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Summary

The importance of tuning injection-water chemistry for upstream is
moving beyond formation-damage control/water incompatibility to
increasing oil recovery from waterflooding and different improved-
oil-recovery (IOR)/enhanced-oil-recovery (EOR) processes. Smart
waterflooding through tuning of injection-water salinity and ionic
composition has gained good attention in the industry during recent
years for IOR in carbonate reservoirs. The water-chemistry require-
ments for IOR/EOR have been relatively addressed in the recent
literature, but the key challenge for field implementation is to find
an easy, practical, and optimum technology to tune water chem-
istry. The currently available technologies for tuning water chem-
istry are limited, and most of the existing ones are adopted from
the desalination industry, which relies on membrane-based separa-
tion. Even though these technologies yield an achievable solution,
they are not the optimum choice for altering injection-water chem-
istry in terms of incorporating selective ions and providing effec-
tive water management for large-scale applications. In this study,
several of the current, emerging, and future desalination technolo-
gies are reviewed with the objective to develop potential water-
treatment solutions by use of both seawater and produced water
that can most efficiently alter injection-water chemistry for smart
waterflooding in carbonate reservoirs.

Standard chemical-precipitation technologies, such as lime/soda
ash, alkali, and lime/aluminum-based reagent, are only applicable
for removing certain ions from seawater. The lime/aluminum-based
reagent process looks interesting because it can remove both sul-
fates and hardness ions to provide some tuning flexibility for key
ions included in the smart water. There are some new technologies
under development that use chemical solvents to extract salt ions
from seawater, but their capabilities to selectively remove specific
ions need further investigation.

Forward osmosis (FO) and membrane distillation (MD) are the
two emerging technologies, and they can provide good alterna-
tives to reverse-osmosis (RO) seawater desalination for the near-
term. These technologies can offer a more cost-effective solution
in which there is availability of low-grade waste heat or steam. The
two new desalination technologies, based on dynamic vapor re-
compression and carrier-gas extraction (CGE), are well-suited to
treat high-salinity produced water for zero liquid discharge (ZLD),
but they may not be able to provide an economical solution for sea-
water desalination. Carbon nanotube-based desalination, graphene
sheet-based desalination, and capacitive deionization are the three
potential future seawater-desalination technologies identified for
the long term. Among these, carbon nanotube-based desalination
is more attractive, although the technology is still largely under re-
search and development.
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The results of this review study show that there is no commercial
technology yet available to selectively remove specific ions from
seawater in one step and optimally meet the desired water-chem-
istry requirements of smart waterflooding. As a result, different
conceptual process configurations involving selected combinations
of chemical precipitation, conventional/emerging desalination, and
produced-water-treatment technologies are proposed. These con-
figurations represent both approximate and improved solutions
to incorporate specific key ions into the smart water selectively,
besides presenting the key opportunities to treat produced-water/
membrane reject water and provide ZLD capabilities in smart-
waterflooding applications. The developed configurations can pro-
vide an attractive solution to capitalize on existing huge produced-
water resources available in carbonate reservoirs to generate smart
water and minimize wastewater disposal during fieldwide imple-
mentation of smart waterflood.

Introduction

Advanced waterflooding processes of lower salinity and tuned
ionic composition are currently becoming attractive in the oil
industry to recover more oil from both sandstone and carbonate
reservoirs onshore and offshore. Laboratory studies and field pilots
in sandstones indicate that threshold salinities lower than 5,000
ppm are desired to result in 5 to 7% incremental oil recovery over
normal waterflooding (Jadhunandan and Morrow 1995; McGuire
et al. 2005; Lager et al. 2008; Ligthelm et al. 2009; Seccombe et al.
2010; Vledder et al. 2010; Mahani et al. 2011). The research studies
carried out so far to investigate the effects of water ionic compo-
sition in carbonates are relatively less pronounced when com-
pared with sandstones. Water ionic compositional effects appear
to be more complex in carbonates not only because lower salinity
is important, but also because certain key ions, such as sulfates,
calcium, and magnesium, play an important role in impacting oil
recovery. Injection waters of lower salinity, but enriched with diva-
lent ions and depleted in monovalents, were shown to be the most-
desired water chemistry to result in better incremental oil recovery
in carbonates (Fathi et al. 2011; Yousef et al. 2011a; Yousef et al.
2012a; Austad 2013; Chandrasekhar and Mohanty 2013).

Saudi Aramco is stongly engaged in studying the role of water
ions and their effects on oil recovery in carbonates under the in-
house strategic research program tagged “SmartWater Flood.” Nu-
merous laboratory corefloods confirmed the potential of smart
waterflood in carbonates (Yousefet al. 2010, 2011a, 2011b, 2011c).
The first-ever single-well chemical-tracer tests performed in a car-
bonate reservoir also promisingly showed 6 to 7% reduction in
residual oil saturation resulting from the injection of chemistry-
optimized waters (Yousef et al. 2012b). As a result, a multiwell
pilot is currently being designed to demonstrate smart-water effects
in carbonates at larger scale and to overcome expected problems
during the pilot operation in the field.

Seawater is the most-abundant water resource on Earth, and is
thereby the most-convenient source water for both offshore and on-
shore waterflooding projects. Similarly, plenty of produced-water

October 2016 e 0il and Gas Facilities 1



resources are also available from existing carbonate oil fields.
Therefore, water-chemistry alteration and removal/enrichment of
certain ions from both seawater and produced water are the keys
for successful implementation of smart waterflooding in carbonate
reservoirs. Desalination is the readily available water-chemistry-
alteration process used to remove dissolved ions from seawater.
Membrane-based technologies are used routinely to desalinate
seawater and have been developed over many years in large-scale
commercial applications to provide both drinking water and treated
injection water for waterfloods on offshore platforms. There are
also some variations in the design application of these processes,
such as using energy recovery devices and larger-diameter mem-
branes, among others. These design variations have not yet reached
commercial or widespread acceptance, but in certain circumstances
can be considered potentially useful. Two types of membranes, RO
and nanofiltration (NF), are available in the market today for re-
moval of ions from seawater to reduce the salinity.

Both RO and NF are pressure-driven processes, with the pres-
sure applied used for separation, allowing the water to pass through
the membrane while the selective salts remain. RO involves a
much-tighter membrane with pore sizes less than 0.0005 um. These
membranes reject all the salt ions—both monovalent (sodium and
chlorides) and divalent (calcium, magnesium, and sulfates)—from
seawater with rejection efficiencies greater than 99%. Fresh water
containing a negligible amount of salt ions (<500 ppm) is the final
product water from RO. The reject water from RO is a concen-
trate, which is rich in both monovalent and divalent ions. In con-
trast to RO, NF membranes are relatively looser, with pore sizes
in between 0.05 and 0.005 pm and 200-Dalton molecular-weight
cutoff. These membranes reject only divalent cations and sulfates
with >90 to 99% rejection efficiency. As a result, the product water
from NF membranes is rich in monovalent ions, whereas the reject
water stream contains mostly divalent ions.

The oil industry first realized the importance of water-chem-
istry alteration in injection water specifically for low-salinity wa-
terflooding and chemical-EOR projects (Christopher et al. 2009;
Collins et al. 2010; Ayirala et al. 2010, 2014, 2016; Williams 2015;
Ligthelm et al. 2012; Henthorne and Movahed 2013; Henthrone
etal. 2013; Curole and Greene 2014). Most of these studies quickly
tapped on existing and commercially available membrane-based
technologies from the desalination industry. These studies sug-
gested the use of either a standalone RO or another hybrid mem-
brane-based process involving both NF and RO technologies. More
importantly, none of these studies addressed the complex water-
chemistry requirements of smart waterflooding in carbonates. The
optimum injection-water chemistry for smart waterflooding re-
quires not only depleting monovalent ions (sodium and chlorides),
but also maintaining sufficient concentration of certain key ions
(sulfates, calcium, and magnesium) in seawater. Because there is
no commercial technology currently available in the industry to
remove selectively specific ions from seawater to enrich the so-
called key ions, one possible way to generate smart water is through
mixing of seawater with fresh water obtained from RO. This scheme
can provide one viable approach to deplete monovalent ions, but to
keep adequate concentration of key ions in the injection water. It is
important to note that such a scheme will provide only an approxi-
mate solution to achieve seawater dilution for smart waterflooding.

Ayirala and Yousef (2015) performed a comprehensive review
to summarize the impact of injection-water chemistry on oil re-
covery in different IOR/EOR processes. This review analysis
pointed out that the importance of tuning injection-water chemistry
in the upstream is moving beyond formation-damage control/water
incompatibility to increasing oil recovery from waterflooding and
IOR/EOR. It was also emphasized that there is a need for close
collaboration between oil and water industries to develop fit-for-
purpose water-treatment solutions to address those complex injec-
tion-water-chemistry requirements associated with different IOR/
EOR processes. The recent work of Yousef and Ayirala (2014)

2 0il and Gas Facilities e October 2016

proposed NF/RO technologies arranged in a parallel configuration
as one potential solution to generate more-favorable chemistry-
optimized waters suited for smart waterflooding in carbonates. It was
shown in this study that multiple water streams of widely varying
ionic strength and content obtained from such technology can be
blended effectively to yield any smart-water cocktail of desired
ionic strength, composition, and monovalent-to-divalent ion con-
tent suited for different IOR/EOR processes. The applicability of
different smart-water cocktails obtained from the proposed tech-
nology was also demonstrated to several other EOR processes,
including polymer flooding, surfactant flooding, dilute-surfac-
tant flooding, carbonated-water flooding, miscible-gas flooding,
and as boiler feedwater in steamfloods. Even though this scheme
yields a much better solution compared with RO, it is not yet the
optimal choice to alter water chemistry in terms of incorporating
selective key ions in the smart water for large-scale applications.
This major deficiency is due to the reason that the ionic content
can only be varied collectively as either monovalent or divalent
ions without providing any flexibility to tune on individual key
ions. These membrane-based processes are not suited to treat high-
salinity waters greater than 60,000-ppm salinity and are also not
tolerant to contaminants in produced water, such as water-soluble
organics, free oil, and particulates. As a result, this technology has
serious limitations to treat high-salinity/produced waters and meet
environmental regulations in locations where water-reinjection/
disposal facilities are not available.

The major goal of this study is to perform a state-of-the-art litera-
ture review on current, emerging, and future desalination technologies
to achieve the following objectives: (1) investigate chemical-precip-
itation/extraction technologies and evaluate their significance for
smart waterflood, (2) identify emerging alternative technologies to
conventional membrane-desalination processes, (3) explore poten-
tial technologies under development for future applications, and (4)
develop several water-treatment-process configurations involving se-
lected combinations of identified technologies to provide feasible and
practical solutions for the use of both seawater and produced water in
smart-waterflooding applications in carbonates.

Chemical-Precipitation Technologies

As the name implies, these technologies involve supersaturating
dissolved salts in the water by adding suitable chemical reagents to
cause precipitation from seawater. The chemical-precipitation tech-
nologies are most commonly used in the water industry to soften
water (i.e., to remove hardness-causing calcium and magnesium
ions). Precipitation of these hardness ions is achieved by raising the
pH of source water to values greater than 10 or 11, and two types
of softening-treatment schemes are typically practiced in the water
industry today: (1) lime/soda ash and (2) caustic soda. There are
some technologies available to even precipitate sulfates by use of
chemical reagents, but their practical applicability to seawater-treat-
ment applications is not very clear and needs detailed evaluation.

Lime/Soda-Ash Softening. Lime/soda-ash softening is the most
widely used chemical-precipitation method in the water industry.
In this technology, lime (calcium hydroxide) is used to precipitate
carbonate hardness, and soda ash (sodium carbonate) is added for
removing the noncarbonate hardness.

The carbonate and bicarbonate salts of calcium and magnesium
constitute the so-called carbonate hardness, whereas noncarbonate
hardness is primarily caused by the hardness of ion salts such as
sulfates and chlorides. Calcium hardness is precipitated as cal-
cium carbonate and magnesium hardness as magnesium hydroxide
during the treatment process, and both of these precipitates are
nearly insoluble. They can be made resoluble in water by adding di-
lute amounts of acids such as HCI and H,SO,. Some key precipita-
tion chemical reactions taking place in the lime/soda-ash softening
process are listed in the following (Mountain Empire Community
College 2009; Zadghaffari and Asr 2013):



Ca(HCO,), +Ca(OH), = 2CaC0O;+2H,0, ........ccccooecc. (1)

MgCO, +Ca(OH), = CaCOy + Mg(OH),, oovvvvvvrvvrvvvcernnns )
and

CaSO, + Na,CO, = CaCO, + Na,SO,. ....cccovvveerveeerrrrvevcinnn A3)

Caustic-Soda Softening. The single chemical “caustic soda” (sodi-
um hydroxide) is used in this technology to precipitate both carbon-
ate and noncarbonate hardness. As with lime/soda-ash softening,
the hardness ions are precipitated as calcium carbonate and mag-
nesium hydroxide in this process. The major chemical reactions
occurring in the precipitation process are as follows (Zadghaffari
and Asr 2013):

Ca(HCO,), +2NaOH — CaCO, + Na,CO, +2H,0, ............ 4)

CaSO, + Na,CO; — CaCO;+ Na,SO,, .........cccccevvuvucurnnnnn. 5)
and

MgCl, +2NaOH — Mg(OH), +2NaCl. ...........cccccccoueuu. (6)

Both these softening chemical-precipitation technologies have
some inherent disadvantages, such as high upfront chemical costs
and major issues associated with precipitated-sludge removal and
disposal. Lime/soda-ash softening is relatively less expensive com-
pared with the caustic-soda process, and it also slightly decreases
the total dissolved solids (TDS) in the treated water. The caustic-
soda process produces lower sludge volumes, but sodium-ion con-
centration will be slightly increased in the treated water.

Pellet-softening technology is used extensively in some loca-
tions to effectively combat sludge-formation/handling issues in
chemical-precipitation methods (Mahvi et al. 2005; Snedecor et al.
2008; Winklmann and McCreary 2014). In this technology, crys-
tallization of precipitated calcium carbonate and magnesium hy-
droxide (to a lesser extent) occurs on a fluidized bed of sand grains.
This will minimize sludge formation and the produced gravel-sized
pellets can be removed from the reactor as a solid byproduct.

Sulfate Precipitation With Chemical Reagents. Bowell (2004)
and Usinowicz et al. (2005) reviewed all the available technologies
to remove sulfate ions from mine water. Both these studies con-
cluded that sulfate removal through precipitation of ettringite can
provide one most-efficient treatment solution. This technology is
based on the principle that addition of aluminum trihydroxide and
lime at pHs ranging from 11.5 to 12.0 can precipitate sulfates in the
feedwater as the sulfate-ion-based mineral ettringite. It can reduce
sulfate ions from feedwater to levels below 50 ppm, and can even
remove calcium ions during the treatment process.

The two commercial processes that use ettringite precipita-
tion for sulfate-ion removal from industrial waters obtained from
mining and mineral processing are SAVMIN™ and cost-effective
sulfate removal (CESR). Both of these processes are basically
developed to treat polluted mining waters having sulfate con-
centrations greater than 2,000 ppm. These are multiple-step chem-
ical-treatment processes, and, during the initial step, calcium sulfate
and metals are precipitated using lime. In the next step, either alu-
minum oxide (SAVMIN) or a proprietary aluminum-containing
chemical (CESR) is used for sulfate precipitation as ettringite. In
the SAVMIN process, aluminum is recovered for recycling from
ettringite, whereas the CESR process disposes of the precipitated
ettringite as sludge without aluminum recovery. The key precipita-

tion reaction occurring in both of these sulfate-removal processes
with industrial water is as follows (Usinowicz et al. 2005):

3Ca0 +3Ca™ +3S0,” + 2Al(OH), + 28 H,0
—3Ca0-3CaSO0, - AL,O, -31H,0 (ettringite). ..........cccccu..... (7)

In the SAVMIN process, the aluminum in the precipitated ettr-
ingite is recovered by dosing with sulfuric acid at a target pH of ap-
proximately 6.5, as per the following chemical reaction:

3Ca0-3CaS0, - AL,O,-31H,0 +3H,S0,
—6Ca™” +650,” +2AI(0H); +3TH,0 . ..o, (8)

The aluminum trihydroxide solids are separated from the cal-
cium sulfate by elutriation (decanting) by use of high internal
mixing, and can be potentially recycled. A small makeup of only
approximately 2 to 3% is required to the recycled aluminum trihy-
droxide. It is also important to note that all these chemical reactions
occur at ambient conditions, and, as a result, the process requires
only chemical additives and normal agitation to precipitate sulfate/
calcium ions and recover the chemical reagent for reuse.

Banerjee et al. (2015) proposed a two-stage advanced sulfate-
removal process on the basis of ettringite precipitation to treat
NF-membrane reject from a mining site. The high-sulfate and cal-
cium-containing mine water was first treated with NF membranes,
and then the proposed advanced-sulfate-precipitation process was
used on NF reject to produce treated effluent water. The feedwater
from NF reject contained approximately 2,500 to 4,000 ppm sul-
fates and 800 to 1,800 ppm calcium. The ettringite precipitation
was able to reduce sulfates to < 100 ppm by removing both calcium
and sulfates as calcium sulfate sludge. Also, more than 95% of the
aluminum-based reagent used for precipitation was recovered and
reused in the process for sulfate reduction.

The two basic softening/chemical-precipitation technologies de-
scribed in this subsection can be used only to remove hardness ions
without showing much impact on total salinity. As a result these
technologies look promising in the seawater pretreatment stage to
remove hardness ions. These processes cannot stand on their own in
water desalination, but they can complement the most widely used
membrane and thermal-based desalination processes for better effi-
ciency. The treated water after softening can be fed into a membrane-
or thermal-based-desalination unit downstream to reduce membrane
fouling/scaling and increase water recovery. El-Manharawy and
Hafez (2003) performed experimental investigation to evaluate sea-
water alkalization as a promising pretreatment step for the RO desali-
nation method using Red Sea surface water. These results confirmed
that this pretreatment method has several technical and economic
advantages in RO desalination such as hardness-ion precipitation,
removal of suspended solids and colloids, bacterial disinfection, in-
creased permeate recovery, and lower sludge volumes.

The aluminum-based ettringite-precipitation process seems to
remove both hardness ions and sulfates from feedwater and, con-
sequently, looks much more attractive. The process has been pre-
dominantly used in mining operations to remove sulfates, and as
a result, the suitability and cost-effectiveness of the process in
seawater applications needs to be evaluated in detail. In view of
considering the importance of sulfates and divalent ions in the opti-
mized water chemistry of smart water in carbonate reservoirs, these
chemical-precipitation processes may provide one possible route
to extract key ions from seawater with greater than 90% water re-
coveries as a first step in the water-treatment scheme. The insol-
uble and partially soluble precipitates rich in calcium, magnesium,
and sulfate ions can then be used for blending with the desali-
nated fresh water to control the key-ion content in the smart water.
Small amounts of dilute acid can be used to dissolve these precipi-
tates in fresh water, which can enhance the performance of smart
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Technology Pros

Cons

Chemical precipitation e
unit
e Some water-ion-tuning flexibility for smart
waterflood
e Greater than 90% recoveries

e Acidity may enhance smart waterflood

Salt extraction o No scaling and lower energy requirements

o Greater than 80—-85% recoveries

o Selective ion removal for smart waterflood is

possible

Less scaling and fouling in the main desalination .

Only partial desalination to remove certain ions
e Upfront chemical costs

e Sludge handling and disposal

e Additional facility costs

e Technology still under development

¢ No details on costs and chemical solvents used
e Chemical solvent use/recycling is uncertain

e Technology scaleup needs to be demonstrated

e Some expected suitability to treat high-salinity

concentrates and produced water
FO o Lower energy requirements
e Reduced brine discharge
o Can treat high-salinity water

e Could become cost competitive compared with RO e

MD e High water recoveries
o Excellent salt separation
e Can treat high-salinity water

e Could become cost competitive compared with RO

o Still being commercialized
e Continuing developments with membranes and draw solution
e Regeneration of draw solution is not yet optimized

Selective ion removal for smart waterflood is not
possible

e Only pilot scale, not yet commercialized

¢ Requires low-grade waste steam or heat

e Ongoing further optimizations

Selective ion removal for smart waterflood is not

possible
CGE o High water recoveries up to 85-90% o Still being commercialized
e Can treat high-salinity water and produced water e No details on costs, energy requirements, or

e Modular design
e Can offer a potential ZLD solution

Dynamic vapor o High water recoveries up to 97%
recompression

produced water
e Minimal pretreatment and no scaling
e Can provide an excellent ZLD solution

e Can treat both high-salinity concentrates and

footprint estimates

e Selective ion removal for smart waterflood is not
possible

e May not be cost-effective compared with RO for
seawater desalination

e Only small-scale demonstrations, and scalability
needs to be determined

o No details on costs, energy requirements, or
footprint estimates

e Selective ion removal for smart waterflood is in
question

e May not be cost-effective compared with RO for
seawater desalination

Table 1—Pros and cons of reviewed water-chemistry-alteration technologies.

waterflood because of favorable acid interactions with the lime-
stone. The major disadvantage of these chemical-precipitation
technologies is that they can only accomplish partial desalination
by removing certain water ions. After the chemical treatment, the
feedwater needs to be separated into two streams: treated effluent
and precipitated residue. The treated effluent water stream should
be further processed in a downstream desalination unit, such as
membrane desalination or any other suitable technology to achieve
complete desalination and produce fresh water. The precipitated
residue should then be mixed with fresh water to provide some con-
trol on tuning the key-ion content in smart water. The pros and cons
of chemical-precipitation technologies are summarized in Table 1.

Chemical-Based Salt-Extraction Technologies

The technologies in this category depend on some type of chemical
solvents to extract salt ions from seawater. There are some newer
technologies being developed that use liquid solvents to extract salts
from seawater continuously. The technology developed by Adionics
constitutes one good example of such a salt-extraction process. The
Adionics process removes salts and associated ions from feedwater
by use of selected chemical solvents on the basis of the liquid/liquid
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extraction principle (Adionics 2014). The salts are extracted at
ambient pressure without any scaling, but at the same time with low
energy requirements and high water recovery. Three different ver-
sions of this technology are under development: AquaOmnes®,
SMARTEX®, and SELECTEX® (Water Online 2015). AquaOmnes
removes all salt ions from high-salinity brines and seawater to
generate fresh water. The SMARTEX process can smartly extract
only families of cations on the basis of the valency. SELECTEX
can facilitate extraction of selective water ions while leaving other
ions untreated in the product water. It can treat high-salinity waters,
including the produced water, to remove certain ions, such as cal-
cium, barium, strontium, and sulfates, while leaving behind the
other ions, such as sodium and chloride, in the treated water. The
SELECTEX process seems to be of high relevance to the oil and gas
industry when EOR applications are considered.

These extraction-based technologies can be attractive. Their
capabilities are also broad, starting from fresh water to divalent/
sulfate-ion removal and specific-ion removal to include even pro-
duced-water desalination for IOR/EOR. A few small-scale pilot
plants that use AquaOmnes are under construction/operation,
with the objective to demonstrate the desalting capabilities of this
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Fig. 1—Schematic of FO desalination process.

technology to generate fresh water (AMEinfo 2015). The other major
capabilities of technologies such as SMARTEX and SELECTEX
still need to be demonstrated. The suitability of these technologies
for treating produced water is not clear. Also, not many details are
available on the technology scaleup, type of chemical solvents used,
solvent use/recycling capability, and expected costs per barrel of
treated water. These technologies, once developed, look attractive
because they can selectively remove specific ions, even from high-
salinity produced water for reinjection into different IOR/EOR pro-
cesses, including smart waterflood in carbonates. The pros and cons
of chemical-extraction technologies are included in Table 1.

Emerging Alternative Desalination Technologies

The two emerging seawater-desalination technologies of FO and MD
are described in this section to evaluate their pros and cons in compar-
ison with the most widely used RO desalination method. The other
two new technologies based on CGE and dynamic vapor recompres-
sion are also included to assess their capabilities and determine the
suitability for seawater desalination and smart waterflooding.

Forward Osmosis (FO). FO desalination is also called “direct
osmosis,” and it uses a semipermeable membrane and a high-
osmotic-pressure concentrated “draw” solution to generate fresh
water from saline source water. In other words, osmotic pressure
is used as a “driving force” to separate water across the membrane
rather than the hydraulic-pressure gradient used in conventional
membrane-desalination processes. A schematic of the FO desalina-
tion process is shown in Fig. 1.

As shown in Fig. 1, fresh water passes through the membrane and
dilutes the draw solution. The draw solution is then concentrated in a
recovery system to produce fresh water. Development of appropriate
membranes with low fouling and high water flux, identification of
suitable draw solution, and its efficient recovery/recyclability are the
keys to the success of FO technology. These three parameters have
a critical impact on the technology development and economic vi-
ability. The draw solution should also exhibit high osmotic pressure,
must be environmentally benign, and should be easily recoverable.

Some breakthrough was achieved in FO during the mid-2000s,
and a recyclable concentrated draw solution consisting of ammonium
salts was successfully used to provide high osmotic pressure (Mc-
Cutcheon et al. 2006). The resulting dilute draw solution was ther-
mally separated to produce fresh water. This thermal separation was
achieved by use of the unique characteristics of the salts in the draw
solution to decompose into ammonia and carbon dioxide (CO,) gases
when heated. The low-grade waste heat can be used in this recovery
system to yield high water recoveries and lower energy requirements.

Mehta et al. (2014) performed cost comparisons between FO and
RO technologies, and these results indicated that forward osmosis

Hydrophobic
Membrane

ﬁFeedwater

Fig. 2—Schematic of MD process.

could be economically better. The water companies, such as HTI
Water Technology, Oasys Water, and Modern Water, are involved
in the commercialization of FO technology. HTI is developing the
technology on the basis of readily available concentrated draw so-
lutions such as oilfield produced water, waste mud from drilling
wells, concentrated rehydration drinks, and potentially fruit juice
concentrate. In contrast, Oasys Water is developing FO technology
using the concentrated solute containing ammonium carbonate
salts. The other company, Modern Water, deployed their modified
FO technology [manipulated osmosis desalination (MOD)] for sea-
water desalination using a proprictary osmotic agent (Thompson
and Nicoll 2011). A membrane-based regeneration system is used
in the MOD process. The MOD process has been implemented at
commercial scale with a 100 m3/d desalination plant in Al Khaluf
and another 200 m3/d desalination plant at Al Najdah, both in Oman
(Thompson and Nicoll 2011; Chaudhry 2013). Because there is no
osmotic-pressure limitation in FO technology, it can also be well-
suited to treat much-higher-salinity water. McGinnis et al. (2013)
demonstrated successfully through a pilot study that NH;/CO, FO
desalination can be used to desalinate the fracture flowback and
produced water (73,000 ppm average salinity) from natural-gas-ex-
traction operations in the Marcellus shale region. The pros and cons
of FO desalination technology are summarized in Table 1.

Membrane Distillation (MD). MD is a hybrid desalination meth-
od that combines both thermal and membrane-based desalination
concepts in one process. In this technology, vapor pressure is used
as a “driving force” to pass evaporated vapors across the mem-
brane. The membranes used are hydrophobic in nature, and as a
result, they allow only water vapor to pass though, while leaving
liquid water with salts behind. The desired vapor-pressure gradi-
ent for the process is created by heating the source feedwater. A
schematic showing the working principle of MD is shown in Fig. 2.
As can be seen, a temperature gradient is created across the mem-
brane between cold and hot sides. The vapors from hot water pass
through the membrane to the cooler side, and ultimately condense
there to form fresh water. The process thereby requires some heat to
produce fresh water from seawater by use of a membrane module
and vaporization/condensation cycles.

Memstill® is one major MD process (Hanemaaijer et al. 2006,
2007) developed by a consortium of nine parties at the Netherlands
Organization for Applied Scientific Research (TNO), which is cur-
rently gaining some attention. In this desalination process, seawater
is first heated in a condenser by use of the heat of condensation
from water vapor, and then it flows through a heat exchanger into
the membrane evaporator. Only water vapor diffuses through the
membrane while rejecting the liquid water. The water boiling point
is adjusted in the membrane evaporator by reducing the ambient
pressure of the water. This promotes boiling at reduced tempera-
tures from top to bottom in the evaporator system.

Several small-scale Memstill pilots on seawater/brackish-water
desalination have been successfully carried out starting from 2006.
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First was a 2-m3/d seawater pilot in Singapore, then two pilots on
brackish-water desalination in the Netherlands, and a recent trial
was performed at BASF (Badische Anilin und Soda Fabrik), a port
in Antwerp in 2011 (Jansen et al. 2010; Camacho et al. 2013). There
are also some plans to build a 100-m3/d demonstration pilot at a re-
finery in Singapore (Camacho et al. 2013). Memstill looks espe-
cially attractive when compared with RO for treating high-salinity
waters because the energy demand in the process is independent of
salt concentration (Tarnacki et al. 2012). The cost of treated water
from Memstill technology seems to be much lower compared with
thermal desalination and relatively less expensive than RO desali-
nation. The process is expected to decrease the desalination costs
considerably in large-scale applications that use low-grade waste
steam or heat. Excellent salt-separation efficiency, small footprint,
limited fouling/corrosion, and simple modular construction are
some major advantages associated with this desalination process.
The pros and cons of this emerging desalination technology are
summarized in Table 1.

Carrier-Gas Extraction. The new desalination process CGE is
based on the humidification/dehumidification principle. This tech-
nology involves atmospheric pressure/moderate temperatures and
uses a carrier gas to extract fresh water (<100 ppm salinity) from
high-salinity brines. It was developed by Gradiant Corporation,
a Massachusetts Institute of Technology (MIT) spinoff company.
The saline water is first heated and sprayed onto porous material
of large surface area, which comes directly into contact with car-
rier gas such as dry air. The air saturated with water vapor is then
processed in a multistage bubble column (which acts as both a heat
and mass exchanger), wherein the humid air is passed as bubbles
through a series of holes into water-filled trays. During this ex-
change process, the water vapor in the bubbles becomes cooled
and condensed to create more fresh water in the trays (Whitfield
2014). The energy is recovered by using the heat of condensation
to preheat incoming feedwater.

CGE technology can treat hyper-saline produced waters
(>200,000 ppm TDS) from oil and gas production. It requires rig-
orous pretreatment for produced water to remove oil/grease residual
content and solid particles. The process is currently being commer-
cialized in the Permian basin to treat produced water and create the
fresh water required for hydraulic-fracturing operations in uncon-
ventional resources (Passut 2014). This modular pilot plant has a
capacity to treat approximately 5,000 to 10,000 B/D of produced
water. The technology can also be used for seawater desalination
and to treat contaminated waters. The output water from CGE (i.e.,
fresh water) is of the same quality as other well-established tech-
nologies, such as membrane (RO) and thermal desalination. The
treatment of produced water (up to and more than 200,000 ppm
TDS) in remote areas, where reinjection/disposal facilities are not
available, is one direct application for this technology. It could pro-
vide one potential solution to meet the environmental regulations
of ZLD in oilfield applications.

CGE technology will not be able to provide a cost-effective solu-
tion for seawater desalination in comparison with RO. The advan-
tages of CGE technology (in terms of cost, footprint, and energy
requirements) over the most widely used RO membrane-based sea-
water desalination are not well-defined. The scalability of this tech-
nology to large-scale applications has also not been demonstrated.
The resultant product water is fresh (<500 ppm TDS); consequently,
optimum water-ion tuning without blending with feed seawater is
not possible. This technology could be attractive for desalination of
oilfield produced water, and highly saline waters in remote locations
where reinjection/disposal facilities are not available. The pros and
cons of CGE technology are described in Table 1.

Dynamic Vapor Recompression. Dynamic vapor recompres-

sion, developed by Salttech (based in the Netherlands), involves
thermal distillation in a modular system. It is a type of mechani-
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cal vapor recompression in principle, and water is evaporated at
moderate temperatures by applying vacuum, which is subsequently
condensed. A heat exchanger is used to transfer heat of condensa-
tion to the incoming water stream to reduce energy requirements.
The key feature of this technology is that a cyclone is used in the
evaporation stage to provide maximum separation of crystallized
salts from brine through centrifugal force. The system requires no
pretreatment, and it can be operated without any scaling and foul-
ing (BlueTech Research 2015).

The energy requirements of this technology are expected to be
lower than those of conventional thermal-desalination processes.
The recoveries as high as 97% clean water can be achieved (Water-
Technology.net 2015). The remaining low volumes of reject (3%
and higher) are collected in the system as either crystallized salts
or high-concentration brine. The process is capable of handling
high-salinity waters containing up to and more than 300,000 ppm
TDS, which includes fracture flowback, oilfield produced water,
seawater, and reject streams from conventional membrane desali-
nation (Business Wire 2015). The high water recoveries obtained
with seawater compared with existing membrane-based processes
look attractive because they can minimize the discharge of concen-
trated brines into the environment. The cost-competitiveness of this
technology and footprint estimates in comparison to more-popular
membrane-based desalination processes are still unclear, and need
further investigation.

The dynamic-vapor-recompression technology could be prom-
ising for the treatment of high-salinity contaminated waters, in-
cluding oilfield waters, because it requires minimal pretreatment
and can provide high water recoveries. The process also has merit
for providing a ZLD solution with existing membrane-desalination
technologies to meet environmental regulations. There are limited
small-scale applications of this technology, mainly to desalinate
gypsum-contaminated brackish waters to provide a drinking-water
resource (SaltTech 2014; McEwen 2015). It appears that several
demonstrations were conducted to confirm the applicability of this
technology to treat ocean and oilfield fracture-flowback waters.
The capabilities of this technology to remove specific salt ions se-
lectively from brine solution needs detailed evaluation. The pros
and cons of dynamic-vapor-recompression technology are summa-
rized in Table 1.

Future Desalination Technologies

Carbon-nanotube-based desalination, graphene-sheet-based desali-
nation, and capacitive deionization are the three potential future sea-
water-desalination technologies identified for the long term. A brief
summary of these three technologies is provided in this section.

Carbon-Nanotube-Based Desalination. This technology looks
to be one of the most-promising desalination processes being de-
veloped for the long term. Researchers at Lawrence Livermore
National Laboratory developed a membrane consisting of carbon
nanotubes and silicon with the objective of accomplishing less-
expensive seawater desalination (Stark 2006). These hollow nano-
tubes are approximately 50,000 times thinner than human hair, and
potentially serve as pores in the membrane. The spaces between
the nanotubes are filled with a ceramic material to provide good
strength and enable adherence of nanotubes to the silicon chip. The
smooth and tiny holes in the membrane allow liquids to drain rapid-
ly through with improved flux while blocking larger salt molecules.
Appropriate pore diameters can facilitate rejection of salt ions
while allowing water to pass through the nanotube hollow struc-
ture (Das et al. 2014; Corry 2008). The carbon-nanotube pores can
also be modified to reject ions selectively by use of size-controlled
separation (Das et al. 2014; Balcajin et al. 2009).

It is anticipated that these high-permeability nanotube mem-
branes will reduce energy-requirement costs of conventional RO
membrane-based desalination by up to 75%. The feasibility of
desalinating seawater with this technology has been tested in the



Selective High-
lon Produced Salinity Technology
Technology Removal Seawater Water Water Maturity Selection
NF Yes Yes No No High Yes
RO No Yes No No Very high Yes
Chemical Yes Yes No No Medium Yes
precipitation to high
Salt extraction Yes* Yes Yes* Yes Low No
FO No Yes Yes Yes Low to Maybe
medium
MD No Yes No Yes Medium Maybe
CGE No Yes** Yes Yes Medium Maybe
Dynamic vapor No* Yes** Yes Yes Medium Maybe
recompression

*Needs further evaluation
**May not be cost-effective

Table 2—Summary of technology selection criteria used for both available and reviewed technologies.

laboratory and the technology has been licensed exclusively to a
California-based company for commercializing carbon-nanotube
membranes for water desalination and CO, capture from power
plants. The process is still under research and it may take several
years down the road to develop this technology.

Graphene-Nanosheet-Based Desalination. This technology is
based on the use of graphene sheets with accurately controlled
nano-sized pores for desalination (Spasenovic 2013). MIT research-
ers proposed this new approach with sheets of graphene, which is
a one-atom-thick form of elemental carbon. These graphene sheets
are approximately 1,000 times thinner than the conventional de-
salination membranes, and as a result, much lower pressures are
required to force the water through the membrane. Creating holes
of specific size with precision on graphene sheets is the critical step
in the technology development, which could be quite challenging.
MIT demonstrated the feasibility of this technology by use of com-
puter simulations, and started testing actual membranes in the labo-
ratory. Theoretically, it was found that pore sizes of at least 0.7 to
0.9 nm in diameter were very effective in passing water molecules
through the membrane while rejecting sodium ions. This technol-
ogy is still in the early stages of research and development.

Capacitive Deionization. Capacitive deionization is electrochem-
ical-based salt-ion-splitting technology for desalination. Selective
electrostatic adsorption of ions from seawater onto a charged elec-
trode is the main working principle. The adsorption of water ions
by the charged plates reduces the total salinity of treated water. A
pair of carbon electrodes is used, and each set of these electrodes
contains the flow channel for seawater. When direct-current volt-
age is applied, charged ions from the passing ionic source wa-
ter are attracted to the appropriate electrodes to form an electric
double layer (Al-Rawajfeh and Zarooni 2008). These ions are then
removed by temporarily changing the polarity during the regen-
eration step. This technology has so far been economically applied
only in brackish-water desalination. Recently scientists from South
Korea have modified this technology to desalinate seawater on a
larger scale by developing small-sized flow electrodes from sus-
pended carbon materials (Newton 2013). The approach is more
energy efficient, does not require a discharge step as is needed in
conventional capacitive deionization, and can easily be scaled up
for a large-scale operation. The proof of concept for this modified
capacitive deionization technology is demonstrated, and it is ex-
pected that further optimization in the system design may provide a
better solution for large-scale desalination in the long-term future.

Development of Conceptual Water lonic

Composition Optimization Process Configurations

for Smart Waterflooding

A summary of the technology selection criteria used for all the
available and reviewed water-chemistry-alteration technologies
in this study is given in Table 2. As can be seen, NF and chem-
ical-precipitation technologies are able to provide selective ion
removal, although they are not suited to handle high-salinity water/
produced water, and their desalination capabilities are also limited
to produce fresh water. RO has very high maturity, and can gen-
erate fresh water. It will not be able to provide any selective ion
removal, and it is not suited for high-salinity-water/produced-water
treatment. The capabilities of salt-extraction technologies appear
broad enough to cover selective ion removal and seawater/high-
salinity-water/produced-water desalination, but the technology is
still in the early stages of development with low maturity. FO and
MD technologies are in the pilot stage (low to moderate maturity),
and these can generate fresh water from both seawater and high-
salinity water without any selective ion removal. The two technol-
ogies of CGE and dynamic vapor recompression are suited to treat
seawater, high-salinity water, and produced water. On the basis of
the chosen screening criteria, all the technologies (except extrac-
tion-based processes) were selected for the development of concep-
tual water-treatment configurations to generate smart water from
both seawater and produced water.

Seven different water-treatment-process configurations are de-
veloped for smart waterflooding in carbonates by use of the se-
lected technologies. Some of these configurations involve seawater
desalination only to generate smart water. Other complex config-
urations include both produced-water treatment and further treat-
ment of conventional membrane rejects to even provide a practical
ZLD solution in locations where produced-water-reinjection/-dis-
posal facilities are not available. Such configurations can become
an attractive solution for the eventual use of produced water and the
minimization of wastewater disposal during fieldwide implementa-
tion of smart waterflood.

Configuration 1 represents a simple approximate solution, as
shown in Fig. 3. The fresh water from RO/FO/MD is blended with
seawater to generate smart water. The treatment configuration
shown in Fig. 4 provides an improved solution over Configura-
tion 1 to generate better smart water. The fresh water obtained from
RO/FO/MD is blended with NF reject to provide some tuning flexi-
bility on divalent-ion content and sulfates. NF permeate is recycled
back to mix with feed seawater. Configuration 3 provides another
improved solution that uses ettringite-based chemical precipitation,
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Fig. 3—Water-treatment process, Configuration 1 (approximate
solution).

followed by any desalination process such as RO, FO, and MD
(shown in Fig. 5). The hardness ions and sulfates are removed
during the first chemical-precipitation step, whereas the next desal-
ination step separates the treated water into fresh water and mon-
ovalent-ion-rich reject. The precipitated residue rich in calcium,
magnesium, and sulfates can be used to control key-ion content in
the smart water by blending with fresh water.

The next water-treatment process, Configuration 4 (Fig. 6), con-
sists of three steps. Lime/soda ash or alkali is used as the first step
in the water-treatment process to remove hardness ions from sea-
water as hardness-rich insoluble precipitate. The hardness-free water
is then passed into an NF membrane unit in the second step to extract
only sulfate ions as concentrate and a monovalent-ion-rich stream as
permeate. A split stream of hardness-free water from the first step,
together with the monovalent-ion-rich stream from the second step,
is finally passed into a suitable desalination unit (RO, FO, and MD)
during the third step to remove all the salt ions from the feedwater as
reject and provide fresh water as the product. Sulfate removal and the
desalination units operate in a parallel configuration. The different
available water streams from the proposed scheme are hardness-rich
precipitate, sulfate-rich stream, and fresh water. The two key salt-
ion-containing streams can be used for blending with fresh water to
tune water chemistry for precisely controlling the salinity, sulfates,
and divalent ions desired for smart waterflooding in carbonates.

The newer emerging technologies, such as FO and MD, are
being commercialized and could become cost-effective alternatives
to RO desalination in the near future. As a result, these processes
are included in the full-desalination step with RO in Configurations
1 through 4. The partial or low solubility of salt products obtained
during the chemical-precipitation step of Configurations 3 and 4
may necessitate the use of dilute acids such as HCI or H,SOj to dis-
solve these precipitates in fresh water. It is believed that the pres-
ence of small volumes of these acids in water may be able to further
enhance smart-water performance because of the favorable acid in-
teractions expected with carbonates. Adoption of the chemical-pre-
cipitation step in both these treatment schemes not only removes
certain important ions from seawater, but also improves the perfor-
mance of the downstream desalination unit in terms of better tuning
flexibility, reduced scaling, better membrane life, and increased re-
covery efficiency. The major difference between the two process
configurations is that all the key ions are precipitated together in

RO/FO/ | Fresh Water -
MD

Dilution

Seawater >

A

n

NF Permeate

NF

NF Reject

Fig. 4—Water-treatment process, Configuration 2 (improved
solution).

the two-step technology, whereas the three-step technology sep-
arates out sulfates from calcium and magnesium to provide rela-
tively better water-ion-tuning flexibility for smart waterflooding.

Fig. 7 presents the approximate solution with almost ZLD. The
reject stream from RO is further treated using CGE/dynamic vapor
recompression (labelled DyVaR in this and subsequent figures)
to generate fresh water. This fresh water joins with RO permeate
stream before blending with seawater. Figs. 8 and 9 summarize
the two conceptual process configurations, which provide a po-
tential solution to treat produced water to accomplish ZLD in one
system. Fig. 8 gives an approximate solution with both produced-
water treatment and ZLD capabilities. Seawater is treated in RO,
and a parallel stream of produced water is first pretreated to remove
oil, grease, and solids. This pretreated produced water is blended
with RO reject, and then desalinated downstream by use of CGE
or dynamic vapor recompression. The pretreatment step could be
different for these two desalination processes, and it appears that
dynamic vapor recompression requires minimal pretreatment when
compared with CGE. The fresh desalinated produced water is fi-
nally mixed with RO permeate before blending with seawater to
generate approximate smart water.

The water-treatment-process configuration shown in Fig. 9 pro-
vides an improved smart-water ZLD solution on both seawater and
produced-water streams. First, seawater is split into two different
streams, and then each one is processed separately in RO and NF sys-
tems operated in a parallel configuration. NF reject, rich in divalents
and sulfates, is blended with RO permeate, whereas NF permeate
(monovalent-ion-rich stream) is recycled back to mix with feed sea-
water. Another produced-water stream is pretreated in parallel, and
then the pretreated produced water, along with RO and remaining NF
rejects, is desalinated by use of CGE/dynamic vapor recompression
to provide fresh water. This fresh water is blended with RO permeate
and NF-reject streams to yield improved smart water.

It is important to note that Configurations 6 and 7 (shown in Figs. 8
and 9) consider both produced-water treatment and further treatment
of conventional membrane rejects to essentially provide a practical

Lime/Soda Ash/Alkali NF .
Na*, K* Rich
Ettringite-Based Precipitation =~ RO/FO/MD Seawater| Hardness Sulfate SO:2 Rich
s ;< Ric
Sulfate/ > | Precipitation Removal
Seawater Hard All lons Fresh Water
araness > Removal
Removal
Monovalent-
Rich Reject Insoluble Precipitate
Ca*? and Mg*? Rich RO/FO/MD
CaSO, and MgSQO, Fresh Water
Precipitate Alllons ey
Removal
>

Dilute HCI/H,SO, for Solubility

Fig. 5—Water-treatment process, Configuration 3 (improved so-
lution).
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Dilute HCI/H,SO, for
Solubility
>

Fig. 6—Water-treatment process, Configuration 4 (exact solution).



Partial Dilution

Reject

Fig. 7—Water-treatment process, Configuration 5 (approximate
solution with ZLD).

ZLD solution in locations where produced-water-reinjection/-dis-
posal facilities are not available. These two novel schemes would
provide a potential solution to capitalize on existing huge produced-
water resources in carbonate reservoirs to generate smart water and
minimize wastewater disposal in field applications.

Currently rigorous in-house fundamental research studies are
being carried out at atomic/molecular/Darcy scales to optimize
injection-smart-water compositions in terms of specific individual
water ions. Such optimized injection-water recipes, once devel-
oped, can result in more-favorable interactions at both fluid/fluid
and rock/fluid interfaces to yield better oil recoveries in smart-
waterflooding processes. In addition, the use of produced water is
also being examined as a means to use large produced-water re-
sources available in carbonate reservoirs and, consequently, pro-
vide efficient water management during fieldwide implementation
of the smart waterflood. From these two perspectives, Configura-
tions 6 and 7 (shown in Figs. 8 and 9) look highly attractive; how-
ever, more-detailed studies should be performed in the next phase
to evaluate their technical robustness and economic viability. The
major path-forward steps include performing in-depth technical
and economic analysis on these two water-treatment-process con-
figurations to generate some valid estimates on surface facilities.

Summary and Conclusions

Different chemical-precipitation/extraction technologies and cur-

rent, emerging, and future desalination processes are reviewed in

this study to evaluate their suitability for smart waterflooding in
carbonates; the following are some important findings:

* Chemical-precipitation technologies such as lime/soda ash, al-
kali, and lime/aluminum-based reagent will not stand on their
own for desalination applications, but they can be used in an
initial pretreatment step for existing desalination technologies.
These technologies are useful for extracting key ions from sea-
water before treatment in the main desalination system. As a
result, they can provide some water-ion-tuning flexibility for
smart waterflooding.

» The technologies that are based on chemical-solvent extraction
have some potential to remove specific ions selectively from sea-

Permeate

Partial Dilution

Reject Fresh Water

- -

Fig. 8—Water-treatment process, Configuration 6 (approximate
solution with ZLD and produced water).

water. These technologies are still in the early stages of develop-
ment. More studies are required to assess their full capabilities
and evaluate the economics.

» The emerging desalination technologies, such as FO and MD,
are being commercialized, and are expected to become potential
alternatives to conventional RO desalination for the near term.
These technologies can offer a cost-effective solution to RO, in
which there is availability of low-grade waste heat or steam.

* The two new desalination technologies, based on dynamic
vapor recompression and CGE, are suited for treating high-sa-
linity water, produced water, and conventional membrane-reject
streams for ZLD. These technologies may not provide a cost-ef-
fective solution for seawater desalination.

» Carbon-nanotube-based  desalination, graphene-sheet-based
desalination, and capacitive deionization are the three poten-
tial future seawater-desalination technologies identified for the
long term. Among these, carbon-nanotube-based desalination
is attractive, but the process is still being researched, and these
membranes are being developed for water desalination and CO,
capture from industrial power plants.

* There is no commercial technology yet available to remove spe-
cific ions selectively from seawater in one step and optimally
meet the water-chemistry requirements of smart waterflooding.
As a result, seven different process configurations involving se-
lected combinations of chemical precipitation, conventional/
emerging desalination, and produced-water-treatment technolo-
gies are proposed.
These configurations provide several approximate and improved
solutions to generate smart water. Some of them include pro-
duced-water treatment and further treatment of conventional
membrane rejects to provide a practical ZLD solution in loca-
tions where produced-water-reinjection/-disposal facilities are
not available.

The conceptual water-treatment configurations developed in this

study would provide an attractive solution to capitalize on ex-

isting huge produced-water resources in carbonate reservoirs to
generate smart water and minimize wastewater disposal during
fieldwide implementation.

S

Reject | pijytion

Fresh Water

Fig. 9—Water-treatment process, Configuration 7 (improved solution with ZLD and produced water).
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