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TITLE OF THE INVENTION

[0001]  Methods for Reducing Boron Concentration In High Salinity Liquid Using Combined

Reverse Osmosis and Ion Exchange

CROSS-REFERENCE TO RELATED APPLICATION
[0002]  This application claims the benefit of U.S. Provisional Patent Application No.
60/526,709, filed December 2, 2003.

BACKGROUND OF THE INVENTION

[0003]  This invention relates to methods for producing reverse osmosis permeate with reduced
boron concentration from seawater. Seawater typically contains about 4 to 7 ppm boron, in addition
to a variety of water-soluble salts. Traditional methods for purifying (desalinating) seawater for
drinking and irrigation purposes utilize reverse osmosis (RO) membranes, which are effective at
significantly reducing the concentrations of all dissolved ions in the seawater. Although the
reduction of the majority of dissolved ions by polyamide reverse osmosis membranes is about 98%
to about 99 %, the rejection rate of boron by these membranes is much lower, typically in the 70%-
90% range, and may be even lower at high feed water temperatures (greater than about 25 °C).
[0004]  The significantly lower rejection rate of boron by polyamide membranes may be
explained by the very low dissociation rate of boric species at neutral pH. However, this boric
species dissociation rate increases with pH and reaches 50% dissociation at a pH of 8.6 to 9.8,
depending on the ionic strength of the solution and the temperature (W. Stumm, et al. Aquatic
Chemistry, John Wiley & Sons (1981)). Consequently, an increased boron rejection rate is
achievable at high pH, thus making possible appreciable boron concentration reduction by reverse
0Smosis.

[0005] Magara, et al. (Desalination 118:25-34 (1998)) and Prats, et al. (Desalination 128: 269-
273 (2000)) describe methods for reducing boron concentration using two-pass reverse 0smosis
systems. In these systems, the pH of the permeate from the first pass is increased before it is passed
through the RO membrane in the second pass in order to improve the boron rejection. The term
“permeate” is known in the art to refer to reverse osmosis product water. Because the RO permeate

from these s ystems has low salinity, even adjustment of the pH to high levels does not result in scale
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formation. Further, the industrial application of such a method is quite straightforward and results in
effective boron reduction.

[0006]  An example of a similar methodology applied to high salinity water is described by Tao,
et al. (U.S. Patent No. 5.250,185). which describes the application of a high pH RO processing
method to oilfield-produced water. In order to prevent scaling of the reverse osmosis system by
carbonate salts, the feed water is softened prior to adjustment of the pH to a level greater than 9.5.
Tao teaches that the high pH is necessary to obtain the desired increase in boron rejection.
Additionally, Mukhopadhyay (U.S. Patent No. 5,925,255) describes the treatment of brackish and
low salinity water by reverse osmosis, in which the hardness of the RO feed water is removed bya
weak cation exchange resin. .
[0007]  However, the use of two pass RO processing always results in a decrease in the overall
recovery rate since the overall recovery rate is the product of the recovery rates of the first and
second passes. The second pass RO usually operates at a recovery rate of about 80% to 90%, so that
only about 80 to 90% of the feed to the second pass is converted to the final product, while the
remaining 10-20% is discharged as concentrate. The major reason for the limited recovery in the
second pass RO unit is a danger of calcium carbonate and magnesium hydroxide precipitation
(scaling), which occurs during operation of RO devices at the high pH required for increased boron
rejection. Increased recovery results in an increased concentration of sparingly soluble salts and
higher scaling potential. For example, at 50% recovery, the concentration of soluble salts in the
concentrate is twice that of the feed. In contrast, when the recovery is increased to 90%, the
concentration factor increases to ten. Considering that the first pass permeate is produced at
relatively high capital and operating cost, the recovery rate of the second pass RO significantly
affects the cost of the final purified water. Therefore, maximizing the recovery rate of the second
pass RO device, while simultaneously minimizing scaling, is desirable.

[0008]  An example of a conventional two pass system configuration is depicted in Fig. 1. As
shown in Fig. 1, seawater feed 3 is pumped by high pressure pump 6 to a first pass RO membrane
unit 1. In membrane unit [, the seawater feed is separated into two streams: concentrate 5 and
permeate 4. Membrane unit | operates at a recovery rate of about 45% to 55%. In seawater
applications, the low recovery of the first pass is due to high osmotic pressure resulting from high
salinity. If the recovery were much higher than about 45 to 55%, the system would require much
higher feed pressure to produce permeate. In contrast, the feed to the second pass RO has low
salinity and osmotic pressure, and the recovery is thus not limited by feed pressure but by other

factors such as scaling, as previously explained.
2



10

15

20

WO 2005/056166 PCT/US2004/040230

[0009]  The pH of permeate 4 is then adjusted with base 7 to a pH of about 10. Base-adjusted
permeate 4 is then pumped to a second pass RO membrane unit 2, in which it is processed to
produce permeate 8 and concentrate 9. The second pass membrane unit 2 operates at a recovery rate
of about 80% to 90%. In some two pass system designs (not shown), concentrate 9 is returned to the
feed 3 of the first pass unit 1, thereby reducing the quantity of feed water required. Typical process
parameters of a conventional configuration, such as that shown in Fig. 1, are tabulated in
Comparative Example 1 below.

[0010]  Methods for increasing the recovery of RO systems during boron reduction processes
have been previously proposed (see, for example, Rodendo et al. (Desalination 156:229 — 238
(2000) and Prats, et al. (Desalination 128:269-273 (2000)), including staging of RO units (operating
RO units in series in a multi-pass system configuration). Alternative methods of boron reduction
have been described in U.S. Patent Application Publications Nos. 2003/0230531 Al and
2004/0065617 Al of Applicants. These methods involve adjusting the pH of high salinity, boron —
containing liquids to about 8.5 to about 9.5 prior to passage through a reverse osmosis device. In
one embodiment, the high salinity liquid may be treated with a membrane filtration system to
remove suspended solids. These methods are effective at reducing boron concentration to less than
about 2 ppm or even lower.

[0011] A further known method of boron reduction involves processing first pass permeate with
an ion exchange, boron specific resin. The recovery rate of ion exchange systems is quite high,
about 98%. Further, boron reduction using ion exchange systems is very effective, and the boron
concentration in the ion exchange effluent is normally less than 0.1 ppm. Unlike in reverse osmosis
processes, the boron concentration in the ion exchange effluent is substantially unaffected by the
concentration level of boron species in the influent (feed). However, water processing through
boron specific ion exchange systems does not result in salinity reduction. Therefore, any additional
salinity reduction must be accomplished using a second pass RO step. Further, at current resin
prices and process parameters, the use of ion exchange systems is a more expensive solution for
boron reduction than RO processes. There thus remains a need in the art for an efficient, cost-
effective method for removing boron and reducing salinity from high salinity liquids, such as

seawater.
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BRIEF SUMMARY OF THE INVENTION

[0012] A method of reducing boron concentration and salinity in a high salinity, boron-
containing liquid comprises: ,

(a) passing the high salinity, boron-containing liquid through a first pass reverse osmosis
device to produce a first pass concentrate and a first pass permeate;

(b) adjusting a pH of the first pass permeate to about 8 to about 11;

(c) passing at least a portion of the pH-adjusted first pass permeate through a second pass
reverse osmosis device to produce a second pass concentrate and a second pass permeate ;

(d) passing the second pass concentrate through an ion exchange unit containing a boron
specific resin to produce an effluent; and

(e) combining the effluent and the second pass permeate to produce a blended flow;

wherein the blended flow exhibits a lower boron concentration and a lower salinity than the
high salinity liquid.
[0013] A variation of the above method of reducing boron concentration and salinity in a high
salinity, boron-containing liquid comprises:

(a) passing the high salinity, boron-containing liquid through a first pass reverse Osmosis
device to produce a first pass concentrate and initial and final first pass permeates;

(b) passing at least a portion of the final first pass permeate through an ion exchange unit

containing a boron specific resin to produce an effluent;

(c) adjusting a pH of the effluent to about 8 to above 11;

(d) passing the pH-adjusted effluent through a second pass reverse osmosis device to
produce a second pass concentrate and a second pass permeate; and

(e) combining the second pass permeate and the initial first pass permeate to produce a
blended flow;

wherein the blended flow exhibits a lower boron concentration and a lower salinity than the
high salinity liquid.
[0014]  Another variation of the above method of reducing boron concentration and salinity in a
high salinity, boron-containing liquid comprises:

(a) passing the high salinity, boron-containing liquid through a first pass reverse 0smosis
device to produce a first pass concentrate and a first pass permeate;

(b) adjusting a pH of the first pass permeate to about 8 to about 11,
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(c) passing at least a portion of the pH-adjusted first pass permeate through a lead segment of
a second pass reverse osmosis device contéining a first stage and a second stage to produce a second
stage permeate and a second stage concentrate;

(d) adjusting a pH of the second stage concentrate to about 7 to about §;

(e) passing the pH-adjusted second stage concentrate through a tail segment of the second
pass reverse osmosis device containing at least a third stage to produce a third stage permeate;

(f) passing the third stage permeate through an ion exchange unit containing a boron specific
resin to produce an effluent; and

(g) combining the effluent with the second stage permeate to produce a blended flow;

wherein the blended flow exhibits a lower boron concentration and a lower salinity than the

high salinity liquid.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWINGS

[0015]  The foregoing summary, as well as the following detailed description of the invention,
will be better understood when read in conjunction with the appended drawings. For the purpo se of
illustrating the invention, there are shown in the drawings embodiments which are presently
preferred. It should be understood, however, that the invention is not limited to the precise
arrangements and instrumentalities shown. In the drawings:

[0016] Fig. lisaschematic flow diagram of a conventional two pass reverse osmosis system
(prior art);

[0017]  Fig. 2isaschematic flow diagram of a reverse osmosis/ion exchange configuration
according to one embodiment of the invention;

[0018]  Fig. 3 is a schematic flow diagram of a reverse osmosis/ion exchange system
configuration according to a second embodiment of the invention; and

[0019]  Fig. 4 is a schematic flow diagram of a reverse osmosis/ion exchange system

configuration according to a third embodiment of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0020]  The present invention is directed to methods for substantially decreasing boron
concentration and salinity in high-salinity, boron-containing liquids, such as seawater, using a two
pass reverse osmosis unit and an ion exchange unit. In order to increase the recovery rate, some

streams of the RO system are partially processed by an ion exchange unit which utilizes a boror
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specific resin. By processing the first stage permeate with a hybrid second pass RO device in
combination with the boron specific ion exchange unit, the methods of the present invention enable
a significant increase in the recovery rate of a multistage boron reduction process. Such a
configuration enables the second pass RO unit to be operated at a feed pH and recovery rate
conditions which reduce scaling potential in the concentrate of the second pass RO unit, while
simultaneously maintaining overall high permeate recovery rate.

[0021] The term “high salinity liquid” may be understood to mean any liquid having a salt
content of at least about 2000 ppm of total dissolved salts (TDS), and more preferably greater than
about 10,000 ppm TDS. In one embodiment, the high salinity boron-containing liquid is seawater,
but any high salinity liquid which contains boron may be treated by the methods of the invention.
The presently preferred method of measuring the boron concentration is ICAP (Ion Coupled Argon
Plasma). However, boron determination may be accomplished by any standard technique known to
those in the art.

[0022] . The methods of the invention involve treating the high salinity, boron-containing liquid
with a two pass RO system. In one embodiment, the high salinity, boron-containing liquid is passed
through a first pass reverse osmosis device, preferably operating at a recovery rate of about 45 to
55%, to produce a first pass concentrate and a first pass permeate. This first pass permeate is then
treated with a base to elevate the pH to about 8 to about 11, preferably about 9 to about 10. As
previously described, literature reports have shown that boron rejection can be greatly enhanced by
raising the pH to relatively high levels, such as greater than 9.5. However, under such conditions,
softening of the water is also necessary. Because high pH levels may result in calcium scaling,
typical RO plants are operated at pH levels of 8.2 or less to ensure the absence of calcium scale
formation. In contrast, the methods of the present invention are advantageous because they do not
require pre-softening of the water and result in substantially higher boron rejection by operating the
second pass reverse osmosis system at pH levels of most preferably about 9 to about 10, higher than
normal.

[0023] The preferred bases for use in the methods of the invention are sodium hydroxide and
calcium hydroxide. However, other common bases, such as lime (calcium oxide), may also be used.
Even if the pH of the high salinity liquid is initially greater than 8, it may be desirable for some
applications to raise the pH to the more preferred range of about 9 to about 11.

[0024]  In a preferred embodiment, both the measurement and adjustment of the pH are
performed in-line while the high salinity liquid flows. Following determination of the pH, a dosing

pump which is fed from a tank injects the base into the in-line fluid. Ideally, the dosing pump has
6
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an automatic feedback which automatically monitors and controls the amount of base which is
added. No mixing is required because the base is mixed naturally with the high-salinity liquid as it
flows.

[0025]  Following pH adjustment, at least a portion of the pH-adjusted first pass permeate is
processed at elevated pH by a second pass reverse osmosis device, preferably operating at a
recovery rate of about 75 to 95%, more preferably at about 80%, to produce a second pass
concentrate and a second pass permeate. The most preferred feed pH to the second pass RO device
(pH <10) and the recovery rate of the second pass RO device (about 80%) are designed to minimize
the scaling tendency of calcium carbonate and magnesium hydroxide by operating at concentration
and pH conditions below the saturation limits of calcium carbonate and magnesium hydroxide.
Finally, the second pass concentrate is processed for boron reduction via passage through an ion
exchange unit containing a boron specific resin to product an effluent. Appropriate boron exchange
resins are known in the art commercially available, including without limitation Amberlite IRA 743,
manufactured by Rohm and Haas. The recovery rate of the ion exchange unit is preferably about 97
to 99%, more preferably about 98%.

[0026] It is within the scope of the invention that all or a fraction of the pH-adjusted first pass
permeate is processed by the second pass RO device. Since second pass processing adds cost to the
operating expenses, cosls can be minimized by processing with a second pass only the smallest
fraction of the first pass permeate required to obtain design quality of the combined permeate
(blend). However, this option (second pass treatment of a fraction of the first pass permeate) is only
effective if the first pass RO achieves design reduction of dissolved constituents other than boron.
[0027] Finally, the effluent and the second pass permeate are combined to yield a blended flow
exhibiting a reduced boron concentration and lower salinity than that of the high salinity, boron-
containing feed liquid.

[0028] Alternatively, the first pass permeate may be passed through the ion exchange unit prior
to pH adjustment and passage through the second pass RO device. This configuration is described
in detail below with respect to Fig. 4. In such a configuration, the second pass permeate and a
fraction of the first pass permeate are combined to yield a blended flow. The selection of a specific
configuration may be determined on a case by case basis using an economic analysis.

[0029] The methods of the invention are effective at reducing the boron concentration to less
than | ppm, preferably less than 0.5 ppm, and the total salinity to 400 to 500 ppm. However, it is
possible using the methods of the invention to reduce the total salinity to significantly lower levels,

such as 25 ppm.
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[0030] In one embodiment of the invention, at least one of the reverse osmosis devices
comprises an array or set of membrane elements arranged in a series in a pressure vessel. The
parallel array of pressure vessels contains reverse osmosis membrane elements which are preferably
polyamide type membranes having slight or excessive negatively charged surfaces. Other
negatively charged separation membranes, such as polyacrylic acid, may also be used. The
membrane elements may be arranged in a variety of packing configurations, such as a plate and
frame module or a hollow fiber module, and more preferably a spiral wound configuration. Typical
spiral wound reverse osmosis membrane elements which are commercially available are 4” x 40” or
8”7 x 40” (about 100 mm x about 1000 mm or about 200 mm x about 1000 mm), but any membrane
configuration or dimension known in the art would be applicable for the methods of the invention.
Typically, pressure vessels comprise about 6 to about § membrane elements, but under some
circumstances, it may be desirable to use fewer membranes in the pressure vessel.

[0031]  The liquid may be passed through the RO device(s) at ambient temperature or at slightly
reduced or slightly elevated temperatures. More particularly, the methods would be effective at a
normal temperature range for the membranes of about 10°C to about 45°C. It is not believed that the
effect of pH on boron removal is significantly affected by changes in temperature. However, while
the methods may be performed at temperatures below about 20°C, RO membranes are inherently

more effective at rejecting boron at these lower temperatures and the pH adjustment step may not be

needed. The methods may be performed at normal operating pressures of a reverse osmosis

membrane, such as about 800 to about 1500 psi (about 5500 to about 10,000 kPa), more preferably
about 800 to about 1200 psi (about 5500 to about 8200 kPa), and most preferably about 900 to about
1000 psi (about 6100 to about 6800 kPa). In an exemplary process, saline water is provided at about
12 to about 75 gpm (about 45 to about 284 liters/min) for an 8 inch (about 100 mm) diameter by 40
inch (about 1000 mm) long element.

[0032] In one embodiment, the methods of the invention further comprise adding a scale
inhibitor to the high salinity liquid before passage through the first pass RO device in order to
prevent the formation of carbonate or other hardness scales in the membranes, which typically
occurs at high pH. The anti-scalant may be any commercial scale inhibitor known in the art to
control calcium carbonate scaling or magnesium hydroxide scaling. A preferred dosage of scale
inhibitor is about 0.5 to about 5 ppm.

[0033] Fig. 2 depicts a configuration containing a two pass RO system in which the second pass
RO concentrate is processed by ion exchange, according to one embodiment of the invention. As

shown in Fig. 2, high salinity liquid feed 3 is pumped by a high pressure pump 6 to a first pass RO
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device (membrane unit) 1. In membrane unit 1, operating at a recovery rate of about 45 to 55%, the
high salinity liquid is separated into two streams: concentrate 5 and permeate 4. The pH of
permeate 4 is adjusted with base 7 to a pH of about 10, and then pumped to a second pass RO device
(membrane unit) 2 where it is processed to produce permeate 8 and concentrate 9. The second pass
membrane unit operates at recovery rate of about 80%. Concentrate 9 is then processed through an
ion exchange unit IX utilizing a boron specific resin. Finally, the effluent 10 of the ion exchange
unit is blended with permeate 8 to produce a blended flow 11. The recovery rate of the ion
exchange unit is about 98%, so that the combined recovery rate of the second pass hybrid RO/ion
exchange system (ratio of the flow rate of stream 11 to the flow rate of stream 3) is over 99%, close
t0 99.6%. The salinity of the combined permeate (blended flow) is reduced according to the system
rejection rate of the first pass RO unit only because the permeate and the concentrate of the second
pass are combined together. Typical process parameters for a configuration as shown in Fig. 2 are
tabulated in Example 1.

[0034] A second embodiment of the method of the invention utilizes a two pass RO system and
partial processing of the second pass permeate with an ion exchange resin. The method also
involves passing a high-salinity, boron-containing liquid through a first pass RO device to produce a
first pass permeate and a first pass concentrate. The first pass permeate is adjusted with base to a
pH of about 8 to about 11, more preferably about 9 to about 10, as previously described. Preferred
details of the RO device, the nature of the base, and the mode of base addition have been previously
described. At least a portion of the pH-adjusted permeate from the first pass RO unit is then
processed at elevated pH by a second pass, preferably four stage, RO unit. The term “RO stage” is
understood in the art to refer to a series of pressure vessels, whereas an “RO pass” is a unit that is
composed of one or more stages. The most preferred pH to the first two stages of the second pass
RO unit (< 10) and the recovery rate (about 80%) are designed to minimize the scaling tendency of
calcium carbonate and magnesium hydroxide, as previously described.

[0035] The pH-adjusted first pass permeate is passed through a lead segment of the second pass
RO device containing a first and a second stage to produce a second stage permeate and a second
stage concentrate. After the passage through the second stage, the method involves adjusting the pH
of the second stage concentrate to about 7 to about 8, preferably by adding an acid. Appropriate
acids are well known in the art and are commercially available, including without limitation
hydrochloric acid and sulfuric acid. As previously described with respect to the addition of base, in
a preferred embodiment, both the measurement and adjustment of the pH are performed in-line

while the high salinity liquid flows. Following determination of the pH, a dosing pump which is fed
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from a tank injects the acid into the in-line fluid. Ideally, the dosing pump has an automatic
feedback which automatically monitors and controls the amount of acid which is added. No mixing
is required because the acid is mixed naturally with the high-salinity liquid as it flows.

[0036]  The pressure of the second pass, second stage pH-adjusted concentrate is then increased
using a booster pump, and is passed through the a segment of the second pass RO device, containing
at least a third stage, and preferably also a fourth stage, preferably operating at a recovery rate of
about 80 to 90%, to yield a third stage permeate. Due to the low pH (about 7 to 8), there is no
scaling tendency of calcium carbonate or magnesium hydroxide in the tail segment of the second
pass RO device. The second stage permeate (permeate from stages one and two) is sent to a
permeate tank for blending, while the third stage permeate (permeate from stages three and four) is
passed through an ion exchange unit containing a boron specific resin, as previously described, to
yield an effluent. Finally, the effluent of the ion exchange unit is blended with the second stage
permeate to produce a blended flow. In this configuration, the combined recovery rate of the second
pass, hybrid system (reverse osmosis and ion exchange) is in the range of 95.6 to 97.6%. In this
method, the salinity of the blended flow is reduced according to the system rejection rate of the first
and second passes because the concentrate of the second pass is discharged to drain.

[0037]  Fig. 3 depicts a configuration of the second embodiment of the method using a two-pass
RO system in which a portion of the second pass RO permeate is processed by ion exchange. As
shown in Fig. 3, high salinity liquid feed 3 is pumped by a high pressure pump 6 to a first pass RO
device (membrane unit) 1. In membrane unit 1, operating at a recovery rate of about 45 to 55%, the
high salinity liquid is separated into two streams: concentrate 5 and permeate 4. The pH of
permeate 4 is adjusted with bﬁse 7 to apH of about 10, and then pumped to a second pass RO
device (membrane unit) where it is processed to produce permeate 8 and concentrate 9. The second
pass membrane unit consists of two segments connected in series. The lead segment 2 produces low
salinity, low boron permeate 8 that is sent directly to storage and a concentrate 11 which is treated
with acid 12 to reduce the pH and then processed by the tail membrane segment 13 to yield low
salinity permeate 9. The boron concentration of permeate 9 is only slightly lower than the
concentration in the feed 11, and permeate 9 is further processed with an ion exchange unit IX
containing a boron specific resin to yield an effluent 10. Finally, the effluent 10 of the ion exchange
unit 1s blended with permeate 8 to produce a blended flow 14. Typical process parameters for a
configuration as shown in Fig. 3 are tabulated in Example 2.

[0038] A third embodiment of the method of the invention involves passing the first pass

permeate through the ion exchange unit prior to pH adjustment and passage through the second pass
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RO device. Specifically, this method utilizes a configuration as shown in Fig. 4 containing a two
pass RO system in which a fraction of the first pass permeate is processed by ion exchange to reduce
boron concentration. The pH of the effluent is then increased and processed with a second pass RO
for additional boron and salinity reduction. As shown in Fig. 4, high salinity liquid feed 3 is
pumped by a high pressure pump 6 to a first pass RO device (membrane unit) 1. In membrane unit
I, operating at a recovery rate of about 45 to 55%, the high salinity liquid is separated into three
streams: concentrate 5 and permeates 4a and 4b. Permeates 4a and 4b (low and high salinity
permeates, respectively) are taken from two ends of the first pass. Stream 4a (low salinity permeate),
taken from the feed side of the unit, contains low concentrations of boron and total dissolved salts,
whereas stream 4b (high salinity permeate), taken from the concentrate side of the unit, contains
higher concentrations of boron and total dissolved salts. The high boron and total dissolved salts
stream 4b is processed by an ion exchange unit IX containing a boron specific resin to yield an
effluent 10. Effluent 10 is then treated with base 7 to increase the pH to about 10, and then pumped
to a second pass RO device (membrane unit) 2 where it is processed to produce permeate 8 and
concentrate 9. The second pass permeate 8 is then combined with low salinity (initial) first pass
stream 4a to form final blended permeate 11. The second pass concentrate 9 may be discharged or
combined with the feed of the first pass RO unit (not shown).
[0039]  This invention will best be understood in connection with the following, non-limiting
examples.
[0040] In the following simulated Examples, the results of the various RO systems were
calculated using Hydranautics projection software “IMS Design.” In these calculations, a seawater
temperature of 25 °C was assumed, as well as RO seawater membrane SWC4 for the first pass,
brackish membrane ESPA?2 for the second pass, and base adjustment using NaOH.

EXAMPLE 1
[0041] A two pass RO system, in which the second pass concentrate is processed by ion
exchange, as shown in Fig. 2, was simulated. The process parameters of this configuration are
tabulated below.

EXAMPLE 2
[0042] A two pass RO system utilizing partial second pass permeate processing by the ion
exchange unit, as shown in Fig. 3, was simulated. The process parameters of this configuration are

tabulated below.

11
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COMPARATIVE EXAMPLE 1
[0043] A conventional two pass RO system was simulated as shown in Fig. 1. The process

parameters of this configuration are tabulated below.
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TABLE
Parameter Example 1 Example 2 Comp. Ex. 1
Recovery Rates
1% pass RO (R1) 45% 45% 45%
2" pass RO (R2) 80% 80% 90%
Ion exchange (R3) 98% %% e
3“passRO (R3) e 0% e
Combined (Rt) 44.8%' 43.9%’ 40.5%°
1¥ pass RO permeate flow (Q1) 10,041 m3/day 10,242 m’/day 11,111 m*/day
1* pass feed salinity (FC1) 35,000 ppm TDS 35,000 ppm TDS 35,000 ppm TDS
1¥ pass feed boron conc. (FB1) 5 ppm 5 ppm 5 ppm
1 pass permeate
salinity (TDS1) 267 ppm 267 ppm 281 ppm TDS
boron concentration (B1) 1.5 ppm 1.5 ppm L.5 ppm
2™ pass RO feed pH (pH F2) 10 10 10
2" pass permeate (stages 1 & 2 if
applicable) X i i
flow (Q2) 8,032 m’/day 8,194 m’/day 10,000 m’/day
salinity (TDS2) 8 ppm 8 ppm 12 ppm
boron concentration (B2) 0.42 ppm 0.44 ppm 0.5 ppm
2" pass permeate (stages 3&4) i
flow (Q2b) 1,843 m’/day = -
salinity (TDS2b)  —oeeee Bppm
boron concentration (B2b) - 47ppm
Ion exchange effluent ) )
flow (Q3) 1,968 m”/day 1,806 m’/day = -
salinity (TDS3) 1350 ppm Bppm e
boron concentration (B3) 0.1 ppm 0.Ippm e
Combined permeate flow (Q) 10,000 m*/day 10,000 m*day =~ oo
Combined flow salinity (TDS) 272 ppm 25ppm e
Combined boron concentration (B)  0.36 ppm 038ppm e
2™ pass concentrate
Ca®* concentration 4 ppm (stage 2) 4 ppm 8.4 ppm
Mg”" concentration 12.3 ppm (stage 2) 123 ppm  25.9 ppm
CO5” concentration 11.8 ppm (stage 2) 11.8 ppm  24.9 ppm
HCO4 concentration 15.8 ppm (stage 2) 15.8 ppm  32.1 ppm

'Rt =R1 x R2 = 0.45 x [0.8 + (0.2x 0.98)]
‘Rt =R2x R2=0.45x [0.8 + (0.2 x 0.9 x 0.98)]

FRt=RI1 x R2=045x 0.90

13
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[0044]  From the data in the Table, it can be seen that the use of two pass reverse osmosis in
combination with ion exchange results in enhanced boron rejection (0.1 ppm in Examples 1 and 2
vs. 0.5 ppm in the Comparative Example). Further, the ion concentration of calcium, magnesium,
carbonate, and bicarbonate in the combined flow is lower according to the methods of the invention.
[0045]  In comparison with prior art systems and methods, the methods according to the present
invention enable a significantly increased boron rejection rate in a high salinity liquid, particularly
seawater, RO system while avoiding scaling of the second pass RO membranes by calcium
carbonate or magnesium hydroxide. In the inventive designs, the concentration product of calcium
and carbonate ions in the high pH concentrate is about four times lower than in a conventional
design, and the corresponding magnesium concentration is two times lower. Due to processing of at
least a fraction of the second pass RO permeate with a boron specific ion exchange unit, low boron
concentration in the combined permeate and overall high recovery rate are achieved simultaneously.
[0046] It will be appreciated by those skilled in the art that changes could be made to the
embodiments described above without departing from the broad inventive concept thereof. It is
understood, therefore, that this invention is not limited to the particular embodiments disclosed, but
it is intended to cover modifications within the spirit and scope of the present invention as defined

by the appended claims.
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CLAIMS
We claim:

L. A method of reducing boron concentration and salinity in a high salinity, boron-

containing liquid, comprising:

(a) passing the high salinity, boron-containing liquid through a first pass reverse osmosis

device to produce a first pass concentrate and a first pass permeate;
(b) adjusting a pH of the first pass permeate to about 8 to about 11;

(c) passing at least a portion of the pH-adjusted first pass permeate through a second pass

reverse osmosis device to produce a second pass concentrate and a second pass permeate;

(d) passing the second pass concentrate through an ion exchange unit containing a boron

specific resin to produce an effluent; and
(e) combining the effluent and the second pass permeate to produce a blended flow;

wherein the blended flow exhibits a lower boron concentration and a lower salinity than the

high salinity liquid.

2. The method according to claim 1, wherein the high salinity liquid contains at least

about 2000 ppm total dissolved solids.
3. The method according to claim 1, wherein the high salinity liquid is seawater.

4. The method according to claim 3, wherein the seawater comprises about 4 to about 7

ppm of boron.

5. The method according to claim 1, wherein the boron concentration of the blended
flow is less than about | ppm and the salinity of the blended flow is less than about 500 ppm total

dissolved solids.

6. The method according to claim 5, wherein the boron concentration of the blended

flow is less than about 0.5 ppm.

7. The method according to claim 1, wherein the pH in step (b) is adjusted to about 9 to

about 10.
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8. The method according to claim I, wherein step (b) comprises adding to the first pass
permeate at least one base selected from the group consisting of calcium hydroxide, sodium

hydroxide, and lime.

9. The method according to claim 1, wherein at least one of the first pass reverse
osmosis device and the second pass reverse osmosis device comprises at least one polyamide

reverse osmosis membrane.

10.  The method according to claim 9, wherein the at least one reverse osmosis membrane

is selected from the group consisting of a spiral wound membrane and a hollow fiber membrare.

11. The method according to claim 1, further comprising‘adding a scale inhibitor prior to
step (a).

12. The method according to claim I, wherein the first pass reverse osmosis device

exhibits a recovery rate of about 45 to about 55%.

13. The method according to claim 1, wherein the second pass reverse osmosis device

exhibits a recovery rate of about 75 to about 95%.

14, The method according to claim 1, wherein the ion exchange unit exhibits a recovery

rate of about 98%.

15. A method of reducing boron concentration and salinity in a high salinity, boron-

containing liquid, comprising:

(a) passing the high salinity, boron-containing liquid through a first pass reverse osmosis
device to produce a first pass concentrate, a low salinity first pass permeate and a high salinity first

pass permeate;

(b) passing at least a portion of the high salinity first pass permeate through an ion exchange

unit containing a boron specific resin to produce an effluent;
(c) adjusting a pH of the effluent to about 8 to about 11;

(d) passing the pH-adjusted effluent through a second pass reverse osmosis device to

produce a second pass concentrate and a second pass permeate; and

(e) combining the second puss permeate and the low salinity first pass permeate to produce a

blended flow;

16
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wherein the blended flow exhibits a lower boron concentration and a lower salinity than the
high salinity liquid.

16. A method of reducing boron concentration and salinity in a high salinity, boron-
containing liquid, comprising:

(a) passing the high salinity, boron-containing liquid through a first pass reverse osmosis
device to produce a first pass concentrate and a first pass permeate;

(b) adjusting a pH of the first pass permeate to about 8 to about 11;

(c) passing at least a portion of the pH-adjusted first pass permeate through a lead segment of
a second pass reverse osmosis device containing a first stage and a second stage to produce a second

stage permeate and a second stage concentrate;
(d) adjusting a pH of the second stage concentrate to about 7 to about 8;

(e) passing the pH-adjusted second stage concentrate through a tail segment of the second

pass reverse osmosis device containing at least a third stage to produce a third stage permeate;

(f) passing the third stage permeate through an ion exchange unit containing a boron specific

resin to produce an effluent; and
(g) combining the effluent with the second stage permeate to produce a blended flow;
wherein the blended flow exhibits a lower boron concentration and a lower salinity than the
high salinity liquid.

7. The method according to claim 16, wherein step (d) comprises adding to the second
stage concentrate at least one acid selected from the group consisting of hydrochloric acid and

sulfuric acid.
18. The method according to claim 16, wherein the high salinity liquid is seawater.

19. The method according to claim 18, wherein the seawater comprises about 4 to about

7 ppm of boron.

20. The method according to claim 16, wherein the boron concentration of the blended
flow is less than about 1 ppm and the salinity of the blended flow is less than about 500 ppm total

dissolved solids.

21. The method according to claim 20, wherein the boron concentration of the blended

flow is less than about 0.5 ppm.
17
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22. The method according to claim 16, wherein the pH in step (b) is adjusted to about 9

to about 10.

23. The method according to claim 16, wherein step (b) comprises adding to the first pass
permeate at least one base selected from the group consisting of calcium hydroxide, sodium

hydroxide, and lime.

24.  The method according to claim 16, wherein at least one of the first pass reverse
osmosis device and the second pass reverse osmosis device comprises at least one polyamide

reverse osmosis membrane.

25. The method according to claim 24, wherein the at least one reverse 0smosis

membrane is selected from the group consisting of a spiral wound membrane and a hollow fiber

membrane.

26.  The method according to claim 16, further comprising adding a scale inhibitor prior
to step (a).

27.  The method according to claim 16, wherein the first pass reverse osmosis device

exhibits a recovery rate of about 45 to about 55%.

28.  The method according to claim 16, wherein the second pass reverse osmosis device

exhibits a recovery rate of about 75 to about 95%.

29.  The method according to claim 16, wherein the ion exchange unit exhibits a recovery

rate of about 98%.

30.  The method according to claim 16, wherein the tail segment comprises at least a third

and a fourth stage.
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