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1
ACTIVATED HYBRID ZERO-VALENT IRON
TREATMENT SYSTEM AND METHODS FOR
GENERATION AND USE THEREOF

CROSS-REFERENCES TO RELATED
APPLICATIONS

This application is the national stage of International
Application No. PCT/US2015/066857, filed Dec. 18, 2015,
which claims the benefit of Provisional Application No.
62/094,120, filed Dec. 19, 2014, the entire disclosure of said
applications is hereby incorporated by reference herein.

BACKGROUND OF THE INVENTION

Wastewater treatment remains a challenging environmen-
tal problem. Chemical wastewater treatment systems have
been developed to address the problem and have achieved
varying degrees of success. Among chemical treatment
systems, activated iron (zero valent iron) systems have been
shown to be effective for reducing the concentration of
contaminants for a variety of water sources including sur-
face water, ground water, and industrial waste streams.

Despite the advances in the development of wastewater
treatment systems, there is a need for cost-effective and
reliable treatment systems having improved performance.
The present invention seeks to fulfill this need and provides
further related advantages.

SUMMARY OF THE INVENTION

The present invention provides activated iron media and
methods for generating, regenerating, and using the acti-
vated iron media.

In one aspect, the invention provides a method of gener-
ating an activated iron media for wastewater treatment. In
one embodiment, the method comprises:

(a) settling an aqueous suspension comprising a zero-
valent iron, ferrous iron, and an iron oxide to provide a
settled solid and a supernatant solution substantially free of
particles comprising zero-valent iron and iron oxide; and

(b) resuspending the settled solid to provide an aqueous
suspension comprising activated iron media.

In the above method, steps (a) and (b) can be repeated one
or more times. The number of cycles will depend on the
desired level of activity of iron media formed by the method.
The method can be carried out in the absence of a contami-
nated fluid prior to contact with the fluid. Alternatively, the
method can be carried out in the presence of a contaminated
fluid and the steps (a) and (b) repeated one or more times
depending on the desired level of removal or concentration
reduction of contaminants desired, the nature of the con-
taminants themselves, and the extent to which the fluid is
contaminated.

In certain embodiments, settling the suspension comprises
settling by gravity. In other embodiments, settling the sus-
pension comprises centrifugation.

In certain embodiments, the iron oxide is generated by a
reaction of the zero-valent iron and ferrous iron. In other
embodiments, the iron oxide is an added iron oxide. In
certain embodiments, the iron oxide comprises magnetite. In
certain embodiments, iron oxide of the activated iron media
comprises a Fe(I])-enriched magnetite.

In another aspect, the invention provides an activated iron
media, which is obtainable by the method of the invention.
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In a further aspect of the invention, a method for remov-
ing or reducing a concentration of a contaminant in a fluid
using the activated iron media is provided. In one embodi-
ment, the method comprises:

(a) settling an aqueous suspension comprising a zero-
valent iron; ferrous iron; and an iron oxide to provide a
settled solid and a supernatant solution substantially free of
particles comprising zero-valent iron and iron oxide;

(b) re-suspending the settled solid to provide an aqueous
suspension comprising activated iron media; and

(c) contacting a fluid comprising a contaminant with the
aqueous suspension comprising activated iron media.

In the above method, step (a) can be considered to be a
charging phase (i.e., generating or regenerating activated
iron media by intimate contact of the iron components) and
step (c) can be considered the reaction phase (i.e., contami-
nant removal or concentration reduction).

In one embodiment, the method further comprises step
(d): settling the aqueous suspension to provide a supernatant
effluent and a settled solid. In this embodiment, the method
can further comprise step (e): re-suspending the settled solid
in the fluid. Thus, in certain embodiments, the methods
includes repeating steps (d) and (e) one or more times.

In certain embodiments, the methods further include
removing the supernatant effluent from the settled solid.

In certain embodiments, steps (a)-(f) are performed in a
first reactor. In certain embodiments, the contents of the first
reactor are constantly stirred during steps (b), (c), and (e).

In certain embodiments, steps (a) and (d) are performed in
a settling tank separate from the first reactor. In certain of
these embodiments, the method further comprises transfer-
ring at least a portion of the suspension from the first reactor
to the settling tank.

In certain embodiments, when performing steps (b) or (e)
in a first reactor, the method further comprises transferring
a settled solid from the settling tank to the first reactor, when
steps (a) or (d) are performed in a settling tank.

In certain embodiments, steps (a)-(e) are performed in
each of two or more reactors.

Contaminants that may be advantageously removed or
reduced in concentration include metal compounds, metal
ions, metalloids, oxyanions, chlorinated organic com-
pounds, and combinations thereof. Representative contami-
nants that are effectively treated in the methods of the
invention include nitrate and selenium species.

Representative selenium species include selenate (Se*),
selenite (Se**), and selenide (Se ) species, as well as
selenocyanate, selenomethionine, and methylselenic acid,
and mixtures thereof.

The source of contaminated water treated by the methods
of the invention can be varied, and include flue gas desul-
furization wastewater, industrial waste stream, oil refinery
waste, tail water of a mining operation, stripped sour water,
surface water, ground water, and an influent stream. In
certain embodiments, the contaminated water is flue gas
desulfurization wastewater.

DESCRIPTION OF THE DRAWINGS

The foregoing aspects and many of the attendant advan-
tages of this invention will become more readily appreciated
as the same become better understood by reference to the
following detailed description, when taken in conjunction
with the accompanying drawings, wherein:
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FIG. 1A is a schematic illustration of magnetite particles
[Fe,O, and super-reactive Fe,O, (sp.r. Fe;O,)] functioning
as electron shuttle and reactive site for reduction of con-
taminants.

FIG. 1B is a schematic illustration of collisions of mag-
netite particles [Fe;O, and super-reactive Fe,O, (sp.r.
Fe;O,)] with zero-valent iron grains and Fe(II) as occurs in
a reactor.

FIG. 1C is a schematic illustration of a compact blanket
of settled magnetite particles [Fe;O, and super-reactive
Fe O, (sp.r. Fe;0,)], zero-valent iron, and Fe(I) that allows
efficient transfer of electrons from ZVI to magnetite to
produce quantities of super-reactive magnetite.

FIG. 2A is a schematic illustration of a representative
reactor system that includes a hybrid zero-valent iron com-
posite for wastewater treatment.

FIG. 2B is a schematic illustration of a representative
reactor system that includes multiple reactors.

FIG. 3A is a schematic illustration of operational phases
(fill, react, settle, decant) in a representative sequential batch
activated iron reactor.

FIG. 3B is a schematic illustration of a sequential batch
activated iron system having four activated iron reactors. As
shown, each reactor is at a different operational phase (fill,
react, settle, decant).

FIG. 4 is a schematic illustration of a representative
continuously stirred tank activated iron reactor system with
an external settling tank.

FIG. 5A is a graph showing selenate reduction over time
in a sequential batch reactor system.

FIG. 5B is a graph showing nitrate reduction over time in
a sequential batch reactor system.

FIG. 6A is a graph showing selenate reduction over time
in a sequential batch activated iron reactor system with
different durations for a settling phase.

FIG. 6B is a graph showing nitrate reduction over time in
a sequential batch activated iron reactor system with differ-
ent durations for a settling phase.

FIG. 7 is a graph showing selenate and nitrate reduction
over time by a sequential batch activated iron reactor system
for treating real FGD wastewater.

DETAILED DESCRIPTION

The present invention provides activated iron media and
methods for generating, regenerating, and using the acti-
vated iron media.

In one aspect, the invention provides a method of gener-
ating an activated iron media for wastewater treatment. In
one embodiment, the method comprises:

(a) settling an aqueous suspension comprising a zero-
valent iron; ferrous iron; and an iron oxide to provide a
settled solid and a supernatant solution substantially free of
particles comprising zero-valent iron and iron oxide; and

(b) re-suspending the settled solid to provide an aqueous
suspension comprising activated iron media.

As used herein, the term “activated iron media” refers to
the iron media product resulting from the settled solid. The
activated iron media comprises zero valent iron, ferrous
iron, and iron oxide. Zero valent iron and iron oxide are
present at least in part in the suspension and settled solid as
particulates (i.e., grains). The activated iron media is gen-
erated by intimate contact of zero valent iron, ferrous iron,
and iron oxide on settling from the aqueous suspension of
these components. After a predetermined time, resuspension
of the settled solid (i.e., disruption of the intimate contact of
these components as a consequence of their settling) pro-
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vides an aqueous suspension comprising the activated iron
media. As used herein, the terms “activated iron media,”
“super-reactive iron, “super-reactive iron oxide,” “super-
reactive magnetite,” “super-reactive Fe;O,,” and “sp.r.
Fe,O,,” are used interchangeably.

The term “substantially free of particles of zero-valent
iron and iron oxide” refers to a supernatant solution above
a settled solid that includes less than about 5% by weight of
the particles of zero-valent iron and iron oxide. In certain
embodiments, the supernatant solution includes less than
about 1% by weight of the particles of zero-valent iron and
iron oxide. In other embodiments, the supernatant solution
includes less than about 0.1% by weight of the particles of
zero-valent iron and iron oxide. Due to the significantly
greater density of the settled solids relative to the aqueous
solution, settling generally occurs rapidly and essentially
completed to provide a supernatant solution that is substan-
tially free (e.g., <0.01% by weight) of the particles of
zero-valent iron and iron oxide.

In certain embodiments, settling the suspension comprises
settling by gravity. In other embodiments, settling the sus-
pension comprises centrifugation.

The activated iron media is prepared from and includes
zero valent iron, ferrous iron, and iron oxide. In certain
embodiments, the iron oxide comprises magnetite. In certain
embodiments, the iron oxide is generated by a reaction of the
zero-valent iron and ferrous iron. In other embodiments, the
iron oxide is an added iron oxide. In certain embodiments,
the activated iron media comprises a Fe(I)-enriched mag-
netite.

In another aspect, the invention provides an activated iron
media, which is obtainable by the method of the invention.

In a further aspect of the invention, a method for remov-
ing or reducing a concentration of a contaminant in a fluid
using the activated iron media is provided. In one embodi-
ment, the method comprises:

(a) settling an aqueous suspension comprising a zero-
valent iron; ferrous iron; and an iron oxide to provide a
settled solid and a supernatant solution substantially free of
particles comprising zero-valent iron and iron oxide;

(b) re-suspending the settled solid to provide an aqueous
suspension comprising activated iron media; and

(c) contacting a fluid comprising a contaminant with the
aqueous suspension comprising activated iron media.

In the above method, step (a) can be considered to be a
charging phase (i.e., generating or regenerating activated
iron media by intimate contact of the iron components) and
step (c) can be considered the reaction phase (i.e., contami-
nant removal or concentration reduction).

In one embodiment, the method further comprises step
(d): settling the aqueous suspension to provide a supernatant
effluent and a settled solid. In this embodiment, the method
can further comprise step (e): re-suspending the settled solid
in the effluent. It will be appreciated that the effluent can be
removed from the activated iron media as decontaminated,
removed for further processing, or continued to be treated by
one or more charging/reacting cycles. Thus, in certain
embodiments, the methods includes repeating steps (d) and
(e) one or more times. As noted above, the method can also
include step (f): removing the supernatant effluent from the
settled solid.

In the above methods, steps (a) and (b) can be repeated
one or more times. The number of cycles will depend on the
desired level of removal or concentration reduction of
contaminants desired, the nature of the contaminants them-
selves, and the extent to which the fluid is contaminated.
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The methods of the invention can be carried out in a
variety of embodiments including multiple stages (e.g.,
single or multiple reactors, external settling tanks). In certain
embodiments, steps (a)-(f) are carried out in a single reactor.
In other embodiments, steps (a) and (d) are carried out in a
settling tank separate from the first reactor. In certain
embodiments, the contents of the first reactor are constantly
stirred during steps (b), (c), and (e). In embodiments in
which steps (a) or (d) are performed in a settling tank, the
method includes transferring at least a portion of the sus-
pension from a reactor to the settling tank. In embodiments
in which steps (b) or (e) are performed in a first reactor, the
method includes transferring a settled solid from the settling
tank to the first reactor, for example steps (a) or (d) are
performed in a settling tank. As noted above, steps (a)-(e) in
each of two or more reactors.

In the methods of the invention, it was advantageously
found that selenate (SeQ,>") was selectively removed from
fluids that included selenate and nitrate contaminants.

The following description is provided to illustrate the
invention.

Hybrid Zero Valent Iron Composites

A zero valent iron [ZVI/FeOx/Fe(Il)] composite (also
referred to as a hybrid zero valent iron composite or hybrid
ZVI composite) includes a reactive solid [zero valent iron
(ZVI) and iron oxide (FeOx)] and a secondary reagent
[ferrous iron (Fe(Il))]. The reactive solid may be trans-
formed into a reactive material effective for removing and/or
reducing the concentration of contaminants in a fluid. The
composite is a particle having a core comprising zero-valent
iron and a layer associated with the core that includes the
reactive material.

An advantage of the hybrid ZVI composite is the sustain-
ability of a high level of activity and improved lifetime,
particularly in comparison to compositions or systems that
include zero valent iron alone.

The reactive composite can be produced by an activation
process. The activation process may involve oxidizing at
least a portion of a zero-valent iron so as to form an iron
oxide and exposing the iron oxide to dissolved ferrous ion to
form the reactive material. The ferrous ion may adsorb onto
and become a part of the composite. As described herein, the
reactive composite may be produced in situ as part of a
contaminant removal process.

Hybrid zero valent iron treatment systems that utilize
hybrid ZVI composites are described in US 2011/0174743
and US 2012/0273431, each expressly incorporated by
reference in its entirety.

Activated Iron Media: Super-Reactive Magnetite

In one aspect, the invention provides activated iron media.
Without wishing to be bound by theory, it is believed that
magnetite particles are responsible for a dramatic increase in
the reactivity for selenate reduction in a hybrid ZVI com-
posite compared to a ZVI/Fe(Il) mixture in the absence of
magnetite particles. For example, referring to FIG. 1A,
magnetite particles 1000 can serve as electron shuttle or
carrier in a hybrid ZVI composite, such that as magnetite
particles 1000 come into contact with or harbor on ZVI
grains 1050 (which include Fe(IT) 1100), electrons from ZVI
grains 1050 transfer to the magnetite particles 1000, and the
electron-enriched magnetite 1150 then serves as a reaction
site where the electrons could be imparted to the oxyanions
such as selenate and nitrate. In some embodiments, the
electron-enriched magnetite is Fe(Il)-enriched.

Referring to FIG. 1B and FIG. 2A, in a fully fluidized
reactor system, magnetite particles 1000, ZVI grains 1050,
and Fe(II) 1100 exist in suspension and would randomly
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6

collide with one another as the particles and grains move
with the bulk liquid flow. Their surface conditions are under
the influence of the bulk aqueous chemical conditions (e.g.,
pH, dissolved oxygen, various reactive/inhibitive oxyan-
ions). Such physical and chemical conditions result in inef-
ficient transfer of electron from ZV1to magnetite particles to
generate electron enriched magnetite 1150.

Referring to FIG. 1C, without wishing to be bound by
theory, it is believed that a more efficient method of trans-
forming magnetite into a super-reactive magnetite (also
referred to herein as a super-reactive Fe;O, or sp.r.Fe;O, in
the figure) is to allow an increased number of magnetite
particles 1000 to come into close contact with ZVI grains
1050 and Fe(Il) 1100 for a sufficient time to generate the
super-reactive magnetite 1150, with limited interference
from other aqueous factors or constituents (e.g., such as
dissolved oxygen (DO), other oxidants, etc.). The close
contact between magnetite particles 1000 with ZVI grains
1050 could be achieved by allowing the hybrid zero-valent
iron composite (i.e., fresh ZVI having a clean surface or
magnetite-coated ZVI 1050, magnetite particles 1000, and
surface-bound Fe(Il) 1100) to settle to form a compact
sludge blanket. The close contact can be achieved using an
external settling tank where the sludge could settle to form
a compact sludge blanket before being recycled to the
mixing reactor. The close contact can also be achieved
during the settling phase if the reactor is operated in a
sequential batch mode.

As used herein, “super-reactive iron oxide” (“sp.r. Fe;0,”
or “super-reactive magnetite”) refers to an iron oxide (e.g.,
magnetite) population in a hybrid ZVI composite (e.g.,
activated iron media) that includes a relatively high concen-
tration of an electron-enriched iron oxide.

Thus, generating a super-reactive iron oxide (e.g., mag-
netite) can include providing an aqueous suspension includ-
ing a zero-valent iron, ferrous iron, and an iron oxide; and
settling the suspension for a sufficient amount of time to
provide a supernatant solution and a settled solid. Over time,
the settled solid generates a super-reactive iron oxide. The
settling can occur via gravity. In some embodiments, settling
can be accelerated through mechanical means, such as via
centrifugation.

Once the super-reactive iron oxide has been generated, the
settled solid can be resuspended in a supernatant solution
that can include a fluid to be treated. The settling and the
resuspension can occur one or more times, such that an iron
oxide can be reactivated by the close proximity of zero-
valent iron and ferrous iron. Once the fluid is treated, the
zero-valent iron, ferrous iron, and iron oxide can settle again
while the supernatant solution is removed.

Reactor Systems

Exemplary reactor systems useful in the methods of the
invention include those described in US 2011/0174743 and
US 2012/0273431, each expressly incorporated herein by
reference in its entirety. Single-stage and multiple-stage
reactor systems can be used.

In some embodiments, the system is a single-stage reactor
system and includes a single reactor (e.g., a fluidized bed
reactor). In other embodiments, the system is a multiple-
stage reactor system and includes two or more reactors. The
systems may further include one or more of the following:
an internal solid/liquid separating zone (e.g., settling zone),
an aerating basin, a settling basin, and a filtration bed.

A representative single-stage reactive system useful for
carrying out the methods of the invention is schematically
illustrated in FIG. 2A. Referring to FIG. 2A, reactor system
100 includes reactor 110 having reactive zone 111 in fluid
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communication with internal settling zone 114. In certain
embodiments, reactive zone 111 is maintained near neutral
pH. In certain embodiments, settling zone 114 uses gravi-
tational forces to separate solids from liquids. In certain
embodiments, settling zone 114 is positioned towards the
top of reactor 110 (as shown in FIG. 2A). Communication
between settling zone 114 and reactive zone 111 is via inlet
115. Effluent 125 is removed from the top region of settling
zone 114 to aerating basin 116.

Reactor 110 includes central conduit 113, which provides
mixing (e.g., convection motion).

In certain embodiments, reactor 110 operates in part as
fluidized bed reactor that employs motorized stirrer 138 in
conjunction with central conduit 113 to create circular flow
within reactor 110 and provides mixing between wastewater
124 and particles 1000, 1050, 1100, and 1150. Settling zone
114 provides for solid-liquid separation and return of the
solid particles into fluidized zone 112. As used herein, the
term “fluidized bed reactor” refers to a reactor that provides
a flow of reactive solids (e.g., 1000, 1050, 1100, and 1150)
within the reactor so as to provide mixing between the solids
and wastewater to facilitate reaction. In certain embodi-
ments, the reactor includes a stirrer and operates as a stirred
tank reactor. Flow within the reactor can be established by
conventional methods known in the art for creating flow in
a fluidized bed reactor. As shown in FIG. 2A, single-stage
reactor system 100 includes fluidized zone 112, internal
settling zone 114, aerating basin 116, settling basin 118, and
sand filtration bed 120.

Within the reactor, fluidized zone 112 is the primary
reactive space where solid particles 1000, 1050, 1100, and
1150 are mixed with wastewater 124 and secondary reagent
126, and where various physical-chemical and biological
processes responsible for toxic metal and nitrates removal
occur.

Settling zone 114 allows particles to separate from water
and be returned in fluidized zone 112. For high density
particles, an internal settling zone with a short hydraulic
retention time is sufficient for complete solid/liquid separa-
tion. This eliminates the need of a large external clarifier and
a sludge recycling system.

Aerating basin 116 serves at least two purposes: (1) to
eliminate residual secondary reagent in effluent 125 from
fluidized zone 112; and (2) to increase the dissolved oxygen
level. For a single-stage reactor, effluent from the fluidized
zone will typically contain a certain amount of secondary
reagent. Oxidation of secondary reagent will consume alka-
linity and therefore will lower the pH. In some embodi-
ments, to accelerate oxidation of secondary reagent, aerating
basin 116 is maintained at a pH of above 7.0. Chemicals
such as Ca(OH),, NaOH, and Na,CO; may be used for pH
control.

Settling basin 118 serves to remove flocculent formed in
aerating basin 116. Flocculent that has settled to the bottom
of basin 118 can be returned as sludge 132 to fluidized zone
112 and transformed by secondary reagent 126 into dense
particulate reactive solid.

Sand filtration bed 120 can be used to further polish
intermediate treated water 133 before discharge as treated
water 134.

Post-reactor stages (e.g., aeration-settling-filtration) may
not be needed under certain system operating conditions.

Referring to FIG. 2A, the system can further include
wastewater pump 136, reagent pumps 137, auxiliary reagent
127 (e.g., HCl), air 128, and pH control chemical 130.

A representative three-stage reactive system useful for
carrying out the methods of the invention is schematically
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illustrated in FIG. 2B. Referring to FIG. 2B, reactors 210,
212, and 214 (e.g., fluidized bed reactors) are combined to
provide multi-stage treatment system 200. In certain
embodiments, each reactor (i.e., stage) maintains its own
reactive solid. That is, the solids are separated in each stage.
In order to achieve a separate solid system, each stage may
have its own internal solid-liquid separation structure (e.g.,
such as settling zone 114 as shown in FIG. 2A).

Depending on operating conditions in reactors 210, 212,
and 214, wastewater 224 characteristics, and discharge 234
standards, post-reactor stages (aeration unit 216, settling
basin 218, filtration bed 220) may not be necessary.
Although a multi-stage reactor system is more complex and
may result in a higher initial construction cost, a multi-stage
reactor system can have several advantages.

A multi-stage system can achieve higher removal effi-
ciency than a single-stage system under comparable condi-
tions. Further, the FGD wastewater may contain certain
chemicals (e.g., phosphate and dissolved silica) detrimental
to the reactivity of the solids. A multi-stage system may
intercept and transform these chemicals in the first stage and
thus reduce the subsequent stages to the negative impact of
the detrimental chemicals. As such, a multi-stage configu-
ration can be more stable and robust.

A multi-stage configuration facilitates the control of
nitrate reduction. In a single-stage system, because of the
presence of dissolved oxygen in raw wastewater, operating
the system in a rigorous anaerobic environment is difficult.
In a multi-stage system, the first stage can effectively
remove virtually all dissolved oxygen and, as a result,
subsequent stages can be operated under a rigorous anaero-
bic environment.

A multi-stage system also allows for flexible control of
different chemical conditions in each individual reactor. The
chemical conditions in each reactor can be controlled by
adjusting the pumping rate of supplemental chemicals and
adjusting aeration. A multi-stage system can be operated in
a mode of multiple feeding points. Each stage can be
operated under different pH and dissolved oxygen condi-
tions.

A multi-stage system will typically lower chemical con-
sumption. In a single-stage complete-mixed system, second-
ary reagent in the reactor is desirably maintained at a
relatively high concentration in order to maintain high
reactivity of reactive solids. As a result, residual secondary
reagent in the effluent will be high. This means that more
secondary reagent will be wasted and more neutralizer (e.g.,
NaOH or lime) consumption will be required to neutralize
and precipitate the residual secondary reagent in the effluent.
As a result, more solid sludge will be produced and waste
disposal cost will increase. In a multi-stage system, residual
secondary reagent from the first stage can be used in the
second stage. In this case, secondary reagent may be added
in a way that conforms to its actual consumption rate in each
stage. As a result, it is possible to control residual secondary
reagent in the effluent in the final stage to be much lower
than the one in a single-stage system.

Sequential Batch Activated Iron Water Treatment System

Referring to FIG. 2B, a sequential batch activated iron
water treatment system may include one or more activated
iron reactors (210, 212, 214) and an optional post-treatment
units such as an aeration unit 216, a settling basin 218, and
a filtration bed 220. Each reactor can maintain its own
reactive solid. That is, the solids are separated in each
reactor. In order to achieve a separate solid system, each
reactor may have its own internal solid-liquid separation
structure.
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In some embodiments, a sequential batch activated iron
water treatment system may or may not need a pretreatment
system before the activated iron reactor stage, which can be
determined by the incoming raw wastewater (224). For
example, a pretreatment system can remove excess total
suspended solid in an incoming wastewater. In some
embodiments, when the incoming wastewater carries a high
concentration of salts and has an acidic or basic pH, pre-
treatment can decrease the salt concentration and adjust the
pH to near neutral range.

The number of reactors can be decided by the treatment
and operational needs. For example, when treating mine
drainage pond water, a single reactor can be sufficient for
intermittent treatment of the wastewater. In some embodi-
ments, if the wastewater stream is continuous, two or more
reactors can be used.

The activated iron reactors can remove contaminants and
impurities through controlled chemical processes. Within an
activated iron reactor, zero-valent iron powder can be con-
sumed as wastewater is being treated. The concentration of
zero-valent iron and iron oxide in the reactor can have a
range from 10 g/L. to about 300 g/L. depending on specific
needs. An Fe(Il) source (e.g., FeSO,) can be added to
maintain high reactivity of ZVI powder. Surface agitation
and aeration of the wastewater can be carefully controlled
(i.e., artificially suppressed or enhanced depending on the
treatment needs). Dissolved Fe(Il), pH, dissolved oxygen
(DO), and oxidation redox potential (ORP) can be moni-
tored.

The post-treatment unit can further polish the treated
wastewater from the activated iron reactors. The treated
wastewater from the activated iron reactors can carry dis-
solved iron; dissolved oxygen level could be zero; and the
residual turbidity can be high. To further improve treated
wastewater quality, post-treatment can be performed. For
example, an aeration basin 216 can be used to remove
residual dissolved iron and re-oxygenated the water before
discharge. A filtration bed (sand or membrane microfilter)
220 can be used to remove any residual suspended particles
or turbidity from the water and further improve the treated
wastewater’s quality. In some embodiments, post-treatment
is not needed depending on operating conditions in each of
the reactors, incoming wastewater 224 characteristics, and
discharge 234 standards.

In operation, a sequential batch activated iron water
treatment system can maximize generation of super-reactive
hybrid zero-valent iron composite by operating the one or
more activated iron reactors in a batch mode, where a
sequence of different operational phases is cycled through a
given reactor.

Referring to FIG. 3 A, the sequence of operational phases
include a fill phase 300, a reaction phase 305, a settling
phase 310, and a decant phase 315. In fill phase 300, a
reactor is filled with a fluid 320 to be treated (i.e., an
incoming wastewater) and a Fe(Il) reagent is optionally
added to the reactor. The reactor is then stirred in a reaction
phase 305 to allow reaction of contaminants in the fluid with
the hybrid zero-valent iron composite, which can include a
super-reactive iron oxide. The stirring is then stopped in a
settling phase 310 to settle (i.e., precipitate) the hybrid
zero-valent iron composite to regenerate a super-reactive
iron oxide. The treated fluid 330 is then removed from the
reactor in decant phase 315, leaving the settled hybrid
zero-valent iron composite including the super-reactive iron
oxide in the reactor. The settled hybrid zero-valent iron
composite can then be used in further fluid treatment with a
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new batch of fluid. The removed treated fluid can be
subjected to optional post-treatment processes.

In some embodiments, instead of removing the treated
fluid from the reactor in decant phase 315, reaction phase
305 can be repeated directly after settling phase 310, such
that the fluid is stirred again with a hybrid zero-valent iron
composite that includes a regenerated super-reactive iron
oxide. The stirring can be stopped after a period of time so
that the reactor can enter settling phase 310. Reaction phase
305 and settling phase 310 can be repeated one or more
times before the treated fluid is removed from the reactor in
decant phase 315.

Referring to FIG. 3B, in some embodiments, a sequential
batch activated iron water treatment system can include a
plurality of batch activated iron reactors 350, 355, 360, and
365. Each of the reactors can be at the same or a different
operational phase as a reactor cycles through the operational
phases. For example, referring again to FIG. 3B, reactor 350
can be at a fill phase, reactor 355 can be at a reaction phase,
reactor 360 can be at a settling phase, and reactor 365 can
be at a decant phase. In each reactor, the reaction and settling
phases can be repeated one or more times before a treated
fluid is decanted from the reactor. The treated fluid can then
be subjected to post-treatment processes.

In some embodiments, instead of performing all opera-
tional phases within a given reactor, the phases can occur in
different reactors or tanks. For example, the fill phase and
reaction phase can occur in a reactor, while the settling phase
and decant phase can occur in a settling tank that is separate
from the reactor. For example, after a fluid has been reacted
for a period of time with a super-reactive hybrid zero-valent
iron composite in a reactor, at least a portion of the suspen-
sion of fluid and hybrid zero-valent iron composite can be
transferred from the reactor to a settling tank, the suspension
can be allowed to settle to precipitate out the hybrid zero-
valent iron composite, and the supernatant fluid can be
decanted from the settling tank. The precipitated hybrid
zero-valent iron composite can regenerate a super-reactive
iron oxide as the zero-valent iron, Fe(Il), and iron oxide
(e.g., magnetite) are brought to close proximity in the form
of a settled sludge in the settling tank. The precipitated
hybrid zero-valent iron composite that includes the super-
reactive iron oxide can then be transferred from the settling
tank to a reactor for contaminant removal for a new batch of
fluid.

In some embodiments, a fluid and a precipitated hybrid
zero-valent iron composite that includes a regenerated
super-reactive iron oxide can be resuspended in the settling
tank or in a reactor. The resuspended fluid and hybrid
zero-valent iron composite can be stirred for a period of time
to allow reaction of contaminants with the super-reactive
hybrid zero-valent iron composite. The suspension can be
allowed to settle in a settling tank or a reactor. In some
embodiments, the resuspension and the settling phases can
be repeated one or more times before decanting a treated
fluid from a settling tank or a reactor.

The size of a sequential batch activated iron water treat-
ment system can depend on the reaction time required for
treating specific wastewater to the required effluent quality.
For a sequential batch activated iron reactor water treatment
system, reaction time can be calculated as the combined
duration of fill phase and reaction phase. The reaction time
can range from 5 minutes or more to 120 minutes or less.

The sequential batch activated iron water treatment sys-
tem can have a lower construction cost, greater operating
and maintenance simplicity and flexibility, and enhanced
contaminant removal compared to conventional activated
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sludge wastewater treatment technologies that are based on
steady-state continuous flow operation.

Constant Stirred Tank Treatment System

Referring to FIG. 4, the generation of super-reactive
hybrid zero-valent iron composites can also be performed
using a water treatment system that includes a constant
stirred reactor 405 followed by a settling tank 410. Reactor
405 can include a constantly stirred suspension of a fluid to
be treated 420 and a super-reactive hybrid zero-valent iron
composite 415. At least a portion of the suspension can be
periodically transferred from reactor 405 to settling tank 410
where the hybrid zero-valent iron composite can precipitate
and be re-activated to generate a super-reactive hybrid
zero-valent iron composite 415. Reactor 405 can be peri-
odically refilled with a new fluid to be treated. The precipi-
tated super-reactive hybrid zero-valent iron composite in
settling tank 410 can be collected (sludge recycle) and
returned to reactor 405 to reduce a contaminant in the new
fluid to be treated. As in a sequential batch activated iron
water treatment system, the constantly stirred water treat-
ment system can have one or more reactors and one or more
settling tanks connected to the reactors. In some embodi-
ments, the reactors are placed in series, with one or more
settling tanks placed at the end of the series of reactors. In
some embodiments, the reactors can be placed in series, with
one or more settling tanks placed after each or some of the
reactors.

A hydraulic retention time (HRT) measures the average
time wastewater spends within each reactor in a constant
stirred tank treatment system. HRT can be determined by
HRT=V/Q, where V is based on the entire volume of the
reactor and Q is flow rate of the wastewater. Hydraulic
retention time can include the settling time and decanting
time as well as the volume ratio of supernatant decanted over
the total reactor volume. In some embodiments, HRT can
range from 30 min to 24 hr for a given wastewater treatment.

Treatable Contaminated Fluids

A variety of fluids may be treated according to embodi-
ments discussed herein. Fluids to be treated typically include
a contaminant, such as a toxic material (e.g., a toxic metal
or metalloid). A fluid may include a fluid stream. A fluid
stream may include a waste stream. A fluid may be aqueous,
such as wastewater. A fluid may include an aqueous stream.
A fluid may include an influent stream. A fluid may include
an industrial waste stream. “Industrial waste stream” refers
to liquid streams of various industrial processes. An indus-
trial waste stream may be produced at any stage of a process.
A waste stream may be wastewater, which herein refers to a
primarily water-based liquid stream. Wastewater may be
synthetic or simulated wastewater. A fluid may be flue gas
desulfurization (FGD) wastewater. A fluid waste may
include oil refinery waste. A fluid may be tail water of a
mining operation. A fluid may include stripped sour water.
The aqueous fluid may include a suspension. Other
examples of fluids include tap water, deionized water, sur-
face water, and groundwater. Wetlands may include a fluid.
A fluid may be an influent stream. A fluid may have a
near-neutral pH. A fluid may have a substantially neutral pH.
A fluid may have a pH between 6 and 8. A fluid may include
an oxidant or other additive, as discussed herein.

Various treatment flow rates may be employed. In some
embodiments, flow rate is about, at most about, or at least
about 50, 100, 200, 300, 400, 500, 600, 700, 800, 900, or
1000 gallons per minute (gpm), or more, Or any range
derivable therein. In some embodiments, fluid is treated at a
rate ranging up to about 1000 gpm, such as in embodiments
regarding treating FGD streams, such as in the context of
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power plant operation. In some embodiments, fluid is treated
at a rate ranging up to and including 600 gpm, such as in
embodiments regarding treating stripped sour water in the
context of refinery plant operation.

Contaminants and Contaminant Removal

A variety of contaminants may be removed from a con-
taminated fluid using embodiments discussed herein. Con-
taminants that can be removed or their concentration
reduced include metal compounds, metal ions, metal oxides,
metalloids, oxyanions, chlorinated organic compounds, or
combinations thereof.

The contaminant may be a toxic metal. Toxic metals exist
in various dissolved forms (e.g., metal ions or various
oxyanions). In FGD wastewater, for example, Hg** is the
main concern. Similarly, Cu and Zn may exist as metal ions
(Cu?* and Zn*"). For Se, selenate (Se0,>”) may be present
in greatest quantities, but selenite (SeO,") or selenocyanate
(SeCN™) may be present. Arsenic may exist as arsenate
(AsO,*") or arsenite (AsOQ,>7). Chromium may exist as
chromate (CrO,”). One or more of these ions may be
considered a contaminant. Persons of skill in the art are
familiar with the types of toxic metals that exist in contami-
nated fluids.

According to some embodiments, toxic metals are encap-
sulated within iron oxide crystalline (mainly magnetite
powder) that are chemically inert and physically dense for
easier solid-liquid separation and final disposal. Contami-
nants may be removed as precipitates. The contaminant may
be reduced and then removed, such as when the contaminant
is selenate, which may be reduced by employing methods
described herein to selenite, which may be further reduced
to elemental selenium and removed. As another example,
iodate or periodate may be reduced to iodide by employing
methods described herein.

Examples of contaminants include toxic materials, such
as toxic metals. Non-limiting examples of toxic metals
include arsenic, aluminum, antimony, beryllium, mercury,
selenium, cobalt, lead, cadmium, chromium, silver, zinc,
nickel, molybdenum, thallium, vanadium, and the like, ions
thereof, and compounds thereof. Metalloid pollutants are
also contemplated as contaminants, such as boron and the
like, and ions thereof.

The contaminant may include oxyanion pollutants, such
borates, nitrates, bromates, iodate, and periodates, and the
like.

Combinations of contaminants are also contemplated,
such as combinations of arsenic, mercury, selenium, cobalt,
lead, cadmium, chromium, silver, zinc, nickel, molybde-
num, and the like, and ions thereof; metalloid pollutants
such as boron and the like and ions thereof; and oxyanion
pollutants, such as nitrate, bromate, iodate, and periodate,
and the like. Alternatively or in combination, the contami-
nant may be dissolved silica. The contaminant may be a
nitrite or a phosphate. A contaminant may be selenium or
selenate. The contaminant may be hexavalent selenium. The
contaminant may be copper (e.g., Cu>* or Cu*). The con-
taminant may be a radionuclide.

The contaminant may be a chlorinated organic compound.
The use of zero valent iron to treat chlorinated organics has
been practiced in environmental remediation in the past. The
known practices involve using zero valent iron as reactive
media to build underground permeable reactive barriers to
treat trichloroethylene (TCE) plumes in contaminated
ground water. Zero valent iron as a reductant may react with
these halogenated compounds and remove chlorine from the
molecule (dechlorination). Some embodiments disclosed
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herein employ above-ground fluidized bed zero valent iron
reactors to treat fluids contaminated with chlorinated organic
compounds such as TCE.

More than one contaminant may be removed or reduced
in concentration at the same time (e.g., simultaneously, or in
the same reactor, or in the presence of a single reactive
zone). In some embodiments, removing or reducing the
concentration of a contaminant includes exposing a fluid
including a contaminant to a treatment system that includes
a zero valent iron, ferrous iron, an iron oxide (i.e., a zero
valent iron composite) for a sufficient amount of time to
remove or reduce a concentration of the contaminant in the
fluid.

Reductions in contaminant concentration may be
achieved by employing embodiments described herein. For
example, the reduction in contaminant concentration may be
greater than 70%. The reduction in contaminant concentra-
tion may be greater than 80%. The reduction in contaminant
concentration may be greater than 90%.

Representative contaminants that can be removed or their
concentration reduced include arsenic compounds, alumi-
num compounds, antimony compounds, beryllium com-
pounds, mercury compounds, selenium compounds, cobalt
compounds, lead compounds, cadmium compounds, chro-
mium compounds, silver compounds, zinc compounds,
nickel compounds, molybdenum compounds, thallium com-
pounds, vanadium compounds, arsenic ion, aluminum ion,
antimony ion, beryllium ion, mercury ion, selenium ion,
cobalt ion, lead ion, cadmium ion, chromium ion, silver ion,
zinc ion, nickel ion, molybdenum ion, thallium ion, vana-
dium ion, borates, nitrates, bromates, iodates, periodates,
trichloroethylene, dissolved silica, and combinations
thereof.

Activation of hybrid zero-valent iron composite (a mix-
ture of ZVI, discrete magnetite, and some dissolved and
surface adsorbed Fe(Il)) to generate the activated iron media
(super reactive iron oxide) and the higher reactivity of the
activated iron media with respect to the reduction of oxy-
anions such as selenate are described below. Two types of
experiments were conducted to evaluate the feasibility of
super-reactive hybrid zero-valent iron composite in waste-
water treatment: (1) sequential batch reactor (SBR) experi-
ments; and (2) constant stirred tank reactor experiments in
conjunction with an external settling basin and a sludge
recycling process.

Sequential Batch Reactor Experiments

The SBR experiment used a fluidized-bed reactor without
an internal settling zone having an effective reactor volume
of 10 L. The wastewater was synthetic or actual wastewater
from a flue-gas-desulfurization process.

An activated iron composite was prepared by adding 400
g of fresh ZVI (100 mesh) powder, 200 g of magnetite
powder, and 10 liter deionized water into the reactor, fol-
lowed by addition of 10 mLL 1.0 M FeCl, solution into the
reactor to make suspension of 1 mM Fe**. A mixer was
turned on to completely stir and fluidize the solid media. The
process, which lasted 24 h, was to activate the commercial
magnetite powder. The commercial magnetite powder,
which consisted of crystalline magnetite particles having a
diameter of mostly under 1 um, could be covered with a thin
surface layer of ferric oxide (e.g., maghemite y-Fe,0,) as
magnetite can be oxidized by oxygen when exposed to air.
The activation process is to remove ferric oxide surface film,
which is passive, from the magnetite particles with the
assistance of ZVI and Fe(Il).

The reactor was operated in sequential modes through the
cycle of fill—=react (mixing)—=settling (also regenerating)
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—decanting (i.e., effluent discharging). Samples of mixture
or supernatant were taken during the process and filtered for
various analyses.

Selenium was analyzed using either an Ion Chromatog-
raphy (IC) method (Dionex 500, AS22 column) or a Hydride
Generation Atomic Absorption Spectroscopy (HG-AAS)
(Perkin Elmer, AAnalyst400). The IC method has a mini-
mum reliable reporting limit of 0.05 ppm (50 ppb) for
selenate-Se. The HG-AAS method has a minimum reliable
reporting limit of 0.5 ppb. Nitrate was analyzed using the IC
method along with selenate analyses.

Trial 1A: Selenate and Nitrate Reduction by Super-Reac-
tive Hybrid Zero-Valent Iron Composite (2 Hour Regenera-
tion Time)

The wastewater composition was 25 mg/[. Nitrate-N+
12.5 mg/I. Selenate-Se in deionized water.

For each cycle, the operation sequence had a fill phase, a
mixing (i.e., reaction) phase, a settling phase, and a decant-
ing phase. The fill phase was at T=0 min: 8 liter [ of
wastewater and 10 mL of 1 M FeCl, solution was added into
reactor (before the experiment, the reactor was settled for 24
hr and 8 liter of supernatant was decanted; thus 2 liter of the
activated iron slurry was present in the reactor; no selenate
and nitrate were present initially in the reactor); feed waste-
water samples were taken. The reaction phase was at T=0-
120 min: a mixer was turned on and samples were taken at
12 min, 30 min, 60 min, and 120 min. The settling phase was
at T=120-210 min: the mixer was turned off and samples
were taken at 180 min. The decanting phase was at T=210-
240 min: the mixer was turned off and 8 liters of supernatant
was removed from the reactor.

During T=120-240 min, the hybrid zero-valent iron com-
posite was settled to form a thick compact blanket at the
bottom with minimum disturbance; thus the two hour period
was intended to be the regeneration period to convert less
reactive normal magnetite to super-reactive magnetite par-
ticles that is enriched in Fe(I).

FIG. 5A shows selenate reduction and FIG. 5B shows
nitrate (bottom panel) reduction over time in a sequential
batch activated iron reactor system. Four runs were con-
ducted. Selenate was reduced by over 99.9% from 10,000
ug/L.to below 10 ug/L in as short as 30 min. In contrast, only
less than 30% of nitrate was reduced during the same period.
Results from the four runs were similar, suggesting that the
high reactivity of the activated iron composite after each
settling mode could be sustained for selenate reduction for
the system to be continuously operated as a SBR process.

Trial 1B: Selenate and Nitrate Reduction by Super-Reac-
tive Hybrid Zero-Valent Iron Composite (Shortened Regen-
eration Time)

Trial 1A showed that a 2-hr settling time (i.e., regenera-
tion time for producing super-reactive magnetite) was suf-
ficient long to produce adequate super-reactive magnetite for
rapid selenate reduction from 10 ppm to below 10 ppb. Trial
1B evaluates the impact of a shortened settling time on
selenate reduction.

The test conditions of Trial 1B were similar to Trial 1A
except that the regeneration duration (settling+decanting
phases) was shortened from 2 hr to 1 hr in Run-2 and then
to 0.5 hr in Run-3 and Run-4.

FIG. 6A shows selenate reduction and FIG. 6B shows
nitrate reduction over time in a sequential batch activated
iron reactor system with different duration of settling phase.
Settling+decanting time was shortened from 2 hr in Run-1 to
1 hr in Run-2 to 0.5 hr in Run-3 and Run-4.
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The results showed that a settling time of 0.5 hr was
sufficient to produce adequate super-reactive magnetite to
support rapid reduction of selenate to a very low level in the
subsequent treatment cycle.

Trial 1C: Selenate and Nitrate Reduction by Super-Reac-
tive Hybrid Zero-Valent Iron Composite—Presence of Inter-
fering Agents

Trial 1C examines the impact of sulfate as an interfering
factor on the treatment performance of the super-reactive
hybrid zero-valent iron composite. In a hybrid ZVI system,
selenate reduction was demonstrated to be significantly
decreased in the presence of high sulfate concentration in the
water. Sulfate is present in various concentrations in many
industrial wastewaters. Therefore, the effect of sulfate ion on
the generation and reactivity of super-reactive magnetite
needed to be evaluated. In Trial 1C, sulfate of various
concentrations was introduced as a potential interfering
constituent in the wastewater.

The hybrid zero-valent iron composite and the reactor
setup used in Trial 1A were also used in Trial 1C. The feed
wastewater was prepared as 5 mg/L. selenate-Se (added as
Na,SeO0,)+10 mg/L nitrate-N (added as NaNO,)+300 (or
800, 1500) mg/L sulfate (as Na,SO,). For each new run, 8
liters of wastewater feed were added into the reactor that
contained 2 liters of activated iron sludge sediment after
decanting 8 liters supernatant (i.e., the treated effluent from
the previous treatment cycle). 10 mL. 1 M FeCl, was added
to provide 1 mM Fe?* in the 10 L mixture. Samples were
taken after mixing was started at 5, 15, 30, and 60 min. After
60 min, the mixing was stopped and the system entered the
settling/regeneration mode for two hours. A second run was
started with the same procedure.

The results (Table 1) showed that the presence of sulfate
slowed down selenate reduction. Despite the inhibiting
effect of sulfate, super-reactive hybrid zero-valent iron com-
posite still achieved reduction of selenate from 5 ppm to
below 0.05 ppm within 60 min even in the presence of 1500
mg/L, sulfate. Achieving similar reduction of selenate with
similar concentration of sulfate would typically require a
two-stage hybrid zero-valent iron composite system with a
total reaction time of no less than 6 hr. Therefore, the
super-reactive hybrid zero-valent iron composite could still
achieve a much faster selenate reduction even in the pres-
ence of substantial sulfate impurity. Interestingly, the pres-
ence of sulfate appeared to inhibit nitrate reduction more
significantly than that of selenate. Less than 10% nitrate
reduction was observed during the experiment. Therefore,
the experiment demonstrated that the presence of sulfate
could further increase the selectivity of super-reactive
hybrid zero-valent iron composite toward selenate versus
nitrate.

TABLE 1

Selenate and nitrate reduction over time in a sequential batch activated
iron reactor in the presence of various sulfate concentrations in the

water.

Time Selenate-Se NO;—N

Experiment (min) (ppm) (ppm)
With 300 ppm sulfate + 5 ppm Selenate-Se + 10 ppm Nitrate-N

5 1.86 8.67

15 0.59 8.54

30 0.05 8.36

60 BDL 8.23

Second run 5 246 9.35

15 1.02 9.3
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TABLE 1-continued

Selenate and nitrate reduction over time in a sequential batch activated
iron reactor in the presence of various sulfate concentrations in the

water.
Time Selenate-Se NO;—N
Experiment (min) (ppm) (ppm)
30 0.1 9.06
60 BDL 8.86
With 800 ppm sulfate + 5 ppm Selenate-Se + 10 ppm Nitrate-N
First run 5 2.44 9.51
15 1.16 9.39
30 0.15 9.41
60 BDL 9.28
Second run 5 2.87 8.96
15 1.35 8.82
30 0.28 8.72
60 0.05 8.74

With 1500 ppm sulfate + 5 ppm Selenate-Se + 10 ppm Nitrate-N

First run 5 2.3 9.62
15 1.26 9.62

30 0.15 9.48

60 0.05 9.28

Second run 5 2.24 9.84
15 1.45 9.75

30 0.15 9.72

60 0.04 9.55

BDL is a designation for “below detection limit.”

Trial 1D: Selenate and Nitrate Reduction for Super-
Reactive Hybrid Zero-Valent Iron Composite in Actual FGD
Wastewater

Trial 1D evaluates the feasibility of using super-reactive
hybrid zero-valent iron composite for removing selenium
from actual flue-gas-desulfurization wastewater.

FGD wastewater often contains high concentrations of
various impurities and contaminants such as chloride, bro-
mide, sulfate, borate, silicate, calcium, magnesium, manga-
nese, etc. Removing contaminants from such a complex
composition matrix can be difficult. The effectiveness of
super-reactive hybrid zero-valent iron composite was evalu-
ated using real FGD wastewater.

The same super-reactive hybrid zero-valent iron compos-
ite and the experimental setup used in Trial 1C was used for
Trial 1D. Real FGD wastewater obtained from a coal-fired
power plant was used. The main constituents of wastewater
included 4943 mg/I. chloride, 1082 mg/L. sulfate, 84 mg/L.
borate, 72 mg/L dissolved silica as SiO,, 2532 mg/L Ca*,
465 mg/L Mg**, 64 mg/L Na*, and 22 mg/L K*. The FGD
wastewater was further contaminated with 23 mg/LL
nitrate-N and 2.6 mg/L. selenate-Se. The water had a pH of
6.8.

Similar to the process used in Trial 1A, Trial 1D started
with adding 8 liter raw FGD wastewater into the reactor that
contained 2 liter of activated iron sludge. 10 mL. 1 M FeCl,
solution was added to make 1 mM Fe?* in the mixture. The
reactor was then operated in the following sequential phases.

At T=0, fill the reactor 4 mixing (1-15 min)—>settling
(16-60 min)+sampling

—mixing (61-75 min)—=settling (76-120 min)+sampling

—mixing (121-135 min)—»settling (136-180 min)+sam-
pling

—mixing (181-195 min)—»settling (196-240 min)+sam-
pling

—streated effluent was decanted

The treatment sequence included four 1-hour long cycles,
each cycle include 15 min mixing+45 settling/regeneration.
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After the first treatment sequence which lasted 4 hour in
total, a second run was conducted following the same
procedure.

The sequential batch reactor experiment with real FGD
wastewater showed that a multiple-regeneration-cycle treat-
ment was needed to decrease selenate-Se from over 2 ppm
to below 20 ppb level for real FGD wastewater. Reduction
of nitrate, however, was largely suppressed in the sequential
batch reactor system. The complexity of real FGD waste-
water required multiple cycle and longer treatment time to
achieve desirable treatment efficiency. Preferential reduction
of selenate over nitrate was still achievable with the super-
reactive iron oxide.

FIG. 7 shows selenate and nitrate reduction over time by
a sequential batch activated iron reactor system for treating
real FGD wastewater. Two runs were conducted, each last-
ing 4 hours. Each run consisted of four 1-hour mixing-
settling cycles that include 15 min mixing followed by 45
min settling/regeneration phase. Overall, less than 20% of
nitrate was removed while selenate reduction was over 99%.

Constant Stirred Tank Reactor

A constant stirred tank reactor having dimensions of 15
cm (L)x15 em (W)x28 cm (D), with an effective volume of
about 6.0 liter was provided. A settling tank having dimen-
sions of 15 ecm (1)x15 cm (W)x25 cm (D), with an effective
volume of about 3 liter was also provided. A synthetic
wastewater was prepared as 10 mg/L. nitrate-N+5 mg/LL
selenate-Se in deionized water. A Fe(Il) reagent was pro-
vided as a 50 mM Fe?* stock solution (prepared from FeCl,).

The incoming wastewater feeding rate was 200 m[./min,
provided by peristaltic pump, corresponding to an HRT=30
min in the continuously stirred tank reactor. The Fe**
feeding rate was 4 ml/min, provided by peristaltic pump,
corresponding to a dosage of 1 mM Fe** with a dilution rate
of 50 (reagent/water). The precipitated activated iron sludge
recycling flow rate (back to the continuously stirred tank
reactor) was 40 ml./min.

The hybrid zero-valent iron composite was prepared by
adding 600 g fresh ZVI power (325 mesh) into the continu-
ously stirred tank reactor filled with 6 liter DI water. 17 g of
NaNO; (0.2 mol) and 39.8 g of FeCl,*4H,0 (0.2 mol) were
added to the reactor and mixing was started to allow for
complete reduction of nitrate by ZVI that would produce in
situ about 70 g of fresh magnetite particles. By the end of
this preconditioning process, the reactive solid phase was
estimated to include about 70 g discrete magnetite particles+
550 g magnetite-coated ZVI powder.

The treated effluent was sampled once every hour con-
secutively for an 8-hour experiment period and analyzed for
selenate and nitrate reduction.

After treating the wastewater, selenate in all treated efflu-
ent samples was below 10 ppb. Nitrate was in the range of
6.5 to 7.8 mg/L in the treated effluent. The results showed
that preferential reduction of selenate over nitrate could be
achieved in a CSTR with external sludge settling and return
configuration. Selenate reduction from 5 ppm to below 10
ppb could be achieved with a short retention time of 30 min.
Under the comparable conditions, a single-stage hybrid
zero-valent iron composite reactor system with internal
settling tank system would require more than 4 hour reaction
time to achieve similar selenate reduction level. Additional
experiments showed that mixing the returned sludge with
wastewater could instantly decrease selenate to below 100
ppb level. Therefore, results from this experiment demon-
strated that external settling basin could be an effective
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method to generate super-reactive hybrid zero-valent iron
composite and also to achieve preferential reduction of
selenate over nitrate.

While illustrative embodiments have been illustrated and
described, it will be appreciated that various changes can be
made therein without departing from the spirit and scope of
the invention.

The embodiments of the invention in which an exclusive
property or privilege is claimed are defined as follows:

1. A method of removing or reducing a concentration of
a contaminant in a fluid, the method comprising one or more
cycles, each cycle comprising:

(a) mixing a fluid comprising a contaminant with an
aqueous suspension of particles of activated iron
media, the activated iron media comprising zero-valent
iron, ferrous iron, and magnetite, and wherein the
activated iron media has a first activity for reducing the
concentration of the contaminant, wherein contacting
the fluid comprising the contaminant with the particles
reduces the concentration of the contaminant in the
fluid and the first activity decreases to a second activity
during mixing;

(b) settling the aqueous suspension to provide a settled
solid and a supernatant solution substantially free of the
particles, wherein the settled solid provides close con-
tact of the zero-valent iron and magnetite to provide
electron-enriched magnetite and an activated iron
media having a third activity for reducing the concen-
tration of the contaminant, wherein the third activity is
greater than the second activity;

(c) re-suspending the settled solid in the fluid to provide
an aqueous suspension comprising particles of acti-
vated iron media, the activated iron media having
electron-enriched magnetite; and

(d) optionally removing the supernatant solution from the
settled solid and adding a second fluid comprising a
contaminant prior to re-suspending the settled solid in
step (¢).

2. The method of claim 1 further comprising repeating

steps (a) through (d) two or more times.

3. The method of claim 1, comprising performing steps
(a)-(d) in a fluidized bed reactor.

4. The method claim 1, wherein the contaminant is
selected from the group consisting of an arsenic compound,
an aluminum compound, an antimony compound, a beryl-
lium compound, a mercury compound, a selenium com-
pound, a cobalt compound, a lead compound, a cadmium
compound, a chromium compound, a silver compound, a
zinc compound, a nickel compound, a molybdenum com-
pound, a thallium compound, a vanadium compound, an
arsenic ion, an aluminum ion, an antimony ion, a beryllium
ion, a mercury ion, a selenium ion, a cobalt ion, a lead ion,
a cadmium ion, a chromium ion, a silver ion, a zinc ion, a
nickel ion, a molybdenum ion, a thallium ion, a vanadium
ion, borates, nitrates, bromates, iodates, periodates, trichlo-
roethylene, dissolved silica, and combinations thereof.

5. The method of claim 1, wherein the fluid is selected
from flue gas desulfurization wastewater, industrial waste
stream, oil refinery waste, tail water of a mining operation,
stripped sour water, surface water, ground water, and an
influent stream.

6. The method claim 1, wherein the contaminant is
selenate or nitrate.

7. The method claim 6, wherein concentration of selenate
is selectively reduced in the presence of nitrate.
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