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Methods and Compositions for Removing Fluoride from Water

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The application claims priority to U.S. Provisional Patent Application Ser. No.
62/257,611, filed November 19, 2015; which is incorporated herein by reference.

STATEMENT OF GOVERNMENTAL SUPPORT
[0002] The invention described and claimed herein was made in part utilizing funds supplied
by the U.S. Department of Energy under Contract No. DE-AC02-05CH11231. The

government has certain rights in this invention.

FIELD OF THE INVENTION

[0003] This invention relates generally to removal of fluoride ions from water.

BACKGROUND OF THE INVENTION
[0004] Globally, 200 million people are at risk of developing crippling deformities (e.g.
dental/skeletal fluorosis) and other detrimental health effects by drinking groundwater
contaminated with toxic levels of naturally occurring fluoride. In India alone, 66 million
people consume groundwater with fluoride levels above the WHQO guideline value (1.5 mg ¥/
L}, subsequently facing adverse socio-economic and health effects. For example, despite
decades of awareness of fluoride contamination in Nalgonda District, Telangana, India, this
problem persists due to the lack of affordable groundwater treatment technologies and surface
water aliernatives. Due to the high fluoride content in local aquifers and the population’s
heavy reliance on groundwater, an estimated 10% of the district population is affected by

fluoride contamination and over 14,000 people are irreversibly crippled by skeletal fluorosis.

[0005] Although many fluoride removal technologies have been shown to be effective in the
laboratory, few are sustainable in rural remote areas like Nalgonda because they are either
cultarally inappropriate (e.g., bone char), unreliable {e.g., dilution through rainwater
harvesting), labor intensive and difficult to scale up (a commonly cited problem of the

‘Nalgonda technique’}, or cost-prohibitive and complex to operate (e.g., reverse osmosis and
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activated alumina).

[0006] Current literature does not show that (1) many varieties of bauxite with a broad range
of compositions can be modified to be a good adsorbent of fluoride ions, (2) the bauxites
tested do not produce the level of desired removal, and (3) do not teach that the pH of the

bauxite dramatically affects the performance of the bauxite in adsorbing fluoride ions.

SUMMARY OF THE INVENTION
[0007] The present invention provides for a system for removing a fluoride ion from an
aqueous solution, comprising: (a) an aqueous solution comprising a fluoride ion, and (b) a
bauxite mineral; wherein the aqueous solution has a pH with a value in the range of from
about 5.0 to about 7.5, and the system is capable of achieving an aqueous solution having a

fluoride concentration of equal to or less than 1.5 ppm.

[0008] In some embodiments, the system is capable of achieving an aqueous solution having
a fluoride concentration of equal to or less than 1.4 ppm. In some embodiments, the system is
capable of achieving an aqueous solution having a fluoride concentration of equal to or less
than 1.3 ppm. In some embodiments, the system is capable of achieving an aqueous solution
having a fluoride concentration of equal to or less than 1.2 ppm. In some embodiments, the
system is capable of achieving an aqueous solution having a fluoride concentration of equal
to or less than 1.1 ppm. In some embodiments, the system is capable of achieving an aqueous
solution having a fluoride concentration of equal to or less than 1.0 ppm. In some
embodiments, the bauxite mineral is first treated by mechanically breaking the bauxite
mineral into smaller pieces, such as by milling. In some embodiments, the bauxite mineral
the smaller pieces have an average diameter, or the length of the longest linear dimension, of
equal to or less than about 1 mm. In some embodiments, the bauxite mineral the smaller
pieces have an average diameter, or the length of the longest linear dimension, of equal to or

less than about 100 um, 50 pm, 25 pm, 20 um, 15 pm, or 10 pm.

[0009] In some embodiments, the bauxite mineral is first treated to dry the mineral or remove
water from the mineral, such as by heating. In some embodiments, the bauxite mineral is first
heated at a temperature equal to or more than about 300°C, such as in an oven, prior to
introduced or mixed with the aqueous solution. In some embodiments, the bauxite mineral is

a global bauxite mineral.
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[0010] The present invention provides for a method for removing a fluoride ion from an
aqueous solution comprising: (a) providing an aqueous solution comprising a fluoride ion; (b)
introducing a bauxite mineral to the aqueous solution; (c) adjusting the pH of the aqueous
solution to a value in the range of from about 5.5 to about 6.5 such that the fluoride ion binds
to the bauxite mineral to form a bauxite-fluoride complex, wherein the fluoride ion adsorbs
and forms an innerspace aluminum-fluoride complex; (d) optionally incubating the aqueous
solution for a period of time sufficient for the fluoride ion to bind to the bauxite mineral to
form the bauxite-fluoride complex; (e) separating the bauxite-fluoride complex from the
aqueous solution to produce a fluoride ion reduced aqueous solution, such that the fluoride
ion reduced aqueous solution has a fluoride content of equal to or less than 1.5 ppm; (f)
optionally adjusting the pH value of the aqueous solution to a value in the range of from
about 6.5 to about 7.5; and (g) optionally extracting alumina (Al,O3) and/or aluminum from
the bauxite-fluoride complex. In some embodiments, the fluoride ion reduced aqueous

solution has a fluoride content of equal to or less than 1.0 ppm.

[0011] The present invention provides for a method for removing a fluoride ion from an
aqueous solution comprising: (a) providing an aqueous solution comprising fluoride, one or
more cations, such as calcium and magnesium, and one or more anions, such as bicarbonate
and sulfate; (b) introducing a processed bauxite mineral to the aqueous solution via a batch or
continuous addition process, wherein the processed bauxite mineral to account for native pH
and mineralogy differences depending on the type of bauxite used, such that the processed
bauxite mineral and the fluoride ion complex to form a solid precipitate; and (c) separating
the solid precipitate from the aqueous solution, such that the resulting aqueous solution has a
fluoride content of equal to or less than 1.5 ppm. In some embodiments, the resulting aqueous
solution has a fluoride content of equal to or less than 1.0 ppm. In some embodiments, the
method is a continuous process, wherein the method takes place in a reactor, step (b) results
in a bauxite slurry wherein processed bauxite mineral is continuously introduced to the
bauxite slurry, and step (c) results in the solid precipitate being continuously separated from

the bauxite slurry.

[0012] In some embodiments, the aqueous solution is naturally occurring groundwater
contaminated with fluoride ions. In some embodiments, the separating step (c) comprises
using a sedimentation or post treatment filtration process to remove solid precipitates from

the treated solution. In some embodiments, processed bauxite mineral is formed by
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(1) burning off organic matter at a temperature equal to or more than 200°C, or (ii) milling the
processed bauxite mineral into a plurality of particles having (1) an average particle size with
a maximum linear dimension of equal or less than 50 pum, or (2) a maximum linear dimension
of equal or less than 50 pm, and introducing one or more acidic functional groups to the
surface of the particles. In some embodiments, the plurality of particles has (1) an average
particle size with a maximum linear dimension of equal or less than 25 pm, or (2) a
maximum linear dimension of equal or less than 25 pm. In some embodiments, the plurality
of particles has (1) an average particle size with a maximum linear dimension of equal or less
than 20 um, or (2) a maximum linear dimension of equal or less than 20 pum. In some
embodiments, the plurality of particles has (1) an average particle size with a maximum
linear dimension of equal or less than 15 pm, or (2) a maximum linear dimension of equal or
less than 15 pm. In some embodiments, the plurality of particles has (1) an average particle
size with a maximum linear dimension of equal or less than 10 pm, or (2) a maximum linear

dimension of equal or less than 10 um.

[0013] The present invention provides for a method for removing naturally relevant
concentrations of fluoride ions from contaminated groundwater comprising: (a) providing an
aqueous solution comprising fluoride and other ions, such as bicarbonate, calcium,
magnesium, sulfate, or the like; (b) introducing a processed bauxite mineral (to account for
pH and mineralogy differences) to the aqueous solution via a batch or continuous addition
process; and (3) using a sedimentation or post treatment filtration process to remove solid

precipitates from the treated solution.

[0014] In some embodiments, the aqueous solution has a pH with a value in the range of
from about 5.5 to about 6.5. In some embodiments, the aqueous solution has a pH with a
value in the range of from about 5.6 to about 6.4. In some embodiments, the aqueous solution
has a pH with a value in the range of from about 5.7 to about 6.3. In some embodiments, the
aqueous solution has a pH with a value in the range of from about 5.8 to about 6.2. In some
embodiments, the aqueous solution has a pH with a value in the range of from about 5.9 to

about 6.1. In some embodiments, the aqueous solution has a pH with a value of about 6.0.

BRIEF DESCRIPTION OF THE DRAWINGS
[0015] The foregoing aspects and others will be readily appreciated by the skilled artisan

from the following description of illustrative embodiments when read in conjunction with the
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accompanying drawings.

[0016] FIG. 1A shows the minimum dose of Africa Bauxite vs. Activated Alumina Required

to Reach WHO limit, i.e. 1.5 ppm, in different waters.

[0017] FIG. 1B shows the annual per capita materials cost for clean water defluoridated using
activated alumina (calculated using the daily WHO requirement for drinking water
(7.5L/person/day) and the material market prices of activated alumina ($2/kg) and bauxite
(50.04/kg)).

[0018] FIG. 2A shows the minimum dose of various global bauxite samples required to reach

WHO limit in different waters.

[0019] FIG. 2B shows the Annual per capita materials cost of clean water defluoridated the
different bauxites (calculated using the daily WHO requirement for drinking water
(7.5L/person/day) and the material market prices of activated alumina (2$/kg) and bauxite
(50.04/kg)).

[0020] FIG. 3 shows 6g/L bauxite and 4g/L. Activated alumina in synthetic Sri Lankan
groundwater. Aqueous fluoride concentrations were measured at 1,3,5,8, and 24 hours and
final measured pH was 6.4. Average contact time to reach equilibrium was ~ 3 hours for both

adsorbents.

[0021] FIG. 4 shows the costs and environmental impacts associated with AA and Al

production.

[0022] FIG. 5A shows the minimum dose of milled Guinea bauxite and unmodified
Activated Alumina (AA) required to remediate initial fluoride concentrations (indicated in

parentheses) to the WHO-MCL in various real and synthetic groundwater matrices.

[0023] FIG. 5B shows comparison of annual per capita material cost of defluoridation using

AA in dispersive or regenerative mode and milled Guinea bauxite in dispersive mode.

[0024] FIG. 6 shows the minimum dose of unmodified Activated Alumina and three globally
sourced bauxites (from Guinea, USA, and India) required to reach the WHO-MCL from

initial fluoride concentrations of 10 mg/L in several groundwater matrices.

[0025] FIG. 7 shows fluoride concentration as a function of contact time for Activated

5.
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Alumina (dose: 4g/L) and Guinea Bauxite (dose: 10g/L) in a synthetic Sri Lankan
groundwater matrix. Doses used represent the minimum required dosage to reduce initial
fluoride concentrations of 10 mg/L to the WHO-MCL (1.5 mg/L) after 24 hours of contact

time.

DETAILED DESCRIPTION
[0026] Before the present invention is described, it is to be understood that this invention is
not limited to particular embodiments described, as such may, of course, vary. Itis also to be
understood that the terminology used herein is for the purpose of describing particular
embodiments only, and is not intended to be limiting, since the scope of the present invention

will be limited only by the appended claims.

[0027] Where a range of values is provided, it is understood that each intervening value, to
the tenth of the unit of the lower limit unless the context clearly dictates otherwise, between
the upper and lower limits of that range is also specifically disclosed. Each smaller range
between any stated value or intervening value in a stated range and any other stated or
intervening value in that stated range is encompassed within the invention. The upper and
lower limits of these smaller ranges may independently be included or excluded in the range,
and each range where either, neither or both limits are included in the smaller ranges is also
encompassed within the invention, subject to any specifically excluded limit in the stated
range. Where the stated range includes one or both of the limits, ranges excluding either or

both of those included limits are also included in the invention.

[0028] Unless defined otherwise, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention
belongs. Although any methods and materials similar or equivalent to those described herein
can be used in the practice or testing of the present invention, the preferred methods and
materials are now described. All publications mentioned herein are incorporated herein by
reference to disclose and describe the methods and/or materials in connection with which the

publications are cited.

Definitions

[0029] In this specification and in the claims that follow, reference will be made to a number

of terms that shall be defined to have the following meanings:
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[0030] It must be noted that as used herein and in the appended claims, the singular forms

a", "and", and "the" include plural referents unless the context clearly dictates otherwise.

Thus, for example, reference to "a bauxite" includes a plurality of such bauxites, and so forth.

[0031] The term “about” refers to a value including 10% more than the stated value and 10%

less than the stated value.

[0032] The terms "optional" or "optionally" as used herein mean that the subsequently
described feature or structure may or may not be present, or that the subsequently described
event or circumstance may or may not occur, and that the description includes instances
where a particular feature or structure is present and instances where the feature or structure
is absent, or instances where the event or circumstance occurs and instances where it does

not.

[0033] These and other objects, advantages, and features of the invention will become
apparent to those persons skilled in the art upon reading the details of the invention as more

fully described below.

[0034] In some embodiments, the aqueous solution is adjusted to a pH with a value in the
range of from about 5.6 to about 6.4. In some embodiments, the aqueous solution is adjusted
to a pH with a value in the range of from about 5.7 to about 6.3. In some embodiments, the
aqueous solution is adjusted to a pH with a value in the range of from about 5.8 to about 6.2.
In some embodiments, the aqueous solution is adjusted to a pH with a value in the range of
from about 5.9 to about 6.1. In some embodiments, the aqueous solution is adjusted to a pH
with a value of about 6.0. In some embodiments, introducing step (b) results in the aqueous
solution having a pH of a value in the range of from about 5.5 to about 6.5. In some
embodiments, introducing step (b) results in the aqueous solution having a pH of a value in
the range of from about 5.6 to about 6.4. In some embodiments, introducing step (b) results in
the aqueous solution having a pH of a value in the range of from about 5.7 to about 6.3. In
some embodiments, introducing step (b) results in the aqueous solution having a pH of a
value in the range of from about 5.8 to about 6.2. In some embodiments, introducing step (b)
results in the aqueous solution having a pH of a value in the range of from about 5.9 to about
6.1. In some embodiments, introducing step (b) results in the aqueous solution having a pH of

about 6.0.
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[0035] In some embodiments, the aqueous solution is a natural groundwater having a fluoride
content of equal to or more than 5 ppm. In some embodiments, the aqueous solution is a

natural groundwater having a fluoride content of equal to or more than 10 ppm.

[0036] Bauxite, an aluminum ore, is the world's main source of aluminum. In some
embodiments, the bauxite comprises the minerals gibbsite (Al(OH)3), boehmite (y-AlIO(OH)),
and/or diaspore (a-AlO(OH)), mixed with the two iron oxides goethite and haematite, the
clay mineral kaolinite (Al,Si,Os(OH)4), and/or small amounts of anatase TiO,. In some
embodiments, the bauxite is gibbsite, kaolinite, titanium rich bauxite (TRB), high aluminum
content bauxite ore (HABO), high iron content bauxite ore (HFBO), refractory grade bauxite,
feed bauxite, or the like, or a mixture thereof. In some embodiments, the bauxite is guinea

bauxite, USA bauxite, India bauxite.

[0037] In some embodiments, the bauxite used is a raw bauxite ore directly mined from the
earth. In some embodiments, the bauxite used is a bauxite directly mined from the earth and
treated by heating the bauxite to remove or reduce any carbon containing material in the
bauxite, and/or increasing the surface area of the bauxite, such as milling or ball milling the
bauxite. In some embodiments, the bauxite used is a raw bauxite ore directly mined from the
earth and treated by heating the raw bauxite ore to remove or reduce any carbon containing
material in the bauxite, and/or increasing the surface area of the raw bauxite ore, such as
milling or ball milling the raw bauxite ore. In some embodiments, the bauxite is first heated

at a temperature equal to or more than about 300°C, such as in an oven.

[0038] In some embodiments, a surface of the bauxite used is first subjected to surface
activation by introducing a positively charged functional group, such as a group II cation,
such as Mg**, Ca**, Sr**, and Ba™, to the surface of the bauxite. The group II cation can be
derived from a salt such as MgCl,, CaCl,, SrCl,, BaCl,, and the like. The presence of the
positively charged functional group on the surface of the bauxite can increase the adsorption
capacity of the bauxite due to increased electrostatic interactions between the positive cation

and the negatively charged fluoride anions (F).

[0039] To practice the present invention, it is not necessary to have raw bauxite intensively
processed or refined to create a cost-competitive and technically-effective adsorbent for

water-borne fluoride.
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[0040] The advantages of at least some embodiments of the invention include, but are not
limited to, the capability of operating without turbulence of the water or solution, the step of
adding the bauxite can be separate from mixing the bauxite in the aqueous solution, that that
step can be separate from the holding tank, which may be either a batch process, or a
continuously stirred reactor, and the separation of bauxite can be practiced by any of the well
known separation processes including but not limited to flocculation sedimentation, and

settling, after which, the precipitate can be removed.

[0041] The invention having been described, the following examples are offered to illustrate

the subject invention by way of illustration, not by way of limitation.

EXAMPLE 1

[0042] The present invention is capable of remediating fluoride through a community-scale
batch adsorption process using a moderately processed bauxite, an aluminum-rich ore. The
moderately processed bauxite is an excellent adsorbent for fluoride removal because it is (a)
locally available and affordable, (b) highly effective at removing a wide range of fluoride
concentrations, (c) culturally appropriate, (d) technically feasible and robust in a rural setting,
and (e) easily operated and maintained with minimal manpower. In addition, eliminating the
costly and energy-intensive process of refining bauxite to activated alumina —a commonly
used adsorbent— reduces the annual per capita materials cost of treated water significantly,
from ~$50/person year using activated alumina to ~81/person year using bauxite. Preliminary
results indicate that moderately processed bauxite is an excellent adsorbent for fluoride
removal. It is primarily composed of the mineral gibbsite (Al(OH); ), additional constituents
(e.g., Fe(OH); and Si0») do not hinder fluoride removal or negatively alter the quality of
treated water, and a low dose (comparable to that required of activated alumina) can
sufficiently remediate field-relevant fluoride concentrations (5-10 ppm F’) to below the WHO

limit.

[0043] 200 million people worldwide drink groundwater contaminated with toxic fluoride
levels surpassing the World Health Organization’s (WHO) maximum contaminant limit
(MCL) of 1.5 mg F/L. Although low fluoride concentrations (<1 mg F/L) are often
intentionally added to municipal drinking water supplies to prevent dental caries, exposure to
excessive fluoride concentrations can cause detrimental health effects, including anemia and

low IQ due to poor nutrient absorption, mottling and degradation of tooth enamel (dental

-
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fluorosis), and irreversible bone deformities in children (skeletal fluorosis). Dissolution of
fluoride-rich granitic rocks in groundwater aquifers cause excessive levels of fluoride in arid
regions of India, China, East African Rift Valley, the Middle East, northern Mexico, and

central Argentina.

[0044] Although many technologies have proven to be effective in the lab, most are not
sustainable or effective in remaote rural areas because they are labor intensive, difficult to
scale up at the community level {a commonly cited problem of the ‘Nalgonda technique’),
cost-prohibitive and difficult to source locally {e.g., reverse osmosis and activated aluminal,
culturally inappropriate (e.g., bone char), or unreliable {(¢.g., dilution through rainwater

harvesting).

[0045] Among these existing technologies, aluminum-based adsorbents {e.g. activated
alumina filters and aluminum electrocoagulation) are widely used due to their relative
atfordability for the upper middle class, ease of operation, and fluoride’s chemical affinity for
aluminum. However, the industrial methods used to produce alumina and aluminum metals
from bauxite ore (i.e., Bayer and Hall-Héroult processes) are extremely resource intensive in
terms of money, energy and greenhouse gas emissions. Current indastrial prices indicate a
steep cost increase due to each processing step: per ton, alumina and aluminum respectively
cost 10X and 100X more than raw bauxite ore. More specifically, once alumina is further
activated to make the commonly used filter media, its final cost (82000/ton) is 50X more

expensive than raw bauxite ore ($40/ton).

[0046] Our aim is to develop for the first time a sustainable fluoride adsorbent using
inexpensively processed bauxite mineral to eliminate the costly, wasteful, and unnecessary
processes of refining bauxite into higher-end alumninum-based adsorbents. To develop our
cost-competitive bauxite-based defluoridation technology, we need to challenge and
overcome the assumptions that raw bauxite must be 1) intensively purified (using caustic
sodium hydroxide) and 2) enhanced (through calcination at T>1100°C). We believe our
direct-bauxite solution has the potential to be (a) locally available and affordable, (b) highly
effective at removing a wide range of fluoride concentrations, (c) culturally appropriate, (d)
technically feasible and robust in a rural setting, and (e) operated and maintained with

minimal manpower.

[0047] Our study argues that bauxite is cost-competitive with activated alumina by

-10-
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demonstrating: significant cost reduction for fluoride remediation using bauxite as an
alternative to activated alumina in simple synthetic, complex synthetic, and real groundwater
matrices, differences in fluoride removal performance between varying sources of global
bauxites (e.g. Africa, USA, India), and similar kinetics of fluoride removal using activated

alumina and African bauxite in synthetic groundwater.
MATERIALS AND METHODS
Adsorbents Preparation

[0048] Global raw bauxite ores were collected from mines in North America (Alabama,
USA), Africa (Guinea), and Asia (Visakhapatnam, India). Each sample was oven dried at
100°C for 24 hours to remove any moisture and later milled for 60 minutes using an agate
SPEX8000 ball mill to generate micron sized powders. The activated alumina and gibbsite
powder reagents were purchased from Sigma Aldrich and used directly as packaged without

any prior treatment.

Solutions Preparation

[0049] The initial pH of all tested waters was set to 6. Real groundwater samples were
collected from borwells in India (Nalgonda Distrcit and West Bengal) and characterized
using ICP-AES. The simple groundwater matrix was prepared from dilution of stock
solutions of NaF, NaCl and NaHCOj; to achieve a composition of 10 ppm F, 5 mM alkalinity,
and 35mM NaCl. More complex synthetic groundwater recipes taken from the British
Geologic Survey’s “Fluoride in Natural Waters” report (Edmunds and Smudley, 2013) were
amended to have an initial fluoride concentration of 10 ppm F and prepared with stock
solutions of CaCl,, MgCl,, NaHCOs3, NaySOy4, Si0; (Na;Si03-5H,0) and NaNQO; to represent

groundwater from Ghana, Sri Lanka, and Tanzania. See Table 1.0

[0050] Table 1.

-11-
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o Synthethic Groundwater Real Groundwater
Parameter S1. Simpie 52, Ghana | 53.Sriianka 54. Tanzania R1. Telangana | R2. West Bengal
Fluoride {mg/L} 10 10 10 10 2.4 Q.2
Ca (m} BHHRTHn__ 27 4.3 0.6 0.88 0.19
Mg {mivi} MBI 7.4 0.1 1.44 0.03
5i M T TIHHR IR 1.2 16 1.9 1.25 R

HCO,- (i) 2.4 3.5 13.8 &\\\\\\\\\\\\\\\:&\\\\\\\\\\\\\\
NO, a5 N (mM Y 044 0.6 05 lkIHHnniihnni
lonic Strength 4 21.8 64.4 40.8 M T

Batch Adsorption Experiments

[0051] All batch adsorption experiments were conducted in 15 mL falcon tubes and mixed
thoroughly for the duration of the experiments using a Scilogex MX-RL-E Analog Rotisserie
Tube Rotator (Rocky Hill, CT). At the completion of each experiment, samples were filtered
using 2um syringe filters and mixed in equal volumes with TISABII, a buffer agent that
complexes aluminum and provides constant background ionic strength. Final free-fluoride (F°
) concentrations were measured using a Mettler Toledo Seven Multi fluoride probe (i.e., ion
selective electrode). Final dissolved Al concentrations in filtered samples acidified using 1:5
volume ratio of acid to sample were measured using inductively coupled plasma atomic

emission spectroscopy (ICP-AES).

[0052] To compare the performance and cost effectiveness of using of Activated Alumina
versus African bauxite, we conducted adsorption experiments by reacting these adsorbents
with simple synthetic, complex synthetic, and real groundwater matrices for 24 hours to
ensure equilibrium was reached. The minimum dose was identified as the grams of adsorbent
per liter after which the final equilibrium fluoride concentration reached below the WHO-
MCL of 1.5 ppm F. We then conducted similar adsorption experiments to compare the
fluoride removal performance of different global bauxites (Africa, USA, and India) in simple

groundwater and synthetic Sri Lankan water.

[0053] To further demonstrate proof of concept of using bauxite in a practical field setting,
we compared the kinetics of fluoride removal in synthetic Sri Lankan water using the
minimum required doses of African Bauxite and activated alumina by measuring fluoride

concentrations at t=1, 3, 5, 8, 24 hr.

RESULTS AND DISCUSSION

[0054] FIG. 1A shows the minimum doses of activated alumina and African bauxite required
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to reach 1.5 ppm F in simple and complex synthetic and real groundwater. FIG. 1B shows
that even in presence of other co-occurring (potentially competitive) ions, African bauxite
continues to be extremely cost competitive with activated alumina across a wide range of

groundwater matrices.

[0055] In FIG. 2A and FIG. 2B we show how global bauxite samples can differ in
performance dramatically and hint that final pH is a potential indicator of these differences.
Despite the difference in performance, all three types of bauxite from Africa, USA, and India
remain cost competitive with activated alomina (i.e., India bauxite 1s still <$53/person year

while activated alumina is $20/person year).

[0056] In FIG. 3 we use the minitmum doses identified in FIG. 1A and FIG. 1B to show
minimal differences in kinetics between African bauxite and Activated Alumina. The fact
that both adsorbents behave similarly in Sri Lankan groundwater gives us confidence that
their treatment processes would require a similar contact time for flooride removal. 80% of

removal occurs within the first hour.

Practical Implications

[0057] This analysis shows that mildly processed bauxite works as an effective adsorbent in
the presence of various groundwater ions and can serve as a cost competitive alternative to

activated alumina.

EXAMPLE 2

[0058] Globally, 200 million people are at risk of developing fluorosis by drinking
groundwater contaminated with toxic fluoride concentrations exceeding the World Health
Organization’s recommended level (WHO-MCL= 1.5mg F/L). Although many defluoridation
technologies have been demonstrated to work in lab, most are inappropriate for developing
countries because they are cost-prohibitive, labor intensive, or difficult to scale up. The use of
mildly-processed bauxite, a ubiquitous aluminum-rich ore, to remediate fluoride through a
batch adsorption process. Eliminating the energy-intensive process of refining bauxite to
activated alumina (AA), a common adsorbent, has the potential to reduce the annual per-
capita cost of treated water significantly. Experimental results indicate that bauxite ores from

Guinea, USA, and India can remediate field-relevant fluoride concentrations in synthetic and
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real groundwater matrices much more inexpensively than treatment with AA. Findings
suggest deployment of mildly-processed bauxite as an effective adsorbent material for

groundwater defluoridation in fluoride-impacted, low-income regions.
INTRODUCTION

[0059] 200 million people worldwide drink groundwater contaminated with toxic fluoride
levels[l]surpassing the World Health Organization’s maximum recommended contaminant
level(WHO—MCL)[z]of 1.5 mg F/L. Although fluoride at low concentrations (<1 mg F/L) is
often intentionally added to drinking water supplies to prevent dental caries, exposure to
excessive fluoride concentrations can cause detrimental health effects, including anemia and
low IQ due to poor nutrient absorption, mottling of tooth enamel (dental fluorosis), and
irreversible bone deformities in children (skeletal fluorosis)®!. Dissolution of fluoride-rich
granitic rocks in groundwater aquifers'*causes excessive levels of fluoride in arid regions of
India, China, the East African Rift Valley, the Middle East, northern Mexico, and central
Argentina®. Although many technologies have proven to be effective in the lab, most are
neither sustainable nor effective in remote rural areas of developing countries because they
are cost-prohibitive or dependent on intensive skilled labor for maintenance {e.g., Nalgonda
tf:chniquﬁ[s ], reverse osmasis, and activaied alumina[6]), difficult to source and culturally
inappropriate {(e.g., bone char'®), or unreliable and difficult to scale up at the comumunity level

. ‘ NN/
(e.g., rainwater harvesung)[ 1

[0060] Among existing technologies, activated alumina column filters and alominum
electrocoagulation are widely used due to their relative affordability for the upper middle
class, effectiveness, and flooride’s chemical affinity for aluminam, However, the industrial
methods used to produce activated alumina (AA) and aluminum metal (Al) from bauxite ore
(i.e., Bayer Processand Hall-Héroult Process) are extremely resource-intensive in terms of
money, energy, and greenhouse gas emissions”(FIG. 4). Per ton, alumina and aluminam
respectively cost approximately 10X1Y and 100X more than raw bauxite, revealing the
steep cost of each subsequent processing step. Once alumina is further activated to make the

~)[12]i

commonly-used filter media, its final material cost {$1500/tonne 8 50X more expensive

than raw bauxite ore { $;%O/tonne)[10].

[0061] Previous studies using bauxite from Ghana, Malawi, Tanzania, USA, India, Iran, and

Turkey as an adsorbent have required energy-intensive processes like high thermal activation
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(e.g., calcination at T>1100°C) or chemically-intensive processes using caustic sodium
hydroxide to increase the purity of bauxite and concentrate aluminum content*""?°!, The
present invention provides for an ultra-low cost and highly effective fluoride adsorbent using
inexpensively processed bauxite to eliminate the costly, wasteful, and unnecessary processes
of refining bauxite into higher-end aluminum-based adsorbents. Existing literature fails to
demonstrate that raw or mildly-processed bauxite can produce the desired level of fluoride
removal and does not identify methods to improve fluoride removal performance across
diverse sources of raw bauxite, which vary significantly in physical and chemical

composition.

[0062] Processing bauxite minimally and avoiding both high temperature calcination and
caustic sodium hydroxide has the potential to create a fluoride adsorbent that is (a) locally
available and affordable, (b) highly effective at removing a wide range of fluoride
concentrations, (c) culturally appropriate, (d) technically feasible and robust to implement in
a rural setting, and (e) compatible with a defluoridation process operated and maintained
without sophisticated training. In addition to the dramatic cost-reduction potential of this
novel approach in comparison to other aluminum-based methods, bauxite deposits are
ubiquitous and deposits are often near regions of excess fluoride concentrations. For instance,
India has over 66 million people facing significant risk of adverse socioeconomic and health
outcomes from fluorosis™®!! and is also home to the 5th largest bauxite deposit (3037 million

tonnes) globallym].

[0063] This example shows that mildly-processed bauxite is cost-competitive to activated
alumina by demonstrating (1) significant reduction in material costs for fluoride remediation
using bauxite as an alternative to AA in synthetic and real groundwater matrices, (2) modest
(and acceptable) differences in fluoride removal performance between various global sources
of bauxites from Guinea, USA, India, and (3) similar kinetics of fluoride removal using AA

and Guinea bauxite in synthetic groundwater.
MATERIALS AND METHODS

[0064] Adsorbents Preparation. Globally diverse bauxite ores are collected from mines in
Guinea (Boke), USA (Alabama), and India (Visakhapatnam), referred to herein as Guinea
bauxite, US bauxite, and India bauxite respectively. After oven-drying the raw bauxite at

100°C for 24 hours to remove moisture, 5g of each sample is milled for 60 minutes using an
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agate ball mill (SPEX8000) to generate micron sized powders. All bauxite samples are used
as milled powders in all experiments. An activated alumina (AA) reagent is used as received

(packaged as 1um porous powder by Sigma Aldrich).

[0065] Solutions Preparation. A synthetic binary-solute groundwater matrix is prepared
from dilution of stock solutions of NaCl and NaHCOj targeting a composition of 35mM
(2021mg/L) NaCl and 5SmM (305 mg/L) alkalinity. Recipes for synthetic groundwater from
Ghana, Sri Lanka, and Tanzania are developed based on measurements from the British
Geologic Survey (BGS)[23]and prepared using stock solutions of CaCl,, MgCl,, NaHCO;,
Na;S0s, Si0; (NaxSi03-5H,;0) and NaNO; (Table 2). Real groundwater samples from
Nalgonda District and West Bengal, India are collected after the borewells are first pumped

for several minutes and stored in sealed plastic bottles until later characterization.

[0066] Table 2. Chemical composition of synthetic and real groundwater matrices used in

this Example.”

F 10.0 ) 13,0 10.0 8.2 .6 8.4 £0.8

Ca 0.0 27.6 173.0 17.6 8.0 0.8 197 2.0

Mg 0.0 1746 14 PO £ 00 351+ 335

Si 0.0 45,0 54.2 Lo+ 1 351+ 3.5
BCO, 3053 3160 8450 - -
S0, ¥ 0.0 15.5 208 - .
NGy as N (1.t} Y. TR - -
NaCl 2021.3 0.0 0.0 - -

Fe 0.0 0.0 0.0 0.0 + 0.0 0.0+ 301

P 00 0.0 {10 0.1+ 00 0.0+ {101

(a) Values reported are gravimetric target concentrations or measured concentration with
erTors.

(b) Dashes indicate that the ions are not expected or measured.

(c) Errors represent the larger of the standard deviation from repeated tests and + 10% ICP-

AES measurement errors stored in sealed plastic bottles until later characterization.

[0067] Chemical Analysis. The intial fluoride concentrations of all lab-synthesized
groundwaters is set to 10 (+ 0.5) mg/L F using a stock solution of 100 mg/L NaF. Total final

free-fluoride (F-) concentrations of filtered aliquots mixed with an equal volume of TISABII
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(a buffering agent that provides constant background ionic strength and complexes
aluminum) are measured using a fluoride ion selective electrode (Mettler Toledo Seven
Multi, perfect ION™). The initial pH of all tested waters is set to 6 (+ 0.1) by addition of 1M
HCI and 1M NaOH as appropriate and is measured using a Consort meter (R3620).
Concentrations of ions (e.g., Fe, Ca, Mg, Si, and P) are characterized in real groundwater
samples using Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES)

(USEPA Method 200.7)*. Reported error for ICP-AES is £10%.

[0068] Batch Adsorption Experiments. All batch adsorption experiments are conducted in
15mL polypropylene falcon tubes (Fischer Scientific) and maintained well-mixed using an
Analog Rotisserie Tube Rotator (Scilogex, MX-RL-E). At the completion of each
experiment, SmL aliquot from each slurry is collected in a syringe and filtered using 2pm

filters to remove colloidal particles before fluoride analysis.

[0069] Performance and Cost Comparison to Activated Alumina. To compare the
fluoride removal performance of mildly-processed bauxite to AA, 24-hour equilibrium
adsorption experiments are conducted by measuring the fluoride removal by unmodified AA
reagent and milled Guinea bauxite for each matrix listed in Table 2. In each case, the
minimum adsorbent dose (as grams adsorbent per liter water) is that required to remediate 10
mg/L F to the WHO-MCL (1.5 mg/L F). This dose is determined by interpolating from
linear fit to the data of three separate doses remediating F from just above to just below the
WHO-MCL for each adsorbent. The reported error represents the standard deviation between
the interpolated doses from replicate experiments. Cost-effectiveness calculations compare
the per capita annual material cost of gach adsorbent added as a one-time-use powdered
material (i.e., batch “dispersive” mode} and assume the daily WHO requirement for drinking
water (7.5L/person/day)[25]
($1.5/kg)[12] and bauxite ($O.O3/kg)“0].The cost of AA used as a regenerative filter media

and current material market prices of activated alumina

(i.e., surface sites restored through NaOH wash) is calculated by assuming only 75% of AA
capacity is used in a column before breakthrough, each regenerated batch recovers its
capacity by 70% relative to the previous value, and after 4 cycles, AA is discarded. A 2014
EPA report on AA provides support for the assumptions and additional details on relevant
factors that 1s not taken into account in these simplified calculations, such as the efficiencies
of acid/base regeneration of the media and material losses during treatment"*!. Fluoride

removal performances of milled Guinea, US, and India bauxite samples are compared in
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synthetic binary-solute and Sri Lankan groundwater matrices (defined in Table 2). The
kinetics of fluoride removal is compared by measuring the fluoride concentration after 1, 3, 5,
8, and 24 hours in synthetic Sri Lankan groundwater using the minimum required doses of
AA and milled Guinea bauxite respectively. The reported error represents the standard

deviation of final measured fluoride concentrations from replicate batch tests.
RESULTS AND DISCUSSION

[0070] Minimum Adsorbent Pose and Cost Effectiveness. The minimum dose of Guinea
bauxite required to remediate an initial fluoride concentration of 10 mg/L to the WHO-M{CL
of 1.5 mg/L. in a batch dispersion process (i.e., with no regeneration) is about twice the
minimum required dose of AA in all tested groundwater matrices (FIG. 5A). An increase in
this required dose for both AA and milled Guinea bauxite is observed as they mave from
binary-sohite groundwater to more complex BGS synthetic groundwater and real
groundwater. This is likely due to the presence of potentially competitive species sach as
divalent cations {e.g., Ca™* and Mg™"), oxyanions (e.g., Si0s", HCO5', SO47, NOy), and
natural organic matter (likely to be present in field samples). The material cost of treating
water with milled Guinea bauxite is consistently and dramatically lower than with AA across
all tested groundwater matrices, whether AA is assumed used in a dispersive batch mode or a
regenerative column filter mode (FIG. 5B). Even in the most conservative case when the AA
is used in a regenerative mode (and the annual material cost of AA is reduced by about a
factor of 2 compared to that of AA in a one-time use in a dispersive mode), its cost still
remains much higher than the annual cost of Guinea bauxite in one-time use in a dispersive
mode. These results call attention to the need to understand the regenerative capacity of
mildly-processed bauxite adsorbent through future studies using strong bases to remove the
adsorbed fluoride, creating vacancies in the available surface sites for reuse and further

reducing the cost.

[0071] Performance Comparison of Globally-DiverseBauxites. Large differences in the
minimum required dose to remediate fluoride to the WHO-MCL with bauxite samples from
three globally diverse sites are measured, in both the simple synthetic binary-solute and
complex synthetic Sri Lankan groundwater matrices (FIG. 6). Despite these differences, all
bauxite samples remain cost competitive with AA. Of the three sources, the milled India
bauxite requires the largest dose (~25g/L) compared to milled Guinea bauxite (<10g/L) in

both matrices. The importance and interplay of several defluoridation-relevant properties of
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bauxite that tend to vary with source location (e.g., pH, natural organic matter content,

mineralogy, surface area) are currently under investigation.

[0072] Finoride Removal Kinetics. A negligible difference in fluoride removal kinetics
between Guinea bauxite and AA in the synthetic St Lankan groundwater matrix (FIG. 7} 1is
measured. The fact that both adsorbents behave similarly in a realistic groundwater matrix
provides confidence that their treatment processes would require a similar contact time for
flooride removal in the field. As indicated in FIG. 7, approximately 80% of the expected
fluoride removal takes place within the st hour. This finding of a relatively short contact
time is advantageous for the eventual field implementation of this system as a batch

dispersive-mode media.

[0073] Future Implications. The potential to use bauxite as an ultra-low cost alternative to
AA for fluoride removal targeting rural, remote, and impoverished regions of the world
suffering from fluoride-contaminated groundwater sources is evaluated. These findings
provide evidence that mildly-processed bauxite works as an effective fluoride removal
adsorbent capable of remediating high fluoride levels (up to 10 mg/L) to the WHO-MCL,
even in the presence of various relevant groundwater ions. Based on this analysis, mildly-
processed bauxite sourced from Guinea, the US, or India could serve as a cost-competitive

alternative to AA.

[0074] A deeper understanding of differences in mineralogy, porosity, pH, and other factors
between bauxite sources and how those factors impact the mechanisms of fluoride removal is
needed to further improve overall performance. Rigorous lab analysis and field-testing must
be completed before implementing this novel bauxite-based defluoridation technology at a
pilot scale. For example, it is important to identify lower cost methods for solids separation
(such as settling tanks or slow-sand filtration) and to explore the potential resale of fluoride-
laden bauxite sludge to aluminum manufacturing companies to further reduce the fiscal and
environmental impact of implementing this technology. Based on previous studies of similar
water treatment systems implemented in the developing world, a possible application of this
technology as a community scale batch reactor system with a field-applicable delivery mode

(e.g., sale at kiosks or delivery via jerry cans) is envisioned.
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[0076] While the present invention has been described with reference to the specific

embodiments thereof, it should be understood by those skilled in the art that various changes

may be made and equivalents may be substituted without departing from the true spirit and

scope of the invention. In addition, many modifications may be made to adapt a particular

situation, material, composition of matter, process, process step or steps, to the objective,

spirit and scope of the present invention. All such modifications are intended to be within the

scope of the claims appended hereto.
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WE CLAIM:

1.

A system for removing a fluoride ion from an aqueous solution, comprising: (a) an
aqueous solution comprising a fluoride ion, and (b) a bauxite mineral; wherein the
aqueous solution has a pH with a value in the range of from about 5.5 to about 8.5,
and the system is capable of achieving an aqueous solution having a fluoride

concentration of equal to or less than 1.5 ppm.

The system of claim 1, wherein the system is capable of achieving an aqueous

solution having a fluoride concentration of equal to or less than 1.0 ppm.

The system of claim 1, wherein the global bauxite mineral is first heated at a
temperature equal to or more than about 300°C prior to introduced or mixed with the

aqueous solution.

The system of claim 1, wherein the aqueous solution has a pH with a value in the

range of from about 5.5 to about 7.5.

The system of claim 4, wherein the aqueous solution has a pH with a value in the

range of from about 5.5 to about 6.5.

The system of claim 5, wherein the aqueous solution has a pH with a value of about

6.0.

A method for removing a fluoride ion from an aqueous solution comprising: (a)
providing an aqueous solution comprising a fluoride ion; (b) introducing a bauxite
mineral to the aqueous solution; (c) adjusting the pH of the aqueous solution to a
value in the range of from about 5.5 to about 6.5 such that the fluoride ion binds to the
bauxite mineral to form a bauxite-fluoride complex, wherein the fluoride ion adsorbs
and forms an innerspace aluminum-fluoride complex; (d) optionally incubating the
aqueous solution for a period of time sufficient for the fluoride ion to bind to the
bauxite mineral to form the bauxite-fluoride complex; (e) separating the bauxite-
fluoride complex from the aqueous solution to produce a fluoride ion reduced aqueous
solution, such that the fluoride ion reduced aqueous solution has a fluoride content of
equal to or less than 1.5 ppm; (f) optionally adjusting the pH value of the aqueous
solution to a value in the range of from about 6.5 to about 7.5; and (g) optionally

extracting alumina (Al,Os) and/or aluminum from the bauxite-fluoride complex. In
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10.

11

12.

13.

some embodiments, the fluoride ion reduced aqueous solution has a fluoride content

of equal to or less than 1.0 ppm.

A method for removing a fluoride ion from an aqueous solution comprising: (a)
providing an aqueous solution comprising fluoride, one or more cations, such as
calcium and magnesium, and one or more anions, such as bicarbonate and sulfate; (b)
introducing a processed bauxite mineral to the aqueous solution via a batch or
continuous addition process, wherein the processed bauxite mineral to account for
native pH and mineralogy differences depending on the type of bauxite used, such
that the processed bauxite mineral and the fluoride ion complex to form a solid
precipitate; and (c) separating the solid precipitate from the aqueous solution, such

that the resulting aqueous solution has a fluoride content of equal to or less than 1.5

The method of claim 8, wherein the resulting aqueous solution has a fluoride content

of equal to or less than 1.0 ppm.

The method of claim 8, wherein the method is a continuous process, wherein the
method takes place in a reactor, step (b) results in a bauxite slurry wherein processed
bauxite mineral is continuously introduced to the bauxite slurry, and step (c) results in

the solid precipitate being continuously separated from the bauxite slurry.

. The method of claim 8, wherein the aqueous solution is naturally occurring

groundwater contaminated with fluoride ions.

The method of claim 8, wherein the separating step (c) comprises using a
sedimentation or post treatment filtration process to remove solid precipitates from
the treated solution. In some embodiments, processed bauxite mineral is formed by
(1) burning off organic matter at a temperature equal to or more than 200°C, or (ii)
milling the processed bauxite mineral into a plurality of particles having (1) an
average particle size with a maximum linear dimension of equal or less than 50 pm,
or (2) a maximum linear dimension of equal or less than 50 pm, and introducing one

or more acidic functional groups to the surface of the particles.

A method for removing naturally relevant concentrations of fluoride ions from

contaminated groundwater comprising: (a) providing an aqueous solution comprising
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fluoride and bicarbonate, calcium, magnesium, or sulfate; (b) introducing a processed
bauxite mineral to the aqueous solution via a batch or continuous addition process;
and (3) using a sedimentation or post treatment filtration process to remove solid

precipitates from the treated solution.
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