 mg/L. TDS in NF permeate with seawater as feed is
21,000 mg/L and should be diluted with low TDS water for sandstone
applications. Thus, an RO membrane is recommended to be used in
parallel to dilute the smart water stream. RO retentate, rich in both
divalent and monovalent ions is recirculated to the feed tank.
Total power consumed is calculated using Equation 36.
ܲݎ݁ݓሺܹሻ ൌ

య
൰ൈிௗ௦௦௨ሺሻ
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Power consumed for smart water production in sandstones is higher than
smart water in carbonates due to higher operating pressure for RO when
compared with NF. With an energy recovery factor of 50 % for RO, 50
% of the required energy for the feed pump is recovered from the
retentate stream. The RO membrane used for power consumption
calculations assumed 8 % permeate recovery i.e., the ratio of permeate
flow rate to feed flow rate. The RO permeate flow rate can be increased
by selecting an alternative RO membrane with higher recovery.
Figure 31 presents a schematic for smart water production in carbonate
and sandstone reservoirs showing flow rates and TDS concentrations.
Power consumed per cubic meter of smart water produced for carbonates
was 0.70 kWh/m3 and 5.21 kWh/m3 for sandstones using seawater as
feed.

Figure 31. Schematic for smart water production from seawater
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5.8.2 Power Consumption Analysis with PW as Feed
Reuse of PW for smart water production is salinity dependant. PW with
TDS of 90,000 mg/L was assumed in this research for calculations. A
TDS of 90,000 mg/L must be diluted before used as feed for NF. Feed
pressures of 9 bar and 55 bar were used for NF and RO membranes,
respectively. A diluted PW feed of 40,000 mg/L was used for power
calculations. Utilizing retentate as smart water for carbonates has a
benefit in reducing concentrate disposal issues.
Figure 32 shows a model for smart water production from PW for both
sandstone and carbonate reservoirs. The model presents calculations for
a single NF and RO unit. To achieve the required smart water flow rate
for injection, multiple membrane stages should be used.

Figure 32. Schematic for smart water production from PW for carbonate
and sandstone reservoirs
Smart water TDS of 5,000 mg/L for sandstone reservoirs is produced
from permeate from NF and mixed with permeate from RO with
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seawater as feed. The energy consumption of RO is directly proportional
to ion concentrations due to changes in osmotic pressure. This increases
the total power consumption for smart water production for sandstone
compared to carbonate reservoirs. An energy recovery factor of 50 %
was applied to the RO process.
The power consumed for carbonate reservoirs with PW as feed is
calculated to 0.88 kWh/m3 whereas the total power consumed calculated
for an NF and RO membrane in parallel for smart water production in
sandstone reservoirs from PW feed is 13.99 kWh/m3. The power
consumed could be lower if the initial TDS of PW is in the range of
40,000 mg/L instead of an initial TDS of 90,000 mg/L. Likewise,
increased permeate flow rate could also reduce power consumption. This
is possible by selecting NF membranes yielding higher flow rates and
with appropriate ion separation efficiency. From the proposed model, it
is evident that most of the power is consumed for dilution of feed.
Nevertheless, comparing with other desalination techniques, this option
is most cost-efficient. One main challenge in PW reuse by membranes is
the degree of fouling. Fouling affects the frequency of cleaning and
therefore process cost.
The disposal of NF1 retentate is another concern. The retentate is diluted
from 90,000 mg/ L to approximately 41,600 mg/L and has an ionic
composition similar to seawater. This de-oiled retentate can either be
discharged to sea, recirculated to feed tank or reused for pressure support
in oil reservoirs.
However, TDS varies with the type of PW. If increased water is produced
after secondary injection, PW will nearly have equal concentration to
that of injected seawater and makes PW reuse feasible. However, if more
concentrated PW is produced, PWRI after required treatment to subsurface is practicable.
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6

Concluding Remarks

This research concluded that smart water suitable for both carbonate and
sandstone reservoirs can be produced from seawater and PW by
nanofiltration membranes. The advantage of using membranes is ease of
operation, no chemicals added and defined as environmentally friendly
and sustainable.

6.1

Conclusions

1) Flux and ion retention increased with an increase in applied
pressure indicating no fouling of membranes during the
experiments.
2) Experiments confirm that membrane pore size and charge are the
main factors determining ion rejection.
3) Negative rejection of monovalent ions was observed when the
concentration of divalent ions with the same charge was
increased in the feed to maintain charge electroneutrality.
4) The NF retentate with seawater as feed is for carbonates and
eliminates concentrate disposal issues compared to alternative
desalination technologies, distillation and reverse osmosis
whereas the permeate is intended as smart water for sandstones.
5) Increased divalent ion concentrations for carbonates resulted by
spiking chemicals to membrane feed. Results confirmed that
adding divalent ions in the feed was more beneficial than adding
it to retentate.
6) No fouling was initiated during short-term membrane separation
with synthetic PW with traces of organic compounds. Sr2+ and
Ba2+ concentrations were efficiently reduced which could
prevent scaling when PW was used as membrane feed.
7) Experiments with different membrane feed pH confirmed the
occurrence of protonation and deprotonation of membrane
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functional groups, which lead to pore expansion resulting in
increased flux. At very low pH, pore shrinkage occurred resulting
in decreased flux. Membrane properties can be manipulated by
changing feed pH during smart water production for modifying
flux and ion rejection to either type of reservoirs.
8) Smart water production by nanofiltration has two concerns:
- Retentate with high concentrations of divalent ions also
contains monovalent ions due to counterion effects.
- Only a small percentage of PW could be reused as smart
water due to low membrane recovery from high PW feed
TDS.
9) An ANN model for predicting ion rejection was presented. The
model considers the effect of varying feed pH and increasing
operating pressure for different flux and ion rejection. The model
showed a close agreement with experimental data.
10) A power consumption analysis is proposed, along with a
schematic for smart water production, with flow rates and
compositions for each stream. This provides the end-users a
choice of membrane configurations for industrial use.
11) Smart water production in carbonates with seawater as feed
showed a power consumption of 0.70 kWh/m3. For sandstones,
the power consumed is higher at 5.21 kWh/m3. This is due to a
combination of NF and RO membranes used to dilute NF
permeate to TDS < 5,000 mg/L.
12) The total power consumed by 2 NF membranes in parallel for
smart water production in carbonates from PW feed is calculated
to 0.88 kWh/m3.
13) The total power consumed by NF and RO membranes in parallel
for smart water production in sandstones from PW feed is
calculated to 13.99 kWh/m3.
14) Correlations were developed to determine reflection coefficient
and solute permeability of ions for polyamide NF membranes to
predict ion rejection. Transport parameters were determined
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based on Spiegler -Kedem and steric hindrance pore models. The
proposed correlations predict rejection, reflection coefficient and
solute permeability with close accuracy. The main advantage of
these correlations is that they require few input data that can be
easily obtained from simple experiments.

6.2
-

-

-

Future Work
Smart water produced by membranes for carbonate and
sandstone reservoirs was not tested on cores. Further process
improvements should be made after core testing.
The fate of production chemicals present in PW has to be
verified. Experiments analyzing the type of chemicals
permeating through NF should be identified for reuse.
Reuse of PW retentate in a more efficient way by forward
osmosis or membrane distillations.
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ABSTRACT: Water with speciﬁc ion composition is required for smart water production intended for enhanced oil recovery
(EOR) in petroleum reservoirs. Membrane desalination is proposed in a unique conﬁguration to deliver water with varying ionic
composition for water injection in both carbonate and sandstone reservoirs. This research is dedicated to improve existing EOR
technology and achieve environmentally friendly production of fossil fuels oﬀshore. Present work addresses objectives, such as
optimizing the nanoﬁltration (NF) membrane performance for smart water production from seawater in terms of ﬂux, ion
rejection, and power consumption for producing 1 m3 h−1 smart water. The power consumed for smart water production is
calculated at 0.7 kWh m−3 for carbonates and 5.21 kWh m−3 for sandstones. NF membranes were chosen for smart water
production over other desalination technologies as a result of their ﬂexibility in altering ionic composition, low energy
requirements, low chemical usage, and small footprint along with ease of operation. Smart water production from seawater
considerably reduces use of fresh water during oﬀshore water injection and is environmentally friendly.

1. INTRODUCTION
1.1. Smart Water for Enhanced Oil Recovery (EOR).
Increased recognition regarding eﬀects of chemicals used in the
environment is a major concern for oil companies. Consequently, EOR techniques that have little environmental
impact and are simultaneously cost-eﬀective are considered
beneﬁcial. Injection of smart water is a relatively new EOR
technique that improves oil recovery by wettability alteration
toward more water-wet conditions. Increased positive capillary
forces improve the microscopic sweep eﬃciency and increase
oil recovery.1 Compositions of smart water diﬀer between
reservoirs and are produced by modifying the ionic
composition according to reservoir mineralogy. For carbonate
reservoirs, smart water should contain high divalent ion
concentrations and low monovalent ion concentrations.
Major divalent ions required for smart water are sulfate,
calcium (both 2−3 times the amount present in seawater), and
magnesium.1 Smart water in carbonates requires low sodium
and chloride concentrations. Total dissolved solids (TDS)
between 10 000 and 32 000 mg L−1 is preferable for
carbonates.2
Sandstone reservoirs, in general, require smart water with
TDS less than 5000 mg L−1. The presence of divalent ions in
the low-salinity brines is not preferred for sandstones because
these ions may suppress the increase of pH, which is essential
to observe low-salinity eﬀects.1 Smart water was originally
produced by adding required ions (chemicals) to freshwater or
low-TDS water.
The focus of this research is to analyze whether smart water
can be produced with membranes and the eﬀect of spiked
chemicals on nanoﬁltration (NF) performance for producing
smart water. The research also investigates the energy
consumed in production of smart water for both carbonate
and sandstone reservoirs.
1.2. Choice of Desalination Technologies. Prevailing
desalination technologies are categorized mainly into thermal© 2018 American Chemical Society

and membrane-based. Thermal-based desalination includes
multi-stage ﬂash (MSF) distillation, thermocompression
distillation (TCD), multi-eﬀect distillation (MED), and
mechanical vapor compression (MVC). For thermal-based
desalination, salty water is heated and salt-free water is collected
as a condensate. This process includes a phase change.3
NF and reverse osmosis (RO) are the membrane-based
desalination technologies used commercially. Both are pressuredriven processes and involve ion separation when water is
permeated through the membranes. The permeate stream is
desalted, while the reject stream is rich in ions. No phase
change occurs during this process.
Selection of desalting technology oﬀshore depends upon
footprint, weight, and energy or steam requirements associated
with them. Thermal distillation processes require higher energy
than membrane processes.3 The total energy consumed for
desalination is shown in Table 1.
1.3. NF Membrane. NF separation is pressure-driven
through membranes with a molecular weight cutoﬀ (MWCO)
of 200−2000 Da. NF membranes have pore sizes between 0.1
and 1 nm.4 Most NF membranes are negatively charged.
Nevertheless, neutral and positively charged NF membranes are
available. Accordingly, the selectivity of NF membranes for
dissimilar ions with varying ion size and charge density will
diﬀer. NF membranes have applications in numerous ﬁelds,
such as water and wastewater treatment, food, and pharmacy.
NF membranes eﬃciently separate mono- and divalent ions at
low operating pressures and have higher ﬂux compared to RO
membranes.
Numerous studies have been conducted on determining the
eﬃciency of NF membranes for separation of mixed salt
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Revised: March 23, 2018
Published: April 2, 2018
4988

DOI: 10.1021/acs.energyfuels.8b00447
Energy Fuels 2018, 32, 4988−4995

Article

Energy & Fuels
Table 1. Energy Consumption by Major Desalination Technologies

3

property

MSF

TCD

MED

MVC

seawater RO

total energy consumption (kWh m−3)
ﬁnal TDS (mg L−1)

19.58−27.35
≈10

16.26
≈10

14.45−21.25
≈10

7−12
≈10

4−6
400−500

solutions.5,6 Flux, ion rejection, total salt concentration in feed,
and membrane material aﬀect the NF membrane eﬃciency.
The ion rejection by NF membranes is governed by steric
hindrance, dielectric exclusion, and Donnan equilibrium.7,8
Each of these mechanisms contributes to ion separation
depending upon the ion concentration and pH of the feed
solution, membrane properties, and ion size and charge.9
Separation of neutral solutes by NF depends upon steric or size
exclusion, in which the solute size and shape form the basis of
ion partitioning. Donnan equilibrium resulting from the
charged nature of the NF membrane contributes to the
partitioning eﬀect for charged solutes. The membrane repels
solutes having the same charge as the membrane (co-ions) as a
result of Donnan equilibrium, whereas the membrane will
attract the solutes with opposite charge, counterions.8
Flux is generally used to determine the membrane eﬃciency
and is deﬁned as permeate ﬂow through a unit area of the
membrane surface. Flux is predicted by Hagen−Poiseuille in eq
14
J = εd p2PT/32Δxμ

will be lower than that of fresh water. A comparison of pure
water permeability before and after a membrane experiment
indicates the degree of fouling. Pure water permeability is
determined using eq 4
pure water permeability (L h−1 m−2 bar −1) = V /(tAP)
(4)

where V is the volume of permeate and P is the pressure.
Pure water permeability is calculated from a ﬂux−pressure
graph. When pure water is used, the osmotic pressure diﬀerence
between the two sides of the membrane is zero and there is a
linear relationship between the hydrodynamic pressure, ΔP,
and the volume ﬂux, J. The slope of the corresponding ﬂux−
pressure curve is the water permeability coeﬃcient.
1.5. Smart Water Production by Membranes. The feed
stream enters the membrane and is divided into two streams.
The retentate is rejected by the membrane and contains all ions
retained by the membrane. The permeate passes through the
membrane and is cleaner than the other two streams. NF
retentate is used for smart water production in carbonate
reservoirs because high divalent ion concentrations together
with a TDS between 10 000 and 32 000 mg L−1 is preferred.
The NF retentate is rich in SO42−, Ca2+, and Mg2+ and has low
Na+ and Cl− concentrations when seawater is used as feed.
Spiking of chemicals will be made only for smart water in
carbonates. Most oﬀshore plants have a RO membrane
infrastructure for desalination for potable water production.
The permeate from NF can be used as feed for RO membranes.
NF permeate is used for smart water production in sandstone
reservoirs. NF permeate has low divalent ion concentrations,
thus resulting in low TDS. However, one of the main criteria
for smart water in sandstones is that it should have a TDS of
<5000 mg L−1. Thus, NF permeate should be diluted with RO
permeate to tailor required ion consistency. RO permeate has a
TDS of <500 mg L−1. Hence, both streams from a NF
membrane can be used for smart water production for diﬀerent
reservoirs.

(1)
−2

−1

where J is the ﬂux in L m h , ε is the membrane surface
porosity, dp is the channel diameter, PT is the transmembrane
pressure, μ is the absolute viscosity of the ﬂuid, and Δx is the
length of the channel or thickness of the membrane.
Equation 2 calculates volumetric ﬂux through a membrane (L
m−1 h−1) from experimental data

J = V /tA

(2)

where J is the volumetric ﬂux, V is the volume of the permeate,
t is the ﬁltration time, and A is the eﬀective membrane area.
The ion rejection is calculated to determine the quantity of
ions rejected by the membrane. The rejection of component i is
expressed by eq 3
R = 1 − Cpi /Cfi

(3)

where Cpi is the concentration of component i in the permeate
and Cfi is the concentration of component i in the feed.
If the ﬂux through the membrane is very low, even after
proper chemical cleaning, the membrane is permanently fouled
and should be replaced. Membrane fouling depends mainly
upon feedwater properties and pretreatment performed before
membrane experiments. Expenditure of a membrane application is dependent upon many factors, such as ﬂux, operating
conditions, cost of pretreatment, plant capacity, membrane
installation, and replacement cost, whereas product water
quality depends upon pretreatment, percentage rejection, and
type of membrane. Membrane cost depends upon market
inﬂuence and can change with time.
Membrane lifetime depends upon feed composition,
operating conditions, such as pressure and temperature,
cleaning frequency, and eﬀect of cleaning chemicals. It can be
assumed that, with proper feed pretreatment and frequent
cleaning, membrane life can be assumed to be 5 years.
1.4. Pure Water Permeability. Pure water permeability
determines the ability of the membrane to permeate pure water
through it. The permeability of seawater through a membrane

2. MATERIALS AND METHODS
2.1. NF Membrane. NANO-SW-2540 (Hydranautics) was the
membrane chosen for this research. According to the manufacturers,
this is a thin-ﬁlm composite polyamide membrane with a spiral wound
conﬁguration and an area of 2.3 m2. It has a deﬁned maximum
operating pressure of 41.4 bar, maximum operating temperature of 45
°C, and pH of 3−9.
The feedwater is pre-ﬁltered seawater with TDS of 34.1 g L−1,
conductivity of 49 mS cm−1, and pH of 8. The composition of major
ions present in feedwater is in Table 2.
2.2. Chemicals and Analytical Instruments. The chemicals
used were analytical-grade sodium sulfate anhydrous, calcium chloride
dihydrate, magnesium chloride hexahydrate, and magnesium sulfate
hydrate.
The pH was measured using VWR Phenomenal pH 1100L.
Conductivity, salinity, temperature, and TDS were measured using
TDS meter VWR collection CO3100N. Ion concentrations were
quantiﬁed by ion chromatography (IC, Dionex ICS-3000). The ﬂow
rate was measured manually by determining the time required to ﬁll a
ﬁxed volume.
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and permeability was calculated using eq 4. The pure water
permeability of the membrane was 7.5 L h−1 m−2 bar−1.
3.2. Seawater Permeability. Figure 2 represents the
volumetric ﬂux, and Figure 3 shows ion rejection as a function

Table 2. Composition of Major Ions in Feed Seawater
Analyzed by IC
ion

seawater (mM)

HCO3−
Cl−
SO42−
Mg2+
Ca2+
Na+
K+

2
525
24
51
9.3
450
10

2.3. Membrane Experiments. Retentate and permeate were
recirculated to the feed tank to maintain constant feed concentrations.
The NANO-SW-2540 membrane experiments were performed at
room temperature with operating pressures between 9 and 18 bar. The
membrane stabilization time for each experimental run was 25 min.
Figure 1 shows the schematic of the membrane pilot unit used for the
experiments. Experiments commenced with seawater and later added
chemicals to change the feed concentration, one chemical at a time.
Three doses of each chemical were spiked to seawater. Three trials
with each concentration of four chemicals were performed. Mass
balance error calculations were performed after each experiment to
assess whether the measured values was accurate.
Equation 5 deﬁnes the mass balance of the membrane experiments
Q f Cf = Q rCr + Q pC p

Figure 2. Flux versus pressure with seawater as feed.

(5)

where Qf, Qr, and Qp are the feed, retentate, and permeate ﬂow rates,
respectively, and Cf, Cr, and Cp are the concentrations of the feed,
retentate, and permeate, respectively.
2.4. Membrane Regeneration and Replacement. Membrane
cleaning was performed after each experiment. Pure water permeated
through the membrane after each experiment. Membrane regeneration
can also be performed if ﬂux decreases or remains constant with an
increase in pressure or when the membrane surface is saturated with
dissolved solids. Washing is continued until the membrane ﬂux
returned to its initial pure water permeability value. If the ﬂux did not
return to its original after washing with pure water, chemical cleaning
for removal of metal hydroxides, CaCO3, and other scales should be
performed. Conductivity and pH of recirculated tap water were
continuously monitored to ensure that no dissolved solids are present
in the membrane.

Figure 3. Ion rejection with NANO-SW-2540.

of the operating pressure using seawater as feed. There is a
linear relation between ﬂux and pressure in Figure 2. This linear
variation conﬁrms that the membrane surface was independent
of fouling and concentration polarization.
Flux and ion rejection increase with operating pressure,
according to Figures 2 and 3. This conﬁrms that ions are
transported across the membrane because of the force that acts
on the ions as a result of pressure acting on NF membranes.

3. RESULTS AND DISCUSSION
3.1. Pure Water Permeability. Prior to ion separation
experiments with seawater, pure water permeability tests with
NANO-SW-2540 were carried out at varying operating pressure

Figure 1. Schematic of the NF membrane pilot unit used for experiments.
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Hence, the osmotic pressure diﬀerence across the membrane
increases when ions are spiked in the feed. The eﬀect of the
feed concentration on ﬂux is also well-explained by the mass
transfer or the ﬁlm theory model.4 According to this model,
solute transport to the membrane surface occurs as a result of
convection at a rate JS deﬁned as eq 7

The NF membrane is negatively charged and, thus, will attract
counterions and reject co-ions as a result of the Donnan eﬀect.
Figure 3 shows that the NF membrane exhibits a higher
rejection for multivalent co-ions (SO42−) than the monovalent
co-ions (Cl−), which is advantageous because the membrane
retentate stream is used for smart water production in
carbonates that requires a high sulfate concentration and low
monovalent concentrations.
3.3. Spiking Chemicals in Feed Seawater. Chemical
spiking is not required for smart water production in
sandstones as a result of low TDS requirement. For carbonate
reservoirs, however, spiking is essential because smart water
should contain increased sulfate, magnesium, and calcium
concentrations. To achieve a smart water composition with an
increased sulfate concentration, Na2SO4 was added to seawater
at 54 mM or 3.4 g L−1 Na2SO4 (dose 1), 76 mM or 6.8 g L−1
Na2SO4 (dose 2), and 95 mM or 8.5 g L−1 Na2SO4 (dose 3).
The corresponding increase in moles of Na+ measured by IC
was 460 mM (dose 1), 510 mM (dose 2), and 572 mM (dose
3).
Figure 4 shows that ﬂux decreased with an increased Na2SO4
concentration in the feed. When seawater was spiked with 3.4 g

JS = JC B

(7)

where CB is the bulk concentration of the rejected solute.
The concentration gradient causes the solute to back
transport to the bulk solution as a result of diﬀusion, as
shown in eq 8
JS = Ddc /dx

(8)

where D is the diﬀusion coeﬃcient and dc/dx is the
concentration gradient in the boundary layer.
The mechanisms of convective and diﬀusive transport
balance at steady state and eqs 7 and 8 are equated and
integrated to form eq 9
J = k ln CG/C B

(9)

where CG is the gel concentration or the solute concentration at
the membrane surface and k is the mass transfer coeﬃcient.
Equation 9 conﬁrms that the ﬂux, J, decreases with an
increase in CB, feed concentration. This eﬀect is independent of
the temperature and turbulence.4
Figure 5 illustrates rejection of chloride as a function of the
pressure with increased sulfate concentrations. Chloride

Figure 4. Flux versus pressure for seawater and seawater spiked with
Na2SO4.

L−1 Na2SO4, and ﬁltered at an operating pressure of 10 bar, the
ﬂux decreased from 29 to 25 L m−2 h−1. The ﬂux values were
further reduced with Na2SO4 concentrations at 6.8 and 8.5 g
L−1. At 8.5 g L−1 Na2SO4, the ﬂux at 10 bar decreased to 19 L
m−2 h−1. Alternatively, a decrease in ﬂux means that more water
is rejected by the membrane. This increases the retentate ﬂow
rate, which is beneﬁcial for smart water production in
carbonates.
The ﬂux decline is explained by an increase in viscosity with
the increased Na2SO4 concentrations. The NF pore size is less
than 1 nm. Hence, even a very small change in viscosity can
lead to a decrease in ﬂux. It is also explained in terms of the
osmotic pressure diﬀerence across the membrane. According to
the van’t Hoﬀ equation, the osmotic pressure of water is
directly proportional to the concentration of dissolved ions in
solution in eq 6

Figure 5. Cl− rejection versus pressure with an increase in the Na2SO4
concentration.

rejection decreases with increased Na2SO4 concentrations at
any pressure. At an operating pressure of 10 bar, Cl− rejection
with seawater as feed was permeated through the membrane at
0.37, whereas with the added sulfate concentration of dose 3
(8.5 g L−1), the Cl− rejection decreased to 0.13. A decrease in
Cl− rejection occurs with increasing doses, irrespective of the
operating pressure.
If a second co-ion (SO42−) is added to NaCl solution (or
seawater), the Donnan equilibrium will change. With the
addition of Na2SO4 to the feed, the system will have more
counterions of Na+, whereas the Cl− concentration remains
unchanged along with a constant membrane charge. This
results in an increase in the Cl− concentration in the membrane
or permeate.
Figure 6 shows that the sulfate rejection was at 0.99 for all
three doses, irrespective of the operating pressure or increased
concentrations. This diﬀerence in rejection of SO42− and Cl−

C
RT
(6)
M
where i is the number of ions, C is the concentration of
dissolved ions in solution (g/L), M is the molecular weight of
the solute, R is the ideal gas constant, and T is the absolute
temperature (K).
π=i
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Figure 6. SO4

2−

Figure 8. Observed Ca2+ rejection with a corresponding increase in
the Na+ concentration.
rejection at three added doses of sulfate in seawater.

can be explained with respect to the electrostatic interactions
between the two ions and the negatively charged membrane
along with the size diﬀerence between the two ions.
The hydrated radius of Cl− is 0.195 and 0.300 nm for
SO42−.10,11 Hence, the rejection of divalent SO42− will be higher
than that of monovalent Cl−. This eﬀect can also be explained
in terms of electroneutrality. When the SO42− concentration is
increased in solution as a result of the higher hydrated radius,
SO42− is preferably rejected. To maintain charge balance on the
feed side, Cl− will pass through the membrane. Increased
permeation of Cl− over divalent ions is preferred for smart
water production in carbonates because it results in a low Cl−
concentration in the retentate.
Figure 7 demonstrates the rejection of Mg2+ with normal
seawater and with an increased SO42− concentration. This is

Figure 9. Comparing ﬂux versus pressure for seawater and seawater
spiked with MgCl2.

comparable to Figure 4, where ﬂux decreased with an increase
in the feed concentration. Similar results were obtained with
the addition of MgSO4 to seawater.
Figure 9 conﬁrms that, even though ﬂux decreased with an
increased concentration of ions in feed, individual ﬂux shows a
linear increase in pressure. This conﬁrms that spiking of
chemicals did not initiate membrane fouling.
Figure 10 displays rejection of Na+ when Mg2+ is increased in
the feed. The monovalent ion rejections, especially the Na+
rejection, indicate a negative rejection with an increase of
MgCl2 in the feed.
The negative rejection of Na+ could be due to increased
Mg2+ concentrations. In an electrolyte mixture, negative
Figure 7. Mg2+ rejection with increased SO42− concentrations.

contrary to the results for chloride shown in Figure 5 and is
explained by the interaction between ions and the membrane.
The negatively charged NF membrane attracts divalent
positively charged Mg2+, and therefore, the rejection of Mg2+
is lower than that of SO42−. The hydrated radius for both Mg2+
and SO42− is 300 nm.10,11
Figure 8 shows the rejection of calcium with diﬀerent doses
of Na+ in the feed when Na2SO4 was added in seawater.
Similarly, negative ion rejection is often observed during NF
membrane separation of mixed ion solutions.12 Smart water for
carbonates should contain a higher Mg2+ concentration
compared to seawater. Hence, experiments were performed
by adding MgCl2 in feed seawater. Figure 9 shows the eﬀect of
an increased MgCl2 concentration on ﬂux. The result is

Figure 10. Negative rejection of Na+ with increased Mg2+ in the bulk
phase.
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rejection is more pronounced for single-charge ions when the
augmented number of ions of higher and identical charge is
present.12 Negative ion rejection mainly occurs when ion
concentrations in permeate are higher than in the feed solution.
When the Mg2+ concentration in the feed seawater (51 mM)
was increased to 90 mM (dose 1) and further to 110 mM
(dose2) and 130 mM (dose 3), more Na+ ions permeated
through the membrane. Mg2+ is attracted by the negatively
charged membrane, and to maintain the membrane phase
electrically neutral, more mobile ions of the same charge
permeate, increasing its concentration in the permeate
compared to the bulk phase. This phenomenon was observed
only at lower pressures, as noted from Figure 10. The rejection
of Na+ was changed to positive at higher ﬂow rates or with an
increase in the pressure. According to Figure 10, negative
rejection occurred when the Mg2+ concentration was increased
to 110 and 130 mM. At 6 bar, the rejection was −0.045 for dose
2 and −0.059 for dose 3.
However, no negative rejection was observed for Cl− ions.
Cl− rejection was decreased when the Mg2+ concentration was
increased, and there was no diﬀerence in Cl− rejection with a
further increase in the Mg2+ concentration (Figure 11). At 6

Figure 12. Rejection of Cl− and Na+ at 8 bar with diﬀerent Ca2+
concentrations.

parameters aﬀecting rejection of ions and ﬂux through NF
membranes. It was conﬁrmed that the proportion of ions in the
feed and interaction of electric charges of ions and membrane
surface inﬂuenced the rejection of speciﬁc ions. Numerous
reports14−16 show that, with an increasing feed ion concentration, the eﬀect of membrane charge on ion separation
decreases to a minimum as a result of a decrease in the
electrical double layer at the membrane surface. This results in
the prominent inﬂuence of size exclusion and steric hindrance
on ion separation compared to Donnan equilibrium. According
to the electric double-layer hypothesis, when a charged surface
is in contact with an electrolyte solution, an electrical double
layer consisting of charged counterions forms at the solid−
liquid interface, and this layer eﬀectively shields the NF
membrane net charge or neutralizes the membrane charge.17
This condition results in decreased water ﬂux and decreased
retention of monovalent ions.
Seawater is the only freely accessible source of water in
oﬀshore environments. Analyzing the membrane properties
with respect to the interaction of an ion and the membrane
helps in designing a selective seawater ion tailoring technology
to meet the injection water chemistry appropriate to a speciﬁc
reservoir.
From the results obtained, it is conﬁrmed that the addition of
chemicals to feedwater inﬂuenced membrane performance
regarding ﬂux and rejection of ions. Smart water should have
2−3 times increased concentrations of SO42− or Ca2+ compared
to seawater and decreased concentrations of monovalent ions
(Na+ and Cl−). Spiking of Na2SO4, MgCl2, and CaCl2 to feed
seawater resulted in (a) decreased retention of Na+ and Cl− in
the reject, as conﬁrmed by Figures 5, 10, 11, and 12. (b)
Resultant ﬂux decreased when chemicals were spiked in
seawater (Figures 4 and 9). This leads to an increased retentate
ﬂow rate, which is ideal for smart water production in
carbonates. (c) Spiking Na2SO4 in seawater resulted in
increased Mg2+ and Ca2+ retention, as shown in Figures 7
and 8. Hence, it is important to select proper membranes for
speciﬁc applications while allowing for the desirable ionic
composition causing no membrane fouling, yielding high water
recovery.
The results conﬁrm that spiking chemicals in feedwater for
smart water production in carbonates are preferred over adding
chemicals directly to the retentate because the addition of
divalent ions in feed resulted in increased permeation of
monovalent ions.

Figure 11. Rejection of Cl− with an increased Mg2+ concentration in
the bulk phase.

bar, Cl− rejection with seawater as feed was 0.34, whereas for all
other doses, the Cl− rejection was 0.18−0.19. This conﬁrms
that negative rejection occurs for more mobile monovalent ions
having the same charge as the ion with an increased
concentration in the bulk.
The calcium concentration was similarly increased from 9.3
mM in seawater to 20 mM (dose 1) and to 30 and 40 mM
(doses 2 and 3). Calcium chloride dihydrate was used to spike
the Ca2+ concentration in seawater. The increase in ﬂux with
pressure showed similar results to Figures 4 and 9, a decrease in
ﬂux with an increase in the Ca2+ concentration.
Figure 12 shows the rejection of Cl− and Na+ with diﬀerent
doses of Ca2+ at 8 bar. The experimental results in Figure 8
show that the observed rejection of Ca2+ increased with an
increase of Na+ in the feed, while Figure 12 shows that rejection
of Na+ decreased with an increase in the Ca2+ concentration in
the feed. The Na+ concentration was increased when SO42− was
spiked with Na2SO4. An explanation for the preferential
permeation of Na+ is that the repulsion forces by the negatively
charged NF membrane are weak on the cation (Na+), with
lower charge density and Stokes radius (0.184 nm) for Na+
compared to Ca2+.13
Increased ion concentrations conﬁrm that the total feed
concentrations and individual ion fractions are important
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3.4. Power Consumption Analysis. All ﬂow rates and
concentrations considered in the calculations were based on
experimental results on NANO-SW-2540. NF membranes are
suitable for smart water production for carbonates.18 NF and
RO in parallel are suitable for smart water production in
sandstones. The eﬃciency of the pump is assumed to be 80%.
The experiments were conducted at room temperature. The
NF and RO membranes in Figure 13 operate at 16 and 55 bar,
respectively.

retentate stream. The RO membrane, studied in the process
schematic in Figure 13, has 8% permeate recovery, i.e., the ratio
of the permeate ﬂow rate to the feed ﬂow rate. The RO
permeate ﬂow rate can be increased by selecting an alternative
RO membrane with higher recovery. However, TDS in smart
water must be formulated with respect to reservoir requirements.

4. CONCLUSION
This research conﬁrms that water with a desired ionic strength,
rich in divalent ions or with a desired monovalent/divalent ion
ratio, can be custom-made with the investigated technology for
smart water ﬂooding applications in both carbonate and
sandstone reservoirs. The retentate from a NF membrane can
produce smart water for carbonates, while a combination of NF
permeate and RO permeate is proposed for tailoring smart
water in sandstones.
On the basis of the experiments performed, it is concluded
that ﬂux decreased with increasing feed concentrations. This is
beneﬁcial for carbonates because reduced ﬂux results in an
increased retentate ﬂow rate, with more water used for smart
water production. Spiking of chemicals to feedwater for smart
water production in carbonates is preferred over adding
chemicals directly to the retentate because the addition of
divalent ions in feed resulted in increased permeation of
monovalent ions. Measured rejections showed a decrease in
retention of monovalent ions to negative values, whereas the
divalent ions showed a constant or slightly increasing retention
when feed concentrations were changed. Rejection of Ca2+
increased with an increase of Na+ concentrations in feed,
whereas rejection of Na+ decreased with an increase of Ca2+
concentrations in the feed. Power consumed for smart water
production in carbonates is lower than that for sandstones, at
0.70 and 5.21 kWh m−3, respectively.

Figure 13. Suggested schematic for smart water production in
carbonate and sandstone reservoirs.

Pre-ﬁltered seawater at 1 m3 h−1 is feed to a NF membrane,
resulting in two streams with diﬀerent ionic compositions. The
permeate is rich in monovalent ions (TDS of 20 800−21 000
mg L−1) suitable for sandstones after dilution, whereas the
retentate is rich in divalent ions, such as SO42−, Ca2+, and Mg2+,
and, therefore, suitable for carbonates. TDS in retentate
depends upon the pore size and charge of the chosen NF
membrane, applied pressure, and temperature.
For sandstone reservoirs, smart water should be low in
divalent ions, with TDS less than 5000 mg L−1. TDS in NF
permeate with seawater as feed is 21 000 mg L−1 and should be
diluted with low-TDS water for sandstone applications. A RO
membrane is used in parallel to dilute the stream. RO retentate,
rich in mono- and divalent ions, can be recirculated to the feed
tank.
Table 3 shows power consumption for smart water
production by NF and RO for both carbonate and sandstone
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Table 3. Power Consumed for Smart Water Production in
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reservoirs, with ﬂow rates shown in Figure 13. Total power
consumed is calculated using eq 10.
power (W) =

feed flow rate
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efficiency η (%)

(10)

Power consumed for smart water production in sandstones is
higher than that for carbonates in Table 3 as a result of a higher
operating pressure for the RO membrane. With an energy
recovery factor of 50% for a RO membrane, 50% of the
required energy for the feed pump is recovered from the
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$EVWUDFW
7KLVUHVHDUFKIRFXVHVRQPHPEUDQHVHSDUDWLRQHIILFLHQFLHVE\DGMXVWLQJWKHLRQLFFRPSRVLWLRQRIGHRLOHG
SURGXFHGZDWHU 3: DQGHYDOXDWHVWKHSRVVLELOLW\IRUSmart WaterSURGXFWLRQIURP3:IRUHQKDQFHGRLO
UHFRYHU\ (25 LQFDUERQDWHUHVHUYRLUV.H\FKDUDFWHULVWLFVRISmart WaterIRUFDUERQDWHUHVHUYRLUVDUH
LQFUHDVHG FRQFHQWUDWLRQV RI GLYDOHQW LRQV DQG ORZ FRQFHQWUDWLRQV RI PRQRYDOHQW LRQV FRPSDUHG ZLWK
VHDZDWHU
,QWKLVUHVHDUFK3:ZDVSUHWUHDWHGZLWKPHGLDILOWHUVZKLFKUHVXOWHGLQRLOUHPRYDO7KLVGH
RLOHG 3: ZDV XVHG DV IHHG IRU QDQRILOWUDWLRQ 1)  PHPEUDQHV &RPELQDWLRQV RI 1) UHWHQWDWH ZLWK
VHDZDWHUDV IHHGDQG 1)SHUPHDWHIURP3:ZHUHFRQVLGHUHG3:1)SHUPHDWHPL[HGZLWKVHDZDWHU
VSLNHGZLWKPXOWLYDOHQWLRQVVXOIDWHRUSKRVSKDWHLVH[SHFWHGWRDOWHUZHWWDELOLW\RIRLOUHVHUYRLUV
1)PHPEUDQHSHUIRUPDQFHZDVHYDOXDWHGLQWHUPVRIIOX[DQGVHSDUDWLRQHIILFLHQFLHVRINH\VFDOLQJLRQV
FDOFLXPDQGEDULXP7KHWHVWHGPHPEUDQHVUHPRYHGRI&DDQGRI%DWKHUHE\UHGXFLQJWKH
VFDOLQJWHQGHQF\1RPHPEUDQHIRXOLQJZDVREVHUYHGGXULQJWKHH[SHULPHQWV
1)WUHDWHG3:ZDVDQDO\]HGIRUVROXELOLW\RI&D&27KHUHVXOWVVKRZHGQRFDOFLXPGLVVROXWLRQZKLFK
FRXOGDIIHFWFKDONUHVHUYRLUFRPSDFWLRQ7KLVUHVHDUFKDOVRUHIOHFWVWKHXVHRIQRQSUHFLSLWDWLQJSKRVSKDWH
IRUSmart WaterSURGXFWLRQIURPVHDZDWHUVLPXOWDQHRXVO\GHFUHDVLQJEDULXPFRQFHQWUDWLRQDQGVFDOLQJ
SRWHQWLDORI3:5HVXOWVREWDLQHGFRQFOXGHWKDWVSLNLQJSKRVSKDWHEHORZP0VKRZHGQRLQGLFDWLRQRI
FKDONGLVVROXWLRQGXULQJHTXLOLEUDWLRQWHVWVDWURRPWHPSHUDWXUH([SHULPHQWVSHUIRUPHGZLWKP0RI
SKRVSKDWHUHVXOWHGLQFDOFLXPSKRVSKDWHSUHFLSLWDWLRQ
$SURFHVVVFKHPHLVSURSRVHGIRUSmart WaterSURGXFWLRQE\LRQLFVHOHFWLRQIURPVHDZDWHUDQG3:DWDQ
RSHUDWLQJSUHVVXUHRIEDU(QHUJ\FRQVXPSWLRQDQDO\VLVIRUSmart WaterSURGXFWLRQSULRUWRPHPEUDQH
WUHDWPHQWFRQFOXGHG1)WREHHFRQRPLFRYHURWKHUGHVDOLQDWLRQWHFKQRORJLHV3RZHUFRQVXPHGE\1)
PHPEUDQHV IRU Smart Water SURGXFWLRQ DW  EDU LV FDOFXODWHG DW  N:KP ZKHUHDV WKH SRZHU
FRQVXPHGLVN:KPDQGN:KPIRUUHYHUVHRVPRVLV 52 DQGPXOWLVWDJHIODVKGLVWLOODWLRQ
06) 

.H\ZRUGV3URGXFHG:DWHU1DQRILOWUDWLRQSmart Water3KRVSKDWH6FDOLQJ%DULXP
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,QWURGXFWLRQ
3: LV RQH RI WKH PDMRU ZDVWH VWUHDPV IURP WKH RLO DQG JDV LQGXVWU\ DQG VKRXOG EH PDQDJHG LQ DQ
HQYLURQPHQWDOO\VXVWDLQDEOH PDQQHU3: WUHDWPHQW LV FRQFHUQHGZLWK FRQWDPLQDQWVVXFKDVVROLGVDQG
UHVLGXDORLOWRJHWKHUZLWKSURGXFWLRQFKHPLFDOV7KHFXUUHQWZDWHURLOUDWLRLQRLOSURGXFWLRQLVWR
ZRUOGZLGH 2QVKRUH WUHDWPHQW FRVWV RI 3: IURP WKH 1RUWK 6HD GLIIHU IURP  86'EDUUHO WR 
86'EDUUHORI3: 'XKRQ $VVLJQLQJDSURSHUZDWHUWUHDWPHQWIDFLOLW\IRUWKHOLIHWLPHRIDZHOOLV
DFKDOOHQJH3URSHUFKDUDFWHUL]DWLRQRI3:LVQHFHVVDU\WRHQVXUHDQRSWLPDOWUHDWPHQWSURFHVV'LVFKDUJH
UHLQMHFWLRQDQGUHXVHDUHDYDLODEOHKDQGOLQJRSWLRQV+RZHYHUWRUHGXFHHPLVVLRQVVWULQJHQWJXLGHOLQHV
DUHLPSRVHGE\UHJXODWRU\DJHQFLHV,Q1RUZD\WKHPD[LPXPDOORZDEOHRLOLQZDWHULVPJ/IRURFHDQ
GLVFKDUJH 1RUZHJLDQ2LODQG*DV,QGXVWU\ 5HLQMHFWLQJ3:LVFRQVLGHUHGDVXLWDEOHDOWHUQDWLYH
ZLWKHQYLURQPHQWDOEHQHILWV
3: FRPSRVLWLRQ LV FRPSOH[ DQG YDULHV ZLWK UHVHUYRLU FRQGLWLRQV 7KH FRPSRQHQWV RULJLQDWH IURP
IRUPDWLRQZDWHULQMHFWHGZDWHUDQGFKHPLFDOVXVHGGXULQJRLOSURGXFWLRQ7KLVLQFOXGHVGLVSHUVHGDQG
GLVVROYHG RUJDQLF FRPSRXQGV DQG LQRUJDQLF FRPSRXQGV LQFOXGLQJ KHDY\ PHWDOV VDOWV DQG QDWXUDOO\
RFFXUULQJUDGLRDFWLYHPDWHULDOV 1RUZHJLDQ2LODQG*DVLQGXVWU\ 7KHUHODWLYHVLJQLILFDQFHRIHDFK
FRPSRQHQWGHSHQGVRQUHTXLUHPHQWVFRQFHUQLQJGLVSRVDODQGGLVFKDUJHDQGWKHLUHQYLURQPHQWDOLPSDFW
7KH FRQFHQWUDWLRQ RI RLO LQ ZDWHU LV WKH IRFXV RI HQYLURQPHQWDO PRQLWRULQJ DQG GHVLJQ RI VHSDUDWLRQ
WHFKQRORJLHV 5HXVH RI 3: UHTXLUHV VNLOOIXO SODQQLQJ DQG WUHDWPHQW WR UHDFK WKH TXDOLW\ UHTXLUHG IRU
UHLQMHFWLRQDQGWRDYRLGIRUPDWLRQGDPDJH
5HLQMHFWLRQ RI 3: IRU SUHVVXUH VXSSRUW LQ UHVHUYRLUV RU DV D VRXUFH RI Smart Water LV DQ H[DPSOH RI
FRQYHUWLQJ ZDVWH WR D UHVRXUFH 5HXVLQJ 3: UHGXFHV HQYLURQPHQWDO ULVNV DQG QHJDWHV WKH QHHG IRU
DOWHUQDWLYHZDWHUVRXUFHVLQHQYLURQPHQWDOO\VHQVLWLYHDUHDV
Produced Water and Smart Water 
*OREDO3:YROXPHVKDYHLQFUHDVHGRYHUWKHODVWGHFDGHDQGDUHH[SHFWHGWRVXUJHIXUWKHU7KHRLODQGJDV
LQGXVWU\QHHGWRUHF\FOH3:IRUXVHLQVWLPXODWLRQRISURGXFWLRQLHZDWHUIORRGVSRO\PHUIORRGVVWHDP
IORRGVHWF
3:IRUSmart WaterSURGXFWLRQUHTXLUHV7'6UHGXFWLRQUHPRYDORIKHDY\PHWDOVRLODQGEDULXPLRQV
6HOHFWLQJRSWLPDOWHFKQRORJLHVIRU3:WUHDWPHQW GHSHQGVRQ HQGXVHGLVFKDUJHWRVHDUHLQMHFWLRQIRU
SUHVVXUHVXSSRUWRUDVSmart Water7KHWHFKQRORJLHVLQFOXGHGXDOPHGLDILOWUDWLRQPHPEUDQHVHSDUDWLRQ
K\GURF\FORQHVIORWDWLRQVNLPWDQNVHWF+RZHYHUWKHUHDUHVHYHUDOSUREOHPVWKDWPXVWEHDFFRXQWHGIRU
GXULQJUHLQMHFWLRQLQFOXGLQJ 6WDWRLO 







/RVVRILQMHFWLYLW\
8QFRQWUROOHGIUDFWXUHJURZWK
&RUURVLRQ
6FDOLQJ
5HVHUYRLUVRXULQJ
(URVLRQ

3:UHLQMHFWLRQLVRQO\SRVVLEOHLIWKHZDWHULVFRPSDWLEOHZLWKIRUPDWLRQZDWHULQWKHUHVHUYRLU0HPEUDQH
VHSDUDWLRQFRXOGEHXVHGIRUPDQLSXODWLQJWKHLRQLFFRPSRVLWLRQRIZDWHU 1DLUHWDO%LOVWDGHW
DO ,QWKLVUHVHDUFK1)LVFRQVLGHUHGWREHXVHGGRZQVWUHDPRIRLOUHPRYDOWHFKQRORJLHV'LOXWHG
RLOIUHH3:WUHDWHGZLWK1)FDQEHXVHGDVSmart WaterLQFDUERQDWHUHVHUYRLUVZLWKRXWDQ\DGGLWLRQDO
VWHSV,QFDUERQDWHUHVHUYRLUVVHDZDWHUDOUHDG\EHKDYHVDVSmart Water6HDZDWHUFRXOGEHPDGHHYHQ
VPDUWHUE\PRGLI\LQJWKHLRQLFFRPSRVLWLRQ $XVWDG 
7KHLQLWLDOZHWWLQJHVWDEOLVKHGLQWKHUHVHUYRLUEHWZHHQSRUHVXUIDFHPLQHUDOVFUXGHRLODQG IRUPDWLRQ
ZDWHU ): FRXOGEHGLVWXUEHGZKHQLQMHFWLRQEULQHKDVDGLIIHUHQWLRQFRPSRVLWLRQ 6WUDQGHWDO 
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Smart Water LQMHFWLRQIDFLOLWDWHVZHWWDELOLW\DOWHUDWLRQWRZDUGVPRUHZDWHUZHWFRQGLWLRQVSmart Water
PRGLILHVWKHUHVHUYRLUVZHWWLQJE\LPSURYLQJWKHFDSLOODU\IRUFHVWKDWLQFUHDVHVWKHPLFURVFRSLFVZHHS
HIILFLHQF\DQGDXJXPHQWVRLOUHFRYHU\7KHLRQLFPRGLILFDWLRQRIVHDZDWHULQFOXGHVUHGXFLQJPRQRYDOHQW
DQG LQFUHDVLQJ GLYDOHQW LRQ FRQFHQWUDWLRQV 6HDZDWHU ZLWK UHGXFHG FRQFHQWUDWLRQV RI 1D DQG &O DQG
VSLNHGZLWKVXOIDWHUHVXOWHGLQHQKDQFHGRLOUHFRYHU\E\RIRULJLQDORLOLQSODFH 22,3 FRPSDUHGWR
QRUPDOVHDZDWHU $XVWDG $FFRUGLQJWR*XSWDHWDO  VHDZDWHUZLWKRXWVXOIDWHEXWVSLNHG
ZLWKSKRVSKDWHDOVRFRXOGEHKDYHDVSmart Water
Smart WaterFRXOGEHSURGXFHGE\DGGLQJVDOWVWRIUHVKRUORZVDOLQLW\ZDWHUSURGXFHGE\52RUIODVK
GLVWLOODWLRQ7KHUHIRUHXVLQJGHRLOHG3:DVIHHGWR1)ZLOOUHGXFHSRZHUFRQVXPSWLRQIRRWSULQWDQGXVH
RIFKHPLFDOV1)ZLOODOVRUHPRYHVFDOHFDXVLQJLRQVIURP3:DQG1)SHUPHDWHFDQEHUHLQMHFWHGLQWR
UHVHUYRLUVDVSmart Water
7KHREMHFWLYHVRIWKLVUHVHDUFKDUHWRHYDOXDWH
 ,RQVHSDUDWLRQHIILFLHQF\RIPHPEUDQHVIRUDGMXVWLQJWKHLRQLFFRPSRVLWLRQRIGHRLOHG3:
7KHHIILFLHQF\RIPHGLDILOWUDWLRQIRURLOUHPRYDOIURP3:DVSUHWUHDWPHQWWR1)PHPEUDQHV
7KHIHDVLELOLW\RIXVLQJQDQRILOWUDWLRQ 1) PHPEUDQHVIRUWUHDWPHQWRIRLOIUHHGLOXWHG3:FRPELQHG
ZLWKVHDZDWHU1)UHWHQWDWHIRU(25
 7KHHIIHFWRIVSLNLQJSKRVSKDWHLQSmart WaterWRUHGXFHFKDONGLVVROXWLRQ
 $VVHVVSRZHUFRQVXPSWLRQIRUSURGXFWLRQRISmart WaterIURP3:



7KHRUHWLFDO$VSHFWV
Challenges of Seawater and PW Co-Injection
$ PDLQ FKDOOHQJH ZLWK VHDZDWHU DQG 3: FRLQMHFWLRQ LV SRVVLEOH VFDOH IRUPDWLRQ IURP WKH LQWHUDFWLRQ
EHWZHHQVXOIDWHLRQVLQVHDZDWHUDQGEDULXPLRQVLQ3:7\SLFDOEDULXPFRQFHQWUDWLRQVIRUWKH1RUWK6HD
RLOILHOGVDUH±PJ/$WSouthDQGCentral BraeRLOILHOGVEDULXPFRQFHQWUDWLRQYDULHVEHWZHHQ
DQGPJ/ZLWKGHSWK )UHQLHU =LDXGGLQ 7RDYRLGVFDOHIRUPDWLRQRLOSURGXFWLRQDW
WKHCentral BraeILHOGZDVVXSSRUWHGE\LQMHFWLQJORZVXOIDWHVHDZDWHU1)WUHDWPHQWDFKLHYHVVXOIDWH
UHMHFWLRQ ,QMHFWHG ORZ VXOIDWH EULQH KDV ORZ VFDOLQJ SRWHQWLDO ZKHQ PL[HG ZLWK IRUPDWLRQ ZDWHU DQG
VLJQLILFDQWO\UHGXFHVWKHXVHRIVFDOHLQKLELWRUV +HDWKHUO\HWDO 
7KHYROXPHRI3:ZLOOFRQWLQXRXVO\LQFUHDVHGXULQJZDWHUIORRGLQJRIDQRLOILHOG%HFDXVHRIHVWDEOLVKHG
]HUR GLVFKDUJH VWUDWHJ\ 1RUZHJLDQ 2LO DQG *DV   WKH RSHUDWLQJ FRPSDQLHV LQ WKH 1RUWK 6HD DUH
REOLJHGWRWUHDW3:EHIRUHGLVFKDUJH7KHVHSDUDWLRQPHWKRGVDUHH[SHQVLYHDQGLWLVRILQWHUHVWWRUHLQMHFW
3:LQWRUHVHUYRLUV$FFRUGLQJWR%DGHU  VXOIDWHPXVWEHUHPRYHGWRDYRLGVFDOLQJ+RZHYHUVXOIDWH
LVWKHPRVWLPSRUWDQWZHWWDELOLW\DOWHUDWLRQSDUDPHWHULQFKDONUHVHUYRLUVDQG62UHPRYDOZLOOKDYHDQ
DGYHUVHHIIHFWRQ(25$SURPLVLQJVROXWLRQLVWRFRLQMHFWGLYDOHQWLRQULFKSmart WaterDQGEDULXP
IUHH3:7KLVSURFHVVLVHQYLURQPHQWDOO\IULHQGO\DQGDXJPHQWVRLOUHFRYHU\E\ZHWWDELOLW\DOWHUDWLRQRI
FKDONVXUIDFHV
3UHYLRXVH[SHULPHQWV 3XQWHUYROG ZHUHSHUIRUPHGE\PL[LQJV\QWKHWLFVHDZDWHU 66: DQG3:
7DEOHVKRZVWKHPRODUFRPSRVLWLRQVRI66:DQG3:DQGPL[WXUHVXVHGIRUWKHH[SHULPHQWVOLQNHGWR
7RUILHOG7KHUHVXOWVVKRZHGWKDW(25LVSRVVLEOHZKHQPL[WXUHVRI3:DQGVHDZDWHUDUHLQMHFWHGLQWR
FKDONUHVHUYRLUV1HYHUWKHOHVV3XQWHUYROG¶VH[SHULPHQWVFRQILUPHGWKDWSUHVHQFHRIVXOIDWHZDVFUXFLDO
IRUZHWWDELOLW\PRGLILFDWLRQDWWHPSHUDWXUHVJUHDWHUWKDQࡈ&)LJXUHVKRZVRLOUHFRYHU\ZKHQ3:
3:66: FRPELQDWLRQRISDUW3:DQGSDUW66: 3:66: SDUW3:DQGSDUWV66: 
3:66: SDUW3:DQGSDUWV66: DQGIRUFHGLPELELWLRQ ), ZHUHLQMHFWHGLQWRFKDONFRUHV7KH
H[SHULPHQWVZHUHSHUIRUPHGDWࡈ&DQGWKHFRUHVZHUHVDWXUDWHGZLWKFUXGHRLOKDYLQJDQDFLGQXPEHU
RIPJ.2+JRLO
)LJXUHVKRZV%D62SUHFLSLWDWLRQZLWKWHPSHUDWXUHZKHQ66:DQG3:ZHUHPL[HG,WLVHYLGHQWWKDW
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%D62 VROXELOLW\LQFUHDVHVZLWKWHPSHUDWXUHDQGLVIDYRUDEOHIRULQMHFWLRQ7KHUHVHUYRLUWHPSHUDWXUHRI
7RUILHOGLVࡈ&$FFRUGLQJWRWKHEULQHFRPSRVLWLRQVSUHVHQWHGLQ7DEOHEDULXPDQGVWURQWLXPDUH
DEVHQWLQ66:6LPLODUO\3:GRHVQRWFRQWDLQVXOIDWH7KLVUHVXOWVLQLGHQWLFDOFXUYHVIRU3:DQG66:
LQ)LJXUH
)RUFRLQMHFWLRQRI3:DQGVHDZDWHULQWRWKHUHVHUYRLULWLVLPSRUWDQWWRH[DPLQHWKHZDWHUFRPSDWLELOLW\
WRDYRLGVFDOLQJRU&D&2GLVVROXWLRQ7'6LQ3:VWXGLHGLQWKLVUHVHDUFKLVVLJQLILFDQWO\KLJKHUWKDQLQ
VHDZDWHU
Compaction of Chalk Reservoirs
9DULRXVH[SHULPHQWVKDYHVKRZQWKDWZHWWDELOLW\PRGLILFDWLRQE\VHDZDWHUFRQWULEXWHVWRFRPSDFWLRQLQ
ORZFRQVROLGDWHGFKDONGXULQJVHFRQGDU\RLOUHFRYHU\WKXVUHVXOWLQJLQZHDNHQLQJRIFKDONDQGORVVRI
SURGXFWLRQZHOOV$PHFKDQLVPRIFKHPLFDOZHDNHQLQJRIFKDONLVGHILQHGDVDVXEVWLWXWLRQUHDFWLRQRI
&DE\0JLQWKHSUHVHQFHRI62 .RUVQHVHWDO 
:KHQQRQHTXLOLEUDWHGEULQHLVPL[HGZLWK&D&2FKDONGLVVROXWLRQPD\RFFXUDQGFRXOGEHH[SODLQHG
E\(TXDWLRQVDQG
&D&2 V  &D&2
  
&2+2 +&22+ 






   
3:KDVKLJKHU&DFRQFHQWUDWLRQWKDQVHDZDWHUDQGDPL[RIWKLV3:DQGVHDZDWHUZLOOUHGXFH&D&2
GLVVROXWLRQ&KDONGLVVROXWLRQLQFUHDVHVWKHFRQFHQWUDWLRQRI&DLQWKHEULQH$3:VHDZDWHUPL[WXUH
ZLWK ORZ FDOFLXP FRQFHQWUDWLRQ PD\ LQLWLDWH &D&2 GLVVROXWLRQ DQG SURPRWH FKHPLFDO ZHDNHQLQJ RU
FRPSDFWLRQRIFKDON
7KHUH LV D SRVVLELOLW\ WKDW UHSODFLQJ VXOIDWH ZLWK SKRVSKDWH PLJKW UHGXFH FRPSDFWLRQ RI UHVHUYRLUV
+RZHYHUHIILFLHQF\RISKRVSKDWHLVQRWZHOOGRFXPHQWHGHVSHFLDOO\OLQNHGWRUHVHUYRLUWHPSHUDWXUHDQG
SUHVHQFHRIFDOFLXPLRQV,QFDUERQDWHUHVHUYRLUV&DLVDOZD\VSUHVHQWERWKLQ):DQGIURPPLQHUDO
GLVVROXWLRQ &D62&D&2  DQG SKRVSKDWH ZLOO UHDFW ZLWK &D DQG SUHFLSLWDWH WR FDOFLXP SKRVSKDWH
6LPLODUO\OLPLWHGLQIRUPDWLRQLVDYDLODEOHRQ32LQWHUDFWLRQVZLWK(25FKHPLFDOV([SHULPHQWVZHUH
SHUIRUPHG ZLWK VSLNLQJ SKRVSKDWH LQ VHDZDWHU XVHG DV IHHG WR 1) 3RWDVVLXP GLK\GURJHQ SKRVSKDWH
.+32 ZLWKKLJKZDWHUVROXELOLW\LVXVHGIRUVSLNLQJSKRVSKDWH
Membranes in EOR Applications
1) DQG 52 PHPEUDQHV VHOHFWLYHO\ VHSDUDWH LRQV IURP IHHG ZDWHU &URVVIORZ PHPEUDQH VHSDUDWLRQ
FRQVLVWVRIWKUHHVWUHDPV7KHIHHGLVGULYHQE\SUHVVXUHRYHUWKHPHPEUDQH7KHSHUPHDWHIORZVWKURXJK
WKHPHPEUDQHDQGKDVORZHU7'6FRPSDUHGWR WKHRWKHUWZRVWUHDPV7KHUHWHQWDWHLVUHMHFWHGE\WKH
PHPEUDQHDQGLVFRQFHQWUDWHGLQLRQV
1)PHPEUDQHVZHUHXVHGE\Marathon OilDWBrae AlphaILHOGIRUVXOIDWHUHPRYDOIURPVHDZDWHUWRDYRLG
VFDOLQJ +HDWKHUO\ HW DO   1) PHPEUDQHV HIILFLHQWO\ UHPRYH GLYDOHQW EDULXP LRQV IURP 3:
UHVXOWLQJLQEDULXPIUHHSHUPHDWH,RQVHSDUDWLRQE\1)PHPEUDQHVLVEDVHGRQSRUHVL]HSRURVLW\DQG
VXUIDFHFKDUJHRIWKHPHPEUDQH1)PHPEUDQHVKDYHSRUHVL]HVEHWZHHQDQGQP &KHU\DQ 
0RVW 1) PHPEUDQHV DUH QHJDWLYHO\ FKDUJHG UHVXOWLQJ LQ YDU\LQJ UHMHFWLRQ RI DQLRQV DQG FDWLRQV ,RQ
UHMHFWLRQGHSHQGVRQLQLWLDOLRQFRQFHQWUDWLRQWHPSHUDWXUHDQGYLVFRVLW\RIIHHG+\GUDWLRQIUHHHQHUJ\
DQG 6WRNHV UDGLXV RI LRQV VLPLODUO\ LQIOXHQFH LRQ VHSDUDWLRQ 0ROHFXODU ZHLJKW FXWRII 0:&2  RI D
PHPEUDQHH[SUHVVHGLQGDOWRQVLVDQRWKHUVHSDUDWLRQSURSHUW\0:&2LVGHILQHGDVWKHPROHFXODUZHLJKW
DWZKLFKUHMHFWLRQLVREWDLQHG7KHUHMHFWLRQRIRUJDQLFFRPSRXQGVE\1)PHPEUDQHVGHSHQGVRQ
WKH0:&2$WLJKW1)PHPEUDQHKDVD0:&2RIGDOWRQV$ORRVHPHPEUDQHKDVD0:&2RI
GDOWRQV :LOIHW DO  &RPSRXQGVZLWK DPROHFXODU ZHLJKW KLJKHUWKDQWKH0:&2RIWKH
PHPEUDQHDUHUHMHFWHG+RZHYHUVHSDUDWLRQEDVHGRQVLHYLQJRUVWHULFKLQGUDQFHHOHFWURVWDWLFHIIHFWRU
'RQQDQ H[FOXVLRQ DUH DOVR FRPPRQ )OX[ LRQ UHMHFWLRQ DQG SHUPHDWH UHFRYHU\ RI PHPEUDQHV DUH
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LPSRUWDQWSDUDPHWHUVIRUSURFHVVRSWLPL]DWLRQ3HUPHDWHUHFRYHU\LVLPSRUWDQWDVKLJKHUUHFRYHU\PHDQV
PRUH3:LVDYDLODEOHIRUUHXVHDQGOHVVZDVWHLVSURGXFHG
(TXDWLRQGHILQHVUHFRYHU\RIIHHGZDWHUDVSHUPHDWH
5HFRYHU\  

ி௪௧௧ǡ
ி௪௧ௗ

ሻ   ͲͲͳ כ

+LJKVDOWFRQFHQWUDWLRQVRQWKHIHHGVLGHRIWKHPHPEUDQHDVLQ3:UHVXOWVLQKLJKRVPRWLFSUHVVXUHDQG
UHGXFHVWKHDYDLODEOHQHWGULYLQJIRUFHFRQVHTXHQWO\UHGXFLQJWKHSHUPHDWHIORZ
)RXOLQJ RI PHPEUDQHV LV DQ REVWDFOH HQFRXQWHUHG GXULQJ PHPEUDQH RSHUDWLRQV )RXOLQJ RFFXUV LQ WKH
PHPEUDQHDQGZLOOFDXVHSRUHVL]HUHGXFWLRQE\IRXODQWVDGVRUELQJRQWKHLQQHUZDOOVRIWKHSRUHVDQGRQ
WKHVXUIDFHRIWKHPHPEUDQH +LODOHWDO )RXOLQJRIPHPEUDQHVUHVXOWVLQGHFUHDVHGSHUPHDWH
IORZ)OX[DWGLIIHUHQWSUHVVXUHVLVPRQLWRUHGWRLGHQWLI\ZKHWKHUIRXOLQJRFFXUUHGGXULQJSURGXFWLRQ)OX[
LVGHILQHGDVSHUPHDWHIORZUDWHSHUXQLWPHPEUDQHDUHD
Oily PW Treatment
3UHVHQFH RI GLVSHUVHG K\GURFDUERQV LQ UHLQMHFWHG 3: FDQ OHDG WR SHUPHDELOLW\ LPSDLUPHQW RI WKH
IRUPDWLRQV 6WDWRLO +HQFHK\GURFDUERQVVKRXOGEHVHSDUDWHGIURPZDWHUEHIRUHEHLQJUHLQMHFWHG
LQWRWKHUHVHUYRLU&RQYHQWLRQDO3:WUHDWPHQWSURFHVVHVLQFOXGHK\GURF\FORQHVIORWDWLRQDQGGXDOPHGLD
RUQXWVKHOOILOWHUV7KLVSDUWRIWKHUHVHDUFKLVIRFXVHGRQWKHSHUIRUPDQFHRIPHGLDILOWHUVZKLFKDUHLQ
FRPPRQXVHDVSUHWUHDWPHQWXSVWUHDPPHPEUDQHV
Media Filtration
8VXDOO\DGXDOPHGLDLVXVHGIRUVHSDUDWLRQRIRLOLQ3:6HSDUDWLRQRIK\GURFDUERQVLVSHUIRUPHGE\
LQWURGXFLQJDPHGLXPWKURXJKZKLFKZDWHUPLQXWHFDUERQSDUWLFOHVDQGWUDFHVRIRLOFDQSDVV)LOWUDWLRQ
UHWDLQVSDUWLFOHVWKDWDUHLQFDSDEOHRIIROORZLQJWKHWRUWXRXVFKDQQHOVRIWKHILOWHUPHGLD7KHPHGLDILOWHUV
DUHRSHUDWHGZLWKDFRPELQDWLRQRIGRZQZDUGRUXSZDUGIOXLGIORZWKHIRUPHUXVHGIRURLOVHSDUDWLRQDQG
WKHODWWHUXVHGIRUEDFNZDVKLQJ
'XULQJILOWUDWLRQZLWKDFWLYDWHGFDUERQWKHRLOLVDGVRUEHGRQWRWKHVXUIDFHRIWKHPHGLDSDUWLFOHV7KH
PHFKDQLVPVLQYROYHGLQVHSDUDWLRQLQFOXGH 5XVWRQHWDO 
x 9DQGHU:DDOVRU/RQGRQIRUFHRIDWWUDFWLRQ
x 'LUHFWFROOLVLRQ
x 6XUIDFHFKDUJHDWWUDFWLRQUHSXOVLRQ
x 'LIIXVLRQ
$FWLYDWHGFDUERQILOWHUVFDQDOVRUHPRYHVRPHZDWHUVROXEOHRUJDQLFVZKHQFRPSDUHGWRQXWVKHOOILOWHUV
$PDLQGLVDGYDQWDJHRIPHGLDILOWUDWLRQLVWKDWRYHUWLPHWKHEHGEHFRPHVORDGHGZLWKRLOSDUWLFOHVDQG
ORVHVLWVVHSDUDWLRQHIILFLHQFLHV3HULRGLFEDFNZDVKLQJRIILOWHUPHGLDQHHGVWREHSHUIRUPHGWRLQFUHDVH
WKHILOWUDWLRQF\FOH+RZHYHURYHUWLPHWKHPHGLDVKRXOGEHUHSODFHGDVPHGLDEHFRPHVVDWXUDWHGZLWK
RLODQGORVHLWVVHSDUDWLRQHIILFLHQF\HYHQZLWKEDFNZDVKLQJ

([SHULPHQWVDQG0HWKRGV
6\QWKHWLF 3: WUHDWPHQW LQFOXGHG WZR VWDJHV7KHILUVW VWDJHZDV PHGLD ILOWUDWLRQ IRURLOUHPRYDO 7KH
VHFRQGVWDJHFRQVLVWHGRI1)PHPEUDQHWUHDWPHQWRIRLOIUHH3:)RUWKHILUVWVWDJHV\QWKHWLF3:ZDV
SUHSDUHGE\PL[LQJFUXGHRLOIURP(NRILVNDQGSHUPHDWHIURP1)ZLWKVHDZDWHUDVIHHG7KHFUXGHRLO
IURP(NRILVNKDVDGHQVLW\RIJFFDW&ZLWKDQ$3,JUDYLW\RI  6WDWRLO 
0L[LQJZDVSHUIRUPHGDWVL[GLIIHUHQWFRQFHQWUDWLRQV DQGP/RLO/LQVHDZDWHU DW
 USP XVLQJ Polytron PT 300 PL[HU IURP Kinematica 7KUHH WULDOV ZHUH SHUIRUPHG IRU HDFK
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FRQFHQWUDWLRQ7XUELGLW\FRQGXFWLYLW\7'6DQGVDOLQLW\ZHUHPHDVXUHGIRUHDFKIHHGDQGHIIOXHQWXVLQJ
HACH 2100N WXUELGLPHWHU DQG 7'6 PHWHU VWR collection CO3100N 7XUELGLW\ ZDV PHDVXUHG LQ
1HSKHORPHWULF7XUELGLW\8QLWV 178 'XULQJWKHVHFRQGVWDJHRIH[SHULPHQWVRLOIUHH3:ZDVXVHGIRU
1)VHSDUDWLRQ&RPSRVLWLRQVRIIRUPDWLRQZDWHU3:IURP7RUILHOG (NRILVNUHVHUYRLU DQGGLOXWHG3:
XVHG IRU WKH H[SHULPHQWV DUH FRPSDUHG ZLWK VHDZDWHU FRPSRVLWLRQ LQ 7DEOH  3XQWHUYROG  $XVWDG
  &RQFHQWUDWLRQ RI EDULXP LQ V\QWKHWLF 3: ZDV LQFUHDVHG DSSUR[LPDWHO\  WLPHV WKH DFWXDO
FRQFHQWUDWLRQLQ3:RIWKH7RUILHOG
7'6RI7RUILHOG3:ZDVDVKLJKDVPJ/ 3XQWHUYROG $XVWDG 7KHUHIRUHGLOXWHGEULQH
ZLWK DSSUR[LPDWHO\  GLOXWLRQ UDWLR ZDV WHVWHG 1) SHUPHDWH XVLQJ VHDZDWHU DV IHHG ZDV XVHG IRU
GLOXWLRQ7KHGLOXWLRQZDVSHUIRUPHGZLWKUHVSHFWWRWRWDO7'6DQGQRWWRLQGLYLGXDOLRQFRQFHQWUDWLRQV
,RQ&KURPDWRJUDSK\ ,& XVLQJDionex ICS-5000+'3ZDVXVHGWRDQDO\]HLRQFRQFHQWUDWLRQV
7KHRYHUDOOOLTXLGDQGPDVVEDODQFHWKURXJKRXWPHPEUDQHVHSDUDWLRQZDVH[DPLQHGXVLQJ(TXDWLRQ
mf × Xf = mr ×Xr + mp×Xp



ZKHUH
mfLVWKHPDVVRIIHHGXfLVWKHIHHGIORZUDWHPULVWKHPDVVRIUHWHQWDWHXrLVWKHUHWHQWDWHIORZUDWHXp
LVWKHSHUPHDWHIORZUDWHDQGmpLVWKHSHUPHDWHPDVV
Media Filters
$ODEVFDOHPHGLDILOWUDWLRQXQLWIRURLOUHPRYDOZDVWHVWHGIRUK\GURFDUERQUHPRYDOHIILFLHQF\7KHPHGLD
ILOWUDWLRQ XQLW )LJXUH   FRQVLVWHG RI DQWKUDFLWH DQG DFWLYDWHG FDUERQ 7KH XQLW ZDV GHVLJQHG DQG
FRQVWUXFWHGDWWKH8QLYHUVLW\RI6WDYDQJHUZLWKDKHLJKWRIFPDQGGLDPHWHURIFP3HEEOHVZHUH
SODFHGDWWKHERWWRPRIWKHXQLWIRUVXSSRUW0LGGOHOD\HUFRQVLVWHGRISRZGHUHGDFWLYDWHGFDUERQZLWKD
EHGGHSWKRIFPDQGWKHWRSOD\HURIFPDQWKUDFLWH%DFNZDVKLQJRIWKHXQLWZDVSHUIRUPHGXVLQJD
:SXPSZLWKDPD[LPXPIORZUDWHRI/KDIWHUHDFKH[SHULPHQW
+\GURFDUERQUHPRYDOHIILFLHQF\(RLO  ZDVFDOFXODWHGLQWKLVH[SHULPHQWXVLQJ(TXDWLRQ


Eoil = (1-Cp/Cf) ×100



  

ZKHUH
CpLVWKHFRQFHQWUDWLRQRISHUPHDWHDQGCfLVWKHFRQFHQWUDWLRQRIIHHG
7KHPDMRUFRQFHUQZLWK3:WUHDWPHQWE\PHPEUDQHVLVIRXOLQJE\RUJDQLFFRPSRXQGV0HGLDILOWUDWLRQ
ZDVXVHGLQWKLVUHVHDUFKWRREWDLQUHDOLVWLFGDWDXQGHUH[SHULPHQWDOFRQGLWLRQVZLWKRLOIUHH3:VDPSOHV
IRUWUHDWPHQWZLWK1)PHPEUDQHV7KHIHHGRLOFRQFHQWUDWLRQZDVPJ/KLJKHUWKDQFRPSDUHGWR
HIIOXHQWREWDLQHGIURPSULPDU\DQGVHFRQGDU\RLOVHSDUDWLRQRQDSODWIRUP7KLVLQFUHDVHGFRQFHQWUDWLRQ
ZDV VHOHFWHG WR LQYHVWLJDWH PHGLD ILOWHU EHG VHSDUDWLRQ HIILFLHQF\ DQG WKH RLOIRXOLQJ WHQGHQF\ RI 1)
PHPEUDQHVLIWUDFHVRIRLOLVSUHVHQWLQIHHGZDWHU8VXDOO\IRUDQDFWLYDWHGFDUERQILOWHUWKHLQOHWRLO
FRQFHQWUDWLRQLVPJ/ 6WDWRLO $OWHUQDWLYHO\RWKHURLOUHPRYDOWHFKQRORJLHVFRXOGEHXVHG
LQVWHDG RI PHGLD ILOWHUV WR WUHDW RLO\ 3: DV SUHWUHDWPHQW WR 1) PHPEUDQHV 7KH HIIOXHQW VWUHDP IURP
ILOWUDWLRQXQLWZDVDQDO\]HGXVLQJInfrared (IR) SpectroscopyCary 630 FTIR IURP$JLOHQW7HFKQRORJLHV
Extraction of Oil
2LO IURP V\QWKHWLF 3: DQG HIIOXHQW VDPSOHV IURP PHGLD ILOWUDWLRQ ZHUH H[WUDFWHG ZLWK F\FORKH[DQH
&+ 3URFHVVFDOLEUDWLRQDQGUHVXOWVRI$670'PHWKRGFRUUHODWHWR$670''
,62DQG(3$7KHVHPHWKRGVDUHSDUWRIWKH263$5DJUHHPHQWIRUGHWHUPLQDWLRQRI
GLVSHUVHG RLO FRQWHQW LQ 3: 263$5 &RPPLVVLRQ   ([WUDFWLRQ ZLWK F\FORKH[DQH ZDV
SHUIRUPHGLQDFFRUGDQFHZLWK$670'DQG$670'SURFHGXUHGHVFULEHGEHORZ $670
' 
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x  P/ RI HDFK VDPSOH ZDV DGGHG WR  P/ RI F\FORKH[DQH 7KH VDPSOHV ZHUH VKDNHQ IRU 
PLQXWHV
x 7KHVROXWLRQZDVNHSWIRUSKDVHVHSDUDWLRQIRUPLQXWHV
x 'LVWLOOHGZDWHUZDVDGGHGWRWKLVVROXWLRQXQWLOWKHRLOOD\HUUHDFKHGWKHWRSRIWKHERWWOHZKHUHLW
ZDVUHPRYHGZLWKDV\ULQJHLQWRDFOHDQYLDO
x JRIVRGLXPVXOIDWH 1D62GU\LQJDJHQW DQGJ)ORULVLOZHUHDGGHGWRWKHYLDOIRUFOHDQXSRI
H[WUDFWHGRLOVKDNHQIRUPLQXWHVDQGWKHQVHWWOHIRUPLQXWHV
x $ PLFURQ Q\ORQ V\ULQJH ILOWHU RI  PP GLDPHWHU ZDV XVHG WR ILOWUDWH WKH RLO FRQWDLQLQJ
F\FORKH[DQHLQWRDQHZYLDO)XUWKHUFOHDQHGXSVDPSOHVZHUHXVHGIRU,5DQDO\VLV
7KH H[WUDFWLRQ DQG DQDO\VLV RI WKH VDPSOHV ZHUH SHUIRUPHG ZLWKLQ DQ KRXU RQ QRQDFLGLILHG VDPSOHV
3UHVHUYDWLRQRIWKHVDPSOHVZLWKVXOIXULFDFLGRUK\GURFKORULFDFLGWRS+DQGUHIULJHUDWLRQLVUHTXLUHGLI
VDPSOHVKDVWREHSUHVHUYHGXQWLOH[WUDFWLRQ $670' 
7KHQRPLQDOWRWDORLODQGJUHDVH 72* LVWKHK\GURFDUERQYDOXHEHIRUHFOHDQXSZKLOHWKHWRWDOSHWUROHXP
K\GURFDUERQ 73+ LVPHDVXUHGRQFHWKHH[WUDFWLVILOWHUHGZLWK)ORULVLO $670' 
Organic Compound Analysis
,56SHFWURPHWHUZDVXVHGWRPHDVXUHRLOFRQWHQWLQZDWHUFourier Transform Infrared (FTIR)OLTXLG
OLTXLG H[WUDFWLRQ ZDV XVHG WR DQDO\]H DURPDWLFV VKRUWFKDLQ DV ZHOO DV WKH KHDYLHU ORQJ FKDLQ
K\GURFDUERQV
)7,5 PHDVXUHG WKH PHWK\O JURXS DEVRUEDQFH DW ZDYHOHQJWKV RI  ±  FP SUHVHQW LQ WKH
K\GURFDUERQV DQG OLJKWHU DURPDWLFV LQ FUXGH RLO WROXHQH [\OHQHV DQG HWK\OEHQ]HQH *HQHUDOO\
K\GURFDUERQVFRQWDLQLQJDPHWK\OJURXSDUHDEVRUEHGDWDZDYHOHQJWKRIFP&\FORKH[DQHKDVQR
PHWK\O JURXSV DQGWKXV LVDVXLWDEOHVROYHQWIRUWKLVDQDO\VLV7KH,5VSHFWUXPRIF\FORKH[DQHKDVQR
DEVRUEDQFHDWFP7KHRLOFROOHFWHGLQWKHF\FORKH[DQHGXULQJH[WUDFWLRQZLOODGGWRWKHDEVRUEDQFH
DWFP7KLVLQFUHDVHRIDEVRUEDQFHLVSURSRUWLRQDOWRWKHFRQFHQWUDWLRQRIRLODQGZDVSUHFLVHO\
FDOLEUDWHGXVLQJMicroLab QuantFDOLEUDWLRQVRIWZDUH 6HHOHQELQGHU 0DLQDOL 
$ FDOLEUDWLRQ FXUYH ZDV GHVLJQHG WR GHWHUPLQH WKH FRQFHQWUDWLRQV RI XQNQRZQ VDPSOHV 7KH NQRZQ
FRQFHQWUDWLRQV LQFOXGHG  P//  P//  P//  P//  P// DQG  P// RLO LQ
F\FORKH[DQH7KHUHVXOWVREWDLQHGZHUHSORWWHGDJDLQVWDEVRUEDQFHRUSHDNKHLJKWV7KHFRQFHQWUDWLRQVRI
XQNQRZQVDPSOHVZHUHFRPSDUHGWRWKHUHIHUHQFHFDOLEUDWLRQFXUYH
NF Membranes
$Q REMHFWLYH RI WKH PHPEUDQH H[SHULPHQWV ZDV WR HYDOXDWH WKH LRQ VHSDUDWLRQ HIILFLHQF\ IOX[ DQG
SHUPHDWHUHFRYHU\E\ 1)PHPEUDQHV 0HPEUDQHH[SHULPHQWV ZHUHSHUIRUPHGXVLQJGLOXWHGV\QWKHWLF
3:RIWZRW\SHVHIIOXHQWIURPPHGLDWUHDWPHQWDQGEULQHZLWK%D,RQVHSDUDWLRQZDVSHUIRUPHGZLWK
WZRFRPSRVLWHSRO\DPLGHPHPEUDQHV1$126:DQG1)ZLWKPHPEUDQHDUHDVRI
PDQGPUHVSHFWLYHO\7KHPDLQFKDUDFWHULVWLFVRIWKHVHPHPEUDQHVDUHSUHVHQWHGLQ7DEOH7ZR
ILOWHUVZLWKȝDQGȝSRUHVL]HZHUHXVHGIRUSUHWUHDWPHQWXSVWUHDPRIWKHPHPEUDQHV0HPEUDQHV
ZHUHZDVKHGZLWKWDSZDWHUDIWHUHDFKH[SHULPHQWWRSUHYHQWDFFXPXODWLRQRIDQ\VFDOLQJLRQV0HPEUDQH
ZDWHU SHUPHDELOLW\ GHFUHDVHV DQG VDOW SDVVDJH LQFUHDVH ZLWK WLPH 7KH PHPEUDQH SHUIRUPDQFH DOVR
GHWHULRUDWHV GXH WR IRXOLQJ RQ WKH PHPEUDQH VXUIDFH SUHVHQFH RI DEUDVLYH SDUWLFOHV LQ WKH IHHG DQG
H[SRVXUHWRFOHDQLQJFKHPLFDOVZLWKH[WUHPHS+,IPHPEUDQHIRXOVWKHIOX[HLWKHUZLOOGHFUHDVHRUVWD\
FRQVWDQWZLWKLQFUHDVHLQSUHVVXUH$ONDOLQHFOHDQLQJRIWKHPHPEUDQHDWSURSHULQWHUYDOVLVUHFRPPHQGHG
WRSUHYHQWRUJDQLFIRXOLQJDQGWRLQFUHDVHPHPEUDQHOLIHHVSHFLDOO\ZKHQRLOIUHH3:LVXVHGDVIHHG
6HDZDWHU VSLNHG ZLWK SKRVSKDWH ZDV WHVWHG WR LPSURYH LRQ VHSDUDWLRQ DQG DFKLHYLQJ RSWLPDO LQMHFWLRQ
ZDWHU TXDOLW\ IRU Smart Water 7KUHH GLIIHUHQW FKHPLFDOV FRQWDLQLQJ SKRVSKDWH ZHUH XVHG GLVRGLXP
SKRVSKDWH 1D+32 GLSRWDVVLXPSKRVSKDWH .+32 DQGSRWDVVLXPGLK\GURJHQSKRVSKDWH .+32 
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7KH SKRVSKDWH FKHPLFDOV ZHUH DGGHG WR VHDZDWHU DQG WKXV WKH 1) IHHG FRQWDLQHG ERWK VXOIDWH DQG
SKRVSKDWHFRQWUDU\WRWKHEULQHVXJJHVWHGE\*XSWD  7KUHHWULDOVIRUHYHU\FKHPLFDODWGLIIHUHQW
GRVHVZHUHSHUIRUPHG,WZDVREVHUYHGWKDW1D+32DQG.+32KDYHORZHUVROXELOLW\LQVHDZDWHUWKDQ
.+327KXV.+32 ZDVFKRVHQ IRUIXUWKHUH[SHULPHQWVDQGWKHGRVHZDVLQFUHDVHGXSWRP0
ZLWKRXWDQ\SUHFLSLWDWLRQLQVHDZDWHU
Solubility of Chalk in Brines
3: LV RQO\ D SDUW RI WKH WRWDO YROXPH RI Smart Water LQMHFWHG 7KH FRPSDWLELOLW\ RI EDULXP IUHH 3:
SHUPHDWHRQFDOFLXPFDUERQDWHZDVWHVWHG,WZDVUHTXLUHGWRYHULI\WKHVROXELOLW\RISKRVSKDWHLQEULQHV
HTXLOLEUDWHGZLWK&D&2&DOFLXPFDUERQDWHZLWKDPROHFXODUZHLJKWRIJPROZDVXVHGIRUWKH
H[SHULPHQWV1)VHDZDWHUUHWHQWDWHEULQHVZLWKSKRVSKDWHFRQFHQWUDWLRQVRIP0P0P0DQG
P0ZHUHWHVWHG7KHVROXELOLW\RI&D&2PL[HGZLWKGLIIHUHQWEULQHVZDVH[SHULPHQWDOO\YHULILHG$
JLYHQEULQHZDVHTXLOLEUDWHGZLWKPLOOHGFKDONP/EULQHZDVPL[HGZLWKJRI&D&2IRUKRXUVDW
&(TXLOLEUDWLRQRIVDPSOHVZDVDOVRSHUIRUPHGRYHUQLJKWDW&7KHQWKHVDPSOHVZHUHFHQWULIXJHG
E\Damon IEC Model 2K DQG WKHEULQHFRPSRVLWLRQEHIRUHDQGDIWHUHTXLOLEUDWLRQZDVDQDO\]HGZLWK,&
&KDQJHVLQ&DFRQFHQWUDWLRQVFRXOGEHOLQNHGWR&D&2GLVVROXWLRQRUFDOFLXPSKRVSKDWHSUHFLSLWDWLRQ
S+RIWKHVROXWLRQVZDVPHDVXUHGXVLQJVWR PhenomenalpH 1100L.

5HVXOWV 'LVFXVVLRQ
Oily PW Treatment by Media Filtration
6\QWKHWLF3:ZLWKGLIIHUHQWRLOFRQFHQWUDWLRQVZDVSDVVHGWKURXJKPHGLDILOWHUV7KHLQIOXHQWDQGHIIOXHQW
VDPSOHV ZHUH H[WUDFWHG ZLWK F\FORKH[DQH DFFRUGLQJ WR $670 ' DQG ZHUH DQDO\]HG ZLWK ,5
6SHFWURPHWHU$FFRUGLQJWR(TXDWLRQK\GURFDUERQUHPRYDOHIILFLHQF\ZDVREVHUYHG7KHRLO
FRQFHQWUDWLRQ LQ WKH HIIOXHQW ZDV PHDVXUHG WR EH EHWZHHQ  PJ/ RI RLO LQ ZDWHU IRU WKUHH WULDOV
UHVSHFWLYHO\5RXWLQHFOHDQLQJRIPHGLDILOWHUVZDVUHTXLUHGWRLPSURYHRUPDLQWDLQWKHSHUIRUPDQFHDQG
SURORQJHGOLIHRIWKHWUHDWPHQWXQLWV
([SHULPHQWVZLWKPHGLDILOWUDWLRQZHUHSHUIRUPHGWRFROOHFWGHRLOHGZDWHUIRU1)WUHDWPHQWDQGDQDO\]H
WKHHIILFLHQF\RI1)7KHH[SHULPHQWVZHUHQRWIRFXVHGRQRWKHUDVSHFWVRIPXOWLPHGLDILOWUDWLRQ
Oil-Free PW Treatment by NF Membrane
%DVHGRQLQIRUPDWLRQSURYLGHGE\PHPEUDQHPDQXIDFWXUHV 'RZ:DWHU 3URFHVV6ROXWLRQVQG DQG
RWKHUUHVHDUFKHV 9DQGHU%UXJJHQHWDO  :LOIHWDO LWLVFRQFOXGHGWKDWDIHHGZLWKDORZ
FRQFHQWUDWLRQRIRUJDQLFFRPSRXQGVFDQEHIXUWKHUWUHDWHGE\1)7KHHIIOXHQWIURPWKHPHGLDILOWUDWLRQ
XQLWZDVFROOHFWHGDQGXVHGDVIHHGIRU1)PHPEUDQHZLWKLQDQKRXUWRDYRLGRLOZDWHUVHSDUDWLRQ7KH
PD[LPXPDSSOLHGSUHVVXUHGXULQJWKHH[SHULPHQWVZDVEDUZLWKDIHHGIORZUDWHRI/KDQGDIOX[
RI/PKDVVKRZQLQ)LJXUH
&RUUHODWLRQEHWZHHQIOX[DQGSUHVVXUHZDVPRQLWRUHGZLWKVHDZDWHUDVIHHGEHIRUHDQGDIWHUWUHDWLQJRLO
IUHH3:E\1)WRLQYHVWLJDWHSRVVLEOHIRXOLQJ)OX[WKURXJKDPHPEUDQHLVLQYHUVHO\SURSRUWLRQDOWRIOXLG
YLVFRVLW\7KHIOX[ZDVORZHUWKDQWKDWRISXUHVHDZDWHUZKHQRLOIUHH3:ZDVXVHGDVIHHG7KHIOX[
GLIIHUHQFHVFRXOGEHGXHWRWKHSUHVHQFHRIPLQXWHDFWLYDWHGFDUERQSDUWLFOHVLQWKHILOWHUHIIOXHQWGXHWR
DWWULWLRQ7KHWXUELGLW\RIPHGLDHIIOXHQWVDPSOHVZDV178DQGIRUVHDZDWHUZDV1787KHVH
PLQXWHSDUWLFOHVZRXOGKDYHSDUWLDOO\EORFNHGWKHQDQRPHPEUDQHSRUHVWHPSRUDULO\VLQFHWKHIOX[UHWDLQHG
WR LWVLQLWLDO YDOXHVZKHQVHDZDWHU ZDV XVHGDVWKHIHHG DIWHU3:WUHDWPHQW 7KHPHPEUDQHK\GUDXOLF
SHUPHDELOLW\GLGQRWYDU\VLJQLILFDQWO\EHWZHHQVHDZDWHUH[SHULPHQWVEHIRUHDQGDIWHU1)WUHDWHG3:LQ
)LJXUH+HQFHLWLVFRQFOXGHGWKDWQRPHPEUDQHIRXOLQJRFFXUUHGZKLOHRLOIUHH3:ZDVXVHGDVIHHG
GXULQJDQRSHUDWLQJWLPHRIKRXUVIRUWKUHHWULDOV+RZHYHUPHPEUDQHIRXOLQJFDQRFFXURYHUWLPHZLWK
FRQWLQXRXVRSHUDWLRQEXWLVQRWFRQVLGHUHGLQWKLVSDSHU
Rejection of Major Ions by NF Membranes
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%DULXPDQGFDOFLXPVXOIDWHVFDOLQJUHVXOWVZKHQ3:LVPL[HGZLWKVHDZDWHUGXHWRKLJK%DDQG&D
FRQFHQWUDWLRQVLQ3:6HSDUDWLRQRIEDULXPDQGFDOFLXPZHUHSHUIRUPHGXVLQJ1)PHPEUDQHVDWGLIIHUHQW
SUHVVXUHVXVLQJGLOXWHG3:7KHFRPSRVLWLRQRIGLOXWHG3:LVSUHVHQWHGLQ7DEOH
7KHSHUPHDELOLW\RILRQVWKURXJK1)PHPEUDQHVKDVDVWURQJFRUUHODWLRQWRWKHLUK\GUDWHGUDGLL,RQVZLWK
UHODWLYHO\VPDOOFU\VWDOUDGLL 0JDQG&D KDYHKLJKHUK\GUDWLRQIUHHHQHUJ\DQGODUJHUK\GUDWHGUDGLXV
6LQFHWKHVHLRQVKROGWKHLUK\GUDWLRQVKHOOVPRUHVWURQJO\WKH\DUHHIIHFWLYHO\ UHWDLQHGE\PHPEUDQHV
7DQVHOHWDO +\GUDWLRQIUHHHQHUJ\RI0JDWN-PROLVKLJKHUWKDQ&DDWN-PRO
7DQVHO DQG%DDWN-PRO +LOO +ROPDQ 7KHK\GUDWLRQIUHHHQHUJ\RI1DDQG
&ODUH.-PRODQG.-PROUHVSHFWLYHO\ 7DQVHO ,RQVZLWKORZHUK\GUDWLRQIUHHHQHUJ\
ZLOO HDVLO\ ORVH WKHLU K\GUDWLRQ VKHOO GXULQJ PHPEUDQH WUDQVSRUW DQG WKXV SHUPHDWH HDVLO\ )LJXUH 
FRQILUPVWKDW0JZLWKWKHKLJKHVWK\GUDWLRQIUHHHQHUJ\ZDVUHMHFWHGWKHPRVWE\WKHWHVWHGPHPEUDQHV
IROORZHGE\&DDQG%D7KHUHMHFWLRQRI1DZDVORZHUWKDQ&OWKRXJKWKHK\GUDWLRQIUHHHQHUJ\RI
1DLVKLJKHUWKDQ&O7KLVLVH[SODLQHGE\WKHHOHFWURVWDWLFDWWUDFWLRQRI1DDQGWKHQHJDWLYHO\FKDUJHG
1)PHPEUDQHV
7KH PHPEUDQH SHUPHDWH KDV ORZHU VFDOLQJ SRWHQWLDO DOORZLQJ PL[LQJ ZLWK VXOIDWH IURP XQWUHDWHG
VHDZDWHU/RZHUUHMHFWLRQRIGLYDOHQWLRQVZLOOUHVXOWLQKLJKHUGLYDOHQWLRQFRQFHQWUDWLRQVLQ1)SHUPHDWH
ZKLFKLVGHVLUDEOHIRUSmart Water7KHUHMHFWLRQRIGLYDOHQWLRQVE\ERWKPHPEUDQHVYDULHVZLWKDFKDQJH
LQ SUHVVXUH 3URSHU PHPEUDQHV PXVW EH VHOHFWHG GHSHQGLQJ RQ WKH LQWHQGHG RSHUDWLQJ SUHVVXUH IRU
LQGXVWULDODSSOLFDWLRQV
Recovery for NF Membranes
,PSRUWDQWSDUDPHWHUVFKDUDFWHUL]LQJ1)HIILFLHQF\DUHIOX[LRQVHSDUDWLRQDQGUHFRYHU\:DWHUUHFRYHU\
E\DPHPEUDQHLVGHILQHGDVWKHUDWLRRISHUPHDWHIORZUDWHWRIHHGIORZUDWH7KHSHUPHDWHIORZUDWH
GHSHQGVRQPHPEUDQHSRUHVL]HSRURVLW\PHPEUDQHPDWHULDOSUHVVXUHW\SHRIIHHGDQGWHPSHUDWXUH$W
FRQVWDQW SUHVVXUHDQLQFUHDVHLQ IHHGFRQFHQWUDWLRQUHVXOWVLQ ORZSHUPHDWHIORZUDWHUHVXOWLQJLQORZ
UHFRYHU\([SHULPHQWVZHUHSHUIRUPHGWRPHDVXUHUHFRYHU\RI1$126:DQG1)ZLWK
VHDZDWHUDVIHHG7KHUHFRYHU\ZDVPHDVXUHGDWWKHORZHVWDQGKLJKHVWWHVWHGSUHVVXUHVRIDQGEDUDW
&7KHUHVXOWVFRQFOXGHGWKDWDWEDUUHFRYHU\RI1$126:ZDVKLJKHUFRPSDUHGWR
1) ZLWK D UHFRYHU\ RI   +RZHYHU DW  EDU WKH UHFRYHU\ ZDV LGHQWLFDO    IRU ERWK
PHPEUDQHV)RUSmart WaterSURGXFWLRQIURP3:DPHPEUDQHZLWKKLJKUHFRYHU\DWKLJKSUHVVXUHLV
UHFRPPHQGHG
Fouling of NF membranes
)LJXUHVKRZVDQLQFUHDVHLQIOX[ZLWKLQFUHDVLQJSUHVVXUHIRUERWKPHPEUDQHV7KHIHHGXVHGIRUERWK
PHPEUDQHVFRQWDLQHGEDULXPEXWQRRUJDQLFFRPSRXQGV)RXOLQJGLGQRWRFFXUGXULQJWKHH[SHULPHQWV
DVLQGLFDWHGE\WKHIOX[YHUVXVSUHVVXUHJUDSK )LJXUH 7KHIOX[REWDLQHGDWHDFKRSHUDWLQJSUHVVXUHZDV
FXUYHILWWHGWRDOLQHDUHTXDWLRQUHVXOWLQJLQDQ5YDOXH!7KHPHPEUDQHK\GUDXOLFSHUPHDELOLW\
ZDV GHWHUPLQHG IRU HDFK WULDO DQG PHDVXUHG DV WKH VORSH RI WKHOLQHDU SORW EHWZHHQ IOX[ YHUVXVǻ370
0HPEUDQHK\GUDXOLFSHUPHDELOLW\GLGQRWYDU\EHWZHHQWULDOV
$FFRUGLQJWRVSHFLILFDWLRQVRI1$126:WKHPD[LPXPRSHUDWLQJSUHVVXUHLVEDU0D[LPXP
SUHVVXUHXVHGGXULQJWKHH[SHULPHQWVZDVEDU)OX[LQFUHDVHGOLQHDUO\ZLWKDQLQFUHDVHLQSUHVVXUHIURP
 WR  EDU IRU HDFK WULDO :KHQ WKH SUHVVXUH ZDV UHGXFHG LGHQWLFDO IOX[HV ZHUH UHJHQHUDWHG LH QR
K\VWHUHVLVHIIHFW
Solubility Analysis of Chalk with Different Brines
7DEOH  VKRZV WKH UHVXOWV RI FRPSDWLELOLW\ DQDO\VLV RI 1) SHUPHDWH ZLWK 3: DV IHHG DIWHU EHLQJ
HTXLOLEUDWHGZLWK FDOFLXPFDUERQDWHS+DQGLRQLFFRPSRVLWLRQVRIEULQHVGLGQRW FKDQJHVLJQLILFDQWO\
GXULQJ WKH H[SHULPHQWV ZKLFK FRQILUPHG WKDW QR VXEVWDQWLDO FKDON GLVVROXWLRQ RFFXUUHG 7KH UHVXOWV
FRQILUP WKDW SHUPHDWH IURP 1) WUHDWHG 3: LV FRPSDWLEOH ZLWK FDOFLXP FDUERQDWH $ FKDQJH LQ LRQLF
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FRPSRVLWLRQZRXOGKDYHRFFXUUHGLIWKHEULQHZHUHQRWFRPSDWLEOHZLWK&D&2
7DEOH  VXPPDUL]HV WKH FRPSDWLELOLW\ DQDO\VLV RI Smart Water EULQHV FRQWDLQLQJ  P0 DQG  P0
.+32DIWHUHTXLOLEUDWLRQZLWKFDOFLXPFDUERQDWH(TXLOLEUDWLRQZDVDOVRSHUIRUPHGDWP0DQG
P032FRQFHQWUDWLRQV
$WP032QRFKDQJHVLQ32DQG62FRQFHQWUDWLRQVZHUHREVHUYHGFRQILUPLQJWKDWERWKLRQV
DUHVWDEOHLQVROXWLRQZLWK&D&21RPDMRUFKDQJHVLQFRQFHQWUDWLRQVZHUHREVHUYHGIRURWKHULRQV7KH
FKDQJHLQS+ZDVQHJOLJLEOHDWP0SKRVSKDWH
Smart WaterEULQHFRQWDLQLQJP0RI.+32KDGDQLQLWLDOS+RIDQGLQFUHDVHGWRDIWHU
&D&2 HTXLOLEUDWLRQ ,W LV REVHUYHG LQ 7DEOH  WKDW WKHUH LV QR FKDQJH LQ &O 1D 0J DQG 62
FRQFHQWUDWLRQV +RZHYHU VLJQLILFDQW UHGXFWLRQV LQ &D DQG 32 FRQFHQWUDWLRQV ZHUH REVHUYHG 7KH
FDOFLXP FRQFHQWUDWLRQ ZDV UHGXFHG IURP  P0 WR  P0 DQG WKH SKRVSKDWH FRQFHQWUDWLRQ ZDV
UHGXFHGIURPP0WRP07KHUHVXOWVFRQILUPWKDWFDOFLXPSKRVSKDWHSUHFLSLWDWLRQWRRNSODFH
LQ WKH VROXWLRQ DQG LQLWLDWHG FKDON GLVVROXWLRQ 7KH GLVVROXWLRQ RI &D&2 UHVXOWHG LQ SURGXFLQJ 2+
WKHUHE\LQFUHDVLQJWKHS+RIWKHEULQHDIWHUHTXLOLEUDWLRQDVPHQWLRQHGLQ(TXDWLRQ&KDONGLVVROXWLRQ
ZDVDOVRREVHUYHGDWP0DQGP032FRQFHQWUDWLRQV$FFRUGLQJWRWKHVHUHVXOWVWKHDGGLWLRQRI
32DWFRQFHQWUDWLRQVKLJKHUWKDQP0LVQRWUHFRPPHQGHGIRUSmart WaterSURGXFWLRQ
(TXLOLEUDWLRQRIP032EULQHZLWK&D&2DW&UHVXOWHGLQDQLQFUHDVHLQS+IURPWRDQG
WKH32FRQFHQWUDWLRQZDVGHFUHDVHGIURPP0WRP01RVLJQLILFDQWFKDQJHVLQFRQFHQWUDWLRQV
RI&O1D&D0JDQG62ZHUHREVHUYHGGXULQJWKHSURFHVVDWKLJKHUWHPSHUDWXUHV+RZHYHU
IXUWKHUUHVHDUFKLVUHFRPPHQGHGLQWKLVDUHD
Power Estimation
5HTXLUHPHQWVIRUZDWHULQMHFWLRQYDU\IRUHDFKZHOO,QMHFWLRQUDWHDW%UDH$OSKDILHOGE\0DUDWKRQ2LOLV
XVHGDVDUHIHUHQFHIRUFDOFXODWLRQV7KHTXDQWLW\RIZDWHULQMHFWHGLVESGRUPK +HDWKHUO\
+RZHOODQG0F(OKLQH\ (IILFLHQF\RIWKHSXPSLVDVVXPHGDWDQGSXPSVXFWLRQSUHVVXUHLV
HTXDO WR DWPRVSKHULF SUHVVXUH 7KH RSHUDWLQJ SUHVVXUHV PHQWLRQHG LQ FDOFXODWLRQV DUH WKH GLIIHUHQFH
EHWZHHQDSSOLHGKLJKSUHVVXUHDQGVXFWLRQSUHVVXUH)ORZUDWHVXVHGIRUSRZHUFDOFXODWLRQVDUHEDVHGRQ
WKH H[SHULPHQWV SHUIRUPHG 7DEOH  VKRZV GLIIHUHQW GLOXWLQJ WHFKQLTXHV DQG WKHLU WRWDO HQHUJ\
FRQVXPSWLRQIRUSmart WaterSURGXFWLRQFDOFXODWHGXVLQJ(TXDWLRQ
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0L[LQJRLOIUHH3:ZLWKPRGLILHGVHDZDWHULQFUHDVHVRLOUHFRYHU\LQUHVHUYRLUVDVSUHYLRXVO\PHQWLRQHG
)LJXUH  VKRZV VFKHPDWLF RI 1) PHPEUDQH FRPELQDWLRQV XVLQJ 3: DQG VHDZDWHU DV IHHG )RU Smart
WaterLQFKDONUHVHUYRLUVDORZPRQRYDOHQWDQGKLJKGLYDOHQWLRQFRQFHQWUDWLRQLVUHTXLUHG+RZHYHU
7'6UHTXLUHPHQWVRILQMHFWHGEULQHVIRUFKDQJLQJZHWWDELOLW\GLIIHUEHWZHHQUHVHUYRLUVGHSHQGLQJRQURFN
JHRORJ\ $XVWDG 
7KHSRZHUFRQVXPSWLRQIRUWKHDERYHFRPELQDWLRQZDVSHUIRUPHGZLWK PRI3:DVVXPLQJD7'6
FRQWHQWRIPJ/1HYHUWKHOHVVLWLVDFKDOOHQJHWRKDYHYHU\KLJKIHHG7'6IRU1)PHPEUDQHV
+LJKIHHG7'6UHVXOWVLQDQLQFUHDVHLQRSHUDWLQJSUHVVXUHLQRUGHUWRRYHUFRPHWKHUHVXOWLQJKLJKRVPRWLF
SUHVVXUHDQGWKLVSUHVVXUHPD\H[FHHGWKHSK\VLFDOSUHVVXUHOLPLWVRIWKHPHPEUDQHHOHPHQW+HQFHWKH
IHHG LVGLOXWHGEHIRUHSDVVLQJWKURXJKWKHPHPEUDQH$IWHUGLOXWLRQDPD[LPXP IHHG7'6RI
PJ/ZDVXVHGIRUFDOFXODWLRQV
$VPHQWLRQHGDERYHVFDOHIRUPDWLRQPD\RFFXUE\VXOIDWHLRQVLQVHDZDWHUDQGEDULXPLRQVLQ3:7KH
IROORZLQJUHTXLUHPHQWVZHUHIRFXVHGRQWKHSURFHVVFRPELQDWLRQLQ)LJXUH
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 'LOXWLRQ RI 3: WR DSSUR[LPDWHO\  PJ/ 'LOXWLRQ ZDWHU VKRXOG QRW FRQWDLQ VXOIDWH WR
DYRLGVFDOLQJZKHQPL[HGZLWK3:7KHRSWLRQVFRQVLGHUHGIRUGLOXWLRQZHUH52SHUPHDWH1)
SHUPHDWH IUHVK ZDWHU IURP ODQG DQG PXOWLVWDJH IODVK 06)  GLVWLOODWLRQ SURFHVV $ PD[LPXP
7'6RIGLOXWHG3:RIPJ/ZDVWKHREMHFWLYH$OOFDOFXODWLRQVZLWK1)PHPEUDQHVZHUH
EDVHGRQPDVVDQGIORZEDODQFHVEHWZHHQGLIIHUHQWVWUHDPV
3RZHUFRQVXPHGE\HDFKGLOXWLRQWHFKQLTXHLVH[SODLQHGXVLQJ7DEOHDQG)LJXUHNF-1LVXVHG
IRUWUHDWLQJGLOXWHG3:LQDOOIRXUFDVHVDWDFRQVWDQWRSHUDWLQJSUHVVXUHRIEDU$PHPEUDQH
UHFRYHU\RILVNHSWFRQVWDQWLQDOOIRXUFDVHV7KHIHHGIORZUDWHVYDU\ZLWKWKHW\SHRIGLOXWLRQ
SURFHVV)URP7DEOHLWLVHYLGHQWWKDWWKHGLOXWLQJVWUHDPZLWKKLJKHVW7'6FRQWHQWLVIRUNF-2.
+HQFHWKHDPRXQWRIZDWHUUHTXLUHGIRUGLOXWLQJ3:IURPPJ/WRPJ/LVKLJKHVW
IRUNF-22WKHUGLOXWLQJWHFKQLTXHVZLOOUHSODFHNF-2LQ)LJXUH7KHGLIIHUHQFHLQ7'6RIIUHVK
ZDWHU 06) DQG 52 DUH QRW VLJQLILFDQW ZKHQ FRPSDUHG WR 7'6 LQ 1) SHUPHDWH +HQFH WKH
UHTXLUHGIORZUDWHIRUGLOXWLRQLVQHDUO\HTXDOIRU52IUHVKZDWHUDQG06)DVVKRZQLQ7DEOH
'LOXWLRQ RI 3: ZLWK IUHVK ZDWHU GRHV QRW FRQWDLQ DQ\ FRQFHQWUDWH GLVSRVDO LVVXHV VLQFH LW LV
DFTXLUHG IURP D ORZ 7'6 VRXUFH RQVKRUH ZKHUHDV 06) 52 DQG NF-2 XVH VHDZDWHU DV IHHG
+RZHYHUWKHDYDLODELOLW\RIDKXJHYROXPHRIIUHVKZDWHUIRUZDWHULQMHFWLRQLVDFRQFHUQ7KH
FRQFHQWUDWHGEULQHVIURP06)DQG52UHWHQWDWHFRQWDLQKLJKFRQFHQWUDWLRQVRIPRQRYDOHQWLRQV
DQGWKXVFDQQRWFRQWULEXWHWRSmart WaterSURGXFWLRQ7KHVHEULQHVPXVWEHGLVSRVHGRISURSHUO\
ZLWKRXW KDYLQJ D QHJDWLYH HQYLURQPHQWDO LPSDFW $O.DUDJKRXOL  .D]PHUVNL   7KH
UHWHQWDWH IURP NF-2 KDV KLJK GLYDOHQW DQG ORZ PRQRYDOHQW LRQ FRQFHQWUDWLRQV DQG LV XVHG IRU
SURGXFLQJSmart Water, ZKLFKGRHVQRWFRQWULEXWHWRGLVSRVDOLVVXHV
'LOXWLRQZDWHUIURP5206)DQGIUHVKZDWHUUHTXLUHORZHUIORZUDWHVIRUGLOXWLQJ3:DQGRQO\
NF-1SHUPHDWHZLWKDIORZUDWHRIPKFRQWULEXWHVWRSmart Water SURGXFWLRQ+HQFHWKH
ILQDOSRZHUFRQVXPSWLRQSHUFXELFPHWHUVRISmart WaterSURGXFHGLVKLJKHUIRURWKHUGLOXWLRQ
WHFKQLTXHVFRPSDUHGZLWK1)XVHGIRU3:GLOXWLRQ
7DEOHVKRZVWKDWSRZHUFRQVXPSWLRQLV WKHORZHVWIRU1)PHPEUDQHVIRUILQDO Smart Water
SURGXFWLRQ$IHHGSUHVVXUHRIEDUZDVLPSOHPHQWHGIRUERWK1)PHPEUDQHV06)GLVWLOODWLRQ
KDV WKH KLJKHVW SRZHU FRQVXPSWLRQ DQG IRRWSULQW $O.DUDJKRXOL  .D]PHUVNL   52
PHPEUDQHSRZHUFRQVXPSWLRQLVKLJKHUWKDQIRU1)DVVKRZQLQ7DEOH$QRSHUDWLQJSUHVVXUH
RIEDUIRU52LVXVHGIRUFDOFXODWLRQV,IHQHUJ\UHFRYHU\IDFWRULVDSSOLHGRIWKHHQHUJ\
UHTXLUHG IRU 52 IHHG SXPS FRXOG EH UHFRYHUHG IURP 52 UHWHQWDWH VWUHDP )RU Smart Water
SURGXFWLRQZLWKDIORZUDWHRIESGDQDGGLWLRQDOVRXUFHRIZDWHUIRULQFUHDVHGGLYDOHQWLRQV
FRQFHQWUDWLRQVKRXOGEHVHOHFWHGZKHQ52LVFKRVHQIRUGLOXWLRQRI3:)RXOLQJLVDOVRKLJKZLWK
52PHPEUDQHVFRPSDUHGWR1)$GGLWLRQDOO\52UHTXLUHVSUHWUHDWPHQWXSVWUHDPLQFUHDVLQJWKH
RSHUDWLQJDQGPDLQWHQDQFHFRVWVRIWKHWRWDOV\VWHP
7DEOHVKRZVWKDW1)PHPEUDQHVIRUGLOXWLRQXVHGN:%RWKVWUHDPVIURPNF-2 )LJXUH
  DUH XVHG IRU Smart Water SURGXFWLRQ 7KH SHUPHDWH VWUHDP ZLWKRXW VXOIDWH LV XVHG IRU 3:
GLOXWLRQDQGWKHUHWHQWDWHVWUHDPZLWKKLJKGLYDOHQWLRQFRQFHQWUDWLRQFDQEHXVHGIRUDFKLHYLQJ
WKHUHTXLUHGIORZUDWHDQGGLYDOHQWLRQFRQFHQWUDWLRQVIRUSmart WaterNF-1 )LJXUH IRU3:
WUHDWPHQWZDVFKRVHQWRUHGXFHWKHHQHUJ\FRQVXPSWLRQDQGWRUHFRYHUPRUHZDWHUIRUUHXVH3:
WUHDWPHQWZLWK52LVFRQVLGHUHGOHVVIHDVLEOHGXHWRIRXOLQJ)RXOLQJFDQRFFXUGXULQJORQJWHUP
RSHUDWLRQZLWK1)PHPEUDQHV+RZHYHUWKLVVWXG\LVOLPLWHGWRHYDOXDWLQJWKHIHDVLELOLW\RISmart
Water SURGXFWLRQ E\PL[LQJVHDZDWHUDQGWUHDWHG3:DQGWKHHVWLPDWHGSRZHUFRQVXPSWLRQFDQ
EHFRQVLGHUHGDVDQLQLWLDOGDWDSRLQW
 5HPRYDORIEDULXPLRQVIURP3:%DULXPLRQVDQGRWKHUGLYDOHQWLRQVDUHSDUWLDOO\UHMHFWHGE\
NF-1 )LJXUH ZLWKUHVSHFWWRWKHUHMHFWLRQWUHQGVSUHVHQWHGLQ)LJXUH7KLVVWHSZDVGHVLJQHG





63(63(0606

WRDYRLGEDULXPVXOIDWHVFDOLQJZKHQ3:DQGVHDZDWHUDUHPL[HGIRUSmart WaterSURGXFWLRQ7KH
SHUPHDWHVWUHDPIURPNF-1 KDVDORZFRQFHQWUDWLRQRIGLYDOHQWLRQVDQGZLWKRXWVXOIDWH7KXV
WKLVVWUHDPPXVWEHHQULFKHGLQGLYDOHQWLRQVDQGVXOIDWHZKLFKLVDWWDLQHGHLWKHUE\XVLQJUHWHQWDWH
VWUHDPIURPNF-2RUE\DGGLQJFKHPLFDOVWRSHUPHDWHIURPNF-17KHSUHIHUDEOHRSWLRQIURPDQ
HFRQRPLFDODQGHQYLURQPHQWDOFRQVLGHUDWLRQLVWRFKRRVHUHWHQWDWHIURPNF-2
1)FDQEHFKRVHQDVWKHEHVWRSWLRQIRU3:GLOXWLRQDQGSmart WaterSURGXFWLRQRYHURWKHUGHVDOLQDWLRQ
WHFKQRORJLHVFRQVLGHULQJDOOWKHVHIDFWRUV
%DVHGRQWKHPDWHULDOEDODQFHVKRZQLQ)LJXUHDQG(TXDWLRQSHUPHDWHUHFRYHU\LV)RUSRZHU
FRQVXPSWLRQFDOFXODWLRQVDKLJK3:7'6RIPJ/LVFRQVLGHUHG3:ZLWKDORZHULQLWLDO7'6
ZLOOUHTXLUHORZHUGLOXWLRQUHVXOWLQJLQQHHGRIOHVVSRZHU
&KHPLFDOVSUHVHQWLQ3:ZLOOSHUPHDWHWKURXJKWKHPHPEUDQHGHSHQGLQJRQWKH0:&2RIWKHFKHPLFDOV
5HXVHRIWKHVHUHVLGXDOFKHPLFDOVZLOOEHEHQHILFLDOIURPDQHFRQRPLFSHUVSHFWLYH+RZHYHUWKLVDVSHFW
LVQRWFRQVLGHUHGLQWKHSDSHU
0DQDJHPHQWRI3:UHWHQWDWHVWUHDPZLWKDIORZUDWHRIPKIURPNF-1KDVDFDOFXODWHG7'6RI
DSSUR[LPDWHO\PJ/7ZRRSWLRQVDUHFRQVLGHUHGIRUWKHGLVSRVDORIWKLVVWUHDP
 5HWHQWDWHFDQEHUHWXUQHGWRWKH3:IHHGWDQNIRUIXUWKHUUHFRYHU\7KHSHUPHDWHIORZUDWHIURP
NF-2 VKRXOG EH DGMXVWHG GHSHQGLQJ RQ WKH ILQDO 7'6 RI 3: IHHG RYHU WLPH LI WKH UHWHQWDWH LV
UHFLUFXODWHG
 7KHUHWHQWDWHFDQEHGLVFKDUJHGWRVHDDIWHUDGGLWLRQDOWUHDWPHQWIRUUHPRYDORIUHVLGXDOKD]DUGRXV
FKHPLFDOVLISUHVHQW
1RZDGD\V, Smart Water LVSURGXFHGE\DGGLQJFKHPLFDOVWR06)GLVWLOODWHRUWR52SHUPHDWH 7KHVH
PHWKRGVZLOOLQFUHDVHFKHPLFDOXVDJHRYHUDOOSRZHUFRQVXPSWLRQDORQJZLWKFRQFHQWUDWHGLVSRVDOLVVXHV
3URGXFWLRQRISmart Water IURPVHDZDWHUDQGSDUWRI3:E\1)PHPEUDQHVUHGXFHVWKHHQYLURQPHQWDO
LPSDFWE\UHGXFHGXVDJHRIFKHPLFDOVVLQFHWKHGLYDOHQWLRQVUHTXLUHGIRUSmart WaterDUHREWDLQHGIURP
VHDZDWHU
&RQFOXVLRQV
3HUIRUPDQFHV E\ WZR 1) PHPEUDQHV LQ WHUPV RI UHMHFWLRQ IOX[ DQG IRXOLQJ ZHUH HYDOXDWHG 1)
PHPEUDQHVVHOHFWLYHO\UHPRYHGLRQVSURQHWRVFDOLQJIURP3:SULRUWRPL[LQJZLWKPRGLILHGVHDZDWHU
%RWK PHPEUDQHV WHVWHG LQ WKLV UHVHDUFK GHPRQVWUDWHG SUDFWLFDOO\ FRPSDUDEOH GLYDOHQW LRQ VHSDUDWLRQ
HIILFLHQF\ DQG KDYH D VLPLODU UHFRYHU\ DW  EDU   EDULXP ZDV UHPRYHG IURP RLOIUHH 3: $
K\GURFDUERQUHPRYDOHIILFLHQF\RIZDVREWDLQHGE\PHGLDILOWUDWLRQ7KHHIILFLHQF\PD\EH
IXUWKHULPSURYHGE\DOWHULQJWKHGHSWKRIWKHEHGDQGPRUHRSWLPDOEDFNZDVKLQJ
$ FRPSDWLELOLW\ DQDO\VLV IRU 1) WUHDWHG 3: SHUPHDWH FRQILUPHG WKDW WKH EULQH ZDV FRPSDWLEOH ZLWK
FDOFLXPFDUERQDWHVXUIDFH$FRPSDWLELOLW\WHVWIRUDGGHGSKRVSKDWHLQVHDZDWHUEULQHLVDFFHSWDEOHDWD
SKRVSKDWHFRQFHQWUDWLRQDWDQGEHORZP0ZLWKRXWLQLWLDWLQJFDOFLXPGLVVROXWLRQ
$QDO\VLVRIWHFKQLFDOOLPLWVRI1)PHPEUDQHVVKRZHGWKDW1)LVDQDWWUDFWLYHPHWKRGIRULRQLFVHOHFWLRQ
ZLWK UHVSHFW WR TXDOLW\ SHUIRUPDQFH FRVW DQG SRZHU FRQVXPSWLRQ 'LOXWLRQ E\ 1) ZDV FRQVLGHUHG DQ
HIIHFWLYHVWHSIRURSWLPL]DWLRQRISUHWUHDWHG3:IRUUHLQMHFWLRQ$QHFRQRPLFDOO\FRPSHWLWLYHRSWLRQIRU
GLOXWLRQRI3:ZDVWKHXVHRIVHDZDWHU1)SHUPHDWH7KLVGHFUHDVHRI7'6LQ3:LQFUHDVHV1)PHPEUDQH
SHUIRUPDQFHRIGLOXWHG3:LQWHUPVRIIOX[DQGUHFRYHU\7RWDOSRZHUFRQVXPHGGXULQJSmart Water
SURGXFWLRQE\1)PHPEUDQHVZDVFDOFXODWHGWRN:KP

$XWKRU%LRJUDSK\
5HP\D5DYLQGUDQ1DLULVD3K'VWXGHQWDWWKH8QLYHUVLW\RI6WDYDQJHUZLWK7KH1DWLRQDO,25&HQWUH
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RI 1RUZD\ 1DLU¶V UHVHDUFK LQWHUHVW LQFOXGHV PHPEUDQH WHFKQRORJ\ HQYLURQPHQWDO WHFKQRORJLHV DQG
ZDWHUDQGZDVWHZDWHUWUHDWPHQW1DLUKDVSXEOLVKHGLQWHUQDWLRQDOMRXUQDOSDSHUVDQGKDVFRQWULEXWHG
ZLWKSDSHUVDQGSUHVHQWDWLRQVLQPDQ\GHVDOLQDWLRQPHPEUDQHVDQG,25(25FRQIHUHQFHV1DLUKROGVDQ
06GHJUHHLQ(QYLURQPHQWDO(QJLQHHULQJIURPWKH8QLYHUVLW\RI6WDYDQJHU1RUZD\
(YJHQLD3URWDVRYDLVDUHVHDUFKDVVLVWDQWDWWKH8QLYHUVLW\RI6WDYDQJHUZKHUHVKHKDVZRUNHGIRU
\HDUV 3URWDVRYD V UHVHDUFK LQWHUHVWV LQFOXGH ZDVWHZDWHU WUHDWPHQW PHPEUDQH WHFKQRORJ\ ZDVWH
UHF\FOLQJJUHHQ HQHUJ\ 3URWDVRYD KDV FRDXWKRUHG  WHFKQLFDO SDSHUV 6KH KROGV DQ 06 GHJUHH LQ
(QYLURQPHQWDO(QJLQHHULQJIURPWKH8QLYHUVLW\RI6WDYDQJHU
6NXOH6WUDQG LV DQDVVRFLDWHSURIHVVRULQ UHVHUYRLUFKHPLVWU\DW WKH8QLYHUVLW\RI6WDYDQJHU 6WUDQG¶V
PDLQUHVHDUFKZRUNLVUHVHUYRLUFKHPLVWU\ZLWKDVSHFLDOIRFXVRQUHVHUYRLUZHWWDELOLW\DQGZDWHUEDVHG
ZHWWDELOLW\DOWHUDWLRQSURFHVVHVIRU(QKDQFHG2LO5HFRYHU\ (25 E\³6PDUW:DWHU´LQMHFWLRQLQERWK
VDQGVWRQHDQGFDUERQDWHUHVHUYRLUV6WUDQGLVLQYROYHGLQDQXPEHURILQWHUQDWLRQDOILQDQFHG(25UHVHDUFK
SURMHFWV WRZDUGV WKH RLO LQGXVWU\ 6WUDQG KDV SXEOLVKHG PRUH WKDQ  LQWHUQDWLRQDO MRXUQDO SDSHUV DQG
FRQWULEXWHGZLWKSDSHUVDQGSUHVHQWDWLRQVLQ,25(25FRQIHUHQFHVZRUNVKRSVDQGV\PSRVLXPVDURXQG
WKH ZRUOG 6WUDQG KROGV DQ 06   DQG 3K' GHJUHH   LQ 3HWUROHXP 7HFKQRORJ\ IURP WKH
8QLYHUVLW\RI6WDYDQJHU
7RUOHLY %LOVWDG LV D SURIHVVRU DW WKH 8QLYHUVLW\ RI 6WDYDQJHU ZKHUH KH KDV EHHQ ZRUNLQJ VLQFH 
%LOVWDG VUHVHDUFKLQWHUHVWVLQFOXGHHQYLURQPHQWDOPDQDJHPHQWZDVWHZDWHUWUHDWPHQWDSSOLHGPHPEUDQH
VHSDUDWLRQDQGHQYLURQPHQWDOWHFKQRORJLHV%LOVWDGKDVDXWKRUHGDQGFRDXWKRUHGPRUHWKDQWHFKQLFDO
SDSHUV LQWHUQDWLRQDOSXEOLFDWLRQV +HKROGVD3K'GHJUHHLQ&LYLO (QYLURQPHQWDO(QJLQHHULQJIURP
WKH8QLYHUVLW\RI:LVFRQVLQ0DGLVRQ


$FNQRZOHGJHPHQWV
7KH DXWKRUV DFNQRZOHGJH WKH 5HVHDUFK &RXQFLO RI 1RUZD\ DQG WKH LQGXVWU\ SDUWQHUV &RQRFR3KLOOLSV
6NDQGLQDYLD$6$NHU%3$6$(QL1RUJH$67RWDO( 31RUJH$6(TXLQRU$6$1HSWXQH(QHUJ\
1RUJH$6 /XQGLQ1RUZD\$6+DOOLEXUWRQ$66FKOXPEHUJHU1RUJH$6:LQWHUVKDOO1RUJH$6DQG
'($1RUJH$6RI7KH1DWLRQDO,25&HQWUHRI1RUZD\IRUVXSSRUW

1RPHQFODWXUH
3:±3URGXFHG:DWHU
):±)RUPDWLRQ:DWHU
66:±6\QWKHWLF6HDZDWHU
1)±1DQRILOWUDWLRQ
(25±(QKDQFHG2LO5HFRYHU\
7'6±7RWDO'LVVROYHG6ROLGV
22,3±2ULJLQDO2LOLQ3ODFH
),±)RUFHG,PELELWLRQ
0:&2±0ROHFXODU:HLJKW&XW2II
178±1HSKHORPHWULF7XUELGLW\8QLW
06)±0XOWLVWDJH)ODVK
,&±,RQ&KURPDWRJUDSK\
,5±,QIUDUHG
72*±7RWDO2LODQG*UHDVH
73+±7RWDO3HWUROHXP+\GURFDUERQ
)7,5±)RXULHU7UDQVIRUP,QIUDUHG
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Concentration of diluted PW used for the experiments 
Original barium concentrations were low and hardly detected by IC. Ba 2+concentration in diluted PW was hence increased within nonprecipitating range upstream NF, assisting in realistic measurable rejections.
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7DEOH0DLQFKDUDFWHULVWLFVRI1)PHPEUDQHVXVHGIRUH[SHULPHQWVDFFRUGLQJWRWKH
PDQXIDFWXUHUV )LOPWHF0HPEUDQHVXG+\GUDQDXWLFVXG 
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7DEOH(QHUJ\FRQVXPSWLRQDQDO\VLVIRUSmart Water SURGXFWLRQE\GLIIHUHQWGLOXWLRQWHFKQLTXHV
3URSHUWLHV
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)LJXUH6SRQWDQHRXVLPELELWLRQRIPL[WXUHVRI3:DQG66:LQWRFKDONFRUHVDWࡈ&VDWXUDWHG
ZLWKDFUXGHRLORIDFLGQXPEHU PJ.2+JRLO 3XQWHUYROG 
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)LJXUH%D62SUHFLSLWDWLRQYHUVXVWHPSHUDWXUHIURPDFRPELQDWLRQRI66:DQG7RUILHOG
3: 3XQWHUYROG 
(* PW curve lays above SSW curve)
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)LJXUH)OX[FRPSDULVRQIRUVHDZDWHUEHIRUHDQGDIWHUWUHDWLQJRLOIUHH3:E\1)
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)LJXUH)OX[YHUVXVSUHVVXUHIRU1)DQG1$126:











)LJXUH6XJJHVWHGSURFHVVVFKHPDWLFIRUSmart Water SURGXFWLRQ
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Appendix 3 – Paper III

Paper III
Effect of pH on Produced Water Treatment Using
Nanofiltration Membranes: Artificial Neural Network
for Performance Assessment and Steric Hindrance
Remya Ravindran Nair, Evgenia Protasova, Skule Strand,
Torleiv Bilstad
Desalination and Water Treatment (Under Review)
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(IIHFWRIS+RQ 3URGXFHG:DWHU 7UHDWPHQWXVLQJ 1DQRILOWUDWLRQ
0HPEUDQHV $UWLILFLDO 1HXUDO 1HWZRUN IRU 3HUIRUPDQFH
$VVHVVPHQWDQG6WHULF+LQGUDQFH3RUH0RGHOIRU)OX[9DULDWLRQ
(YDOXDWLRQ
Remya Ravindran Nair a*, Evgenia Protasova a, Skule Strand b and Torleiv Bilstad a
D        'HSDUWPHQW RI &KHPLVWU\ %LRVFLHQFH DQG (QYLURQPHQWDO 7HFKQRORJ\ 8QLYHUVLW\ RI 6WDYDQJHU .MHOO
$UKROPVJDWH6WDYDQJHU1RUZD\
E      'HSDUWPHQW RI (QHUJ\ DQG 3HWUROHXP (QJLQHHULQJ 8QLYHUVLW\ RI 6WDYDQJHU .MHOO $UKROPVJDWH  
6WDYDQJHU1RUZD\
UHP\DQDLU#XLVQRHYJ\SUR#JPDLOFRPVNXOHVWUDQG#XLVQRWRUOHLYELOVWDG#XLVQR

$EVWUDFW
([SHULPHQWDOVWXGLHVKDYHVKRZQWKDWIOX[DQGLRQUHMHFWLRQE\QDQRILOWUDWLRQ 1) DUHVWURQJO\
LQIOXHQFHGE\IHHGS+7KHQRYHOW\RIWKLVUHVHDUFKLVXVLQJWKHDUWLILFLDOQHXUDOQHWZRUN $11 
LQSUHGLFWLQJLRQUHMHFWLRQEDVHGRQPXOWLSOHYDULDEOHH[SHULPHQWDOGDWDIRUIHHGS+SUHVVXUH
DQGIOX[:LWKDQXPEHURILQGHSHQGHQWYDULDEOHVDIIHFWLQJLRQUHMHFWLRQV$11LVFRQVLGHUHG
VXLWDEOHFRPSDUHGWR6SLHJOHU.HGHPPRGHOIRUSUHGLFWLQJWKHLQWHUUHODWLRQEHWZHHQYDULDEOHV
ZLWKQRQOLQHDUGHSHQGHQFLHVLQDPXOWLLRQHQYLURQPHQW+RZHYHU6SLHJOHU.HGHPDQGVWHULF
KLQGUDQFH SRUH PRGHOV 6+3  ZHUH XVHG IRU H[SODLQLQJ HIIHFW RI S+ RQ 1) IOX[ YDULDWLRQV
([SHULPHQWVZHUHSHUIRUPHGWRGHPRQVWUDWHUHXVHRIGHRLOHGSURGXFHGZDWHU 3: DWGLIIHUHQW
S+ZLWKVDOLQLW\VLPLODUWRVHDZDWHUDVSmart WaterIRUHQKDQFHGRLOUHFRYHU\ (25 )OX[ZDV
KLJKHU DW EDVLF S+ FRPSDUHG WR DFLGLF IHHG S+ DQG YDULHG GXH WR S+VHQVLWLYH GLVVRFLDEOH
JURXSVZKLFKSURWRQDWHGRUGHSURWRQDWHGZLWKFKDQJLQJS+$Q$11VWUXFWXUHZDVGHVLJQHG
WKDW UHVXOWHG LQ D FORVH DJUHHPHQW EHWZHHQ $11 SUHGLFWLRQV DQG H[SHULPHQWDO GDWD ZLWK DQ
DJUHHPHQWRIDERYHIRUDOOPHPEUDQHV7KHUHVXOWVDUHSUHVHQWHGDQGLQWHUSUHWHGZLWK
UHVSHFWWRUHTXLUHPHQWVIRUSmart Water, WKHUHE\UHXVLQJ3:DQGVLPXOWDQHRXVO\H[SDQGLQJ
PHPEUDQHDSSOLFDWLRQVLQWKHRLOLQGXVWU\
.H\ZRUGV$UWLILFLDOQHXUDOQHWZRUN1DQRILOWUDWLRQ6SLHJOHU.HGHP6WHULFKLQGUDQFHSRUH
PRGHO3URGXFHG:DWHUSmart Water
 ,QWURGXFWLRQ
:DWHU LQMHFWLRQ LV SHUIRUPHG GXULQJ RLO SURGXFWLRQ IRU PRVWO\ DOO RLO UHVHUYRLUV IRU SUHVVXUH
PDLQWHQDQFHDQGWRVXVWDLQRLOUHFRYHU\$PRXQWRI3:VXUJHVDVDSURGXFLQJILHOGDJHDQG
3:YROXPHWREHWUHDWHGLVFRQWLQXRXVO\LQFUHDVLQJDQGZLWKKLJKLQYHVWPHQWIRUEHVWDYDLODEOH
WHFKQRORJLHV
ϭ


3:FRPSRVLWLRQLV FRPSOH[DQGKDVGLVWLQFWLYHFKDUDFWHULVWLFVGXHWR RUJDQLFDQGLQRUJDQLF
FRQWHQW WKDW GLIIHUV EHWZHHQ UHVHUYRLUV 7KH FRPSRQHQWV RULJLQDWH IURP LQMHFWHG ZDWHU
IRUPDWLRQ ZDWHU DQG FKHPLFDOV LQFOXGLQJ GLVVROYHG DQG GLVSHUVHG RUJDQLF FRPSRXQGV
LQRUJDQLF FRPSRXQGV LQFOXGLQJ KHDY\ PHWDOV VDOWV DQG QDWXUDOO\ RFFXUULQJ UDGLRDFWLYH
PDWHULDOV
,QRQO\ RIWRWDO3:SURGXFHGRQWKH1RUZHJLDQ&RQWLQHQWDO 6KHOI 1&6 ZHUH
LQMHFWHGLQWRIRUPDWLRQVZKLOHWKHUHVWZDVGLVFKDUJHGWRVHDDIWHUWUHDWPHQW3:GLVFKDUJHV
ZHUHPLOOLRQVWDQGDUGFXELFPHWHU VFP RQ1&6ZKLOHRLOSURGXFWLRQWRWDOHGPLOOLRQ
VFPLQ>@(QYLURQPHQWDOUHJXODWLRQVDQGVXVWDLQDEOHGHYHORSPHQWRIVFDUFHUHVRXUFHV
RIZDWHUDUHFXUUHQWO\PRYLQJWKHIRFXVWRZDUGVUHXVLQJSUHWUHDWHG3:DVLQMHFWLRQZDWHU
(25E\Smart WaterKDVEHFRPHDQDFFHSWHGWHFKQRORJ\LQWKHRLOLQGXVWU\Smart WaterLV
SURGXFHG E\ DGMXVWLQJ WKH LRQLF FRPSRVLWLRQ RI LQMHFWHG ZDWHU WKDW FKDQJHV WKH HVWDEOLVKHG
HTXLOLEULXP EHWZHHQ FUXGH RLO EULQH DQG SRUH VXUIDFH PLQHUDOV PRGLI\LQJ WKH ZHWWLQJ
SURSHUWLHV RI UHVHUYRLUV >@ ,Q FDUERQDWH UHVHUYRLUV VHDZDWHU DQG PRGLILHG VHDZDWHU EULQHV
EHKDYHDVSmart WaterZKLOHORZVDOLQLW\EULQHVDUHPRUHHIILFLHQWLQVDQGVWRQHUHVHUYRLUV>
@
Smart WaterIRUFDUERQDWHVUHTXLUHVKLJKGLYDOHQWLRQFRQFHQWUDWLRQV 62&DDQG0J 
DQGORZPRQRYDOHQWLRQFRQFHQWUDWLRQV 1DDQG&O   )RUVDQGVWRQHUHVHUYRLUVORZVDOLQLW\
ZDWHUZLWK7'6ޒSSPDQGORZGLYDOHQWLRQFRQFHQWUDWLRQVDUHSUHIHUUHG>@3URGXFWLRQ
RISmart Water E\1)PHPEUDQHVXVLQJVHDZDWHUDVIHHGIRUERWKUHVHUYRLUVZDVGLVFXVVHGLQ
RXUHDUOLHUSDSHU>@3HUPHDWHLVXVHGIRUSmart WaterSURGXFWLRQZKHQRLOIUHH3:LVWUHDWHG
ZLWK 1) PHPEUDQHV DQG LV FRQVLGHUHG DV D UHXVH RI 3: WKDW VLPXOWDQHRXVO\ LPSURYH RLO
UHFRYHU\DQGHFRQRPLFV>@
7KHREMHFWLYHRIWKLVUHVHDUFKLVWRIRFXVRQ3:UHXVHDVSmart WaterIRU(25,WKDVEHHQ
VXJJHVWHGWKDW1)PHPEUDQHVFDQWUHDWRLOIUHHGLOXWHG3:DQGUHXVHGIRU(25LQUHVHUYRLUV
>@+RZHYHUS+RI3:LVRQHRIWKHPDLQFKDOOHQJHVIRUWUHDWPHQWE\PHPEUDQHVS+RI3:
GLIIHUVIURPWRGHSHQGLQJRQUHVHUYRLUVDQGFKHPLFDOVDGGHG>@7'6RI3:YDU\IURP
KXQGUHGVWRSSP>@
([SHULPHQWV ZHUH SHUIRUPHG IRU YHULI\LQJ WKH IHDVLELOLW\ RI GHRLOHG 3: DQG VHDZDWHU FR
LQMHFWLRQ LQWR UHVHUYRLUV IRU (25 RU IRU ZDWHU IORRGLQJ >@ 7KH SHUIRUPDQFH RI WKUHH 1)
PHPEUDQHVZDVH[SHULPHQWDOO\GHWHUPLQHGZLWKUHVSHFWWRIOX[DQGLRQUHMHFWLRQXQGHUDZLGH

Ϯ


UDQJHRIIHHGS+DQGSUHVVXUHYDOXHV7KHH[SHULPHQWDOUHVXOWVZHUHODWHUXVHGIRUSUHGLFWLQJ
LRQUHMHFWLRQVDWJLYHQSUHVVXUHIOX[DQGS+XVLQJ$11
$ QXPEHU RI PDWKHPDWLFDO PRGHOV SUHGLFW LRQ WUDQVSRUW PHFKDQLVPV LQ 1) PHPEUDQHV
3UHGLFWLRQRILRQUHMHFWLRQZDVSHUIRUPHGE\UHVHDUFKHUVXVLQJ6SLHJOHU.HGHPPRGHO>
@ WR GHWHUPLQHWKHWUDQVSRUWSDUDPHWHUVUHIOHFWLRQ FRHIILFLHQW ıDQGVROXWHSHUPHDELOLW\3V
>@+RZHYHUWKHVHPRGHOVDUHPDWKHPDWLFDOO\FRPSOH[DQGUHTXLUHDGHWDLOHGNQRZOHGJHRI
PHPEUDQHFKDUDFWHUL]DWLRQDQGSHUIRUPDQFH
$UWLILFLDOQHXUDOQHWZRUN $11 IRUSUHGLFWLQJLRQUHMHFWLRQRIIHUVDPRUHDWWUDFWLYHDOWHUQDWLYH
WR6SLHJOHU.HGHPPRGHODQGKDVEHHQDSSOLHGWRSUHGLFWPHPEUDQHSHUIRUPDQFHDQGIRXOLQJ
>@5HVXOWVVKRZHGWKDWSURSHUVHOHFWLRQRILQSXWYDULDEOHVDQGQXPEHURIQHXURQVZLWKD
VHWRIWUDLQLQJGDWDKHOSWRRSWLPL]HWKH$11WUDLQLQJSURFHVVUHVXOWLQJLQDFFXUDWHSUHGLFWLRQV
RIPHPEUDQHSHUIRUPDQFH>@
7KLVUHVHDUFKSUHVHQWVDQH[SHULPHQWDODQDO\VLVRIPHPEUDQHSHUIRUPDQFHLQWHUPVRIIOX[DQG
UHMHFWLRQ XVLQJ WKUHH FRPPHUFLDOO\ DYDLODEOH 1) PHPEUDQHV 1) (61$ DQG
+<'5$&R5H ZLWKVHDZDWHUZLWKYDU\LQJS+DVIHHG6SLHJOHU.HGHPPRGHOZDVXVHGWR
GHWHUPLQHWKHUHIOHFWLRQ FRHIILFLHQWDQG VROXWHSHUPHDELOLW\RILRQV $VWHULFKLQGUDQFHSRUH
PRGHO ZDV XVHG WR GHWHUPLQH WKH SRUH VL]H RI WHVWHG PHPEUDQHV $11 ZDV XVHG WR SUHGLFW
UHMHFWLRQVDVDIXQFWLRQRISUHVVXUHS+DQGIOX[IRU&O1D0JDQG&D
 7KHRU\
7UHDWPHQW RI RLOILHOG 3: LQFOXGHV SURFHVVHV VXFK DV VHSDUDWRUV GHRLOHUV GHVDQGHUV
FRDJXODWLRQPHGLDILOWHUVDQGPHPEUDQHV(IIHFWLYH3:WUHDWPHQWJHQHUDOO\UHTXLUHVDVHULHV
RISUHWUHDWPHQWRSHUDWLRQVWRUHPRYHFRQWDPLQDQWV$IWHUDSSURSULDWHSUHWUHDWPHQWKLJKWRWDO
GLVVROYHGVROLGV 7'6 FDQEHUHPRYHGIURP3:E\UHYHUVHRVPRVLV 52 52PHPEUDQHV
KDYH QR SRUHV DQG VHSDUDWLRQ LV PDLQO\ GXH WR VROXWLRQGLIIXVLRQ +RZHYHU IRXOLQJ RI 52
PHPEUDQHVDWKLJKIHHGSUHVVXUHRSHUDWLRQLVDFKDOOHQJH1)LVDQDOWHUQDWLYHDQGLVDZHOO
HVWDEOLVKHGSURFHVVLQVHSDUDWLRQDQGSXULILFDWLRQRIVROXWLRQV1)PHPEUDQHVKDYHDSRUHVL]H
LQWKHUDQJHRIQPDQGRSHUDWHDWIHHGSUHVVXUHIURPEDUDQGKDYHKLJKHUIORZUDWHWKDQ
52DQGDUHOHVVVXVFHSWLEOHWRIRXOLQJ%\LPSOHPHQWLQJ1)PHPEUDQHWUHDWPHQWWKHHQHUJ\
FRQVXPSWLRQZLOOEHOHVVWKDQWKDWIRU52DQGLQFUHDVHVZDWHUUHFRYHU\
3HUIRUPDQFHRI1)PHPEUDQHVDVDIXQFWLRQRIS+LVDQDO\]HGE\IOX[DQGVROXWHUHMHFWLRQ
0HPEUDQH FKDUDFWHULVWLFV YDU\ ZLWK S+ >@ DQG YDULDWLRQV DUH GHSHQGHQW RQ PHPEUDQH
PDWHULDO DQG W\SH DQG FRQFHQWUDWLRQ RI VROXWH 6ROXWH VHSDUDWLRQ E\ 1) LV GXH WR FRPSOH[
ϯ


PHFKDQLVPVLQFOXGLQJ'RQQDQ>@DQGGLHOHFWULFHIIHFWVDQGVWHULFKLQGUDQFH,RQUHWHQWLRQLV
DOVRGHWHUPLQHGE\WKHGLVWULEXWLRQRIFRLRQVEHWZHHQWKHPHPEUDQHDQGVROXWLRQDFFRUGLQJWR
'RQQDQHTXLOLEULXPIRUVLQJOHVDOWVROXWLRQV>@+RZHYHUZKHQSUHVVXUHLVDSSOLHGDFURVVWKH
PHPEUDQH'RQQDQSRWHQWLDOUHSHOVFRLRQVDQGWRDFKLHYHHOHFWURQHXWUDOLW\FRXQWHULRQVDUH
DOVRUHMHFWHG7KLVLVRQHRIWKHPDLQPHFKDQLVPVGXULQJ1)VHSDUDWLRQ>@,RQVHSDUDWLRQ
DOVRRFFXUVGXHWRVLHYLQJ VWHULF HIIHFWEDVHGRQVL]HGLIIHUHQFHVEHWZHHQLRQVDQGPHPEUDQH
SRUHV+\GUDWHGLRQVZLWKODUJHVL]HDUHUHWDLQHGE\WKHPHPEUDQHZKLOHLRQVZLWKORZK\GUDWHG
UDGLXVSHUPHDWH>@
6SLHJOHU.HGHP0RGHO
6ROXWHWUDQVSRUWWKURXJKDPHPEUDQHFDQEHGHVFULEHGE\LUUHYHUVLEOHWKHUPRG\QDPLFVZKHUH
WKHPHPEUDQHLVFRQVLGHUHGDVDEODFNER[>@$FFRUGLQJWR6SHLJOHUDQG.HGHP>@DQ
H[SUHVVLRQ IRU UHODWLQJ IOX[ WR UHMHFWLRQ ZDV GHYHORSHG ZKHQ KLJK FRQFHQWUDWLRQ GLIIHUHQFH
RFFXUVEHWZHHQSHUPHDWHDQGUHMHFW (TXDWLRQDQG(TXDWLRQ 
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 ܨൌ ሺെ
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ZKHUH5REVLVWKHREVHUYHGUHMHFWLRQ-YLVZDWHUIOX[ıLVWKHUHIOHFWLRQFRHIILFLHQWDQG3V LV
VROXWHSHUPHDELOLW\
7KH SDUDPHWHUV ı DQG 3V ZDV GHWHUPLQHG E\ ILWWLQJ WKH H[SHULPHQWDO UHMHFWLRQ GDWD 5 DV D
IXQFWLRQRIIOX[-YXVLQJDEHVWILWPHWKRG7KHWUDQVSRUWSDUDPHWHUıPHDVXUHVWKHGHJUHHRI
PHPEUDQHVHPLSHUPHDELOLW\$KLJKıYDOXH ı§ LQGLFDWHVWKDWWKHVROXWHLVKLJKO\UHMHFWHG
E\WKHPHPEUDQH>@
0HPEUDQHHIILFLHQF\LVHYDOXDWHGE\PHDVXULQJIOX[-YWKURXJKWKHPHPEUDQH)OX[LVGHILQHG
DV SHUPHDWH IORZ WKURXJK D XQLW DUHD RI WKH PHPEUDQH VXUIDFH ZLWK XQLWV RI /PK DQG LV
FDOFXODWHGE\(TXDWLRQ
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ZKHUH9LVWKHSHUPHDWHYROXPHWLVWKHILOWUDWLRQWLPHDQG$LVWKHHIIHFWLYHPHPEUDQHDUHD
,RQUHMHFWLRQ5LVDQRWKHUSDUDPHWHUXVHGIRULQYHVWLJDWLQJPHPEUDQHSHUIRUPDQFHDQGVSHFLILHV
WKHFRQFHQWUDWLRQRILRQVLQWKHUHWHQWDWHRUSHUFHQWDJHRILRQVUHMHFWHGE\WKHPHPEUDQHXVLQJ
(TXDWLRQ
ϰ
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:KHUH&SDQG&IDUHSHUPHDWHDQGIHHGFRQFHQWUDWLRQVUHVSHFWLYHO\



6WHULF+LQGUDQFH3RUH 6+3 0RGHO
$FFRUGLQJWR1DNDRDQG.LPXUD>@PHPEUDQHVWUXFWXUDOSDUDPHWHUVFDQEHHVWLPDWHGXVLQJ
WKH6+3PRGHO7KLVPRGHOZDVVXFFHVVIXOO\XVHGE\PDQ\UHVHDUFKHUV>@WRGHWHUPLQH
WKHSRUHVL]HXVLQJQHXWUDODQGFKDUJHGVROXWHV7KHPRGHOH[SODLQVWUDQVSRUWRILRQVWKURXJK
F\OLQGULFDOSRUHVKLQGHUHGE\IULFWLRQDOIRUFHVDQGWKHVWHULFHIIHFWVDUHFRQVLGHUHG$FFRUGLQJ
WRWKLVPRGHOWKHPHPEUDQHSDUDPHWHUVıDQG3VDUHJLYHQDV
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'LVGLIIXVLYLW\$Nǻ[LVWKHUDWLRRIPHPEUDQHSRURVLW\WRPHPEUDQHWKLFNQHVVUVLVWKH6WRNHV
UDGLXV RI WKH VROXWH DQG US LV WKH SRUH UDGLXV 6' DQG 6) DUH WKH VWHULF KLQGUDQFH IDFWRUV IRU
GLIIXVLRQDQGFRQYHFWLRQUHVSHFWLYHO\6WRNHVUDGLXVRILRQVLVXVHGWRFDOFXODWHWKHSRUHUDGLXV
DQGLVVKRZQLQ7DEOH
7DEOH6WRNHVUDGLLRILRQV>@
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QP 

/LPLWDWLRQVRI0HPEUDQH3URFHVV%DVHG0RGHOV
3URSHU SUHGLFWLRQ RI 1) PHPEUDQH SHUIRUPDQFH LV UHTXLUHG IRU SURFHVV GHVLJQ DQG
RSWLPL]DWLRQ ,RQ UHMHFWLRQV DUH PDLQO\ SUHGLFWHG E\ 6SLHJOHU.HGHP PRGHO DQG E\ PRGHOV
ϱ


EDVHGRQ1HUQVW3ODQNHTXDWLRQ7KHIRUPHULVEDVHGRQDEODFNER[DSSURDFKWKDWDOORZVWKH
PHPEUDQHVWREHFKDUDFWHUL]HGEDVHGRQWKHWUDQVSRUWSDUDPHWHUVVXFKDVUHIOHFWLRQFRHIILFLHQW
ı DQG VROXWH SHUPHDELOLW\ 3V > @ 7KH ODWWHU PRGHO GHVFULEHV LRQ WUDQVSRUW LQ WHUPV RI
HIIHFWLYHPHPEUDQHFKDUJHGHQVLW\DQGUDWLRRIHIIHFWLYHPHPEUDQHWKLFNQHVVWRSRURVLW\>@
%RWKWKHVHPRGHOVZHUHGHYHORSHGIURP1)PHPEUDQHVSK\VLFDOSURSHUWLHVDQGSHUIRUPDQFH
DQGUHTXLUHDGHWDLOHGNQRZOHGJHRIWKHIHHGFRQGLWLRQVDQGPHPEUDQHW\SHWKDWPD\QRWEH
UHDGLO\DYDLODEOH
+RZHYHU SUHGLFWLRQ RI LRQ UHMHFWLRQ E\ $11 RQO\ UHTXLUHV UHDGLO\ DYDLODEOH LQSXWV ZLWK D
PLQLPXPXQGHUVWDQGLQJRIWKHRYHUDOOFRPSOH[LW\RIWKHPHPEUDQHSURSHUWLHV$11LVXVHU
IULHQGO\DQGVXLWDEO\DFFXUDWHIRULQGXVWULDOGHVLJQSXUSRVHV
$UWLILFLDO1HXUDO1HWZRUN $11 
$11¶V DUH FRPSXWDWLRQDO PRGHOV WKDW DFW DV SRZHUIXO WRROV WR SUHGLFW RXWSXW GDWD LQ
FRPSOLFDWHGV\VWHPVZLWKVHYHUDOLQSXWSDUDPHWHUVZLWKDFRQVLGHUDEOHUHGXFWLRQLQWLPHDQG
FRVW $11¶V DUH XVHG WR SURFHVV GDWD DQG SURYLGH LQIRUPDWLRQ XVLQJ D JURXS RI LQWHJUDWHG
SURFHVVXQLWVFDOOHGQHXURQV$11¶VDUHDGDSWLYHV\VWHPVWKDWFRXOGFKDQJHLWVVWUXFWXUHEDVHG
RQWKHLQIRUPDWLRQWKDWIORZVWKURXJKWKHQHWZRUNGXULQJWKHWUDLQLQJSKDVH7KHPXOWLOD\HU
SHUFHSWURQDUWLILFLDOQHXUDOQHWZRUNLQFOXGHVDQLQSXWOD\HUDKLGGHQOD\HUDQGDQRXWSXWOD\HU
7KHQXPEHURILQSXWOD\HUVLVWKUHHDQGFRQVLVWVRIS+SUHVVXUHDQGIOX[2XWSXWYDOXHVDUH
IRXUDQGLQFOXGH&O1D0JDQG&DUHMHFWLRQ
)HHGIRUZDUGEDFNSURSDJDWLRQQHWZRUNW\SHLVXVHGLQWKLVUHVHDUFK,QHDFKQHXURQWKHVXP
RILQSXWYDOXHVLVZHLJKWHGDQGWKHVXPLVWUDQVIHUUHGWKURXJKDWUDQVIHUIXQFWLRQ7KHWUDQVIHU
IXQFWLRQFDOFXODWHVWKHRXWSXWIURPDQLQSXWQHXURQ7KHWUDQVIHUIXQFWLRQVPDLQO\XVHGLQ$11
WRVROYHUHJUHVVLRQSUREOHPVDUHWKHK\SHUEROLFWDQJHQWVLJPRLGWUDQVIHUIXQFWLRQ WDQVLJ ORJ
VLJPRLGWUDQVIHUIXQFWLRQ ORJVLJ DQGWKHOLQHDUWUDQVIHUIXQFWLRQ SXUHOLQ 7KHQHXURQVFDQ
XVHDQ\WUDQVIHUIXQFWLRQWRFUHDWHWKHRXWSXW7KHWUDQVIHUIXQFWLRQVJHQHUDWHRXWSXWVIRUWDQVLJ
LQWKHUDQJHRII $L IRUORJVLJLQWKHUDQJHI $L DQGIRUOLQHDUIXQFWLRQ
IURPWKHUDQJHI $L ZKHUH$LLVWKHQHWLQSXW>@'LIIHUHQWQXPEHURIKLGGHQ
OD\HUV FDQEH XVHGDQGWKHQXPEHURIQHXURQVLQHDFKOD\HULV YDULHGWR ILQG WKHEHVW $11
VWUXFWXUHWRSUHGLFWLRQUHMHFWLRQ
7KH$11LQSXWVSUHVHQWWKHYDULDEOHVWKDWKDYHDQHIIHFWRQWKHSUHGLFWHGRXWSXWVVXFKDVS+
SUHVVXUHFRQFHQWUDWLRQDQGPHPEUDQHW\SH$OOWKHVHLQSXWVDUHUHODWHGWRLRQUHMHFWLRQWKH

ϲ


$11RXWSXWLQWKLVUHVHDUFK7KHVWUXFWXUHRIWKHQHXUDOQHWZRUNXVHGWRSUHGLFWLRQUHMHFWLRQ
LQWKLVUHVHDUFKLVVKRZQLQ)LJXUH


)LJXUH$Q$11FRQILJXUDWLRQZLWKQHXURQVLQWKHKLGGHQOD\HU
7KHRXWSXWOD\HUVKRXOGKDYHIRXUQHXURQVVLQFHWKHQXPEHURIRXWSXWVLVIRXU7KHVHOHFWHG
WUDLQLQJ DOJRULWKP LV /HYHQEHUJ0DUTXDUGW 7KHUH DUH PDLQO\ IRXU VWHSV LQYROYHG LQ $11
PRGHOLQJWKDWLQFOXGHVFROOHFWLQJWKHWUDLQLQJGDWDIRULQSXWDQGRXWSXWVHOHFWLQJWKHQHWZRUN
GHVLJQWUDLQLQJWKHQHWZRUNDQGQHWZRUNVLPXODWLRQ7KHPRVWLPSRUWDQWSKDVHRIEXLOGLQJWKH
$11PRGHOLVQHWZRUNWUDLQLQJ'XULQJWKHWUDLQLQJSKDVHWKHGDWDVXSSOLHGZLOOEHGLYLGHG
LQWRWKUHHVHFWLRQVWKDWLQFOXGHWKHWUDLQGDWDYDOLGDWLRQGDWDDQGWHVWGDWD7KHWUDLQLQJSURFHVV
PLQLPL]HVWKHHUURUUHODWHGWRWKHGHYLDWLRQVRIWKH$11SUHGLFWLRQVIURPWKHWDUJHWYDOXHVDQG
LVFDOFXODWHGDVPHDQVTXDUHHUURU 06( 7KHYDOXHRI06(LVFDOFXODWHGXVLQJ(TXDWLRQ
>@
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ZKHUHWLGHQRWHVWKHLWKWDUJHWYDOXHDLLVWKHSUHGLFWHGYDOXHDQGQLVWKHQXPEHURIGDWD
7KHRSWLPXPQHXUDOQHWZRUNVWUXFWXUHZDVVHOHFWHGEDVHGRQWKHVPDOOHVWGLIIHUHQFHEHWZHHQ
WKHSUHGLFWHGYDOXHVDQGWKHH[SHULPHQWDOGDWDRULQRWKHUZRUGVWKHQHXUDOQHWZRUNZLWKWKH
ϳ


OHDVW 06( DQG KLJKHVW 5LV VHOHFWHG 5 LV WKHVWDWLVWLFDO FRHIILFLHQW RI GHWHUPLQDWLRQ DQG D
YDOXHKLJKHUWKDQLVFRQVLGHUHGDFFHSWDEOH
 ([SHULPHQWDO0HWKRGV
1)0HPEUDQHV
7KUHHFRPPHUFLDO1)PHPEUDQHVZHUHLQYHVWLJDWHGLQWKLVVWXG\1LWWR+\GUDQDXWLFV(61$
+<'5$&R5H DQG 'RZ )LOPWHF 1) 7DEOH  VXPPDUL]HV WKH PHPEUDQH VSHFLILFDWLRQV
DFFRUGLQJWRWKHPDQXIDFWXUHUV(61$DQG)LOPWHF1)KDYHDSRO\DPLGHVNLQOD\HURQD
SRO\VXOSKRQHSRO\HVWHUVXSSRUWOD\HU
7DEOH0HPEUDQHVSHFLILFDWLRQVDFFRUGLQJWRPDQXIDFWXUHV
0HPEUDQH

0DWHULDO

$UHDP

3HUPHDWHIORZUDWH
PGD\

(61$

&RPSRVLWHSRO\DPLGH





+<'5$&R5H 

6XOSKRQDWHG









SRO\HWKHUVXOIRQH
)LOPWHF1)

&RPSRVLWHSRO\DPLGH

0ROHFXODU:HLJKW&XWRIILV'DOWRQDFFRUGLQJWRWKHPDQXIDFWXUHV

0D[LPXPRSHUDWLQJSUHVVXUHDQGWHPSHUDWXUHLVEDUDQG&DQGWKHS+UDQJHLV
IRUDOOWKUHHPHPEUDQHV
([SHULPHQWDO6HWXS
7KH H[SHULPHQWDO VHWXS FRQVLVWV RI PHPEUDQH PRGXOHV OLVWHG LQ 7DEOH  RQH PHPEUDQH
RSHUDWHG DW D WLPH 0HPEUDQHV ZHUH ILUVW VWDELOL]HG E\ ZDVKLQJ ZLWK SXUH ZDWHU IRU
DSSUR[LPDWHO\KRXUVDWÛ&DQGEDU0HPEUDQHVZHUHRSHUDWHGLQDFURVVIORZPRGHDW
URRPWHPSHUDWXUHZLWKRSHUDWLQJSUHVVXUHIURPEDUWREDU)HHGVHDZDWHUZDVSUHWUHDWHG
WKURXJKDPDQGDPFDUWULGJHILOWHU7KHUHWHQWDWHDQGSHUPHDWHVWUHDPVZHUHUHWXUQHG
WR WKH IHHG WDQN VHFXULQJ LGHQWLFDO IHHG FRQFHQWUDWLRQV 6DPSOHV IURP ERWK VWUHDPV ZHUH
FROOHFWHGDQGDQDO\]HG7KHPHPEUDQHVWDELOL]DWLRQWLPHIRUHDFKH[SHULPHQWDOUXQDWGLIIHUHQW
IHHG S+ ZDV  PLQXWHV DW DOO WHVWHG RSHUDWLQJ SUHVVXUHV )OX[ WKURXJK WKH PHPEUDQH ZDV
FDOFXODWHGE\PHDVXULQJWKHSHUPHDWHIORZUDWHWKURXJKWKHDFWLYHPHPEUDQHDUHD7KHIORZ
UDWHZDVPHDVXUHGLPPHGLDWHO\DIWHUPLQXWHV7KUHHWULDOVZHUHSHUIRUPHGIRUHDFKS+YDOXH
DQGWKHPHPEUDQHVZHUHSURGXFLQJIRUKRXUVIRUHDFKWULDO

ϴ


)HHG6ROXWLRQVDQG$QDO\WLFDO,QVWUXPHQWV
([SHULPHQWVVKRXOGEHSHUIRUPHGZLWKGHRLOHG3:ZLWKKLJK7'6IRUSUHFLVHFDOFXODWLRQV
+RZHYHUIRUHDVHRIH[SHULPHQWDODQDO\VLVWKHH[SHULPHQWVZHUHSHUIRUPHGE\YDU\LQJWKHS+
LQVHDZDWHUZLWKLRQLFFRPSRVLWLRQDVVKRZQLQ7DEOH,WZDVDVVXPHGWKDWWKHIHHGVHDZDWHU
XVHGIRUWKHH[SHULPHQWVFDQEHFRQVLGHUHGDVGLOXWHGGHRLOHG3:ZLWKQRFROORLGVRUVFDOLQJ
LRQV SUHVHQW 7KXV WKH HIIHFW RI FROORLGDO IRXOLQJ DQG FRQFHQWUDWLRQ SRODUL]DWLRQ GXULQJ
PHPEUDQHSHUIRUPDQFHLVQRWFRQVLGHUHG3:FRPSRVLWLRQIURPWKH9DOKDOOILHOGLQWKH1RUWK
6HD>@LVOLNHZLVHGLVSOD\HGWRFRPSDUHWKHLRQLFFRQFHQWUDWLRQVEHWZHHQ3:DQGVHDZDWHU
7KHLRQVDUHLGHQWLFDOLQERWK3:DQGVHDZDWHUWKRXJKWKHLRQFRQFHQWUDWLRQVGLIIHU6FDOLQJ
LRQVVXFKDVEDULXPDQGVWURQWLXPZHUHQRWSUHVHQWLQWKHIHHGVHDZDWHU
7DEOH&RPSRVLWLRQVRIPDMRULRQVLQ3:DQGVHDZDWHULQPRO/
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3:FRPSRVLWLRQIRU9DOKDOOILHOG>@
6HDZDWHUFRPSRVLWLRQIURPLRQFKURPDWRJUDSK\ ,& DQDO\VLV

([SHULPHQWVZHUHFDUULHGRXWZLWKSUHILOWHUHGVHDZDWHUDWSSP7'6DQGFRQGXFWLYLW\
RIP6FPS+RIVHDZDWHUZDVDGMXVWHGEHWZHHQDQGE\DGGLQJDQDO\WLFDOJUDGH
+&ODQG1D2+IHHGS+YDOXHVZHUHXVHGDQG
([SHULPHQWVZHUHDOVRSHUIRUPHGZLWKQRUPDOVHDZDWHUZLWKS+1R+&ORU1D2+ZDVDGGHG
DWS+
&RQGXFWLYLW\VDOLQLW\WHPSHUDWXUHDQG7'6ZHUHPHDVXUHGXVLQJ7'6PHWHUVWR collection
CO3100N. S+ ZDV PHDVXUHG XVLQJ VWR Phenomenal pH 1100L. ,RQ FRQFHQWUDWLRQV ZHUH
PHDVXUHGXVLQJ,& 'LRQH[,&6'3 


ϵ


0HPEUDQH&OHDQLQJ
6XLWDEOHPHPEUDQHFOHDQLQJZDVSHUIRUPHGZLWKWDSZDWHUDIWHUHDFKH[SHULPHQW)OXVKLQJZDV
FRQWLQXHGXQWLOFOHDQZDWHUPHPEUDQHIOX[UHWXUQHGWRLWVLQLWLDOIOX[S+DQGFRQGXFWLYLW\RI
UHFLUFXODWHG ZDWHU ZHUH FRQWLQXRXVO\ PRQLWRUHG WR FRQILUP WKDW QR IRXOLQJ RFFXUUHG RQ WKH
PHPEUDQH&KHPLFDOFOHDQLQJZDVSHUIRUPHGXVLQJ$TXD3UR0HPEUDQHFOHDQHUIRUUHPRYDO
RIPHWDOK\GUR[LGHV&D&2DQGRWKHUW\SHVRIVFDOLQJ
 5HVXOWVDQG'LVFXVVLRQV
(IIHFWRI)HHGS+RQ)OX[RU0HPEUDQH3HUPHDELOLW\
0HPEUDQHSHUIRUPDQFHDWYDULRXVIHHGS+YDOXHVZDVLQWHUSUHWHGE\DQDO\]LQJIOX[WKURXJK
WKH PHPEUDQH )OX[ DV D IXQFWLRQ RI WUDQVPHPEUDQH SUHVVXUH IRU WKUHH 1) PHPEUDQHV LV
UHSUHVHQWHGLQVHYHUDOILJXUHV)LJXUHVKRZVWKHHIIHFWRIS+RQIOX[ZLWKLQFUHDVLQJRSHUDWLQJ
SUHVVXUHIRU(61$


)LJXUH)OX[YHUVXVSUHVVXUHIRU(61$DWGLIIHUHQWS+
'DWDSUHVHQWHGLQWKHJUDSKVDUHDYHUDJHYDOXHVIURPWKUHHWULDOV)LJXUHVKRZVWKDWWKHORZHVW
IOX[ZDV/PKDWS+ZLWKDQRSHUDWLQJSUHVVXUHRIEDU%HORZWKLVS+IOX[LPSURYHG
WR/PKDWEDUIRUS++RZHYHUZKHQFRPSDULQJWKHPHPEUDQHSHUIRUPDQFHLQDOO
WHVWHGS+YDOXHVSRUHVL]HVKULQNDJHRFFXUUHGVLJQLILFDQWO\DWDFLGLFFRQGLWLRQV+LJKHVWIOX[
ϭϬ


ZDVREVHUYHGZKHQQRUPDOVHDZDWHUSHUPHDWHGWKURXJKWKHPHPEUDQHDWS++LJKIOX[ZDV
REVHUYHG DW EDVLF S+ IRU DOO SUHVVXUHV )OX[ LQFUHDVHG OLQHDUO\ DW DOO LQGLYLGXDO S+ ZLWK DQ
LQFUHDVHLQSUHVVXUHFRQILUPLQJWKDWQRPHPEUDQHIRXOLQJRFFXUUHGGXULQJWKHH[SHULPHQWV
)LJXUHGLVSOD\VIOX[YHUVXVSUHVVXUHIRU+<'5$&R5H/RZIOX[ZDVREVHUYHGDWDFLGLFS+
DQGDPDMRUFKDQJHLQIOX[ZDVQRWREVHUYHGGXULQJWKHHQWLUHWHVWHGS+YDOXHV



)LJXUH)OX[YHUVXVSUHVVXUHIRU+<'5$&R5HZLWKYDU\LQJS+
)OX[YHUVXVSUHVVXUHIRU1)LVSUHVHQWHGLQ)LJXUH0LQLPXPIOX[ZDVREWDLQHGDW
S+$QLQFUHDVHLQIOX[ZDVREVHUYHGZLWKDQLQFUHDVHLQIHHGS+

ϭϭ



)LJXUH)OX[YHUVXVSUHVVXUHIRU1)
)OX[ IRU HDFK PHPEUDQH YDULHV ZLWK WKH W\SH RI IHHG ZDWHU DQG LQFUHDVHV ZLWK LQFUHDVLQJ
SUHVVXUHV 0D[LPXP IOX[ ZDV DWWDLQHG DW S+  ZLWK QRUPDO VHDZDWHU DV IHHG IRU DOO WKUHH
PHPEUDQHV7KLVFRQILUPVWKDWWKHVHPHPEUDQHVDUHGHVLJQHGWRSURGXFHPD[LPXPIOX[ZKHQ
VHDZDWHULVXVHGDVIHHG
+LJKHVWIOX[ZDV/PKREVHUYHGIRU(61$DVSUHVHQWHGLQ)LJXUHDQGLQGLFDWHVPRUH
RSHQSRUHVIRU(61$FRPSDUHGWR+<'5$&R5HDQG1)(61$DQG1)PHPEUDQHV
KDYHDSRO\DPLGHVNLQOD\HU+RZHYHUWKH\KDYHGLIIHUHQWGHJUHHVRIFURVVOLQNLQJWKDWJLYHV
ULVH WR GLIIHUHQW VXUIDFH SURSHUWLHV UHVXOWLQJ LQ GLIIHUHQW IOX[ DQG LRQ UHMHFWLRQ SDWWHUQ DV D
IXQFWLRQRIS+3RO\DPLGH1)PHPEUDQHVFRQVLVWRIERWKFDUER[\OJURXS Ł&22 DQGDPLQR
JURXSV Ł1+ DQGH[KLELWSRVLWLYHDQGQHJDWLYHVXUIDFHFKDUJHVGHSHQGLQJRQS+$WDFLGLF
FRQGLWLRQV SURWRQDWLRQ RI DPLQH RFFXUV Ł1+ ĺ Ł1+  UHVXOWLQJ LQ LQFUHDVHG SRUH VL]H
WKHUHE\LQFUHDVLQJIOX[7KLVH[SODLQVDVOLJKWSHDNLQIOX[LQDQDFLGLFHQYLURQPHQWDWS+LQ
)LJXUH  $W KLJK S+ SRO\DPLGH PHPEUDQH PDWUL[ DSSHDUV WR EH PRUH H[SDQGHG GXH WR
GHSURWRQDWLRQRIFDUER[\OJURXS Ł&22+ĺŁ&22 UHVXOWLQJLQKLJKHUIOX[DVLQWKHFDVHRI
(61$DQG1)
+<'5$&R5HPHPEUDQHVDUHPDGHRIVXOIRQDWHGSRO\HWKHUVXOIRQHDQGKDYHí62 JURXSVLQ
WKH SRO\PHULF VXOIRQH 7KLV LV TXLWH VWDEOH GXHWR DWWUDFWLRQ RI UHVRQDWLQJ HOHFWURQV EHWZHHQ
ϭϮ


DGMDFHQWDURPDWLFJURXSVDQGWKHSUHVHQFHRIUHSHDWLQJSKHQ\OHQHULQJVFUHDWHVWHULFKLQGUDQFH
WR WKH URWDWLRQ >@ %RWK WKHVH FKDUDFWHULVWLFV OHDG WR PROHFXODU LPPRELOLW\ DQG ZLGH S+
WROHUDQFH>@)LJXUHDOVRFRQILUPVWKDWSHUPHDELOLW\RI+<'5$&R5HZDVTXLWHVWDEOHRYHU
WKHWHVWHGS+UDQJHH[FHSWIRUDVOLJKWLQFUHDVHLQIOX[IRUQRUPDOVHDZDWHUDWS+
(IIHFWRI)HHGS+RQ,RQ5HMHFWLRQ
7KHUHWHQWLRQRIFKDUJHGLRQVGHSHQGVRQLRQYDOHQF\FRQFHQWUDWLRQFKDUJHGHQVLW\VXUIDFH
FKDUJH DQG FKHPLFDO QDWXUH RI WKH JURXSV SUHVHQW RQ WKH PHPEUDQH VXUIDFH ,QGLYLGXDO LRQ
FRQFHQWUDWLRQVDWGLIIHUHQWSUHVVXUHVDQGS+YDOXHVLQUHMHFWDQGSHUPHDWHZHUHPHDVXUHGIRU
(61$+<'5$&R5HDQG1)$QLQFUHDVHLQLRQUHMHFWLRQZLWKDQLQFUHDVHLQSUHVVXUH
ZDVREVHUYHGLQDOOVDPSOHV
 5HMHFWLRQRI0RQRYDOHQW,RQV
'LIIHUHQWPHPEUDQHVVKRZHGGLIIHUHQWUHMHFWLRQSDWWHUQVHYHQZLWKVPDOOS+FKDQJHVZKLFK
FRXOGEHGXHWRGLIIHUHQWVXUIDFHFKDUDFWHULVWLFVRIWKHWKUHHWHVWHGPHPEUDQHV)LJXUHDQG
)LJXUHGLVSOD\UHMHFWLRQRI&O DQG1DDWGLIIHUHQWIHHGS+ YDOXHVZLWKLQFUHDVLQJSUHVVXUH
IRU(61$


)LJXUH&OUHMHFWLRQIRU(61$

ϭϯ



)LJXUH1DUHMHFWLRQZLWKYDU\LQJS+IRU(61$
)LJXUHDQG)LJXUHSUHVHQWORZLRQUHMHFWLRQVRI1DDQG&O LQ EDVLFHQYLURQPHQW,WZDV
REVHUYHGWKDWZKHQIOX[LQFUHDVHGLRQUHMHFWLRQGHFUHDVHG,Q)LJXUHDIOX[PLQLPXPDWS+
ZDVREVHUYHGZKHUHDVDSHDNLQUHMHFWLRQDWWKHVDPHS+IRU1DDQG&OZDVREVHUYHGLQ
)LJXUHDQG)LJXUH
)LJXUHDQG)LJXUHVKRZWKHUHMHFWLRQRI&ODQG1DZLWK+<'5$&R5H

ϭϰ



)LJXUH&OUHMHFWLRQIRU+<'5$&R5HDWGLIIHUHQWIHHGS+


)LJXUH1DUHMHFWLRQDWGLIIHUHQWIHHGS+IRU+<'5$&R5H
ϭϱ


1DDQG&OUHMHFWLRQE\+<'5$&R5HVKRZVLPLODUSDWWHUQV$VOLJKWGHFUHDVHLQIOX[ZLWK
+<'5$&R5H ZDV REVHUYHG DW S+  +RZHYHU D SHDN LQ PRQRYDOHQW LRQ UHMHFWLRQV ZDV
REVHUYHGDWS+7KHUHVXOWVFRQILUPWKDW'RQQDQSRWHQWLDOLQIOXHQFHVLRQUHMHFWLRQ,Q)LJXUH
DWS+DSHDNLQ1DUHMHFWLRQLVREVHUYHGZKLFKFRXOGEHHLWKHUGXHWRSRUHVL]HUHGXFWLRQ
RUE\UHSXOVLRQE\WKHSRVLWLYHFKDUJHRIWKHPHPEUDQH7RPDLQWDLQHOHFWURQHXWUDOLW\DWS+
PRUH&OLVUHMHFWHGDFFRUGLQJWR)LJXUH
0RQRYDOHQWLRQUHMHFWLRQIRU1)LVGLVSOD\HGLQ)LJXUHDQG)LJXUH


)LJXUH&OUHMHFWLRQDWGLIIHUHQWIHHGS+IRU1)

ϭϲ



)LJXUH1DUHMHFWLRQDWGLIIHUHQWIHHGS+IRU1)
,WKDVEHHQFRQILUPHGWKDWWKHLVRHOHFWULFSRLQWIRU1)LVFORVHWRS+DQGVDOWUHMHFWLRQLV
PLQLPXPDWS+>@7KHSHUIRUPHGH[SHULPHQWVFRQILUPHGWKDW1DDQG&OUHMHFWLRQVZHUH
ORZDWS+IRU1)FORVHWRWKHLVRHOHFWULFSRLQW
 5HMHFWLRQRI0XOWLYDOHQW,RQV
)LJXUH)LJXUHDQG)LJXUHSUHVHQWWKHUHMHFWLRQRI0JIRU(61$+<'5$&R5(DQG
1)PHPEUDQHV

ϭϳ



)LJXUH0JUHMHFWLRQDWGLIIHUHQWIHHGS+IRU(61$
+LJKHVW0JUHMHFWLRQZDVREVHUYHGDWWKHORZHVWWHVWHGS+RIIRU(61$7KLVFRQILUPV
WKDWWKHPHPEUDQHLVKLJKO\SRVLWLYHO\FKDUJHGDWDFLGLFFRQGLWLRQVDQGSRVLWLYHFKDUJHVDUH
UHGXFHG ZLWK LQFUHDVLQJ S+ YDOXHV 5HMHFWLRQ RI PRUH SRVLWLYHO\ FKDUJHG 0J UHVXOWHG LQ
SHUPHDWLRQ RI PRUH 1D WKURXJK WKH PHPEUDQH WR PDLQWDLQ HOHFWURQHXWUDOLW\ EHWZHHQ WZR
SKDVHV RI WKH PHPEUDQH 7KLV PHDQV ORZ UHMHFWLRQ RI 1D DW DFLGLF S+ 7KLV H[SODLQV WKH
FRPSDUDWLYHO\ORZUHMHFWLRQRI1DLQ)LJXUH


ϭϴ



)LJXUH0JUHMHFWLRQDWGLIIHUHQWIHHGS+IRU+<'5$&R5H


)LJXUH0JUHMHFWLRQDWGLIIHUHQWIHHGS+IRU1)
ϭϵ


)LJXUH)LJXUHSUHVHQWLRQUHMHFWLRQVDVDIXQFWLRQRIS+62LVJHQHUDOO\QRWSUHVHQWLQ
3:DQGLVQRWHYDOXDWHGLQWKLVUHVHDUFK5HVXOWVVKRZWKDWLRQUHMHFWLRQE\+<'5$&R5HZDV
OHVVWKDQIRUDOOLRQVFRQILUPLQJWKDWWKHHIIHFWRIS+RQ+<'5$&R5HZDVZHDNRUOHVV
DWDOOS++LJKHVW0JUHMHFWLRQZDVREVHUYHGDWS+IRU1)DQGGHFUHDVHGWR
DWS+7KHUHZDVRQO\DVOLJKWHIIHFWRISUHVVXUHRQ0JUHMHFWLRQVIRU(61$DQG1)
VLQFHWKHUHMHFWLRQZDVDOPRVWWKHVDPHDWDOORSHUDWLQJSUHVVXUHVZKHUHDVDVOLJKWLQFUHDVH
LQ0JUHMHFWLRQZDVREVHUYHGIRU+<'5$&R5H
)LJXUHVKRZVWKHUHMHFWLRQRI&DIRU(61$7KHKLJKHVW&DUHMHFWLRQZDVREVHUYHGDW
ORZS+$GHSUHVVLRQLQUHMHFWLRQRI&DZDVREVHUYHGEHWZHHQS+DQGS+7KHUHMHFWLRQ
LQFUHDVHGDWS+ QRUPDOVHDZDWHU DQGVOLJKWO\GHFUHDVHGDWS+!



)LJXUH&DUHMHFWLRQREVHUYHGIRU(61$DWGLIIHUHQWIHHGS+
'XULQJ PHPEUDQH SHUIRUPDQFH HOHFWURVWDWLF UHSXOVLRQ EHWZHHQ WKH PHPEUDQH DQG FDWLRQV
GHWHUPLQHVLRQUHMHFWLRQ:KHQ1D&DDQG0JDUHSUHVHQWLQWKHIHHGFRLRQUHMHFWLRQ
FRPSHWLWLRQRFFXUV,RQVZLWKORZK\GUDWLRQHQHUJ\DQGKLJKPRELOLW\DUHSURQHWRSHUPHDWH
DQG1DZLWKORZHVWK\GUDWLRQIUHHHQHUJ\SDVVHVHDVLO\WKURXJKWKHPHPEUDQHWREDODQFHWKH
FKDUJHRQERWKVLGHV&DKDVKLJKHUK\GUDWLRQHQHUJ\WKDQ1DEXWORZHUWKDQ0J+HQFH
0JZLOOEHUHMHFWHGPRUHWKDQ&DDVFRQILUPHGE\)LJXUHDQG)LJXUH+\GUDWLRQIUHH
ϮϬ


HQHUJ\RI1D&DDQG0JDUH.-PRO.-PRODQG.-PROUHVSHFWLYHO\
>@6LPLODUUHMHFWLRQIRU&DZDVREVHUYHGIRU+<'5$&R5HDQG1)
)OX[DQGUHMHFWLRQVDWGLIIHUHQWS+YDOXHVPD\EHFDXVHGE\VHYHUDOPHFKDQLVPVRUFRPELQDWLRQ
RIPHFKDQLVPV7KHVHLQFOXGHFKDQJHLQSRUHVL]HGXHWRFKDQJHLQFRQIRUPDWLRQRIWKHFURVV
OLQNHGSRO\PHUVWUXFWXUHRIWKHPHPEUDQHRUPHPEUDQHVZHOOLQJRUVKULQNDJHGLIIHUHQFHLQ
RVPRWLFSUHVVXUHGXHWRDGGLWLRQRI+&ORU1D2+FKDQJHVLQHOHFWURYLVFRXVHIIHFWUHVXOWLQJLQ
YDULDWLRQLQZDWHUSHUPHDELOLW\FRLRQDQGFRXQWHULRQLQWHUDFWLRQV'RQQDQHIIHFWVWHULFRU
VLHYLQJHIIHFWFRQYHFWLRQDQGGLIIXVLRQ
 3RUH5DGLXV US &DOFXODWLRQVXVLQJ6SLHJOHU.HGHPDQG6+30RGHOV
&KDUDFWHUL]DWLRQRIWKHPHPEUDQHSK\VLFRFKHPLFDOSURSHUWLHVVXFKDVFRQWDFWDQJOHVVXUIDFH
PRUSKRORJLHVDQGPHPEUDQHVXUIDFH]HWDSRWHQWLDOVDUHJHQHUDOO\PHDVXUHGWRGHWHUPLQHWKH
YDULDWLRQV LQ LRQ UHMHFWLRQV DQG IOX[SHUPHDWLRQ ,QWKLVUHVHDUFKPHPEUDQHSHUIRUPDQFHDW
GLIIHUHQWS+YDOXHVKDVEHHQDQDO\]HGE\YDULDWLRQVLQUSFDOFXODWHGXVLQJ6SLHJOHU.HGHPDQG
6+3PRGHOVZKHUHWKHVLQJOHLQGHSHQGHQWYDULDEOHDSSURDFKZDVXVHG
7KHPHPEUDQHWUDQVSRUWSDUDPHWHUVıDQG3VRIHDFKLRQZDVFDOFXODWHGE\ILWWLQJIOX[YHUVXV
UHMHFWLRQLQ(TXDWLRQVDQGIRUWKHWKUHHWHVWHGPHPEUDQHV7RH[SODLQWKHGLIIHUHQFHLQSRUH
VL]H0JLVFKRVHQDV DUHIHUHQFHVLQFHWKH6WRNHVUDGLXV DQGK\GUDWLRQHQHUJ\RI0JLV
KLJKHVWZKHQFRPSDUHGWRRWKHULRQVSUHVHQWLQVHDZDWHUDQGLVDGLYDOHQWFDWLRQDQGWKXVZLOO
EH DWWUDFWHG E\ WKH PHPEUDQH VXUIDFH 7DEOH  VKRZV UHIOHFWLRQ FRHIILFLHQWV DQG VROXWH
SHUPHDELOLWLHVRI0JIRUWKHWKUHHWHVWHGPHPEUDQHVDWDOOREVHUYHGS+YDOXHV










Ϯϭ


7DEOH5HIOHFWLRQFRHIILFLHQWDQGVROXWHSHUPHDELOLW\RI0JDWYDU\LQJS+
S+

(61$

)LOP7HF

+<'5$&R5H

ı  
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 A

9DULDWLRQVLQSRUHVL]HZLWKS+IRUDOOPHPEUDQHVZLWKUHVSHFWWR0JZDVFDOFXODWHGXVLQJ
6+3PRGHOE\DSSO\LQJıDQG3VRQ(TXDWLRQVIRUWKHWKUHH1)PHPEUDQHV7KHUHVXOWHG
USIRUWKHWKUHHPHPEUDQHVDUHSUHVHQWHGLQ)LJXUH


ϮϮ



)LJXUH9DULDWLRQVLQUSZLWKS+RQD (61$E +<'5$&R5HF 1)
7KHUHVXOWVFRQILUPWKDWZKHQS+LVYDULHGSRUHVL]HZDVUHGXFHGDWDFLGLFS+LUUHVSHFWLYHRI
WKHW\SHRIPHPEUDQHUHVXOWLQJLQGHFUHDVHGIOX[DQGLQFUHDVHGLRQUHMHFWLRQ7KHRULJLQDOUSLV
DVVXPHGWREHDWS+ZKHQQRUPDOVHDZDWHUZDVXVHGDVIHHGVLQFHDOOWKHWKUHH1)PHPEUDQHV
DUHGHVLJQHGWRRSHUDWHZLWKVHDZDWHU$FFRUGLQJWR)LJXUHUSLVORZHVWDWS+DQGKLJKHVW
DWS+IRU(61$:KHQUSLVORZHVWIOX[LVDWDPLQLPXPZLWKLQFUHDVHGUHMHFWLRQ+RZHYHU
WKHUHLVDGHYLDWLRQLQIOX[DQGUHMHFWLRQEHKDYLRUIRU(61$0LQLPXPIOX[ZDVREVHUYHGDW
S+ZLWKDSHDNLQLRQUHMHFWLRQVDWWKHVDPHS+:KLOHFRPSDULQJWKHGLIIHUHQFHLQSRUH
VL]HVZLWKS+LWVKRXOGEHQRWHGWKDWIRU(61$DQG1)WKHHIIHFWRIS+ZDVPRUHGLVWLQFW
)RU(61$USGHFUHDVHGIURPQPWRQPZKLOHIRU1)USGHFUHDVHGIURPQP
WRQP
(IIHFWRI3:S+RQ Smart Water3URGXFWLRQ
5HVXOWVREWDLQHGFRQILUPWKDWIHHGZDWHUZLWKYDU\LQJS+FDQEHWUHDWHGZLWK1)PHPEUDQHV
WRSURGXFHSHUPHDWHZLWKPRGLILHGLRQLFFRPSRVLWLRQ)OX[LVKLJKZKHQIHHGS+LVEDVLF%DVLF
S+KDVWKHDGYDQWDJHRISHUPHDWLQJPRUHGLYDOHQWLRQVZKLFKDUHDGYDQWDJHRXVIRUFDUERQDWH
UHVHUYRLUVDQGLVFRQILUPHGE\)LJXUHDQG)LJXUH7KHVHILJXUHVVKRZWKDWZKHQ3:IHHG
S+ZDVKLJKPRUH0JSHUPHDWHGWKURXJKWKHPHPEUDQH$SRZHUFRQVXPSWLRQDQDO\VLVRQ

Ϯϯ


WKHSURGXFWLRQRISmart WaterIURPGHRLOHG3:IRUERWKFDUERQDWHDQGVDQGVWRQHUHVHUYRLUV
KDVSUHYLRXVO\EHHQFRQILUPHG>@
0RGHOLQJ,RQ5HMHFWLRQXVLQJ$11
,QWKLVUHVHDUFKRSHUDWLQJSUHVVXUHS+DQGIOX[DUHFRQVLGHUHGDVYDULDEOHVDQGXVHGDVLQSXWV
WRWKH$11QHWZRUN7KHQXPEHURIQHXURQVLQHDFKOD\HULVYDULHGIRUWKHWKUHH1)PHPEUDQHV
WRILQGWKHEHVW$11VWUXFWXUHWRSUHGLFWLRQUHMHFWLRQ7KHKLGGHQOD\HULQFOXGHVVHYHQQHXURQV
ZLWKWDQVLJPRLGIXQFWLRQ06(FDOFXODWLRQVZHUHSHUIRUPHGDIWHUHDFKLWHUDWLRQWRGHWHUPLQH
WKHEHVWSRVVLEOHRXWSXWDQGSHUIRUPDQFHRIWKHQHXUDOQHWZRUN6LQFHWKHGDWDZHUHUDQGRPO\
VHOHFWHGIRUHYHU\VHWRIQHXURQVWKHQHWZRUNZDVUXQVHYHUDOWLPHV
,RQUHMHFWLRQVDUHREWDLQHGDVRXWSXWVDQG WKHLQSXWGDWDVHWRIVDPSOHVHDFKIRU WKHWKUHH
WHVWHG1)PHPEUDQHVZHUHGLYLGHGLQWRWKUHHVHWVUDQGRPO\RIWKHGDWDVHW VDPSOHV 
ZHUHUHJDUGHGDV WUDLQ GDWDRI WKHGDWDVHW DVYDOLGDWLRQDQGRIWKHGDWDVHW ZDV
UHJDUGHGIRUWHVWGDWD VDPSOHVHDFK 7KHUHJUHVVLRQSORWIRU(61$ZLWKQHXURQVLQWKH
KLGGHQOD\HULVSUHVHQWHGLQ)LJXUH


)LJXUH5HJUHVVLRQSORWEHWZHHQWKHH[SHULPHQWDODQGSUHGLFWHGUHMHFWLRQYDOXHVIRU(61$
ZLWKQHXURQVLQWKHKLGGHQOD\HU
Ϯϰ


)LJXUHGLVSOD\VWKHQHWZRUNRXWSXWVZLWKUHVSHFWWRWDUJHWVXVHGIRUWUDLQLQJYDOLGDWLRQDQG
WHVW7KHUHJUHVVLRQSORWVKRZVWKDWWKH5YDOXHLVIRUWUDLQLQJFRQILUPLQJWKDWWKHQHXUDO
QHWZRUNLVZHOOWUDLQHGZLWKVDPSOHV7KHGDWDVKRXOGIDOODORQJWKHOLQHIRUDSHUIHFW
ILWZKHUHWKH$11RXWSXWVDUHHTXDOWRWKHWDUJHWYDOXHVSURYLGHG5YDOXHIRUWHVWGDWDLVDOVR
JUHDWHUWKDQFRQILUPLQJWKDW$11SUHGLFWHGUHMHFWLRQYDOXHVDQGH[SHULPHQWDOYDOXHVDUH
LQFORVHDJUHHPHQWZKLFKVLJQLILHVWKHDELOLW\RI$11LQSUHGLFWLQJPDMRULRQUHMHFWLRQVLIIOX[
S+DQGSUHVVXUHDUHDYDLODEOH
,QWKLVZRUN VHYHQQHXURQVZHUHVHOHFWHGZLWK WKHKLJKHVW DFFXUDF\ DQG ZHUHFRPSDUHGE\
FKDQJLQJ WKH WUDQVIHU IXQFWLRQ EHWZHHQ WDQVLJ ORJVLJ DQG SXUOLQ IXQFWLRQV 7R RSWLPL]H WKH
QHXUDOQHWZRUNDUFKLWHFWXUHWKHFRPSXWDWLRQVVWDUWHGZLWKRQHQHXURQDVWKHLQLWLDOJXHVVDQG
WKH QXPEHU RI QHXURQV ZDV LQFUHDVHG DIWHU FDOFXODWLQJ WKH 06( DFFRUGLQJ WR (TXDWLRQ 
3HUIRUPDQFHRI$11PRGHOZLWKVRPHVHOHFWHGQHWZRUNVWUXFWXUHVLVSUHVHQWHGLQ7DEOH
7DEOH3HUIRUPDQFHRI$11ZLWKGLIIHUHQWQHXURQDQGWUDQVIHUIXQFWLRQV
1RRI
0HPEUDQHV

QHXURQV
LQHDFK
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OD\HU
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)LOPWHF





   

+<'5$&R5H





   

,WZDVFRQILUPHGWKDWWDQVLJWUDQVIHUIXQFWLRQZRUNVEHVWIRUSUHGLFWLQJLRQUHMHFWLRQFRPSDUHG
WRORJVLJDQGSXUHOLQWUDQVIHUIXQFWLRQV7KHRSWLPDOQXPEHURIQHXURQVLQWKHKLGGHQOD\HU
Ϯϱ


ZDVFKRVHQ PDUNHGLQEROGLQ7DEOH DIWHUFDOFXODWLQJ5DQG06(IRUDOOIRXULRQVWHVWHG$
KLGGHQQHXURQOD\HURIDQGDOVRSURYLGHGDERYHIRU(61$DQG1)EXWDQHXURQ
FRPELQDWLRQRISURYLGHGKLJKHVW5IRUDOOWKUHHPHPEUDQHVDQGOHDVW06(IRULRQUHMHFWLRQ
$11DSSURDFKLVGDWDGULYHQDQGKHQFHLVVSHFLILFIRUDSDUWLFXODUPHPEUDQH
&RQFOXVLRQV
$11TXDQWLWDWLYHO\SUHGLFWHGWKHLRQUHMHFWLRQZLWKRXWXVLQJDQ\PHPEUDQHSURSHUWLHVVXFKDV
SRUHUDGLXVHIIHFWLYHPHPEUDQHWKLFNQHVVDQGPHPEUDQHFKDUJHGHQVLW\$11LVFRQVLGHUHG
DVDVLPSOHDSSURDFKIRUPXOWLSOHYDULDEOHVFRPSDUHGWRPHPEUDQHSURFHVVPRGHOV$QRYHUDOO
DJUHHPHQWZDVREWDLQHGIRU$11SUHGLFWLRQVDQGH[SHULPHQWDOUHVXOWVIRUDOOWKUHHWHVWHG1)
PHPEUDQHV
$VLJQLILFDQWFKDQJHLQUHMHFWLRQZDVREVHUYHGHYHQZLWKVPDOOS+FKDQJHV)RUGLYDOHQWLRQV
DFKDQJHLQUHMHFWLRQZDVREYLRXVEHWZHHQDFLGLFDQGDONDOLQHHQYLURQPHQWV)OX[ZDVKLJKHU
LQWKHEDVLFHQYLURQPHQW:KHQIOX[LQFUHDVHGZLWKDQLQFUHDVHLQS+WKHUHMHFWLRQRIFKDUJHG
LRQVWHQGVWRGHFUHDVH+LJKHVWIOX[ZDVREVHUYHGIRU(61$LQGLFDWLQJDODUJHUSRUHVL]HWKDQ
IRU+<'5$&R5HDQG1)$VKDUSGHFUHDVHLQ0JUHMHFWLRQZDVREVHUYHGLQWKHEDVLF
HQYLURQPHQWIRU(61$DQG1),WZDVFRQILUPHGWKDWSRUHVL]HGHFUHDVHGZLWKDGHFUHDVH
LQIHHGS+XVLQJ6SLHJOHU.HGHPDQG6+3PRGHOV
2EWDLQHGUHVXOWVFDQEHLPSOHPHQWHGLQLQGXVWULDOVFDOHXSIRUSUHGLFWLQJZDWHUUHFRYHU\DQG
LRQVUHMHFWLRQZKHQ3:RURWKHUVDOWZDWHUZLWKYDU\LQJS+LVWUHDWHGE\PHPEUDQHV7KHVH
ILQGLQJV DUH FUXFLDO IRU RSWLPDO PHPEUDQH V\VWHP GHVLJQ DQG IRU D GHILQHG LRQ UHMHFWLRQ DV
UHTXLUHGIRUSmart WaterSURGXFWLRQIRU(25LQFDUERQDWHDQGVDQGVWRQHUHVHUYRLUVS+RI3:
FDQEHDGMXVWHGDFFRUGLQJO\IRUUHTXLUHGLRQFRPSRVLWLRQLQWKHSHUPHDWH)RULQGXVWULDO3:
DSSOLFDWLRQV WKH $11 DSSURDFK WR SUHGLFW 1) LRQ UHMHFWLRQ FDQ EH XVHG SURYLGHG SODQW
RSHUDWLQJ FRQGLWLRQV GDWD IRU VHOHFWHG IHHG FRPSRVLWLRQV DUH DYDLODEOH UHVXOWLQJ LQ WLPH DQG
HIIRUWVDYLQJV
6\PEROV
5REV



2EVHUYHGUHMHFWLRQ

ı



5HIOHFWLRQFRHIILFLHQW

3V



6ROXWH3HUPHDELOLW\&RHIILFLHQWPV
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9



3HUPHDWHYROXPH/

W



)LOWUDWLRQWLPHK
Ϯϲ



$



(IIHFWLYHPHPEUDQHDUHDP

6'6) 

6WHULF+LQGUDQFH)DFWRUVIRU'LIIXVLRQDQG)LOWUDWLRQ)ORZ

'



'LIIXVLYLW\RILWKLRQPV

UV



6WRNHVUDGLXVQP

US



3RUHUDGLXVQP

$Nǻ[ 

5DWLRRI0HPEUDQH3RURVLW\WR0HPEUDQH7KLFNQHVV

&I



)HHGFRQFHQWUDWLRQPJ/

&S



3HUPHDWHFRQFHQWUDWLRQPJ/

&F

5HWHQWDWHFRQFHQWUDWLRQVPJ/

WL



LWKWDUJHWYDOXH

DL



3UHGLFWHGYDOXH

Q



1XPEHURIGDWD



6WDWLVWLFDOFRHIILFLHQWRIGHWHUPLQDWLRQ

5




$FNQRZOHGJPHQW
7KH

DXWKRUV

DFNQRZOHGJH

WKH

5HVHDUFK

&RXQFLO

RI

1RUZD\

DQG

WKH

LQGXVWU\SDUWQHUV&RQRFR3KLOOLSV6NDQGLQDYLD$6$NHU%3$6$(QL1RUJH$67RWDO( 3
1RUJH $6(TXLQRU $6$ 1HSWXQH (QHUJ\ 1RUJH $6 /XQGLQ 1RUZD\ $6 +DOOLEXUWRQ $6
6FKOXPEHUJHU 1RUJH$6:LQWHUVKDOO1RUJH$6 DQG'($1RUJH $6RI7KH1DWLRQDO ,25
&HQWUHRI1RUZD\IRUVXSSRUW
5()(5(1&(6


>@ 1RUZHJLDQ2LODQG*DVLQGXVWU\(QYLURQPHQWDOZRUNE\WKH2LODQG*DV,QGXVWU\)DFWV
DQGGHYHORSPHQWWUHQGV
>@ 7$XVWDG:DWHUEDVHG(25LQFDUERQDWHVDQGVDQGVWRQH1HZFKHPLFDOXQGHUVWDQGLQJ
RIWKH(25SRWHQWLDOXVLQJ6PDUWZDWHULQEnhanced Oil Recovery Field Case Studies
6KHQJ-(G*XOI3URIHVVLRQDO3XEOLVKLQJ+RXVWRQ7;SS
>@ 66WUDQG(-+¡JQHVHQDQG7$XVWDG:HWWDELOLW\DOWHUDWLRQRIFDUERQDWHV(IIHFWVRI
SRWHQWLDOGHWHUPLQLQJLRQV &DDQG62 DQGWHPSHUDWXUHColloids and Surfaces A:
Physicochem. Eng.Aspects, YROSS

Ϯϳ


>@ 551DLU(3URWDVRYD66WUDQGDQG7%LOVWDG0HPEUDQHSHUIRUPDQFHDQDO\VLVIRU
VPDUWZDWHUSURGXFWLRQIRUHQKDQFHGRLOUHFRYHU\LQFDUERQDWHDQGVDQGVWRQHUHVHUYRLUV
Energy and Fuels, YROSS
>@ 5 1DLU ( 3URWDVRYD 6 6WUDQG DQG 7 %LOVWDG 3URGXFHG ZDWHU WUHDWPHQW ZLWK
PHPEUDQHV IRU HQKDQFHG RLO UHFRYHU\ LQ FDUERQDWH DQG VDQGVWRQH UHVHUYRLUV
Proceedings of IOR 2017-19th European Symposium on Improved Oil Recovery,
Stavanger, Norway, QR'2,$SULO
>@ -35D\DQG5)(QJHOKDUGW3URGXFHG:DWHU7HFKQRORJLFDOHQYLURQPHQWDOLVVXHVDQG
VROXWLRQV
>@ 0 5HHG DQG 6 -RKQVHQ 3URGXFHG :DWHU(QYLURQPHQWDO LVVXHV DQG PLWLJDWLRQ
WHFKQRORJLHV
>@ 73XQWHUYROGDQG7$XVWDG,QMHFWLRQRIVHDZDWHUDQGPL[WXUHVZLWKSURGXFHGZDWHU
LQWR 1RUWK 6HD FKDON )RUPDWLRQ ,PSDFW RQ ZHWWDELOLW\ VFDOH IRUPDWLRQ DQG URFN
PHFKDQLFVFDXVHGE\IOXLGURFNLQWHUDFWLRQSPE 111237, 
>@ 2.HGHPDQG$.DWFKDOVN\3HUPHDELOLW\RIFRPSRVLWHPHPEUDQHV3DUW(OHFWULF
&XUUHQW YROXPH IORZ DQG IORZ RI VROXWHV WKURXJK PHPEUDQHV Transactions of the
Faraday Society, SS
>@2 .HGHP DQG $ .DWFKDOVN\ 7KHUPRG\QDPLFDO DQDO\VLV RI WKH SHUPHDELOLW\ RI
ELRORJLFDOPHPEUDQHVWRQRQHOHFWURO\WHVBiochimica et Biophysica Acta, SS

>@&.'LZDUD6/R05XPHDX03RQWLH DQG26DUU$SKHQRPHQRORJLFDOPDVV
WUDQVIHUDSSURDFKLQQDQRILOWUDWLRQRIKDOLGHLRQVIRUDVHOHFWLYHGHIOXRULQDWLRQRIEUDFNLVK
GULQNLQJZDWHUJournal of Membrane Science, SS
>@= 0XUWK\ DQG 6 *XSWD (VWLPDWLRQ RI PDVV WUDQVIHU FRHIILFLHQW XVLQJ D FRPELQHG
QRQOLQHDUPHPEUDQHWUDQVSRUWDQGILOPWKHRU\PRGHODesalination, QRSS


Ϯϴ


>@0'RUQLHU0'HFORX[*7U\VWUDPDQG$/HEHUW'\QDPLFPRGHOLQJRIFURVVIORZ
PLFURILOWUDWLRQXVLQJQHXUDOQHWZRUNVJournal of Membrane Science, 9ROVS

>@+ $O=RXEL 1 +LODO 1 'DUZLVK DQG $ 0RKDPPDG 5HMHFWLRQ DQG PRGHOLQJ RI
VXOSKDWHDQGSRWDVVLXPVDOWVE\QDQRILOWUDWLRQPHPEUDQHV1HXUDOQHWZRUNDQG6SLHJOHU
.HGHPPRGHODesalination, SS
>@: %RZHQ 0 -RQHV DQG + <RXVHI '\QDPLF XOWUDILOWUDWLRQ RI SURWHLQV $ QHXUDO
QHWZRUNDSSURDFKJournal of Membrane Science, SS
>@6%DQGLQL-'UHLDQG'9H]]DQL7KHUROHRIS+DQGFRQFHQWUDWLRQRQWKHLRQUHMHFWLRQ
LQSRO\DPLGHQDQRILOWUDWLRQPHPEUDQHVJournal of Membrane Science, SS
>@)'RQQDQ7KHRU\RIPHPEUDQHHTXLOLEULDDQGPHPEUDQHSRWHQWLDOVLQWKHSUHVHQFHRI
QRQGLDO\VLQJHOHFWURO\WHV$FRQWULEXWLRQWRSK\VLFDOFKHPLFDOSK\VLRORJ\Journal of
Membrane Science, QRSS
>@: 5 %RZHQ $ : 0RKDPPDG DQG 1 +LODO &KDUDFWHULVDWLRQ RI QDQRILOWUDWLRQ
PHPEUDQHV IRU SUHGLFWLYH SXUSRVHV 8VH RI VDOWV XQFKDUJHG 6ROXWHV DWRPLF IRUFH
PLFURVFRS\Journal of Membrane Science, SS
>@-6FKDHS&9DQGHFDVWHHOH:0RKDPPDGDQG5%RZHQ0RGHOLQJWKHUHWHQWLRQRI
LRQLFFRPSRQHQWVIRUGLIIHUHQWQDQRILOWUDWLRQPHPEUDQHVSeparation and Purification
Technology 22-23, SS
>@. 6SLHJOHU DQG 2 .HGHP 7KHUPRG\QDPLFV RI K\SHUILOWUDWLRQ UHYHUVH RVPRVLV 
&ULWHULDIRUHIILFLHQWPHPEUDQHVDesalination, SS
>@6, 1DNDR DQG 6 .LPXUD 0RGHOV RI PHPEUDQH WUDQVSRUW SKHQRPHQD DQG WKHLU
DSSOLFDWLRQVIRUXOWUDILOWUDWLRQGDWDJournal of Chemical Engineering of Japan, 
>@;:DQJ77VXUX6L1DNDRDQG6.LPXUD7KHHOHFWURVWDWLFDQGVWHULFKLQGUDQFH
PRGHOIRUWKHWUDQVSRUWRIFKDUJHGVROXWHVWKURXJKQDQRILOWUDWLRQPHPEUDQHVJournal of
Membrane Science, SS

Ϯϵ


>@;/ :DQJ 7 7VXUX 0 7RJRK 6, 1DNDR DQG 6 .LPXUD (YDOXDWLRQ RI SRUH
VWUXFWXUH DQG HOHFWULFDO SURSHUWLHV RI QDQRILOWUDWLRQ PHPEUDQHV Journal of Chemical
Engineering of Japan, 
>@5 %RZHQ DQG : 0RKDPPDG 'LDILOWUDWLRQ E\ QDQRILOWUDWLRQ 3UHGLFWLRQ DQG
RSWLPL]DWLRQAIChE Journal, QRSS
>@:%RZHQ-6:HOIRRWDQG3:LOOLDPV/LQHDUL]HGWUDQVSRUWPRGHOIRUQDQRILOWUDWLRQ
'HYHORSPHQWDQG$VVHVVPHQWAIChE Journal, 
>@0+%HDOH07+DJHQDQG+'HPXWK1HXUDOQHWZRUNVWWRROER[ 70 8VHUVJXLGH
7KH0DWK:RUNV,QF
>@0&KHU\DQ8OWUDILOWUDWLRQDQGPLFURILOWUDWLRQKDQGERRN86$&5&3UHVV
>@00DQWWDUL$3LKODMDPDNLDQG01\VWURP(IIHFWRIS+RQK\GURSKLOLFLW\DQGFKDUJH
DQGWKHLUHIIHFWRQWKHILOWUDWLRQHIILFLHQF\RI1)PHPEUDQHVDWGLIIHUHQWS+Journal of
Membrane Science, SS
>@%7DQVHO6LJQLILFDQFHRIWKHUPRG\QDPLFDQGSK\VLFDOFKDUDFWHULVWLFVRQSHUPHDWLRQRI
LRQVGXULQJPHPEUDQHVHSDUDWLRQ+\GUDWHGUDGLXVK\GUDWLRQIUHHHQHUJ\DQGYLVFRXV
HIIHFWVSeparation and Purification Technology 86, SS



ϯϬ


Appendices

Appendix 4 – Paper IV

Paper IV
Implementation of Spiegler - Kedem and Steric
Hindrance Pore Models for Analyzing Nanofiltration
Membrane Performance for Smart Water
Production
Remya Ravindran Nair, Evgenia Protasova, Skule Strand,
Torleiv Bilstad
Membranes, 2018, 8 (3), 78
DOI:org/10.3390/membranes8030078

85

membranes
Article

Implementation of Spiegler–Kedem and Steric
Hindrance Pore Models for Analyzing Nanoﬁltration
Membrane Performance for Smart Water Production
Remya R. Nair 1, *, Evgenia Protasova 1 , Skule Strand 2 and Torleiv Bilstad 1
1
2

*

Department of Chemistry, Bioscience and Environmental Engineering, University of Stavanger,
Kjell Arholmsgate 41, 4036 Stavanger, Norway; evgy.pro@gmail.com (E.P.); torleiv.bilstad@uis.no (T.B.)
Department of Energy and Petroleum Engineering, University of Stavanger, Kjell Arholmsgate 41,
4036 Stavanger, Norway; skule.strand@uis.no
Correspondence: remya.nair@uis.no

Received: 8 August 2018; Accepted: 31 August 2018; Published: 6 September 2018




Abstract: A predictive model correlating the parameters in the mass transfer-based model
Spiegler–Kedem to the pure water permeability is presented in this research, which helps to
select porous polyamide membranes for enhanced oil recovery (EOR) applications. Using the
experimentally obtained values of ﬂux and rejection, the reﬂection coefﬁcient σ and solute
permeability Ps have been estimated as the mass transfer-based model parameters for individual ions
in seawater. The reﬂection coefﬁcient and solute permeability determined were correlated with the
pure water permeability of a membrane, which is related to the structural parameters of a membrane.
The novelty of this research is the development of a model that consolidates the various complex
mechanisms in the mass transfer of ions through the membrane to an empirical correlation for a given
feed concentration and membrane type. These correlations were later used to predict ion rejections of
any polyamide membrane with a known pure water permeability and ﬂux with seawater as a feed
that aids in the selection of suitable nanoﬁltration (NF) for smart water production.
Keywords: nanoﬁltration; Spiegler–Kedem model; steric hindrance pore model; ion rejection;
reﬂection coefﬁcient; solute permeability; pure water permeability

1. Introduction
Nanoﬁltration (NF) membranes are pressure driven and selectively separate ions from mixed
electrolyte solutes with low energy requirements compared to other desalination technologies.
Smart water can be produced by modifying the ionic composition of seawater [1]. Smart water
for EOR in carbonate and sandstone reservoirs require different ionic compositions depending on
reservoir properties. Divalent ion-rich brine is required for carbonates, whereas a salinity of less than
5000 ppm is preferred for sandstones [1]. Production of smart water from seawater using membranes
and the resulting power consumption was discussed in detail in our previous research [2]. However,
selection of suitable membranes for smart water production is an extensive process. Thus, predicting
membrane ion rejection limited to a couple of steps will avoid intensive membrane experiments.
Application of mathematical models to predict NF membrane performance for selective ion
rejection is important for the optimal design and operation of NF membranes for smart water
production. However, most modeling studies to date have considered only very dilute solutions and
typically containing two or three types of ions. Modeling of concentrated solutions with multi-feed
ions, such as seawater, predicts NF performance realistically with regard to industrial applications.
Spiegler–Kedem is a mass transfer-based model that relates ﬂux to the concentration difference
of a solute for a given membrane and solvent properties. The experimental data of ﬂux versus
Membranes 2018, 8, 78; doi:10.3390/membranes8030078
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rejection for individual ions for different membranes is used to validate a model. The model is
developed using the estimated equation parameters or transport parameters in the Spiegler–Kedem
model and is correlated to the structural parameters of a membrane using a steric hindrance pore
model. This approach simpliﬁes membrane performance prediction for a given feed ionic composition
and provides a consolidated approach to various interacting phenomena that are difﬁcult to deﬁne
mathematically for mass transport. For the correlations predicted in this research, the model ﬁtting is
carried out for a given feed concentration with a certain membrane type (polyamide) so that active
mechanisms for all the membranes are similar and can be easily understood. The proposed correlations
can be used for predicting ion rejection, thereby aiding the selection of suitable NF membranes for
smart water production administered to both carbonate and sandstone reservoirs.
The principal objective of this research is to develop a predictive model to quantify the selectivity
of porous polyamide membranes with high feed concentrations for smart water production. To develop
such a model, membrane transport parameters and effective pore size were determined using the
Spiegler–Kedem model and a steric-hindrance pore model.
2. Theory
2.1. Nanoﬁltration Membranes
NF membranes permit preferential transport of ions. Separation processes are differentiated based
on membrane pore sizes. NF membranes have pore sizes between 0.1 and 1 nm [3] with a molecular
weight cut off (MWCO) of 100–5000 Da [4]. Mass transfer through NF includes convection and
solution-diffusion [5]. NF selectively separates divalent and monovalent ions. This is mainly due
to the strong dependence on the operating parameters, pressure, and feed concentrations, and on
the membrane structural parameters such as pore radius and the ratio of membrane porosity to
membrane thickness, Ak /Δx. The separation mechanisms also depend on the hydrophilic/hydrophobic
characteristics of the membrane [6].
The performance of the membranes is generally measured in terms of rejection R and ﬂux Jv .
Rejection is a measure of the membrane’s ability to reject a solute. Membrane rejection is calculated
using Equation (1).


Cp
R = 1−
(1)
Cf
where Cp and Cf are the permeate and feed concentrations, respectively.
Flux Jv (Lm−2 h−1 ) is calculated using Equation (2)
Jv =

V
t×A

(2)

where V is the volume of the permeate collected in a given time interval t, and A is the membrane area.
2.2. Spiegler–Kedem Model
Transport of solutes through a charged membrane can be described using the principles of
non-equilibrium thermodynamics where the membrane is considered a black box. This approach
allows the membranes to be characterized in terms of only the reﬂection coefﬁcient σ and solute
permeability Ps . In a two-component system consisting of solute and water with ﬂux Jv , the solute ﬂux
Js is related by three membrane coefﬁcients [7]:
1.
2.
3.

The hydraulic permeability Lp .
The solute permeability Ps .
The reﬂection coefﬁcient σ.
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The relation between Jv and Js and the membrane coefﬁcients is given by Equations (3) and (4) as
introduced by Kedem and Katchalsky [8].
JV = L p (ΔP − σΔπ )

(3)

Js = Ps ΔCs + (1 − σ) Jv Cm

(4)

where ΔCs = Cm − Cp , and Cm is the solute concentration at the membrane surface. ΔP is the pressure
difference between the feed and permeate, and Δπ is the osmotic pressure difference of the two ﬂuids.
According to Equation (4), the solute ﬂux is the sum of diffusive and convective terms. Transport of the
solute by convection is due to an applied pressure gradient across the membrane. The concentration
difference on the membrane side and the permeate results in transport by diffusion.
When a high concentration difference exists between the retentate and the permeate,
the Spiegler–Kedem model can be used [5], as in this research. The solute permeability coefﬁcient Ps
and reﬂection coefﬁcient σ can be obtained by ﬁtting experimental values of solute rejection versus
ﬂux, according to the Spiegler–Kedem model as represented by Equations (5) and (6).
Robs = σ

(1 − F )
1 − σF

where
F = exp (−

1−σ
J
Ps v)

(5)

(6)

F is a dimensionless parameter that depends on the reﬂection coefﬁcient, solvent ﬂux, and solute
permeability coefﬁcient. The reﬂection coefﬁcient represents the rejection capability of a membrane.
No rejection occurs when σ = 0 and 100% rejection occur when σ = 1 [9]. Also, σ can be considered to
represent the maximum rejection at an inﬁnite volume ﬂux.
Permeability can be deﬁned as the ﬂux of a solute or solvent through the membrane per unit
driving force. Ps is the overall solute permeability coefﬁcient.
The Spiegler–Kedem model is based on irreversible thermodynamics to describe transport when
the membrane structure and transport mechanism within the membrane is not fully understood [10].
The Spiegler–Kedem model is generally applied when there are no electrostatic interactions between
the solute and the membrane such as when the membrane is uncharged or when the solute is neutral.
NF membranes are mostly negatively or positively charged. Many authors have used this model with
charged NF membranes [6,11] and suggested that σ and Ps depend on the effective membrane charge
and concentration of the feed solution. The effect of membrane charge is, however, neglected in this
research for analyzing membrane performance at high feed concentrations.
The following assumptions were made while using the Spiegler–Kedem model in this research:
(1)
(2)
(3)

The driving forces are pressure and concentration gradients.
The model predicts the transport of the solute and solvent through the membrane irrespective of
the type of solute, charge, solvent, and membrane.
Membrane fouling and membrane sensitivity towards chemicals such as chlorine, effects of
temperature, and pH are not considered.

2.3. Steric Hindrance Pore Model (SHP)
Structural parameters of the membranes were estimated using the SHP model developed
by Nakao and Kimura [12] for the separation of aqueous solutions of a single organic solute by
ultraﬁltration membranes and was later successfully used for NF membranes by researchers such
as Wang et al. [13]. According to the model, transport of spherical ions through cylindrical pores
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hindered by frictional forces and the steric effect are considered. Following this model, the membrane
parameters σ and Ps are given as
(7)
σ = 1 − S F {1 + (16/9)q2 }
Ps = D × SD ( Ak/Δx)

(8)

where
S D = (1 − q )2

(9)

2

S F = 2(1 − q ) − (1 − q )
and
q=

4

(10)

rs
rp

(11)

where SD and SF are the steric hindrance factors for diffusion and convection respectively. D is
diffusivity, Ak /Δx is the ratio of membrane porosity to membrane thickness, rs is the Stokes radius
of the solute, and rp is the pore radius. The Stokes radii used for calculations [14,15] are presented in
Table 1.
Table 1. Stokes radii of major ions used for calculations [14,15].
Ions

Cl−

Na+

SO4 2−

Ca2+

Mg2+

Stokes Radius (nm)

0.121

0.184

0.231

0.310

0.348

The stability of membranes is usually tested to assure the reliability of the experiments. This is
mainly performed by measuring the pure water permeability (Lp = Jv /ΔP) of the membranes. The pure
water permeability Lp is also expressed by Hagen–Poiseuille in the pore model and is deﬁned as
L P = r2p (

Ak
)/8μ
Δx

(12)

where μ is the viscosity.
3. Experimental Methods
Experiments were performed with a lab-scale membrane unit consisting of low-pressure and
high-pressure pumps, a pressure valve, a pressure gauge, and two preﬁlters with 20 μ and 5 μ pore size
as pre-treatment units upstream of the NF. One membrane is operated at a time and the retentate and
permeate were recirculated to a 100 L feed tank to retain identical feed concentrations. The experiments
were performed at room temperature with pure water and seawater. The applied pressure across the
membranes ranged from 9 bar to 18 bar. Three trials were performed for each membrane with both
pure water and seawater as feed. Pre-ﬁltered seawater used for membrane experiments had total
dissolved solids (TDS) of 30,400 mg/L, conductivity of 47.5 mS/cm, and pH at 7.9.
Prior to the experiments, the membranes were washed with pure water to remove any membrane
preservatives. Eight different membranes with spiral wound conﬁgurations from two manufacturers
(Nitto Hydranautics, Oceanside, CA, USA and Dow Filmtec, Oceanside, CA, USA) were used for
the experiments and the membrane characteristics are provided in Table 2. NF 270 and SR 90 were
from Dow Filmtec while all other six membranes were from Nitto Hydranautics. These commercially
available membranes were negatively charged since their surface layers were made of polyamide or
sulfonated polysulphone.
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Table 2. Membrane characteristics as provided by the suppliers.
Membranes

HYDRACoRe10

HYDRACoRe50

Material

Sulphonated Polyethersulfone

pH range
Area (m2 )

2–11
2.3

NF 270

SR 90

ESNA

NANO-SW

LFC3

HYDRApro501

Composite Polyamide
3–10
2.6

2–10

3–9

2–10.6
2.3

2–11

MWCO of HYDRACoRe10 and HYDRACoRe50 are 3000 and 1000 Daltons, respectively.

Individual ion concentrations in the feed, permeate, and retentate was measured using ion
chromatography (DionexTM ICS-5000+ DP, from Thermo Fisher Scientiﬁc, Waltham, MA, USA).
TDS and conductivity were measured using a TDS meter VWR collection CO3100N and pH by
VWR Phenomenal pH 1100 L (both from VWR International Limited, Leicestershire, UK)
All membranes, except for HYDRApro 501, had a maximum operating temperature of 45 ◦ C.
For HYDRApro 501, the operating temperature was pressure dependent: 41 bar at 65 ◦ C and 14 bar at
90 ◦ C. Maximum operating pressure for the rest of the membranes ranged from 41–41.6 bar according
to the manufacturers.
Pure water permeability (Lp ) was experimentally determined by plotting ﬂux Jv versus
transmembrane pressure ΔP and is represented by Lm−2 h−1 bar−1 . The slope corresponding to
each linear line determined the pure water permeability [10]. The hydraulic properties of the studied
membranes were analyzed by measuring water ﬂux as a function of pressure. Membrane water
permeability was evaluated after achieving a steady-state condition with stable ﬂux after operating the
membranes for about 30 min.
4. Results and Discussion
4.1. Pure Water Permeability
Figure 1 shows the dependency of operating pressure on ﬂux through eight membranes. A linear
relation was obtained for water ﬂux as a function of operating pressure. According to Figure 1, the pure
water permeability of the membranes decreased in the sequence HYDRACoRE 10 > ESNA > NF 270
> HYDRACoRe 50 > SR 90 > NANO-SW > LFC3 > HYDRApro 501.

Figure 1. Pure water ﬂux as a function of operating pressure for eight different membranes.

LFC3 is a reverse osmosis membrane while HYDRApro 501 is used speciﬁcally for industrial
applications with difﬁcult feed streams, according to the manufactures. The permeabilities of these
two membranes were lowest among the tested membranes. Thus, only pure water permeability
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experiments were performed for LFC3 and HYDRApro 501 membranes and these two membranes
were not considered for further calculations of membrane transport parameters.
Relatively high ﬂux was obtained for the other six membranes. High ﬂuxes of these NF membranes
at low pressure conﬁrmed that NF membranes can be used as in energy saving compared to reverse
osmosis membranes. Table 3 shows the water permeability of membranes when pure water and
seawater were used as the feed.
Table 3. The permeability of membranes with different feed solutions.
Membranes

Pure Water (L m−2 h−1 bar−1 )

Seawater (L m−2 h−1 bar−1 )

HYDRACoRe 10
ESNA
NF 270
HYDRACoRe 50
SR 90
NANO-SW
LFC3
HYDRApro 501

13.56
10.52
9.38
5.15
4.46
3.27
2.85
1.32

9.5
7.9
6.1
3.8
3.3
1.9
-

Lp of the tested membranes did not vary throughout the experiments. Hence, the membranes
could be considered stable during the experimental period.
The effect of feed concentrations on the membrane ﬂux was evident from the difference in water
permeability between the two solutions in Table 3. Pure water permeability was highest through
HYDRACoRe10, suggesting more open pores compared to the other tested membranes.
4.2. Calculation of σ, Ps , and rp Based on the Spiegler–Kedem and SHP Models
Experimental results for rejection and ﬂux during permeation experiments with seawater were
calculated using Equations (1) and (2). First, the transport parameters σ and Ps for each ion were
estimated using a nonlinear least squares method by ﬁtting the Spiegler–Kedem model by plotting
rejection versus ﬂux for six membranes. Coefﬁcients selected were with above 95% conﬁdence bounds.
Second, the pore radius based on individual ion rejection data for every membrane was determined
from its membrane parameter σ based on the steric hindrance pore model (SHP) using Equations (7),
(10), and (11). The value for rp (determined as = rs /q) were calculated using the Stokes radius of the
solute (rs ) as presented in Table 1.
Membrane parameters were estimated by ﬁtting rejection versus ﬂux using the Spiegler–Kedem
equation. Figure 2 shows the dependency of the real rejection on volume ﬂux for Na+ for NANO-SW.
The data points present the rejection values from the experiment and the solid line shows the values
calculated using the Spiegler–Kedem equation with the best-ﬁtted σ and Ps . Figure 2 shows that the
theoretical curves are in close agreement with experimental values.

Figure 2. Rejection versus ﬂux (m s-1 ) for Na+ for NANO-SW.
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The effective membrane pore radius for each ion was calculated from the transport parameters σ
and Ps based on the SHP model when seawater was used as the feed and is presented in Table 4.
Table 4. Calculated σ, Ps , and average rp for ions for all tested membranes.
Ions

σ (−)

Ps (m s−1 )

q

rp (nm)

Cl−
Na+
SO4 2−
Ca2+
Mg2+

0.14
0.14
0.66
0.29
0.24

3.023 × 10−5
1.701 × 10−5
6.211 × 10−6
1.953 × 10−5
1.26 × 10−5

0.30
0.29
0.69
0.44
0.40

0.41
0.63
0.34
0.71
0.86

NF 270

Cl−
Na+
SO4 2−
Ca2+
Mg2+

0.18
0.19
0.97
0.41
0.45

2.105 × 10−5
1.521 × 10−6
5.341 × 10−7
1.879 × 10−5
6.154 × 10−6

0.34
0.35
0.93
0.53
0.56

0.35
0.52
0.25
0.58
0.62

SR 90

Cl−
Na+
SO4 2−
Ca2+
Mg2+

0.36
0.25
0.99
0.82
0.92

4.241 × 10−6
7.313 × 10−6
4.859 × 10−7
1.474 × 10−6
3.276 × 10−7

0.50
0.41
0.96
0.79
0.85

0.24
0.45
0.24
0.39
0.41

HYDRACoRe10

Cl−
Na+
SO4 2−
Ca2+
Mg2+

−0.01
0.03
0.16
0.15
0.05

−4.844 × 10−7
3.115 × 10−5
1.728 × 10−5
7.254 × 10−5
5.447 × 10−5

0.13
0.32
0.31
0.16

1.42
0.73
0.99
2.15

HYDRACoRe50

Cl−
Na+
SO4 2−
Ca2+
Mg2+

0.17
0.24
0.67
0.32
0.38

1.329 × 10−5
1.538 × 10−5
3.849 × 10−6
5.928 × 10−6
1.417 × 10−5

0.33
0.40
0.70
0.47
0.51

0.37
0.46
0.33
0.67
0.68

NANO-SW

Cl−
Na+
SO4 2−
Ca2+
Mg2+

0.37
0.29
0.99
0.88
0.93

9.045 × 10−7
4.439 × 10−6
3.298 × 10−8
2.171 × 10−6
3.471 × 10−7

0.50
0.44
0.96
0.84
0.88

0.24
0.42
0.24
0.37
0.40

Membranes

ESNA

Table 4 shows that reﬂection coefﬁcients and solute permeability vary for each ion. The pore radii
of these membranes were calculated using the Stokes radius of each ion. It was earlier reported by
Luo and Wan [16] that the rp of NF 270 is 0.43 nm. The pore size of NF 270 was previously determined
using atomic force microscopy by Hilal et al. [17] and suggested to be between 0.47–0.99 nm with
a mean of 0.71 nm. An average pore size of 0.47 nm was determined for NF 270 using the SHP model
in this research. The calculated pore size of NF 270 was in the same range as recorded by several
researchers conﬁrming the validity of the calculations. The results show that for these membranes,
a pore size distribution was more likely than a ﬁxed pore size, and the identiﬁcation of an effective
pore radius does not indicate the presence of geometrically deﬁned pores in NF membranes.
According to Table 4, polyamide membranes showed better rejection for divalent ions since
the reﬂection coefﬁcient was high for divalent ions compared to monovalent ions. According to
the obtained results, the Spiegler–Kedem model was able to ﬁt the experimental data of ﬂux versus
rejection for all ions and for all membranes except for HYDRACoRe 10. For HYDRACoRe 10, negative
Cl− reﬂection coefﬁcients were obtained for all performed trials with the model. This could be due to
the very low rejection of Cl− or probably a negative rejection of Cl− even though it was not observed
during experiments. Negative rejection implies that the system has more Cl− in the permeate compared
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to the feed. Negative rejection of an ion occurs when a higher concentration of that ion is present in
the smaller permeate volume relative to the larger feed volume. Negative rejection is observed mostly
at low operating pressures [18]. The results show that HYDRACoRe 10 membrane has a larger pore
size than the usual NF range which explains the poor ion separation of HYDRACoRe 10.
Table 4 shows that membranes with larger pore sizes had lower reﬂection coefﬁcients. In other
words, membranes with higher pure water permeability had lower individual ion reﬂection coefﬁcients.
A relative pore size comparison was performed with Mg2+ since it is a divalent cation with the highest
Stokes radius compared to other ions tested for pore radius calculations, along with the fact that Mg2+
is attracted by the negatively charged membrane (unlike SO4 2− ) and would therefore permeate the
membrane easily if the pore size was appropriately large for the ion. Hence, with respect to Mg2+ ,
the pore size of the tested membranes was in the sequence HYDRACoRe 10 > ESNA > HYDRACoRe 50
> NF 270 > SR 90 > NANO-SW.
However, the high feed concentrations and the ionic interactions that occurred among unaccounted
ions and major ions in seawater, along with the interactions between ions and the membrane, added to
the overall complexity in separation mechanisms of NF membranes. This provides a challenge to any
model based on high feed concentrations.
4.3. Selection of NF Membranes for Smart Water Production Using a Predictive Model
The ionic composition required for smart water depends mainly on the type of reservoir.
For carbonate reservoirs, an NF membrane with a high rejection of divalent ions and low monovalent
ion rejection should be selected. For sandstone reservoirs, low salinity is preferred. Thus, a membrane
with moderate ﬂux will be suitable, which results in low divalent ion permeation.
According to Equation (12), pure water permeability is a parameter that combines the structural
properties of the membrane and is used as a critical parameter that determines the ion rejection of
a membrane. The only other property that inﬂuences water permeability is the feed viscosity, as shown
in Equation (12). During the experiments, the structural parameters remained the same provided
temperature and pH of the feed are controlled. Several researchers [19,20] have established that
temperature and pH affect the pore size and change the ﬂux. In this research, the difference in viscosity
between pure water and seawater was neglected when Lp was used for correlating the reﬂection
coefﬁcient and solute permeability of membranes.
Thus, according to Equation (12), pure water permeability was directly related to the structural
parameters such as effective membrane pore radius, and to Ak / Δx (ratio of membrane porosity to
membrane thickness). It can be inferred that the transport parameters of a solute are related to the
structural properties of a speciﬁc membrane, as shown in Equations (7)–(11). Knowing the transport
parameters, it is possible to predict the rejection (Robs ) of a membrane using the Spiegler–Kedem model.
4.3.1. Relating Lp with σ and Ps
Lp versus σ and Ps of individual ions were plotted to ﬁnd a relation between pure water
permeability, reﬂection coefﬁcient, and Ps . Transport parameters were calculated for four polyamide
membranes, ESNA, NF 270, SR 90, and NANO-SW with varying Lp . These four membranes were
chosen since:
(1)
(2)

Table 4 shows that HYDRACoRe 10 had poor ion separation. HYDRACoRe 50, made of sulfonated
polyethersulfone, was not used to have comparable membrane materials for the model.
The Lp chosen for the plot to create the model was in the range required for smart water
production. Pure water permeability higher than that of ESNA would have resulted in very low
divalent ion rejection. Choosing a membrane with lower permeability than NANO-SW meant
a tighter membrane leading to higher rejection for any ﬂux and low recovery thereby increasing
power consumption.
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Figure 3a shows the pure water permeability of polyamide NF membranes versus σ and Figure 3b
presents Lp versus solute permeability Ps of chloride for each membrane.

(a)

(b)
Figure 3. Pure water permeability versus (a) reflection coefficient and (b) solute permeability of chloride.

Figure 3a shows that with an increase in water permeability, the reﬂection coefﬁcient of ions
decreased whereas Figure 3b shows that the solute permeability increased. This conﬁrmed that when
the effective membrane pore radius increases, permeability increases, resulting in lower ion rejection.
Similarly, Figures 4a and 4b represents the pure water permeability of NF membranes versus σ
and Ps of sodium for each membrane, respectively.
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(a)

(b)
Figure 4. Pure water permeability versus (a) reﬂection coefﬁcient and (b) solute permeability of sodium.

Figure 5a presents the pure water permeability of membranes versus σ and Figure 5b presents Lp
versus Ps of sulfate for each membrane.
According to Figure 5a, the sulfate reﬂection coefﬁcient shows a sharp decline with a small change
in water permeability. This was mainly because of divalent anion on the negatively charged membrane
surface. In Figure 5b showing pure water permeability versus Ps , the sulfate permeability remains
unchanged for a range of permeabilities until approximately 2.6 × 10−11 m s−1 Pa−1 . After this
value, a sharp increase was observed similar to the sharp decline in reﬂection coefﬁcient of sulfate.
A deviation in the reﬂection coefﬁcient and solute permeability of SO4 2− can be explained in relation
to the thermodynamic properties of the ion. Ion permeation through a membrane is affected by the
hydrated size and hydration free energy of the ions. During membrane transport, the transmembrane
pressure creates shear stress that results in ions with low hydration energy being able to easily
permeate through the membrane whereas ions with higher hydration energy and hydrated radius will
be rejected by the membrane. SO4 2− is a divalent anion with a hydration free energy of −1145 KJ/mol
and a hydrated radius of 0.379 nm [21]. When the negatively charged ion is in contact with a negatively
charged membrane surface, ion repulsion occurs, resulting in a higher rejection. Similarly, to maintain
electroneutrality on both sides of the membrane, anions with a lower hydration energy and hydrated
radius permeate through the membrane. Hence, Cl− will be preferentially permeated compared to
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SO4 2− due to a lower hydration energy of −340 KJ/mol and hydrated radius of 0.324 nm. In Figure 5a,
for ESNA, the reﬂection coefﬁcient for SO4 2− was lower at 0.66, whereas for the other three membranes,
the SO4 2− reﬂection coefﬁcient was greater than 0.95. This can be explained with regard to the rp
calculated relative to Mg2+ as presented in Table 4. The pore radius rp calculated was 0.86 nm,
thus SO4 2− permeated more for ESNA due to the steric effect resulting in lower σ and higher Ps
compared to the other three membranes with a pore size close to 0.4 nm that is in close proximity
to the SO4 2− hydrated radius. Hence, a combination of steric effect and divalent anion-membrane
repulsion prompted SO4 2− rejection in NANO-SW, SR 90, and NF 270.

(a)

(b)
Figure 5. Pure water permeability versus (a) reﬂection coefﬁcient and (b) solute permeability of sulfate.

Figure 6a,b shows the pure water permeability of membranes versus σ and Ps of calcium for each
membrane, respectively.
According to Figure 6a, the reﬂection coefﬁcient decreased gradually with increasing permeability.
However, a small variation in calcium permeability was observed at lower permeabilities as shown
in Figure 6b.
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(a)

(b)
Figure 6. Pure water permeability versus (a) reﬂection coefﬁcient and (b) solute permeability of calcium.

Figure 7a,b shows the pure water permeability of membranes versus σ and Ps of magnesium for
each membrane, respectively.
According to Figure 7a, the reﬂection coefﬁcient of Mg2+ deviated slightly from linear behavior
for membranes with low pure water permeability. Mg2+ is a divalent cation with a hydration energy
of −1922 KJ/mol with a hydrated radius of 0.470 nm [21]. According to Figure 7a,b, when pure
water permeability decreased with respect to pore radius, the reﬂection coefﬁcient of Mg2+ increased,
conﬁrming the higher rejection and lower permeation of Mg2+ . The deviation from linear behavior
was observed for membranes (NANO-SW and SR 90) with a calculated rp ≈ 0.4 nm with respect to
Mg2+ , where rp is close to its hydrated radius.
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(a)

(b)
Figure 7. Pure water permeability versus (a) reflection coefficient and (b) solute permeability of magnesium.

4.3.2. Correlations for the Determination of σ and Ps of a Polyamide Membranes
The correlation developed was considered valid if the feed is seawater with no change in ionic
concentration and viscosity for all tested polyamide membranes.
The following equations were obtained from Figures 3–7, to determine σ and Ps of each ion with
a given pure water permeability Lp0 .
σCl − = −1 × 1010 × L p0 + 0.4749

(13)

σNa+ = −6 × 109 × L p0 + 0.3318

(14)

σSO4 2− = −1 × 10

× L p0 + 1.118

(15)

σCa2+ = −3 × 10

× L p0 + 1.1354

(16)

× L p0 + 1.2559

(17)

10

10

σMg2+ = −3 × 10
PsCl − = 1 × 10

10

× L p0 − 1.1144

(18)

Ps Na+ = 6 × 1010 × L p0 − 0.0147

(19)

11

PsSO

4

2−

= 4 × 1031 × L p0 3.0496

(20)
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PsCa2+ = 1 × 1011 × L p0 − 0.7388
Ps Mg2+ = 9 × 10

30

× L p0

(21)

2.9414

(22)

As previously explained, the correlations represented by Equations (13)–(22) are applicable only
for seawater with similar TDS and ionic composition. For a change in feed, the coefﬁcients need to be
established through experimental data. Equations (13)–(22) can be used for determining σ and Ps of
polyamide membranes with pure water permeabilities between 5 × 10−12 to 3 × 10−11 m s−1 Pa−1 ,
which include membranes with a pore size of 0.4 to 0.86 nm, according to Table 4.
The following steps were performed to run the model for predicting transport parameters
and rejection.
(1)
(2)
(3)
(4)

Using Equations (13)–(22), the model was run to predict σtheoretical and Ps,theoretical for two NF
membranes with pure water permeabilities as in Table 5.
Flux for the above-mentioned NF membranes with seawater as feed was calculated using
Equation (2). A random ﬂux value at 12 bar was chosen for the model.
The values for σtheoretical and Ps,theoretical , and ﬂux at 12 bar was substituted into Equations (5)
and (6) to calculate the theoretical rejection (Rtheoretical ).
To validate the calculated equations, ion rejection by the two chosen NF membranes was
experimentally determined (Rexperimental ) using Equation (1) for individual ions in seawater.
These rejection values were plotted against the respective membrane ﬂux values, and transport
parameters were determined by ﬁtting the values using the Spiegler–Kedem equation. Hence,
σexperimental and Ps,experimental were determined.

Table 5 shows the results obtained based on the model and on experiments performed by two
chosen NF membranes.
Table 5. Comparison of experimental and theoretical values from the Spiegler–Kedem equation.
Pure Water
Permeability,
m s−1 Pa−1

Flux at
12 bar, m s−1

Ions
Cl−

2.56 × 10−11

2.06 × 10−5

1.24 × 10−11

8.90 × 10−6

σ theoretical

σ experimental

Ps,theoretical ,
m s−1

Ps,experimental ,
m s−1

Rtheoretical

Rexperimental

10−5

10−5

Na+
SO4 2−
Ca2+
Mg2+

0.22
0.18
0.83
0.37
0.44

0.18
0.19
0.97
0.41
0.45

1.44 ×
1.52 × 10−5
1.99 × 10−6
1.82 × 10−5
6.27 × 10−6

2.11 ×
1.52 × 10−5
5.34 × 10−7
1.88 × 10−5
6.15 × 10−6

0.16
0.13
0.79
0.23
0.42

0.11
0.14
0.96
0.24
0.41

Cl−
Na+
SO4 2−
Ca2+
Mg2+

0.35
0.26
0.99
0.76
0.89

0.36
0.25
0.99
0.82
0.92

1.23 × 10−6
7.28 × 10−6
2.18 × 10−7
4.99 × 10−6
7.44 × 10−7

4.24 × 10−6
7.31 × 10−6
4.86 × 10−7
1.47 × 10−6
3.28 × 10−7

0.35
0.17
0.97
0.53
0.85

0.29
0.16
1.00
0.75
0.96

Table 5 shows a close correlation between the model and experimental values of σ, Ps , and rejection
of all ions except for Ca2+ for the membrane with lower pure water permeability. This validates the
robustness of the model. Table 5 indicates that rejection for the divalent anion SO4 2− was highest for
all tested membranes indicating the negative surface of the NF membranes. Focusing on the rejection
of divalent cations, Mg2+ was rejected more than Ca2+ due to its larger Stokes radius as shown in
Table 1.
The individual ion selectivity is a key parameter for selecting appropriate membrane for smart
water production. In this research, the Spiegler–Kedem model was used for determining individual
ion transport through the membrane rather than overall solute transport, which has been extensively
studied previously. The study is relevant for end users to select proper NF membranes for producing
smart water without extensive membrane experiments.
5. Conclusions
Membrane transport parameters were determined by ﬁtting the Spiegler–Kedem equation using
ﬂux and rejection values obtained from experiments using six NF membranes. The theoretical rejection
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values obtained by ﬁtting the Spiegler–Kedem equation showed good correlations with experimental
values for NF membranes with a similar membrane material. It was evident that it was difﬁcult to
increase the membrane water ﬂux without losing ion selectivity and membrane ﬂux was directly related
to the effective membrane pore radius. The ﬂux was higher for membranes with rp > 0.7 nm. However,
membrane ion rejection decreased with higher rp . The hypothetical pore radii of six membranes
were evaluated from permeation experiments with charged ions using a steric hindrance pore model.
The pore radii of membranes were estimated from 0.4 nm to 2.15 nm. The experiments concluded that
the membranes had a pore size distribution rather than a single pore radius. A sharp change in σ and
Ps of sulfate were observed when plotted against pure water permeabilities of polyamide membranes.
Hence, choosing an NF membrane for smart water production in carbonates requires much attention
when having pure water permeabilities above 2.6 × 10−11 m s−1 Pa−1 where the SO4 2− rejection will
be low. The suggested method helps to predict NF rejection for smart water production from seawater
and for feeds with a high concentration and multi-ionic solutions as in softening and desalination.
Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0375/8/3/78/s1,
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ﬂux for Na+ for HYDRACoRe10 ﬁtted using Spiegler–Kedem model, Figure S3: Rejection versus ﬂux for Na+ for
HYDRACoRe50, Figure S4: Rejection versus ﬂux for Na+ for NF270, Figure S5: Rejection versus ﬂux for Na+ for
SR 90, Figure S6: Rejection versus ﬂux for Na+ for NANO SW, Figure S7: Rejection versus ﬂux for Na+ for all
NF membranes.
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