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ABSTRACT

Forward osmosis (FO) is an emerging membrane separation process that continues to be tested
and implemented in various industrial water and wastewater treatment applications. Breakthroughs in re-
search and manufacturing have produced better performing membranes with improved structural integrity
and robustness, enabling new treatment applications of difficult to treat oil and gas (O&G) exploration and
production waste streams. The growing interests in the technology have prompted laboratories and
membrane manufacturers to adopt standard testing methods to ensure accurate comparison of mem-
brane performance under laboratory controlled conditions; however, standardized methods might not cap-
ture specific operating conditions unique to O&G and other industrial applications. In the current study,
FO membrane performance was evaluated at increasing transmembrane hydraulic pressure to address
the knowledge gap between accepted laboratory conditions and proposed operating conditions of O&G
FO membrane treatment modules; future FO membrane elements will operate with elevated feed pres-
sure to overcome pressure drop due to flow resistance in the feed channels and enhance turbulence at
the membrane surface.

While the driving force for mass transport in FO is primarily transmembrane osmotic pressure,
experiments with cellulose triacetate (CTA) and novel polyamide thin-flm composite (TFC) FO mem-
branes in this study demonstrated that transmembrane hydraulic pressure could affect membrane per-
formance. Experiments were conducted with three industrial FO membranes and with increasing trans-
membrane pressure up to a maximum of 18 psi (1.24 bar). A synthetic feed solution of three salts and a
draw solution of either an NaCl solution or concentrated seawater at similar osmotic pressure were used
to elucidate the effects of transmembrane hydraulic pressure on water flux, reverse salt flux, inorganic ion
rejection, and bidirectional solute flux. An organic feed solution in conjunction with NaCl draw solution
were also used to investigate changes in membrane rejection of organic molecules. Results from this
study revealed that transmembrane pressure minimally affected water flux through the CTA membrane
and that solute rejection and reverse salt flux were not impacted by elevated transmembrane pressure.
However, water flux through the TFC FO membranes slightly increased with increasing transmembrane
pressure and reverse salt flux declined with increasing transmembrane pressure. It was observed that
rejection of feed constituents was influenced by transmembrane pressure and reverse salt flux. Organic
molecule rejection was similar among all three membranes with little change in performance with increas-

ing transmembrane pressure.
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CHAPTER 1.
INTRODUCTION

1.1 Oil and gas waste streams

The United States is experiencing a rapid growth in exploration and development of unconven-
tional gas infrastructure, including shale gas, coalbed methane, and tight sands. With recent advance-
ments in horizontal well drilling and hydraulic fracturing, unconventional gas is expected to account for
nearly 45% of the natural gas produced in the U.S. by 2035 [1, 2]. As production increases and new for-
mations and plays become economically viable, the demand for water for well development and the vol-
ume of generated wastewater, including drilling muds, frac flowback, and produced waters will increase
significantly.

Drilling mud is an integral part of well development, providing lubrication to drilling equipment,
stabilization to well walls, pressure control within the borehole, and flushing of debris from the well to the
surface. Fresh water in excess of one million gallons are commonly needed during drilling of a single well,
and it produces grit laden streams contaminated with drilling additives and characteristically high chemi-
cal oxygen demand (COD), dissolved solids, and organic and inorganic constituents leached from the
drilled formation [3, 4]. Once the borehole drilling is completed, the drilling mud (Figure 1.1a) is recovered
and stored on-site in lined ponds/pits. Historically, these fluids receive minimal treatment and are trucked
off-site for deep well injection. Occasionally, the exploration company may land apply the waste fluids if
proper permitting is granted [4].

After drilling, well productivity can be enhanced with hydraulic fracturing. Between one and four
million gallons of water-based slurry is commonly injected into the well bore under high pressure, creating
fractures in the target formation [4-6]. Then, gas can more freely flow through the cracks, significantly in-
creasing gas recovery from formations previously considered economically unfavorable. The frac fluids
(Figure 1.1b) are recovered from the well over a span of several weeks, generating a waste stream of
water, sand, and chemical additives leached from the formation [2, 6]. Depending on the formation, the
frac flowback wastewater can have significantly elevated concentrations of total dissolved solids (TDS)
attributed to leaching of earth minerals from the subsurface. Similar to drilling fluids, frac flowback is re-
covered and stored on-site, ultimately receiving minimal treatment before disposal in injection wells [2, 4,
6].

After most of the fracturing water is recovered from the well, the liquid coming with the gas is
considered produced water [6]. This stream can represent nearly 70% of the total wastewater generated
during the life of a single well, producing over seven times greater volumes than the oil and/or gas recov-
ered [7]. The actual quantity of wastewater can be highly dependent on the well and location, and its qual-
ity is just as variable. These streams typically contain a wide range of TDS concentrations, free and

emulsified hydrocarbons, silts, and clay constituents leached from the formation [3, 8]. Depending on the



quality and composition of the wastewater, a broad range of treatment technologies can be applied; how-

ever, the complexity and total cost of treatment scales with waste stream salinity [4].

Figure 1.1. Examples of O&G exploration and production wastewater resulting from (a) well drilling, and
(b) hydraulic fracturing.

As the development of unconventional O&G resources continues in the U.S., it is increasingly im-
portant to maximize available water sources while minimizing the volumes of these waste streams. Sev-
eral regions of exploration are considered at high risk for water resource depletion [3], providing a great
opportunity for beneficial reuse of O&G reclaimed water. However, the mixtures of synthetic chemicals,
subsurface formation minerals, organic compounds, and extremely high TDS concentrations common in
0O&G waste streams are difficult to treat with traditional processes. Properly applied management tech-
niques and emerging desalination treatment technologies are needed to effectively treat and recover the-

se significant volumes of water for reuse.

1.2 Desalination

Previous studies have investigated chemical and physical processes for treatment of O&G waste
streams; however, capital costs, chemical usage, installation footprint, and generation of unfavorable
secondary waste streams are limiting factors to successful implementation of many processes. Desalina-
tion methods such as distillation and especially membrane separation processes have demonstrated their
ability to achieve advanced and cost effective treatment, and therefore, further investigation and im-

provement of these processes is needed [7, 9].



1.2.1 Distillation

Distillation is a thermally driven separation process in which an impaired feed stream is heated or
placed under partial vacuum to increase the feed water vapor pressure, thus forming water vapor that can
be condensed and recovered as high quality liquid water. The process of vapor extraction can be repeat-
ed several times to enhance steam production while further concentrating the feed stream. Common
commercial distillation methods include multi-effect distillation (MEF), multi-stage flash (MSF), and vapor
compression distillation (VCD) [10]. Desalination by distillation can minimize physical and chemical treat-
ment and minimize the amount of de-oiling equipment required for treatment of O&G wastewater. This
reduces capital costs and minimizes secondary chemical waste sludge [9]. Additionally, distillation can
treat highly saline feed streams because it is not affected by the high osmotic pressure of hypersaline
streams; however, corrosion and scaling can occur during distillation and incur high O&M costs [10]. En-
ergy is also a limiting factor in distillation, accounting for more than 95% percent of total operating costs in

a recent review of commercial scale processes [9].

1.2.2 Pressure driven membrane desalination

Most commercial membrane desalination technologies are pressure driven processes that use
diffusion- or convective-based mass transfer phenomena to separate dissolved and/or suspended con-
stituents from aqueous solutions. Traditional pressure driven membrane separation technologies include
microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO). Membrane perme-
ability and the size of rejected contaminants decrease in the above processes (RO has the lowest per-
meability and rejects the smallest ions). While MF membranes exclude suspended particles, RO can ef-
fectively reject ionic constituents, including sodium and chloride [9]. Cellulose based asymmetric mem-
branes (CTA), but especially thin-film composite polyamide-based membranes (TFC), are commonly
used in fabrication of most RO and NF membranes [11].

Membrane processes, especially NF and RO, can successfully reject contaminants and elevated
TDS concentrations in impaired O&G waste streams; however, they are limited to treatment of low or
moderately saline feed water and cannot treat/desalinate hypersaline streams. Pressure driven mem-
brane processes are also highly susceptible to mineral scaling and particulate, biological, and organic
fouling [12]. These fouling layers can be highly compacted and difficult to clean. This leads to low mem-
brane productivity, irreversible fouling, increased pressure requirements, and significant chemical con-
sumption for cleaning. Additionally, these membranes can be sensitive to feed stream chemical and oil

contaminants that can compromise treatment capabilities and membrane surface layer chemistry.



1.3 Osmotically driven membrane desalination

Osmotically driven membrane desalination processes, especially forward osmosis (FO), have
successfully established themselves as robust treatment technologies capable of providing high level
treatment of difficult to treat industrial waste streams. Applications include management of landfill leacha-
tes [13, 14], concentrating of liquid foodstuff and beverages [15-18], treatment of domestic wastewaters
[19-22], concentration of anaerobic digester centrate [23], and more recently treatment of O&G explora-
tion and production wastewater for intra-basin reuse [24]. The continuous drive towards advanced O&G
and industrial wastewater treatment has spurred academic and industrial research to develop better per-
forming FO membranes, increasing water permeability and membrane robustness, while maintaining high
contaminant rejection and minimizing solute transport through the membrane [25-27]. These rapid pro-
gressions, both in industrial applications and academic research and development, require not only
standardized membrane testing methods [28], but also development of advanced testing apparatuses
and procedures to mimic true O&G operating conditions at the bench scale.

1.3.1 Background of FO treatment of O&G

Previous studies [24, 29, 30] investigated the performance of FO for treatment of O&G waste
streams for beneficial, intra-basin reuse using the Green Machine or other concepts. The Green Machine
(Figure 1.2) is a mobile FO treatment unit that contains 280 vertically oriented FO membrane elements
(Figure 1.3) and is already operating at O&G well drilling sites. The Green Machine is deployed to a drill-
ing location and recirculates drilling wastewater on the feed side of the FO membranes (Figure 1.4). The
concentrated draw solution (23% NaCl) flows once through on the opposite side of the membranes, ex-
tracting clean water from the drilling wastewater, concentrating the drilling waste and reducing its volume,
and producing diluted brine (4% NacCl) for the next fracturing job. This concept works especially well in
basins where fracturing must be conducted with saline water in seabed formations. In this case, operators
already bring large quantities of salts to the basin.

Results from recent pilot- and industrial-scale tests [31] show that the Green Machine system was
able to recover more than 125,000 gallons of O&G wastewater (~80% of the tested feed volume) using
less than twenty gallons of diesel fuel (less than ¢3 per barrel at $4 per gallon of diesel). This same vol-
ume would have required over 20 truckloads for disposal at an off-site deep well injection facility. This
system ultimately saves nearly a million gallons of water per well application and can account for up to
20% of the completion fluid needed at each drilling location. These savings translate into approximately
150 saved truckloads, both in fresh water and fuel consumption.

Bench-scale testing was also conducted to further optimize system performance [24]. Using a
custom made FO membrane test cell with 1,050 cm? of CTA membrane active area and a 260 g/L NaCl
draw solution, osmotic dilution experiments were performed during which at least 50% of the feed volume
was recovered. It was suggested that this FO application in O&G wastewater treatment could concentrate

feed streams by up to three times their original concentration. This provides close to 75% water recovery



for beneficial reuse. Minimal irreversible fouling was observed and both inorganic and organic constitu-

ents were highly rejected by the CTA membranes used in the study.
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Figure 1.2. Onsite FO treatment of O&G wastewater using the Green Machine system. Trailer mounted
FO modules are deployed at well drilling locations and used to recover water from the drilling waste re-
serve pit for beneficial, intra-basin reuse.

Figure 1.3. Vertically oriented FO spiral wound elements in the Green Machine system.
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Figure 1.4. Gravity driven percolation of O&G wastewater through the top of each FO membrane ele-
ment.

In future research, the Green Machine will be tested using newly developed membranes (both
CTA and TFC), and a hydraulically pressurized feed stream in attempts to increase system performance.
While such changes may help increase water recovery and reduce fouling deposition in the feed channel
of the membrane elements, little is known about the effects of hydraulic transmembrane pressure (TMP)
on membrane performance in FO. An in-depth study is required to understand the impacts of pressurized

FO operations because accepted standard testing methods do not capture this scenario.

1.3.2 Objectives of the study

The main objective of this study was to explore changes in FO membrane performance as a func-
tion of increasing hydraulic TMP. These include changes in water flux, reverse salt flux (RSF), inorganic
feed ion rejection, bidirectional solute flux, and organic molecule rejection, all of which can be affected by
feed pressure in FO. Data from this study helps to elucidate what membrane characteristics may be influ-
enced by hydraulic TMP for future research. Three commercial FO membranes were investigated in the
current study to compare TMP impacts on asymmetric and thin-film composite membranes. It is important
to note that TMP in this study (higher pressure in the feed stream) should not be confused with TMP in
pressure-retarded osmosis (PRO) (higher pressure in the draw solution). A thorough study on the effects
of TMP in PRO is provided elsewhere [32].



CHAPTER 2.
THEORY

This chapter describes basic principles of the FO process and its standard testing methods. The
principles, standard testing methods, and models presented in this chapter assume true FO operation at
zero hydraulic TMP. While this study highlights the physical impacts of increasing hydraulic TMP on FO
membrane performance, only experimental results are presented, and not modeling. Further investigation
and membrane autopsy are required to elucidate the effects of TMP on membrane structural integrity and

the associated impacts on process performance, which will enable better process modeling.

21 Principle of osmotically driven processes (FO)

Osmosis is the net transfer of water across a semi-permeable membrane resulting from an os-
motic pressure difference across the membrane. In FO, an engineered synthetic polymeric membrane is
placed between an impaired feed stream having low osmotic pressure and a concentrated draw solution

(Figure 2.1) having high osmotic pressure.
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Figure 2.1. Water flux across semi-permeable engineered membranes in FO and PRO. In FO, water dif-
fuses across the membrane from the impaired feed stream to the saline draw solution and hydraulic TMP
is assumed negligible; however, this study explored the effects of feed stream TMP on membrane per-
formance in FO. In PRO, water also diffuses across the membrane from the feed into the saline draw so-
lution, but the draw solution is hydraulically pressurized instead of the feed stream.

The concentration difference across the membrane facilitates water transport by diffusion from
the low osmotic pressure impaired feed to the high osmotic pressure draw solution, while rejecting ions
and molecules [13, 33]. In FO, the impaired feed stream becomes concentrated while the recovered wa-
ter dilutes the draw solution for further treatment or beneficial use. FO differs from traditional membrane

desalination processes because unlike MF, UF, NF, and RO, little or no hydraulic pressure is required.



FO desalination of impaired water is traditionally completed in two separate steps (Figure 2.2): 1)
recovery of water from the impaired feed stream across the FO membrane and dilution of the draw solu-
tion, and 2) production of high quality product water using RO or other separation process while recon-
centrating the diluted draw solution for reuse in the FO process [34]. More recently, O&G wastewater
treatment using the Green Machine was able to beneficially reuse the diluted draw solution for hydraulic
fracturing, eliminating the need for RO reconcentration; this process is referred to as osmotic dilution.

Both methods of operation are investigated in this study.

Brine
Reconcentration
e Y ey
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Stream | || Solution ‘%
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K — )

Figure 2.2. Traditional FO desalination process, where clean water is first recovered from the impaired
feed stream across the FO membrane and the draw solution is diluted. The diluted draw solution is then
recirculated through an RO system or other separation processes, generating a clean permeate stream
while reconcentrating the draw solution for reuse in the FO process.

2.2 Forward osmosis membranes

The lack of adequate membranes for FO has been a limiting factor to technological progression
and broad industrial application. While FO and RO are closely related processes that use similar mem-
branes, FO membranes must have structural characteristics suitable for osmotically driven processes.
Traditional TFC RO membranes meet most of the criteria for FO applications; however, they yield poor
water flux when used for FO. This is due to the thick membrane support layer necessary for RO mem-
brane stability under high pressure. This thick, porous support layer induces dilutive internal concentration
polarization (ICP), which reduces the effective osmotic pressure difference across the membrane and
thus lowers the water flux in FO [35, 36].

Hydration Technology Innovations (HTI) produced the first generation of FO membranes using
cellulose triacetate chemistry. This polymer is cast with an embedded polyester mesh for membrane sup-
port (Figure 2.3), while forming a thin, dense semi-permeable active layer [13]. HTI's goal was to mini-
mize the thickness of the asymmetric membrane active layer, increasing water permeability without com-

promising contaminant rejection or membrane integrity. However, studies have shown that these first



generation membranes have relatively low water permeability and salt rejection and they can only operate
in a narrow pH range [25, 27].
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Figure 2.3. An SEM cross-sectional image of HTI's CTA FO membrane. The polyester mesh is embed-
ded within the membrane polymer for enhanced support. Adopted from [13].

Recently, efforts have focused on the development of FO TFC membranes (Figure 2.4) [25-27,
35-47] with the main goals of increasing membrane water permeability using improved casting techniques
and providing greater chemical stability in a wider pH range. New FO TFC membranes have a very thin
and porous support layer with little tortuosity to minimize dilutive ICP and maximize water flux. FO TFC
membranes also have a thin active layer with comparable rejection to RO and tight NF membranes. The-
se TFC membranes have higher water flux, provide high rejection of inorganic ions, and are chemically
compatible with most draw solutions. Furthermore, they are also chemically stable in a wider pH range.

However, despite the development of better performing FO TFC membranes, there are still sev-
eral problems that should be addressed. First, casting a very thin polymeric active layer can introduce
challenges with the membrane’s structural integrity. The thin active layer is prone to membrane defects,
which can promote convective water flow through pores and compromise rejection of inorganic ions and
organic compounds. Furthermore, the active layer is more delicate than thicker asymmetric CTA mem-
branes and is more susceptible to damage during membrane installation or from hydraulic TMP. FO TFC
membranes are also cast using two dissimilar materials, each having a different surface charge. Conse-
quently electrostatic interactions between each membrane material and inorganic ions and organic com-
pounds can vary.

Originally, there were also no universally accepted standard methods for testing of FO mem-
branes. A review of FO studies showed that of 16 recently published investigations, none were performed

under similar testing conditions [28]. Such conditions include feed and draw solution solutes and concen-



trations, system temperatures, solution flow velocities, and membrane size and orientation. The lack of
standard testing methods made it difficult to accurately compare membrane performance, which hinders

the advanced development of FO membranes for industrial applications.

R g g T o T g By PR i T B gt
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Figure 2.4. A cross-sectional SEM micrograph of a TFC FO membrane: (A) the membrane porous sup-
port layer with a PET nonwoven support, and (B) a magnified image of the porous support layer beneath
the thin active layer. Adopted from [35].

2.3 Standard FO testing methods

A joint effort by seven independent research laboratories recently resulted in introduction of
standard testing protocols under which FO membrane performance can be evaluated and membranes
can be compared, addressing the lack of uniform testing conditions in previous studies [28, 37]. The re-
search suggested several operating conditions that should be held constant when assessing the perfor-
mance and integrity of FO membranes. These include hydraulic transmembrane pressure, system tem-
perature, draw solution solute and concentration, and cross-flow velocity. This method provides an unbi-
ased platform upon which new and commercially available FO membranes can be compared. However,
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there remains the looming knowledge gap between the comparison of membrane performance under
these standardized laboratory conditions and those expected in full-scale industrial systems, including in
the O&G industry.

The net transport of water across engineered membranes in FO is driven by a difference in os-
motic pressure and intrinsically requires no hydraulic TMP, which should be minimized (e.g., close to 0
psi) under standard laboratory conditions. This is also assumed in traditional FO models. Conversely, in
industrial applications pressurization of the feed and draw solution streams is needed in order to over-
come hydraulic resistance in the flow channels, especially if spiral wound membrane modules are used.
The hydraulic pressure facilitates flow through the entire element and maintains the necessary pressure
drop below that recommended by membrane manufacturers. When several elements are connected in
series, adequate hydraulic pressure must be supplied at the pressure vessel entrance (leading element)
to ensure feed and draw solution flow through the entire vessel and residual pressure at the last element
(tail element). This can translate into 60-70 psi hydraulic pressure in the feed channels of the first FO el-
ement in a pressure vessel, resulting in net TMP if the pressure is different between the feed and draw
solution streams. In hollow fiber and plate-and-frame membrane modules, draw solution flow may be
driven by vacuum to maintain membrane structural integrity. This too introduces hydraulic TMP across
the membrane in addition to the osmotic driving force. Consequently, current standard testing methods

and FO models may not properly capture true solvent and solute transport in the presence of TMP.

24 Solvent (water) transport
Water flux (Jy) across FO membranes can be described by a Darcy-like equation in conjunction
with osmotic and hydraulic pressures. Equation 1 is commonly used to describe transport in pressure

driven membrane processes:

Iy T 1IAP X 1ITI (1)

where A is the pure water permeability of the membrane active layer, AP is the hydraulic TMP, o is the
reflection coefficient, and Ax is the osmotic pressure difference between the feed and draw solution [13,
48, 49]. Hydraulic TMP is not the dominant driving force of water transport in FO and therefore the stand-

ard equation is commonly reduced to:

Iy 1 Ag!l,, 11, (2)

where Ax has been expanded to show the osmotic pressure in the bulk feed and draw solutions (Figure

2.5) and the effects of AP are considered negligible [49]. It should be noted that Equations 1 and 2 as-

sume complete rejection of feed solutes and therefore o is assumed to equal 1.
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Figure 2.5. Water flux and solute concentration profiles across a typical asymmetric or thin-film composite
FO membrane. Adopted from [13].

Equation 2 is acceptable for estimating solvent transport through FO membranes if water flux and
feed solute concentration are low. However, commercially available membranes can achieve high water
flux and can treat impaired feed streams with salinities greater than those treatable by RO and NF mem-
branes (>70,000 m/L). Consequently, solute concentrations can differ significantly at the membrane
boundary layer shown in Figure 2.5 and the general equation must be amended to account for external
and internal concentration polarization. External concentration polarization (ECP) occurs in the feed and
draw solutions, where rejected molecules concentrate near the membrane active layer on the feed side;
this increases the effective feed osmotic pressure from C;, C,. Increased feed solute concentration at the
membrane surface can also lead to precipitation of sparingly soluble salts, scaling the membrane and
reducing water flux. In FO, dilutive ECP occurs on the draw solution side, thus it can reduce the effective
draw solution osmotic pressure from Csy, C4. ICP can also occur in the porous support layer of FO mem-
branes, where solutes are swept away from the backside of the active layer of the membrane by water
diffusing through the membrane. Consequently, the osmotic pressure of the bulk draw solution is further
reduced from C,to Cs.

The combination of ECP and ICP reduces the osmotic pressure from Az, to Az, and may induce
membrane scaling and fouling, both of which impact water flux. Therefore, Equation 2 must be modified

to capture the effects of ECP and ICP, as introduced in previous studies [48, 49]:
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where K is the solute resistance to diffusion within the membrane support layer and k; is the mass transfer
coefficient of solutes in the feed solution. The solute resistance to diffusion is a function of the diffusion
coefficient of the solute (D), and the thickness (t), tortuosity (z), and porosity (&) of the membrane support
layer (Equation 4) [13, 48, 49]:

Iy (4)

where S is the structural parameter of the membrane. The negative exponent associated with the osmotic
pressure of the draw solution in equation 3 attempts to capture the effects of dilutive ICP while the posi-
tive exponent associated with the feed solution osmotic pressure captures the effects of concentrative
ECP.

The progression of water transport models provides a more accurate estimation of water flux in
FO but fails to acknowledge the potential performance impacts associated with hydraulic TMP. First, FO
membranes can have microscopic defects in the active layer. These defects are susceptible to water
transport via convective flow through pores, which is impacted by hydraulic pressure. Furthermore, the
degree and frequency of defects differs for membrane materials and casting techniques. This implies that
the influence of TMP can vary for different membranes and may introduce an additional degree of com-
plexity when predicting pressure effects on water flux. In addition convective flow, TMP can also impact
the physical polymer structure of the membrane active layer. A change in physical structure may impact
the pure water permeability (A) and porosity (¢) of the membrane. These influence the diffusive properties

of the membrane and different rates of water flux may be observed.

25 Inorganic solute transport
Semipermeable FO membranes do not provide perfect rejection of inorganic ions and molecules;
thus, flux of low molecular weight ions (Js) occurs concurrently with water flux. The most general equation

describing the transport of individual inorganic ions is governed by a derivation of Fick’s Law (Equation 5):

I, 1 Bl (5)
where B is the solute permeability and Ac is the difference in concentration across the membrane active
layer [50]. This equation is highly simplified, only acceptable for dilute solutions, and it provides no distinc-

tion between diffusive and convective transport. Studies seeking a better understanding of inorganic ion

transport have resulted in more comprehensive equations to help model the complex nature of ion diffu-
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sion in FO. For example, Equation 6 was suggested in modeling the transport of inorganic ions in the di-

rection of solvent transport (from the feed to the draw solution) [50]:
Ul 4110 11,1 (6)

where w is the membrane’s solute permeability, o is the reflection coefficient, and c is the average inter-
facial solute concentration between the feed and draw solution [50]. This equation captures the effects of
both diffusive and convective transport of ions across an FO membrane into the draw solution and can be
applied to estimate the inorganic feed ion rejection of the membranes in this study; however, it only mod-
els unilateral solute transport.

Accurate prediction of solute flux through FO membranes requires greater complexity because it
must incorporate the reverse diffusion of ions in the opposite direction of water flux (from the draw solu-
tion into the feed solution), contrary to unilateral transport in RO and NF processes. A recent study [51]

modeled the reverse diffusion of inorganic ions using Equation 7:

i !!(!!’-')!:'#(!!S) @

This equation can be used in conjunction with Equation 6 to more closely model true solute transport in
FO; however, the two independent models remain decoupled and fail to estimate solute diffusion in each
direction simultaneously. Another study [52] further investigated inorganic ion transport by attempting to
model this simultaneous bidirectional diffusion of ions in FO. This study presents two equations (Equa-
tions 8 & 9) that can model the transport of two separate ions diffusing in opposite directions across the

membrane active layer:
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where 1"} and 1"} are the Peclet numbers of the draw solution inorganic ion at the membrane active
layer and in the membrane support layer, respectively. The same applies for Equation 9, where the Peclet
numbers represent the feed solution inorganic ion at the same boundary conditions. These equations can
be used to model bidirectional inorganic ion transport for solutes that have no electrostatic interaction.
Further modeling of bidirectional inorganic ion transport and effects of electrostatic interactions were pro-
vided.
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Despite the recent advances in solute transport modeling, these equations disregard the impacts
of hydraulic TMP. Similar to water flux, inorganic ion transport in FO is driven by the difference in solute
concentration across the membrane. While this difference in concentration is independent of TMP, water
flux and the solute permeability, B, of the membrane can be impacted by TMP. Furthermore, as depicted
in equations 8 and 9, changes in water flux also directly impact solute transport. Changes in the physical
polymer structure due to TMP may also impact the solute permeability of the membrane active layer,

similarly to its effect on pure water permeability.

2.6 Organic compounds rejection and transport

Comprehensive modeling of organic molecule rejection and transport in FO applications has yet
to be attempted; however, it has been explored in several short and long-term bench- and pilot-scale in-
vestigations [53-55]. Organic molecule rejection was typically high in most FO studies. In three separate
studies, organic molecule rejection was measured as a function of dissolved organic carbon (DOC), COD,
and total organic carbon (TOC) feed solution concentrations with observed rejections of greater than
99%, 83%, and 85% for each study, respectively [53-55].

In the first study [54], DOC concentrations increased in the draw solution throughout the investi-
gation with the greatest DOC flux from the feed into the draw solution observed during the initial phases
of the investigation. A similar trend in increasing organics concentration in the draw solution was seen
during the second and third studies [53, 55]; however, no explanations or further investigation of the
transport mechanisms were provided. The high initial DOC flux in the first study was believed to be due to
higher solvent flux through the membrane, which promoted more rapid DOC diffusion because of higher
concentrations of DOC at the membrane active layer (concentrative ECP). This phenomenon is similar to
that of inorganic ion transport. As the experiment progressed, the mass flux of DOC declined, believed to
be a function of both declining solvent transport through the membrane as well as cake layer formation
near the membrane active layer. It was hypothesized that in addition to decreasing ECP with decreasing
flux, the formation of a loose organic cake layer (in the absence of hydraulic pressure) near the mem-
brane surface enhanced the rejection or organic molecules [54].

In this study, increasing TMP may result in compaction of the cake layer on the membrane active
layer. This is contrary to a loose organic cake layer, which was believed to enhance the rejection of or-
ganic compounds while minimally impacting concentration polarization at the membrane surface. The
formation of a more compact cake layer directly on the membrane active layer can introduce sever con-
centrative ECP, promoting more rapid diffusion of organic compounds through the membrane. Additional-
ly, if solvent transport increases via pore flow as a result of increasing TMP, co-transport of lower molecu-
lar weight organic molecules through membrane defects may also occur and negatively impact the rejec-

tion of organic compounds.
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CHAPTER 3.
MATERIALS AND METHODS

3.1 Membrane selection

Three commercial flat sheet FO membranes were tested. The first membrane was an asymmetric
cellulose triacetate (CTA) membrane from HTI (Albany, OR). The other two membranes were thin film
composite (TFC) polyamide-based membranes manufactured by Oasys (Boston, MA) (designated TFC1)
and HTI (designated TFC2). TFC2 was a first generation casting while TFC1 is commercially available
and was tested in several engineered osmosis applications. The three membranes were tested with their
active layer facing the feed solution. Physical and chemical membrane characteristics are summarized in
Table 3.1.

Table 3.1 Membrane physical and chemical properties

Unit CTA TFC1 TFC2
Pure water permeability (A) L/m*-h-bar 0.55 4.72 1.63
Salt permeability (B) m/s 4.8x10° 1.2x107 8.3x10°
Structural parameter um 463 365 690
Zeta potential, active layer mV ? -34.9 -42.5 -38.6
Zeta potential, support layer mV -39.5 -3.0 -9.5
Contact angle ° 63.7+6.8 67.8£11.8 27.7+10.4
Average water flux Lm?hr'® 9.8+0.1 27.1£3.0 12.4+1.0
Average reverse NaCl flux mmol m? hr' ® 81.4+9.6 217450 214455

datpH 7.0
bVirgin membranes at 20 °C, 1M NaCl draw solution, and deionized feed water over 3 month
period

Membrane samples were stored at 5 °C and rinsed with Milli-Q deionized water prior to installa-
tion. TFC1 was also wetted in-situ using a 50% isopropyl alcohol solution for 5 minutes following manu-
facturer recommendations to ensure complete pore saturation. To ensure unbiased results (i.e., water flux
and reverse salt diffusion), integrity tests were performed after each new membrane installation and after
every set of two experiments with inorganic feed solution using 1 M NaCl draw solution and Milli-Q deion-
ized water feed. The membranes were replaced if the water flux or reverse salt flux differed by more than
10% from the baseline results. During experiments with organic matter in the feed stream, similar integrity
tests were performed after each new membrane installation; however, the membrane was changed after

each experiment due to potential organic fouling of the membrane.

3.2 Membrane Characterization
Water permeability coefficients (A), solute (NaCl) permeability coefficients (B), and membrane

structural parameters (S), were determined through reverse osmosis (RO) and FO tests [28]. A cross-flow
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test cell with a membrane area of 42 cm?® was used with fixed feed flow velocity of 25 cm/s, constant feed
temperature of 20+0.5 °C, and feed volume of 20 L. Experiments were conducted with either deionized
water or 35 mM NacCl feed solution. The cumulative weight of permeate was continuously measured with
the assistance of an analytical balance (Denver Instrument, Denver, CO) connected to a data acquisition
system (Lab VIEW, National Instruments (Austin, TX) and UE9-Pro, LabJack (Lakewood, CO)). The con-
ductivity of the feed and permeate streams was continuously measured using calibrated conductivity
probes (Oakton Instruments, Vernon Hills, IL). The values were logged into the data acquisition system
that continuously calculated water flux and solute rejection.

Before RO tests, membranes were compacted with deionized water feed at 125 psi until steady
state water flux was reached. Low compaction pressures were used due to the highly permeable nature
of the chosen membranes [28]. Pure water flux was then measured at feed pressures of 50, 100, and 125
psi for three hours each. This procedure was repeated with the 35 mM NaCl feed solution. Experimental
results from RO tests were used to calculate A and B, and the experimental results from FO tests with
deionized feed water and 1 M NaCl draw solution were used to calculate S, as described in previous pub-
lications [28, 35, 36].

The surface charge of each membrane’s active and support layers was determined by zeta-
potential measurement using an electrokinetic analyzer equipped with an integrated titration unit (Sur-
Pass, Anton Paar GmbH, Austria) using a 2 mM KCI electrolyte solution. The zeta-potential was meas-
ured for electrolyte pH ranging from 3 to 11. The hydrophobicity of the membrane active layer was deter-
mined using sessile drop contact angle measurements and deionized water following procedures previ-
ously published [56, 57].

3.3 Bench-scale FO system

The bench-scale FO apparatus (Figure 3.1 and Figure 3.2) used was similar to that described in a
previous publication [50]. A custom membrane test cell consisting of symmetric flow channels (26.35 x
5.50 x 0.17 cm) and 145 cm? effective area was utilized. Nitrile rubber gaskets provided membrane sup-
port and adequate depth in each flow channel. Commercially available turbulence-enhancement net and
tricot spacers were installed in the draw solution flow channel to provide membrane support under a hy-
draulically pressurized feed. Data acquisition software (Figure 3.3) was utilized to control experimental
conditions (i.e., system temperature of 20+0.5 °C, feed solution volume of 3 L, and draw solution concen-
tration) and to collect experimental data (i.e., feed solution conductivity, draw solution conductivity, feed
solution volume, and water flux). Feed and draw solutions were circulated co-currently in the test cell at
25 cm/s and returned to their respective tanks. Further details on system design and operation are avail-
able elsewhere [50, 58].
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Figure 3.1. A schematic drawing of the bench-scale FO apparatus used in this study. Adapted from [28].

Figure 3.2. The bench-scale FO apparatus: (a) feed reservoir with cooling loop and conductivity probe,
(b) pressure control valves, (c) flow control, pressure gauge, and flow meter, (d) flat sheet membrane test
cell, (e) draw solution reservoir with cooling loop.
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Figure 3.3. Labview data acquisition software.

3.4 Draw solution chemistries

ACS grade NaCl (Fisher Scientific, Fair Lawn, NJ) was used to prepare 1 M draw solution for the
FO experiments. Stock solution was prepared in 20 L batches to eliminate experimental variability in draw
solution chemistry. During different sets of experiments the draw solution was either maintained at a 1M
concentration by dosing a concentrated stock solution of 300 g/L ACS grade NaCl (Sigma-Aldrich, St.
Luis, MO) or osmotically diluted.

Formulated sea salt (Instant Ocean, Madison, WI) was used to prepare surrogate seawater draw
solution for specific sets of experiments. The mixture was prepared in 20 L batches at a concentration of
60.1 g/L to generate FO water flux comparable to that achieved when using 1 M NaCl draw solution. The
seawater draw solution concentration during FO experiments was maintained constant by slow dosing of
a concentrated solution of 175 g/L sea salt. A lower dosing solution concentration was prepared to avoid

precipitation of sparingly soluble salts in seawater.

3.5 Inorganic feed solution chemistry
Three ACS grade inorganic salts were used for the preparation of the feed solution. These in-

clude MgSQO,, KNO3, and LiBr (Fisher Scientific, Fair Lawn, NJ). Stock solution containing 20 mM of each
salt was mixed with Milli-Q deionized water in 20 L batches. These salts were chosen to investigate the
effects of TMP and solute properties on salt rejection. Distilled water (Corning, Mega-Pure MP-3A) was

used to replenish the 3 L feed volume (compensating for water that permeated through the FO membrane
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into the draw solution) in order to minimize contamination of the feed water that will bias mass balance

results associated with solute fluxes.

3.6 Organic feed solution chemistry
A composite organic feed solution of ACS grade humic acid (Sigma-Aldrich, St. Louis, MO) was

tested in a separate set of experiments. A one-liter concentrated stock solution of 5 g/L humic acid was
prepared using Milli-Q deionized water. 20 L batches of feed solution were prepared with 10 mM of ACS
grade NaCl in Milli-Q deionized water. 3 L of the stock solution was transferred into the feed tank of the
bench-scale FO system and recirculated in a closed loop until solution temperature stabilized. Using a
syringe, 30 mL was then withdrawn from the feed tank and replaced with the same volume of humic acid

stock solution. The resulting humic acid concentration in the feed solution was 50 mg/L.

3.7 Experimental Procedures: inorganic feed solution

A set of five tests was conducted with each membrane using inorganic feed solution and NaCl
draw solution. With the membrane test cell removed, 3 L of feed solution and 1 L of draw solution were
transferred to their respective 4 L reservoirs from the premixed stock solution. Both streams were recircu-
lated in their closed loop until a constant temperature of 20+0.5 °C was reached. Once the system tem-
perature was stable the test cell was connected horizontally with feed solution flowing on top and draw
solution flowing under the membrane. In all experiments the membrane active layer faced upwards and
was in contact with the feed solution.

After an integrity test, a baseline experiment was first conducted under true FO conditions (e.g.,
AP=0 psi). The TMP was then increased and held constant in each successive test in favor of the feed;
thus, TMPs of 2, 4, 6, and 18 psi were investigated in each set of experiments. This pressure differential
was maintained using needle valves installed on the test cell discharge lines with higher pressure in the
feed stream (Figure 3.1). Feed and draw solution pressures were monitored using pressure gauges (Ash-
croft, Stratford, CT) installed at the test cell inlets. The feed volume of 3 L and the draw solution concen-
tration were held constant throughout each experiment. Reverse salt diffusion was monitored using a cal-
ibrated conductivity probe installed in the feed tank (Oakton Instruments, Vernon Hills, IL) and verified
analytically using IC and ICP analysis of feed samples. Water flux was calculated using the change of
weight of deionized water in the feed dosing tank positioned on the analytical balance (Denver Instru-
ment, Denver, CO).

A set of three additional tests was conducted on each membrane using seawater draw solution.
Experimental setup and preparation followed the same procedure; however, after initial baseline experi-
ments (AP=0 psi), only two additional tests were conducted, one at 6 psi and the another one at 18 psi

TMP. Integrity test procedures remained unchanged.
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3.8 Experiments procedures: organic feed solution

A set of two tests was conducted on each membrane using organic feed solution and NaCl draw
solution. Experimental preparation and data collection followed procedures described in the previous sec-
tion; however, tests were conducted under osmotic dilution in which the draw solution slowly diluted as
water permeated through the FO membrane and the feed volume (and thus concentration) was held con-
stant by replenishing the feed reservoir with distilled water. The goal was to minimize the influence of or-
ganic impurities found in the highly concentrated NaCl dosing solution. TMP of 0 psi and 18 psi were
tested and new membranes were installed after each experiment to avoid bias associated with organic

fouling of the membrane.

3.9 Sampling and analytical methods

Six samples were drawn during each experiment with inorganic feed solution. Feed and draw so-
lution samples were taken from each tank after 15 minutes from the beginning of each experiment and
after 750 mL and 1500 mL of water permeated through the membrane into the draw solution and then
stored at 5 °C. To ensure accurate mass balance calculations, samples were also drawn from the feed
and draw solution dosing tanks.

Cation and anion concentrations were analyzed for each sample using inductively coupled plas-
ma atomic emission spectroscopy (ICP-AES) (Optima 5300, Perkin-Elmer, Fremont, CA) and ion chroma-
tography (IC) (ICS-90, Dionex, Sunnyvale, CA), respectively. Cations were tested in ftriplicates using
Standard Method 3120 B with a maximum allowable deviation of 10%. The maximum allowable sodium
concentration by the ICP-AES is 500 mg/L; therefore, samples were diluted accordingly using distilled
water and then acidified to a pH of less than 2. Anions were tested in duplicates using Standard Method
4110 B with a maximum allowable deviation of 5%. Standardized solutions of 100 mg/L chloride and sul-
fate, and 20 mg/L fluoride, nitrate, and bromide were analyzed at normal intervals in the IC sampling se-
quence to ensure quality control. The maximum allowable chloride concentration by the IC is 300 mg/L;
therefore, samples were diluted accordingly using distilled water. Analytical results were used to calculate
the mass balance of individual ions to assess the effects of TMP on forward and reverse solute transport.

Four samples were drawn during each experiment with organic feed solution. Sample from the
feed and draw solution tanks were taken after 15 minutes from the beginning of each experiment and af-
ter 2000 mL of water permeated through the membrane into the draw solution. These samples were pre-
served using concentrated phosphoric acid and stored at 5 °C prior to being diluted for analysis in tripli-

cates using a carbon analyzer (Shimadzu TOC-L, Columbia, MD).
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CHAPTER 4.
RESULTS AND DISCUSSION

41 Water flux

Water flux was calculated after each FO experiment to identify the effects of applied hydraulic
TMP on water permeability through the membrane. Water flux as a function of TMP is shown in Figure
4.1 for experiments conducted with inorganic feed solution and NaCl or seawater draw solution. Each
experiment was conducted with constant feed volume, feed and draw solution temperature, and draw so-
lution concentration to eliminate any effects of operating conditions on membrane performance. These
conditions sustained a constant osmotic driving force, allowing for an unbiased comparison of water flux
between experiments with different hydraulic feed pressures. Tests were terminated after 1500 mL water

diffused from the feed into the draw solution.
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Figure 4.1. Water flux as a function of transmembrane pressure for (a) experiments with 1 M NaCl draw
solution and (b) 60.1 g/L seawater draw solution. Both draw solutions were maintained at constant con-
centration and the feed solution volume was held constant. The system was maintained at 20+0.5 °C.
Feed was a solution of MgSO,4, KNO3, and LiBr, 20 mM each.

The water fluxes through the membranes at 0 psi TMP for the NaCl draw solution (Figure 4.1a)
and seawater draw solution (Figure 4.1b) were lower than those measured during integrity tests (Table
3.1). This is attributed to the elevated salinity of the feed in the current experiments, which lowers the ef-
fective osmotic pressure driving force. When increasing hydraulic feed pressures in subsequent tests,
minimal changes in water flux were observed for the CTA and TFC1 membranes. The small fluctuations
in flux are within the range of experimental errors associated with the tested membranes. However, water
flux through the TFC2 membrane slightly increased when subjected to rising TMP. This trend continued
until TMP of approximately 6 psi, after which flux stabilized to approximately 12.5 L m? h™" in both data

sets. It is hypothesized that because TFC2 is a first generation membrane, the slight increase in water
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flux with increasing TMP is due to pore flow through small membrane defects. These defects are associ-

ated with polymer chemistry and casting procedures that are still under optimization.

4.2 Reverse salt flux

RSF of NaCl was measured during the experiments that monitored water flux (Figure 4.1). Re-
sults were obtained by monitoring increasing feed conductivity during the experiments and verified with IC
and ICP-AES analysis of feed and draw solution samples. RSF as a function of TMP is shown in Figure

4.2 for experiments conducted with NaCl or seawater draw solution.
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Figure 4.2. Reverse salt (NaCl) flux measured in the feed solution as a function of TMP with (a) a cali-
brated conductivity probe in the feed reservoir (1 M NaCl draw solution), (b) IC and ICP-AES analysis of
feed samples (1 M NaCl draw solution), (c) a calibrated conductivity probe in the feed reservoir (60.1 g/L
seawater draw solution), and (d) IC and ICP-AES analysis of feed samples (60.1 g/L SW draw solution).
All experiments were conducted with inorganic feed solution at 20+0.5 °C. For seawater draw solution, IC
and ICP results (c and d) reflect transport of sodium and chloride only.
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A lower RSF was observed during baseline experiments at 0 psi TMP than during virgin mem-
brane experiments presented in Table 3.1. The increased feed solution salinity in the current tests low-
ered the chemical potential between the feed and draw solutions, which may correlate to the decline in
RSF. It is also possible that at higher feed total dissolved solids (TDS) concentration it is more difficult to
analyze for small changes in feed conductivity and TDS concentration than in deionized water. When in-
creasing the TMP, very little change in RSF through the CTA membrane was observed during all experi-
ments. While RSF is slightly elevated at TMP of 18 psi in Figure 4.2a, a more reliable mass balance using
IC and ICP data in Figure 4.2b implies that RSF in FO studies must be more carefully and meticulously
determined.

Different trends were observed for the TFC1 and TFC2 membranes, where increased TMP re-
sulted in a decline of RSF. During NaCl draw solution experiments (Figures 4.2a and 4.2b), a steady line-
ar decline in RSF was observed from 0 to 4 psi, after which RSF did not change with further increase in
TMP. During experiments with seawater draw solution (Figures 4.2c and 4.2d), RSF through TFC1 and
TFC2 decreased throughout the TMP range. TFC1 showed no change in water flux throughout these sets
of experiments (Figure 4.1), indicating that the declining RSF is unrelated to increased water permeance
through the membrane. For TFC2, an increase in water flux was observed between 0 and 6 psi (Figure
4.1) followed by a minimal increase at higher TMP. This increase in water flux is most likely responsible
for some decline in RSF below 6 psi TMP; however, the rate of decline in RSF does not directly correlate
with the rate of increasing water flux. It is likely that this minimal decrease in RSF may be attributed to
physical changes in the membrane active layer as a function of the hydraulic pressure. Increasing pres-
sure at the membrane surface may compress the thin active layer of the TFC membranes, either closing
microscopic defects or altering the salt permeability of the active layer.

Data presented in Figure 4.2 also highlights an important topic when addressing RSF through FO
membranes. Results presented in Figures 4.2a and 4.2¢c show lower RSF values than those calculated
using IC and ICP-AES analytical results in Figures 4.2b and 4.2d. These results indicate lower RSF be-
cause the use of a conductivity probe does not distinguish between the diffusion of NaCl into the feed
solution or solutes leaving the feed solution. Nor do these probes account for different rates of RSF of
individual ions. Moreover, RSF values that rely on the use of a conductivity probe measurements (e.g.,
field analysis and pilot studies) cannot capture the different rates of bidirectional diffusion of solutes from
the feed into the draw solution and from the draw solution into the feed. While trends are similar in both
analytical methods, higher RSF can be expected when calculated using IC and ICP-AES results because
it only accounts for the reverse diffusion of sodium and chloride. Furthermore, comparison of membrane
performances can also be impacted as shown in Figures 4.2c and 4.2d, where TFC1 RSF declines below
that of CTA when analyzed with a conductivity probe but is not true when using IC and ICP-AES results to
calculate RSF.
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4.3 Feed ion rejection

The membrane rejection of feed ions diffusing from the feed into the draw solution was measured
concurrently with water flux (Figure 4.1) and RSF (Figure 4.2). Mass balance and ion rejection calcula-
tions were performed using data from IC and ICP-AES analyses. Percent rejection of feed ions and RSF
of draw solution ions are shown in Figure 4.3 for a range of TMPs for the three membranes investigated
in this study. Feed ion rejection results were only calculated using NaCl draw solution and inorganic feed
solution. This minimized the effects of bidirectional solute diffusion of minor ions in seawater that will
make mass balance calculation very difficult (for common feed and draw solution ions).

Based on minimal changes in RSF observed in Figures 4.2a and 4.2b, CTA rejection of feed ions
was expected to remain constant with increasing TMP. Results in Figure 4.3a reveal that indeed little
changes in anion or cation rejection were observed when TMP was increased. Percent rejection of indi-
vidual ions was as expected, with ions of decreasing size and hydration radius diffusing more readily from
the feed into the draw solution.[59] RSF of NaCl was decoupled into reverse fluxes of sodium and chlo-
ride in an attempt to explain why cation rejection was greater throughout CTA experiments. It can be seen
in Figure 4.3b that the reverse flux of chloride was nearly double that of sodium throughout all experi-
ments. Consequently, lower anion rejection is observed as negative ions more readily diffuse into the
draw solution to maintain electroneutrality.

The order of ion rejection by the TFC1 and TFC2 membranes was similarly to that by the CTA
membrane — ions with smaller hydration radiuses more readily diffused into the draw solution and draw
solution ions diffused accordingly to maintain system electroneutrality. Data presented in Figures 4.2a
and 4.2b suggests that ion rejection should increase with increasing TMP for both TFC membranes due
to observed decreases in RSF; this hypothesis is supported by results in Figures 4.3c and 4.3e. Contrary
to the results observed with the CTA membrane, reverse flux of sodium was higher than that of chloride
throughout all tests with the TFC membranes. Consequently, observed cation rejection was lower than
anion rejection because positive ions diffused faster into the draw solution to balance higher sodium re-
verse diffusion from the draw solution into the feed. During experiments with TFC1 potassium and lithium
rejection increases by approximately 15% and 4%, respectively, between 0 and 18 psi TMP while nitrate
and bromide rejection increased by approximately 2% and 1%, respectively. Magnesium and sulfate were
completely rejected during all experiments, which is expected due to their large molecular size. During
experiments with the TFC2 membrane potassium and lithium rejection increased by approximately 20%
and 2%, respectively, between 0 and 18 psi TMP. Little change in anion rejection was observed during
experiments with TFC2 because the reverse flux of chloride quickly stabilized at pressures higher than 2
psi TMP. Sulfate was completely rejected, similarly to TFC1, while magnesium rejection was lower than
expected (~96%). Low magnesium rejection by TFC2 may be attributed to increased diffusion through

membrane defects present in this first generation casting.
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Figure 4.3. lon rejection as a function of TMP for (a) CTA, (c) TFC1, and (e) TFC2. The RSF of sodium
and chloride for each data set presented is also provided for (b) CTA, (d) TFC1, and (f) TFC2. Experi-
ments were conducted using 1 M NaCl draw solution and inorganic feed solution at 20+0.5 °C. Draw solu-
tion concentration and feed solution volume were held constant throughout all experiments.



In all cases nitrate rejection was the lowest of all anion species that were monitored. These re-
sults are similar to those observed for nitrate in previous FO studies [23, 52, 60] and for results in nanofil-
tration studies.

44 Bidirectional solute flux

Bidirectional solute flux was analyzed using data from experiments with seawater draw solution
and inorganic feed solution. It was believed that introducing the same inorganic feed ions into the draw
solution in ratios expected in sea salt might promote the reversed diffusion of some ions in comparison to
data presented in Figure 4.3. lonic mass balance was calculated using IC and ICP-AES data and results
are shown in Figures 4.4, 4.5, and 4.6 as mass flux for both feed ions and draw solution ions (sodium and
chloride only). Data in Figures 4.4a, 4.5a, and 4.6a also captures ions that diffuse from the seawater draw
solution into the feed.

RSF through the CTA membrane remained fairly constant across all pressures with chloride dif-
fusion exceeding that of sodium (Figure 4.4b). Higher diffusion of nitrate ions from the feed into the draw
solution was observed to maintain charge neutrality with reverse diffusion of chloride into the feed. The
remaining major feed cations and anions diffused in both directions across the membrane with no appar-
ent correlation to increased TMP; this lack of correlation to TMP was expected given relatively steady
RSF in Figure 4.4b and data presented in Figures 4.3a and 4.3b. The average feed solution charge im-

balance and feed ion flux imbalance, measured in meq m? hr' was 8.5% and 14.4%, respectively.
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Figure 4.4. Inorganic ion mass flux (a) as a function of TMP for CTA. Negative ion flux represents solute
diffusion from the feed into the draw solution. The reverse flux of sodium and chloride (from seawater) as
a function of TMP for the data set presented is also provided (b). Experiments were conducted using 60.1
g/L sea salt draw solution and inorganic feed solution at 20+0.5 °C. Draw solution concentration and feed
solution volume were held constant throughout all experiments. The average charge imbalance was 8.5%
and the average ion flux imbalance measured in meq m? hr”' was 14.4%.
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RSF through the TFC1 membrane (Figure 4.5a) showed a decreasing trend with higher observed
reverse diffusion of sodium than that of chloride. Once again, forward diffusion of cations from the feed to
the draw solution was higher than that of anions (Figure 4.5b) to account for greater reverse diffusion of
sodium ions. The average feed solution charge imbalance and feed ion flux imbalance was 9.2% and
3.1%, respectively, and within the accuracy range of the analytical instruments. RSF through the TFC2
membrane (Figure 4.6b) also decreased with increasing TMP; however, at a much lower rate than that
observed in Figure 4.5b. It is possible that, because this membrane coupon was a first generation cast-
ing, it may have a relatively denser active layer similar to that expected for a CTA membrane with fewer
overall microscopic defects. Similar ionic diffusion behavior to that of TFC1 was observed while maintain-

ing an average feed solution charge imbalance and ion flux imbalance of 9.4% and 15.5%, respectively.
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Figure 4.5. Inorganic ion mass flux (a) as a function of TMP for TFC1. Negative ion flux represents solute
diffusion from the feed into the draw solution. The reverse flux of sodium and chloride (from seawater) as
a function of TMP for the data set presented is also provided (b). Experiments were conducted using 60.1
g/L sea salt draw solution and inorganic feed solution at 20+0.5 °C. Draw solution concentration and feed
solution volume were held constant throughout all experiments. The average charge imbalance was 9.2%
and the average ion flux imbalance measured in meq m? hr” was 3.1%.

Overall, it is very difficult to conduct an accurate mass balance with complex feed and draw solu-
tions that have similar constituents on both sides of the membrane. Similar to results with NaCl draw solu-
tion and previous studies, nitrate diffusion through all FO membranes is faster and its rejection is lower
than other anions regardless of feed pressure. Most interestingly, in both the NaCl and concentrated
seawater draw solution sets of experiments reverse diffusion of sodium was higher through the TFC
membranes and lower through the CTA membrane. This phenomenon might be related to the different
surface charge on the opposite sides of the TFC membranes (Table 3.1) and should be further explored.
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Figure 4.6. Inorganic ion mass flux (a) as a function of TMP for TFC2. Negative ion flux represents solute
diffusion from the feed into the draw solution. The reverse flux of sodium and chloride (from seawater) as
a function of TMP for the data set presented is also provided (b). Experiments were conducted using 60.1
g/L sea salt draw solution and inorganic feed solution at 20+0.5 °C. Draw solution concentration and feed
solution volume were held constant throughout all experiments. The average charge imbalance was 9.4%
and the average ion flux imbalance measured in meq m? hr”' was 15.5%.

4.5 Rejection of humic acids

Rejection of organic molecules was evaluated through mass balance calculations using data from
carbon analysis of feed and draw solution samples. Percent rejection of TOC as a function of TMP at 0
and 18 psi is summarized in Table 4.1 for the three membranes investigated in this study. Humic acid
was not purified prior to injection into the feed solution to more closely mimic organic matter in natural

systems; the TOC content of the humic acid used in this study was approximately 38%.

Table 4.1 TOC rejection as a function or TMP for the three membranes tested in the study.
TOC Rejection (%)

Membranes 0 PSI 18 PSI

CTA 96.2%0.6 95.340.1
TFC1 95.640.5 92.440.3
TFC2 96.0+0.1 96.240.2

Minimal changes in TOC rejection were observed when TMP increased from 0 to 18 psi, and the
three membranes showed similar rejection of organic molecules. Comparable rejection characteristics
suggest that a large fraction of the chosen humic acid has high molecular weight molecules that are well
rejected by the active layers of the CTA and TFC membranes. A small fraction of low molecular weight
organics is likely present and readily diffuses through the membranes. TFC1 is the most delicate mem-

brane among the three (very thin active and support layers) and therefore it is likely that higher pressure
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in conjunction with membrane installation associated with bench scale systems resulted in lower organic
rejection by TFC1 at higher pressures. It is also likely that the lower organic rejection of TFC1 is attributed
to slight differences in membrane integrity between the membrane coupons used in the first and second
sets of FO tests.

The specific water flux (water flux normalized by the net driving force, which is also the instanta-
neous membrane permeability coefficient) was calculated for each test conducted during this investiga-
tion. Because the experiments were conducted in osmotic dilution mode, the osmotic pressure driving
force slowly declined and it was necessary to take into consideration internal concentration polarization
effects in order to calculate the instantaneous water permeability coefficients.[61] The feed and draw so-
lution osmotic pressures were calculated using OLI Analyzer Studio (OLI Systems, Inc., Morris Plains, NJ)
and used to determine the effective osmotic pressure driving force as a function of time in each test. Re-
sults (not shown) revealed that the water permeability coefficient of the three membranes have not
changed during the course of the experiments, indicating that membrane fouling was negligible during the

experiments.
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CHAPTER 5.
CONCLUSIONS

Results from this study show that standard testing methods of FO provide an exceptional platform

for comparative membrane testing in the laboratory; however, they do not capture differences in mem-
brane performance when operated under higher TMP anticipated in future FO operations for treatment of
0O&G wastewater and other industrial applications. Introduction of hydraulic pressure across the mem-
brane can result in changes of membrane performance compared to baseline performance under FO
conditions with no TMP.
CTA membranes showed little changes in membrane performance as a function of increasing TMP. Re-
sults from standard testing methods can be assumed accurate up to the maximum pressure tested in this
study. Conversely, increasing TMP did impact the performance of TFC membranes; however, these
changes are not necessarily an indication of poorer performance. Declining reverse salt flux was ob-
served in both TFC membranes with some increase in water flux seen in TFC2. Such changes can im-
pact the bidirectional diffusion of ions across the membrane and have significant impacts in industrial ap-
plications. The observed changes in TFC membrane performance are likely a result of changes in the
physical chemistry of the thin active layer and microscopic defects as a result of increased TMP. More
attention should be paid to potential impacts to TFC membrane performance when operated under true
industrial conditions.

Results demonstrated that membrane material and structure may influence the preferential re-
verse diffusion of ions. This phenomenon is important and can impact specific process applications. To
ensure proper selection and applicability of FO membranes in specific industrial and future O&G process-
es, the effects of hydraulic feed pressures and membrane material on flux and ion transport should also
be taken into consideration when conducting standard membrane comparisons. Recommendations for
future work may include conducting experiments using full scale, spiral wound elements to validate the
experimental results obtained in this study. Additionally, experiments should also be conducted at both
the bench- and pilot-scale using O&G drilling muds, frac flowback, and produced waters to elucidate the
difference between synthetic feed solutions and true industrial wastewater. Such studies can help further

enhance modeling efforts to include the effects of TMP on membrane integrity and performance.
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Figure 3. Ion rejection as a function of TMP for (a) CTA, (c) TFC1, and (e) TFC2. The reverse flux of sodium and chloride for each data set presented
is also provided for (b) CTA, (d) TFC1, and (f) TFC2. Experiments were conducted using 1 M NaCl DS and inorganic feed solution at 20 + 0.5 °C.
Draw solution concentration and feed solution volume were held constant throughout all experiments.

3 that the reverse flux of chloride was nearly double that of
sodium throughout all experiments. Consequently, lower anion
rejection was observed as anions more readily diffused into the
DS to maintain electroneutrality.

The order of ion rejection by the TFC1 and TFC2 membranes
was similar to that by the CTA membrane — ions with a smaller
hydration radius diffused more readily into the DS, and DS ions
diffused accordingly to maintain system electroneutrality. Data
presented in parts a and b of Figure 2 suggests that ion rejection
should increase with increasing TMP for both TFC membranes
due to observed decrease in RSF; this hypothesis is supported by
results in parts ¢ and e of Figures 3. Contrary to the results
observed with the CTA membrane, reverse flux of sodium was
higher than that of chloride throughout all tests with the TFC
membranes. Consequently, observed cation rejection was lower
than anion rejection because positive ions diffused faster into the
DS to balance higher sodium reverse diffusion from the DS into
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the feed. During experiments with TFC1 potassium and lithium
rejection increased by approximately 7% and 3%, respectively,
between O and S50 psi TMP, whereas nitrate and bromide
rejection increased by approximately 1% and 5%, respectively.
Magnesium and sulfate were nearly completely rejected during
all experiments, which is expected due to their large molecular
size. During experiments with TFC2 potassium rejection
increased by approximately 10% between 0 and 50 psi TMP,
while lithium rejection remained unchanged. Sulfate was
completely rejected, similarly to TFC1, whereas magnesium
rejection was slightly lower than expected (~96%). Low
magnesium rejection by TFC2 may be attributed to the slight
decline observed in nitrate and bromide rejection in order to
maintain solution electroneutrality.

In all cases, nitrate rejection was the lowest of all anion species
that were monitored. These results are similar to those observed

. . . . 122131 -
for nitrate in previous FO studies™ ”" and for results in

dx.doi.org/10.1021/es304519p | Environ. Sci. Technol. 2013, 47, 2386—2393
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mass balance calculations analyzed for CTA, TFC1, and TFC2 experiments, respectively.

nanofiltration studies.*> Substantially higher rate of sodium
reverse diffusion through the TFC membranes is attributed to
the significantly low negative charge of their support layer (—9.5
to —3 mV vs —40 mV for the CTA) and therefore higher
electrostatic attraction of sodium to the back side of the
polyamide active layer of the TFC membranes.

3.4. Bidirectional Solute Flux. Bidirectional solute flux was
quantified using data from experiments with seawater DS and
inorganic feed solution. It was expected that by introducing feed
ions into the DS in ratios found in sea salt, the rates of reverse and
forward diffusion of some ions will be different than those
presented in Figure 3. Ionic mass balance was calculated using IC
and ICP-AES data and results are shown in Figure 4 as mass flux
for both feed ions (all) and DS ions (sodium and chloride only).
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Data in parts a, ¢, and e of Figure 4 also captures ions that diffuse
from the seawater DS into the feed.

RSF through the CTA membrane remained fairly constant
across all pressures with chloride diffusion exceeding that of
sodium (part b of Figure 4). Higher diffusion of nitrate ions from
the feed into the DS was observed to maintain charge neutrality
with reverse diffusion of chloride into the feed. The remaining
major feed cations and anions diffused in both directions across
the membrane with no apparent correlation to increased TMP;
this lack of correlation to TMP was expected given relatively
steady RSF in part b of Figure 4 and data presented in parts a and
b of Figure 3. The average feed solution charge imbalance and
feed ion flux imbalance, measured in meq-m >hr™", was 8.5%
and 14.4%, respectively.

dx.doi.org/10.1021/es304519p | Environ. Sci. Technol. 2013, 47, 2386—2393
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Similar to early results, RSF through the TFC1 membrane
(part d of Figure 4) showed a decreasing trend with higher
observed reverse diffusion of sodium than that of chloride. Once
again, forward diffusion of cations from the feed to the DS was
higher than that of anions (part c of Figure 4) to account for
greater reverse diffusion of sodium. The average feed solution
charge imbalance and feed ion flux imbalance was 9.2% and 3.1%
respectively and within the accuracy range of the analytical
instruments. RSF through the TFC2 membrane (part f of Figure
4) once again decreased with increasing TMP; however, at a
much lower rate than that observed in part f of Figure 3. The
membrane coupons used during testing with seawater DS may
have a relatively denser active layer as suggested by the lower
observed RSF in Table S1 of the Supporting Information. Similar
ionic diffusion behavior to that of TFC1 was observed while
maintaining an average feed solution charge imbalance and ion
flux imbalance of 9.4% and 15.5%, respectively.

Overall, it is very difficult to conduct an accurate mass balance
with complex feed and DSs that have similar constituents on both
sides of the membrane. Similar to results with NaCl DS and
previous studies, nitrate diffusion through all FO membranes is
faster, and its rejection is lower than other anions regardless of
feed pressure and DS used. Most interestingly, in both the NaCl
and the concentrated seawater DS experiments, reverse diffusion
of sodium was higher through the TFC membranes and lower
through the CTA membrane. The more negatively charged
support layer of TFC2 compared to TFCl reduced the
electrostatic attraction of sodium to the active layer (through
the support layer) and resulted in higher reverse diffusion of
sodium through TFCI1. Furthermore, TFCI is a much more
permeable membrane and allows more free transport of ions
through the membrane. This phenomenon might be related to
the different surface charge on the support sides of the TFC
membranes (Table S1 of the Supporting Information) and
should be further explored.

3.5. Rejection of Humic Acids. Rejection of organic
molecules was evaluated through mass balance calculations using
data from carbon analysis of feed and DS samples. Percent
rejection of TOC as a function of TMP at 0 and 18 psi is
summarized in Table 1 for the three membranes investigated in

Table 1. TOC Rejection As a Function of TMP for the Three
Membranes Tested in the Study

TOC Rejection (%)

membranes 0 PSI 18 PSI
CTA 96.2 + 0.6 953 +£0.1
TEC1 95.6 + 0.5 924 +0.3
TFC2 96.0 + 0.1 96.2 + 0.2

this study. Humic acid was not purified prior to injection into the
feed solution to more closely mimic organic matter in natural
systems; the TOC content of the humic acid used in this study
was approximately 38%.

Minimal changes in TOC rejection were observed when TMP
increased from 0 to 18 psi, and the three membranes showed
similar rejection of organic molecules. Comparable rejection
suggests that a large fraction of the chosen humic acid has high
molecular weight molecules that are well rejected by the active
layers of the CTA and TFC membranes. A small fraction of low
molecular weight organics is likely present and readily diffuses
through the membranes. TFC1 is the most delicate membrane
among the three (very thin active and support layers) and
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therefore it is likely that higher pressure in conjunction with
membrane installation associated with bench scale systems
resulted in a slightly lower organic rejection by TFC1 at higher
pressures. It is also likely that the lower organic rejection of TFC1
is attributed to slight differences in membrane integrity between
the membrane coupons used in the first and second sets of FO
tests.

The specific water flux (water flux normalized by the net
driving force, which is also the instantaneous membrane
permeability coefficient) was calculated for each test conducted
during this investigation. Because the experiments were
conducted in osmotic dilution mode, the osmotic pressure
driving force slowly declined and it was necessary to take into
consideration internal concentration polarization effects in order
to calculate the instantaneous water permeability coefficients.>?
The feed and DS osmotic pressures were calculated using OLI
Analyzer Studio (OLI Systems, Inc., Morris Plains, NJ) and used
to determine the effective osmotic pressure driving force as a
function of time in each test. Results (not shown) revealed that
the water permeability coefficient of the three membranes have
not changed during the course of the experiments, indicating that
membrane fouling was negligible during the experiments.

Results from this study show that new standard testing
methods of FO may provide a good platform for comparative
membrane testing in the laboratory; however, they do not
capture accurately membrane performance when operated under
higher TMP typical in industrial applications. Introduction of
hydraulic pressure across the membrane can result in changes of
membrane performance compared to baseline performance
under FO conditions in which TMP is 0 psi.

CTA membranes showed little changes in membrane
performance as a function of increasing TMP. Results from
standardized methods can be assumed accurate up to the
maximum pressure tested in this study. Conversely, increasing
TMP did impact the performance of TFC membranes; however,
these changes are not necessarily an indication of poorer
performance. Declining RSF was observed in both TFC
membranes with some increase in water flux seen in TFC2.
Such changes can impact the bidirectional diffusion of ions across
the membrane and have significant impacts in industrial
applications.

Results demonstrated that membrane material and structure,
coupled with operating conditions, might influence the
preferential forward and reverse diffusion of charged ions. This
phenomenon is important and can impact specific process
applications and requires further investigation. To ensure proper
selection and applicability of FO membranes in specific industrial
processes, the effects of hydraulic feed pressures and membrane
material on water flux and ion transport should also be taken into
consideration when conducting standard membrane compar-
isons.
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Table S1. Membrane physical and chemical properties

Unit CTA TFCA TFC2

Pure water permeability (A) L/m*-h-bar 0.55 472 1.63
Salt permeability (B) m/s 4.8x10° 1.2x10”" 8.3x10°
Structural parameter Mm 463 365 690
Zeta potential, active layer mV ? -34.9 -42.5 -38.6
Zeta potential, support layer mV ? -39.5 -3.0 -9.5
Contact angle ° 63.7+6.8" 67.8+11.8 27.7£10.4
Average water flux Lm?hr'® 9.9+0.1° 31.9+£3.3' 9.840.6°
8.4+0.1° 10.4+0.3°

Average reverse NaCl flux mmol m~ hr' ° 88.2+8.5° 344.7+26.7' | 143.4+14.2°
63.9£1.1° 113.6+2.5°

“atpH 7.0
® Contact angle measured using the captive bubble method

°Virgin membranes at 20 °C, 1M NaCl draw solution, and deionized feed water

dVirgin membranes utilized during tests with NaCl draw solution

°Virgin membranes utilized during tests with sea salt draw solution

"In-situ membrane wetting was performed with 50 IPA for 5 minutes following the installation of each
membrane coupon. This procedure did not affect water or salt fluxes.

Methods used to calculate ion rejection and reverse solute flux

Determination of Water Flux

Water permeation rate was determined by measuring the change in mass of the deionized water on the
analytical balance (Mettler Toledo, Columbus, OH) as a function of time for the duration of each experi-
ment. The mass of deionized water decreased with time because water that permeated through the
membrane from the feed solution into the draw solution was replaced by dosing deionized water (to main-
tain constant volume of the feed loop). The slope of mass versus time is the mass transfer rate through
the membrane for an individual experiment. Water flux was determined by dividing the mass transfer rate
by the water density and membrane surface area.

Determination of Salt/Solute Reverse Flux

Salt flux values reported in the manuscript were calculated by measuring the increase of feed solution
conductivity (converted to concentration) or changes in ion concentration over a selected time period. A
K=1 cm™ cell constant conductivity probe was specifically calibrated for dilute feed solutions. Feed solu-
tion conductivity increased linearly as a function of time as draw solution solutes diffused into the feed
solution. Salt flux was determined by converting the slope of the feed solution conductivity increase per
unit time to concentration per unit time based on a calibration curve generated for each salt type; this val-
ue was then multiplied by the feed solution volume and divided by membrane surface area.

To determine the reverse flux of specific ions, the concentration of the ion was measured with the appro-
priate method (e.g., IC, ICP, TOC, etc.) between two consecutive samples that were drawn from the feed
tank. Subsequently, the difference in ion concentration was calculated (mg/L or mmol), the value was
multiplied by 3 L (the constant volume of the feed tank), and the new value was divided by the area of the
membrane. It is important to note that a meticulous mass balance must take into account the mass lost
during sample withdrawal and incorporate it back into the calculations.

Determination of lon Rejection

The concentration of specific ions was measured with the appropriate method (e.g., IC, ICP, TOC, etc.)
between two consecutive samples that were drawn from the draw solution and feed solution tanks. Sub-
sequently, the concentration of specific ions in the draw solution was multiplied by the volume of draw
solution at the time of sample withdrawal. The difference in ion mass in the draw solution was calculated
and the value was divided by the volume of water that crossed the membrane between the two samples
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withdrawn. The new value represents the concentration of the ion in the water that permeated the mem-
brane. This value is then used in conjunction with the average concentration of the specific ion in the feed
solution to calculate ion rejection [R=(1-(Cp/Cf))*100]. The same method is used to calculate organic re-
jection.
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Figure S1. A schematic drawing of the bench-scale FO apparatus used in this study. Adapted from."

Table S2. Formulated sea salt composition

Analyte Concentration (mg/L)
Chloride 32,990
Sodium 18,436
Sulfate 4,549
Magnesium 2,258
Potassium 718
Calcium 684
Carbonate/bicarbonate 342
Bromide 96
Strontium 15
Boron 10
Fluoride 2
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APPENDIX B

Copy of American Chemical Society’s policy to reprint
B.D. Coday, D.M. Heil, P. Xu, T.Y. Cath, Effects of Transmembrane Hydraulic Pressure on Performance

of Forward Osmosis Membranes, Environmental Science & Technology 47 (2013) 2386-2393.
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