Experimentation and Application of Directional Solvent Extraction for
Desalination of Seawater and Shale Gas ‘Frac’ Flowback Water

by

Kevin Kleinguetl

Submitted to the
Department of Mechanical Engineering
in Partial Fulfillment of the Requirements for the Degree of

Bachelor of Science
at the
Massachusetts Institute of Technology

June 2011

© 2010 Kevin Kleinguetl
All rights reserved

The author hereby grants to MIT permission to reproduce and to
distribute publicly paper and electronic copies of this thesis document in whole or in part
in any medium now known or hereafter created.

Signature of Author

Department of Mechanical Engineering
May 10, 2010

Certified by

Gang Chen

Carl Richard Soderberg Professor of Power Engineering
at the Mechanical Engineering Department of MIT
Thesis Supervisor

Accepted by

John H. Lienhard V
Samuel C. Collins Professor of Mechanical Engineering
Undergraduate Officer



Experimentation and Application of Directional Solvent Extraction for
Desalination of Seawater and Shale Gas ‘Frac’ Flowback Water

by
Kevin G. Kleinguetl

Submitted to the Department of Mechanical Engineering
on May, 10 2011 in Partial Fulfillment of the
Requirements for the Degree of Bachelor of Science in
Mechanical Engineering

ABSTRACT

A recently demonstrated directional solvent technique for desalination of water has been
tested for desalting seawater and shale gas ‘frac’ flowback water. The premise behind
directional solvent extraction is that when certain organic oils such as decanoic acid are
heated, they dissolve water without dissolving some other water soluble substances such
as sodium chloride which can later be removed; upon cooling the absorbed water
precipitates and is collected. This technique was tested to desalt a 3.5% w/w solution of
sodium chloride in water, to simulate seawater salinity. The yield of water recovered as a
fraction of the total weight of decanoic acid and its salinity was measured for various
high operating temperatures. The average salinity of the recovered water was recorded to
be 0.08%, while the yield percentage ranged between 0.32% and 1.65%, increasing with
temperature. The same experiment was repeated using a 10.5% w/w solution of sodium
chloride in water, to simulate ‘frac’ water salinity. In order to pave the way to practical
application and commercialization of this technique, two industrial processes have been
proposed; a one semi-continuous process and a fully continuous process which may be
chosen depending on the throughput requirements, desired system size, and resource
availability.
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Chapter 1 Introduction

Availability of pure water continues to decrease due to increasing population and
elevating standards of living. At the current growth rate of water consumption, 90% of
all available freshwater will be consumed by 2025." In this time the population living in
water stressed areas will reach almost 3.9 billion.> About 97% of all available water on
earth is contained in the oceans as saline water.” Desalination of this water could provide
a way to meet the world’s future requirements. Desalination, however, is expensive and
energy intensive. Current desalination techniques including multi-stage flash and reverse
osmosis require tremendous amounts of energy.” Multi-stage flash uses pressure
differences to boil the water at a lower temperature then normally required.” Reverse
osmosis uses pressure for the water in the seawater to overcome osmotic pressure and to
cross a membrane. Directional solvent extraction on the other hand, uses fatty acids and
other organic solvents, to recover water from a saline solution, promises a simple,
membrane-less method to utilize low-grade waste heat to desalt water.” Directional
solvent extraction method is attractive because the lack of membranes, use of simple
machinery and ability to harvest waste heat could potentially lead to a system with more
affordable operating costs.

In addition to concerns surrounding water for drinking and domestic purposes *
contamination of water used for industrial process is a major issue. In recent years, in the
United States, hydraulic fracturing of shale gas deposits has been requiring millions of
gallons of water which gets contaminated and taken out of the public supply.” ‘Frac’
flowback water can be 3-5 times saltier than seawater and thus much more difficult to
treat; the high salinity leads to increased energy consumption as well as accelerated
membrane fouling. Directional solvent extraction also promises to become a feasible way
of treating ‘frac’ water, thus playing key role in enabling the shale gas industry to
continue to grow.

Theory

Certain organic oils, such as soybean oil, are made of triacylglycerols are capable of
dissolving small amounts of water, a property which is enhanced significantly as
temperature is increased.® This property can be utilized to recover water from saline
solutions. Upon heating, the solvent dissolves water while rejecting salts which may be
removed; upon cooling, the water precipitates out of the solution and can be recovered as
pure water. In this case, decanoic acid was selected as the directional solvent due its
optimal carbon chain length, enough to absorb a significant amount of water, while still
being insoluble in the recovered water. This technique was first demonstrated by
Bajpayee et al.’

Experiments were performed using the DSE method on 3.5% and 10.5% salinity water
and the results can be seen in chapter 2. These solutions have the same salinity as
seawater and ‘frac’ water respectively. After proving that the method works for
seawater, two new and different industrial processes were designed to take advantage of
the DSE method’s low exergy requirements and can be seen in chapter 3.



Chapter 2 Experiments

A similar experiment was set up as Bajpayee et al.’s system.” 200mL of oil was initially
heated to the desired temperature and consequently melted in a beaker on a hotplate. 10
g of salt water was added and mixed at a stir rate of 400 rpm for fifteen minutes. Then
the stirrer was turned off and let sit for 45 minutes. During this time, the more dense
brine sunk to the bottom as the oil-water mixture moved to the surface. After 45 minutes
had passed, the beaker was removed from the hot plate and its contents were placed into
four different conical tubes. The brine at the bottom of the beaker had become visible
and was discarded. The conical tubes were than placed in a cooling bath with a
temperature of 30 degrees Celsius. After three days, the water and oil separated, with the
less dense oil at the top with the water at the bottom. The water was then extracted by
poking a hole into the bottom of the conical tubes, with extra caution of not removing any
of the oil.

Seawater Tests

The experiment was initially performed with 3.5% w/w solution of sodium chloride in
water, which is the same salinity as seawater. Three tests were performed at
temperatures 40 to 80 degrees Celsius at five-degree intervals and measured using a salt
meter. The average salinity at each temperature can be seen in Figure 1
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Figure 1- The average salinity of the extracted water at various temperatures.



The average salinity appears to be capped at around 0.08% showing the limitations of the
process. The salinity after each experiment can be seen in Table 1.

40°C | 45°C | 50°C |55°C [60°C | 65°C |70°C |75°C | 80°C
Test 1 0.10% | 0.09% | 0.07% | 0.10% | 0.09% | 0.03% | 0.12% | 0.09% | 0.12%
Test 2 0.12% | 0.05% | 0.12% | 0.06% | 0.06% | 0.10% | 0.10% | 0.08% | 0.07%
Test 3 0.11% | 0.04% | 0.09% | 0.10% | 0.08% | 0.08% | 0.07% | 0.06%
Test 4 0.09% | 0.05%
Test 5 0.11% | 0.09%
Test 6 0.03%
Average | 0.11% | 0.08% | 0.08% | 0.08% | 0.08% | 0.07% | 0.10% | 0.08% | 0.08%

Table 1- The salinity for each experiment of 3.5% w/w solution.

As a potential desalination process for drinking water, not only is salinity important, but
also how much water is extracted. The percent by mass of water extracted to the mass of
the decanoic acid at the various temperatures can be seen in Figure 2. The average is
shown as well as the range of the results.
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Figure 2- The yield percentage of the extracted water at various temperatures.

There appears to be a linear correlation between temperature and yield percentage. It is
also important to note that as the temperature increases, so does the deviation of yield
percentage. A possibility for this variation could be the short stir time. The oil did not




have time to reach its saturation level at the higher temperatures leading to this
variability.

Frac Water Tests

The same experiment was then performed with 10.5% w/w solution of sodium chloride
in water. This salinity simulates the properties of frac water. The stir time was fifteen
minutes while the settle time was forty-five minutes. The average results for
temperatures of 40, 60, and 80 degrees Celsius can be seen in Figure 3.
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Figure 3- The average salinity of the extracted water at various temperatures.

The salinity from each experiment can be seen in Table 2.

40° C 60° C 80° C
Test 1 0.34% 0.12% 0.27%
Test 2 0.04% 0.16% 0.23%
Average 0.19% 0.14% 0.25%

Table 2- The salinity for each experiment of 10.5% w/w solution.

The average salinity of the extracted water, 0.20%, is higher than in the 3.5% case. This
suggests that the settling time was not long enough. With a longer settling time, more of




the brine would have settled at the bottom of the beaker and thus would have been
removed.



Chapter 3 Industrial Process

Accessibility to pure water has become a challenge in recent years due to the expansion
of the human population. Current desalination techniques including multi-stage flash and
reverse osmosis require tremendous amounts of energy.”® The benefit of using the oil
water separation technique is it can use the high amount of unused exergy on the planet.’
This could potentially lead to a system that essential has extremely low running costs.
The high costs and low durability of the membranes in high salinity in reverse osmosis
and high-energy consumption in multi-stage flash make them sub-optimal for desalting
frac water.

As shown above we have demonstrated the effectiveness of the directional solvent
extraction technique in a laboratory batch process. However, in order to pave way for
practical application and commercialization of the technique, it is imperative to develop
an industrial process that would be effective, scalable, economical, and easy to reduce to
practice.

Two possible designs were considered for the industrial process; a semi-continuous and a
fully continuous process. In order to minimize operating energy costs, thus fully utilizing
the potential of DSE, we considered solar heating for raising the oil and water
temperatures.

Locations

To begin, it was important to identify a place with consistent temperature and sunlight
year round, that needs desalination. Three places were identified that fit this description,
California, the Cayman Islands and Barbados. Barbados was chosen, as the test location,
due to its extreme lack of water for quite some time, which has stunted their tourism
industry,” and due to the fact that the temperature in Barbados is consistently around 25
degrees Celsius at night and 29 degrees Celsius during the day. In addition, the water
temperature is about 28 degrees Celsius in the summer and 26 degrees Celsius in the
winter. The average sunlight in Barbados ranges from 7.4 hours a day in October to 8.9
hours a day in February.® These conditions are fairly optimal for the DSE technique.

Semi-Continuous Process

The first process that was decided upon was having large vats of solvent that was heated
up by sunlight. This process would be semi-continuous and is depicted in figure 4.
Seawater would enter the top of the vat using a mechanism at the top that will cause it to
enter in the form of droplets. There will be multiple droplets entering at the same time,
giving it the appearance of a ‘rain’ of water droplets through the solvent. As these
droplets fall towards the bottom of the tank due to gravity, they will get dissolve into the
solvent, consequently reducing in size. Eventually, salt water will end up at the bottom
and an oil water mixture will end up at the top due to differences in density. A density
sensor will be used to determine when the salt water has risen too high. When this
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happens, seawater will cease to enter the vat. After a specified period of time, all of the
salt water will have congregated at the bottom due to gravity, leaving the oil-water
mixture at the top. The time delay is to give the falling droplets a chance to be absorbed
and settle at the bottom. At this point, a valve will open at the bottom and the brine will
start to flow out of the bottom of the vat. When the brine level gets too low, the valve
will shut off, determined using a second density sensor at a specified height beneath the
first one.

After the salt water is pumped away, a layer activates to separate the top and bottom of
the vat. This separation prevents any of the left over salt water at the bottom of the vat
getting mixed up with the pure water. The layer is also slanted to a closed pipe in the
side of the vat. After the two sections have been separated, an electric voltage is applied
to the upper part of the vat in a process known as dielectrophoresis. In this case the pure
water will sink to the bottom of the upper portion and the oil will move to top. A valve
will open and the pure water will drain out of the side of the vat. Once this happens, the
whole process will repeat starting with the entering of seawater.
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Figure 4- The first design of a semi-continuous process that consists of large vats.

To determine if this process was economically feasible, a capital cost analysis was
performed. The target plant size would be for 10,000 people that consume the average of
100 gallons per day for a total capacity of 1 million gallons per day. The cost analysis
was performed for one, five, and eight cycles a day, depending on how often pure water
could be extracted from seawater. Using the ratio of 50 oil to 1 water, which was
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determined from experimentation, the amount of oil needed was calculated. The cost of
oil is approximately $0.10 per gallon. A cylindrical vat with the dimensions of 30m

diameter and 42.5 m tall was chosen, which is a typical size vat in the oil industry. This
vat size is typical of other vats used in the oil industry. The cost of one vat is
$2,183,874." Using this information the total cost of the process was determined
depending on cycles per day, as seen in Table 3.

Cycles Oil Needed |Qil Cost Capacity Containers |Container |Total Cost
(Liters) (US dollars) | Needed (m’) | Needed Cost (US
dollars)
1 189,270,589 18,927,059 210,000 7 15,287,118 34,214,177
5 37,854,118 3,785,412 40,000 2 4,367,748 8,153,160
8 23,658,824 2,365,883 |30 1 2,183,874 4,549,757

Table 3- The cost analysis for the first design of the semi-continuous process. It is
shown as a function of cycles, depending on how times we are able to get pure water
from salt water a day.

Heating up the oil is the limiting factor in the process, because cooling can be done
underground/ underwater. Assuming that the sun provides a constant heat flux, q°, of 950
W/m” K and that the heat was absorbed everywhere in sunlight, the steady state
temperature needed to be calculated.

I:.ﬂ.lz-;'.n'. - 'fd:'r.-.-:'..cin:l-.' =0 = gu#d=5= -hr. = 4] = I:‘..:‘Illl —Tia)

(1).
Y30+ 0.78 = 13(7, — 302) = 1, = 35314 K or THAC
So it is possible for the oil to heat up to the desired temperature of 60° C. Next it is
important to see if the temperature can actually reach the desired temperature during
sunlight hours.
oy 3 fart m
T Qo + e+ A+ (T — To) (2).

—mel +h, = A=T=5283 (950« 078 + Tt = A = 1T = s g
At t =0, the outside temperature is 303K or 30° C, so C is = to 303. Next the to see if this
heating method is feasible, the final temperature after 8 hours or 28,800 seconds needs to
be greater than 60° C.
T =303+ gWINE = 304858 K = 31.9°C (3).

This is significantly lower than the temperature required, so this process is not feasible
for the requirements that were previously established.
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Brine

This caused a redesign on the industrial scale with heating and cooling of the oil taking
place in pipes instead of the large vats as seen in Figure 5.
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Figure 5- The second design process includes two vats, one that has warm oil and the
other that has cool oil. The oil will be heated or cooled in pipes between them.

Once the oil has been heated, it could then be placed in a vat that will allow seawater to
rain in droplets, similar to the first design. Once the oil has been absorbed its optimal
water level, it will be removed from the hot vat and cooled in a pipe. Various ideas have
been considered on how to cool it from a heat exchanger with the hot oil pipe to cooling
it in the sea or underground. Once the oil water mixture has been cooled down to 30
degrees Celsius, it will enter a different vat. In this vat, dielectrophoresis will occur
separating the oil and the water, similar to the first design. Once this has occurred, the
water and oil will be drained separately. The oil will than get heated in a pipe heading
towards the original vat.

To determine if this new design can be used, an energy analysis was performed for pipes
of various diameters. To calculate the volumetric flow rate needed, the amount of oil
(189,270,589 L) was divided by the number of sunlight hours (8). This is valid if the oil
is heated during the sunlight hours and everything else occurred at night, which is the
worst-case scenario. One hundred pipes would be used to carry the oil to decrease the
flow rate per pipe, V', to 0.065719 cubic meters per second. To find the heat transfer
rate, Q’, it was assumed that only half of the pipe would be under direct sunlight as
shown in equation 1, where r is the radius of the pipe and L is its length

G=2=ral=q (4).
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The heat transfer was then set equal to the change in energy of the fluid, which is
composed of the fluid density, p, volumetric flow rate, V', and change in temperature,
AT. To find the length of each pipe equation 1 was set equal to equation 2.

pVe, AT = Q

).

The next thing to be determined was the pressure drop in each pipe. This is a function of
the friction factor, f, which is dependent on the Reynolds number, Re. So the Reynolds
number was determined using equation 3 where D is the pipe diameter, A is the cross-
sectional area and p is the dynamic viscosity of the fluid

Re=@
uA

(6).

Once the Reynolds number is known, the friction factor can be calculated. It is important
to note that since we are using steel pipes, the roughness, €, is approximately equal to
0.0025.

69 Tpns
£ =1:8%log, (2 + (S2y)

(7).

Finally, the pressure drop, AP, (8) and the total work due to pumping the pipe, W, (9) was

found

2
AP= LP ).
D 2
W =AP*V ).
For the results of these equations can be seen in Table 4.
Pipe Diameter | Flow Pipes Reynold's | Length | Pressure Power | Total
(cm) Rate number |(m) Drop per Power
(cubic (Pa) Pump Required
meters W) (kW*h)
per sec)
NPS 6 16.83 0.065719 |100 154162 22241 2260000 |148525 118820
NPS 12 31.55 0.065719 |100 82124.9 |11556.5 419472 |27567.3 |22053.8
NPS 14 34.77 0.065719 |100 74625.2 226566 226566 |14889.7 |11911.8
Large 100 0.065719 |100 25945.4 |3743.16 783.405 |51.48 41.184
Pipe
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Table 4- This is the pipe analysis for the pipes with various diameters. It is important to
note that as the pipe diameter increases, the length of the pipe and power required
decreases.

This design significantly reduces the power required for the oil water separation
technique. The capital cost remains high, but the operating cost is almost negligible.
With future work, it may be possible to reduce the capital costs to make the oil water
separation technique economically feasible.

Continuous Process

Batch processes for desalinization are useful, but they have some severe limitations in
terms of size and time to it takes to get clean water. A continuous process would be able
to supply a constant stream of water while needing less space than a batch process that
produces the same amount of water in the same time span.

The basic framework of the process, regardless of its continuity involves combining oil
with seawater. This mixture is than heated up and mixed together. The oil combines
with water molecules and the brine will naturally sink to the bottom do to gravity. The
brine is than removed from the oil water mixture. The remaining water oil mixture is
cooled down and the water begins to separate. Once the water has separated from the oil,
the water is removed and the process can be started all over again.

To make this process continuous, the oil will flow around in a circle in a pipe as seen in
figure 6. At the first stage, a pipe containing seawater mixes with the flowing oil. This
mixture is than heated up using an external heat source such as a heat sink, heater or solar
energy. The oil and water are than mixed in the pipes, possibly using a static or inline
mixer. The next step is to separate and remove the brine. One way to do this is using
dielectrophoresis. Next, the oil-water mixture is cooled using a thermal dump or heat
sink. Finally, the pure water is removed using a similar method as before, such as
dielectrophoresis. Once the water is removed, the oil will be pumped up to the starting
pressure and the process will repeat.
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Chapter 4 Conclusion

We have demonstrated effectiveness of the directional solvent extraction technique for
desalination of seawater as well as ‘frac’ flowback water.

The extracted water from the 3.5% NaCl experiment had a salinity of 0.08%, which is
acceptable drinking water by WHO standards.'*  Further investigation is recommended
to whether this residual salinity is the limit of the DSE technique or a limit of the settling
time. The 10.5% NaCl desalination needs to have an increased settling time, but it does a
very good job of treating the water by removing a substantial amount of salts. Future tests
could be performed on stir time to try and reduce the variations in the yield percentage
for the 3.5% salinity water. Also, future testing on the settling time for the 10.5% salinity
water to find out why the salinity of the extracted water is not the same as the 3.5% tests.

For the industrial processes, the capital costs of a theoretical plant are large, but the
operating costs are negligible. Instead of using solar power to heat up the oil and water, it
would be beneficial to use a heater. It would also be beneficial to investigate the use of
other solvents to increase the yield and efficiency of the process.
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