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concentration, and the addition of ammonium fertilizer and chelating agents thereto. Nickel accumulation on the order of 2.5 percent or
better in above—ground tissues is achieved, which permits recovery of the metal by harvesting the above—ground plant materials, drying,

and then combusting the same, to oxidize or vaporize organic materials and recover the metals sequestered therein at 10-20 fold higher
concentrations than in the soil, in a form which can be used in conventional Ni refinery or smelting operations.
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Title of the Invention:

METHOD FOR PHYTOMINING OF NICKEL,
COBALT AND OTHER METALS FROM 8Ol1L

BACKGROUND OF HE INV TJON?

Field of the Invention:

This invention pertains to a method of extracting nickel,
cobalt anci_ other metals, including the platinum and jpalladium
metal families, from soil by cultivation of the soii--with
hyperaccumulating plants that concentrate these metals in above-

ground portions of the plants, which can be harvested, dried and

smelted to recover the metal (metal phytomining).
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BACKGROUND OF THE PRIOR ART?

It has long been known that certain types of soil and
geological materials, including serpentine, lateritic serpentine,
ultramafic and meteor-impacted soils may be rich 'in nickel ;or'
cobalt, and are sites for mining of these metals. The cost of
conventional miriing for these uietals remains high, and the level
of metals réquired in geological materials to which current
technology may be usefully applied are much higher than most
serpentine, lateritic serpentine, 'ul_tramafié and meteor-derived
solls. ‘ ‘

U.S. Patent 5,364,451, Raskin et al, is directed to a method
of removing ﬁetals from inetal-rich soll by growing genetically
altered plants of the family Brassicaceae in these soils, so as
to remediate pollutéd soils at a reduced cost. Suitable parehts
for the mutants that are the subject of i:he Raskin pétent include
B. juncea. While the patent generally describes a large nn:qber
of metals that may be recovered, specific artificial examples are

directed to recovery of chromium and lead.

A review of the examples of this ref‘erent:e, and application
of the technology proposed, illustrates continuing problems poéed

in remediation of metal-rich soil, and recovery of the metals

therefrom. In particular, the examples set forth reflect
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artificial culture in sand media with intermittent feeding with
phosphate to permit plants to grow without severe yvyield reduction
and without severe lead toxicity. The patent also relies on

genetic mutations that are produced by randoem "mutagenesis”", that

is, the creation of a library of mutants or potential mutants
from a starting parent by indiscriminate application of a
mutagen, coupled with screening the offspring to define
acceptable hyperaccumulators. While promising, the Raskin patent

offers little basis for an opportunity to proceed directly with

soil remediation through plant growth or culturing.
Additionally, the patent offers little realistic opportunity for
recovery of the metal itself, indicating only that under

circumstances (not identified) the metal can actually be

reclained.

One of the most widely found, and technologically important
metals is nickel. Nickel is a natural constituent in all soils,
being particularly high in concentration in serpentine, lateritic
serpentine, ultramafic and meteor-derived soils. Cobalt, which
has chemical and geological characteristics very similar to
nickel, can similarly be found in these soils, and is another
valuable mnmetal. Other metals that are alsco subjects for
phytomining within the scope of the invention, include those of
the platinum and palladium families, including palladium,

rhodium, ruthenium, platinum, iridium, osmium and rhenium which
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commonly co=-occur with Ni and Co. Cultivation of plants which
are hyperaccumulators of these metals, in metal-rich soils, or
"phytomining", is a desirable alternative as a means for
recovering metals from soil. Ordinary cultivation methods,
however, without adequate preparation and maintenance of soil
conditions, does not lead to adequate hyperaccumulation of metals
in the plants, sufficient to make recovery of the metals from the
plants economically interesting. Additionally, specific methods
for recovery of the metals remain to be explored. Accordingly,
it remains an object of those of skill in the art to develop a
reliable system for phytomining of soils rich in nickel, cobalt
and the other identified metals, naturally occurring or
otherwise, that will lead to a recovery of these metals at

economically acceptable levels.

SUMMARY OF THE INVENTION:

By screening a wide variety of plants from the Brassicaceae
family, the inventors have identified plants in the Alyssum genus
which may be hyperaccumulators of nickel and which accumulate
valuable amounts of cobalt. By definition, hyperaccumulator
plants accumulate over 1000 mg Ni or Co/kg dry weight growing in

the soills where they evolved. Because cobalt occurs at about 3-
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10% of the level of Ni in the listed soils, Ni 1is the dominant

toxic metal which induced evolutionary selection of the Ni
hyperaccumulator plants and Co 1s accumulated to economically
useful levels but N1 hyperaccumulation is the dominant economic
benefit of the phytomining technology. Evidence suggests
members of the section Odontarrhena of the genus Alyssum are
likely candidates as nickel hyperaccumulators. The plant may
also concentrate, 1n the above—ground plant tissues, metal from
the platinum and palladium families, including Pd, Rh, Ru, Pt,
Ir, Os and Re, 1in significant amounts. Accumulation of nickel

in plant tissues 1in excess of 2.5 percent by weight 1is

practicable.

The metals 1listed accumulated in biomass by growing
nickel hyperaccumulating Alyssum species in the target soils.
Some 48 taxa within the section Odontarrhena of the genus
Alyssum are known to be hyperaccumulators of nickel. These

include the following species already evaluated: A. murale, and

A. pintodasilvae (A. serpyllifolium ssp.), A. malacitanum, A.
lesbiacum, and A. fallacinum. Other Ni-hyperaccumulating
species which may be employed include: A. argenteum, A.
bertolonii, A. tenium, A. heldreichii. About 250 other plant
taxa have been shown to hyperaccumulate nickel, but many of
these do not exceed 10,000 mg Ni/kg d.w., and the majority are

of tropical origin.

The 1identified metal species are accumulated by growing the
Alyssum 1n nickel-rich soil, under specific soil conditions.

The
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conditions include: 1) lowering the soil pH, which 1increases
the phytoavailability of nickel; 2) maintaining low Ca or
lowering Ca 1in the soil by leaching calcium from the soil Dby
appropriate treatments and by use of low Ca, Mg—-rich soil
amendments; 3) using ammonium containing or ammonium-generating
nitrogen fertilizers to improve plant growth and to increase N1
hyperaccumulation due to rhizosphere acidification; and 4)

applying chelating agents to the soll to 1mprove nickel uptake

by the roots of the hyperaccumulating Alyssum species. Examples

g—

- guitable chelating agents include nitrilotriacetic aced

.2

@

(NTA) . Other chelating agents commonly used 1n connection with
increasing soil metal mobility for plant uptake 1include
ethylenediaminetetraacetic acid, and ethylene glycol-bis- ({5-
aminoethylether)-N, N—tetraacetic acid. Maintenance of these
four soil-conditioning factors will improve nickel

gr—

hyperaccumulation in Alyssum, in excess of a 2.5 percent Dy

welght concentration in above-ground portions o©of the plant,

particularly leaves and stems, which make for easy cultivation
and metal recovery. This is preferable to concentration in the

roots, discussed in Raskin et al, which may be an aid in soill

remediation if non—leachable therefrom, but does not offer

convenience for phytomining.

In one aspect, there 1is provided a method of recovering

nickel from soil, comprising:

cultivating Alyssum plants in soil containing nickel,

under conditions sufficient to permit said Alyssum TO

-
p—

accumulate nickel from the soil 1n above-ground tissues ot

said Alyssum;

harvesting said Alyssum as bilomass materials after

accumulation of nickel from the soil, and;

recovering the nickel from said harvested biomass
materials, wherein said soil 1s conditioned by mailntalning

the pH of the soil at within a range of 5.6 to 6.2.



10

15

20

25

CA 02296116 2008-09-17
6a

In another aspect, there 1s provided a method of recovering

nickel from soil, comprising:

cultivating Alyssum plants in soil containing nickel,
whereiln said soi1l 1s conditioned by maintaining the pH of
the soi1l at within a range of 5.6 to 6.2, to permit said

Alyssum to accumulate nickel from the soil in above-ground

tissues of said Alyssum such that at least 2.5% by weight

of the air-dried above-ground tissue of said Alyssum 1is

nickel

harvesting said Alyssum as biliomass materials after

accumulation of nickel from the soil, and:;

recovering the nickel from said harvested Dbiomass

materials.

In sti1ll a further aspect, there is provided a method of

recovering nickel from soill, comprising:

cultivating Alyssum plants in soil containing nickel,

under conditions sufficient to permit said Alyssum to
accumulate nickel from the soil in above-ground tissues of

said Alyssum, wherein said soll has an exchangeable calcium

concentration and an exchangeable Mg concentration and

wherein the exchangeable calcium concentration 1s managed
such that 1t has a value lower than 20% of the exchangeable

Mg concentration;

harvesting sailid Alyssum as bilomass materials after

accumulation of nickel from the soil, and;

recoverlng the nickel from sald harvested biomass

materilials.
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DETAILED DESCRIPTION OF THE INVENTION:

Applicants have screened a large wild-type collection of
germplasm to identify hyprraccumulating plants. In particular,
plants of the Brassicaceae family, particularly naturally
occurring plants as opposed to those with induced mutations, such
as those employed in the Raskin ﬁatent, are known to be Ni + Co
accumulators. Within the family, and even with the various
genera, however, wide variations in metal accumulation, to the
extent it occurs, do appear. Alyssum species that are preferred
candidates for use in the claimed invention concentrate and
hyperaccumulate nickel, show enhanced uptake of cobalt and may
be useful in accumulating other metals. It has a preference for,
and a high toxicity resistance to these metallic elements. This
appears to be due to evolutionary driving forces, which permit
the plant to benefit from the ecological niche presented. This
should be contrasted with the response of a different
Brassicaceae member, Thlaspi caerulescens, which accumulates very
high levels of zinc and cadmium. While Alyssum exhibits a higher
uptake rate at low nickel and cobalt concentrations than other
species, Thlaspi actually grows well on soils with much higher
Zn and Cd concentrations. Thus, while Alyssum concentrates
nickel and cobalt over a range of concentrations, Thlaspi

hyperaccumulates very high levels of Zn and Cd,some strains
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accumulating Ni and Co. Rather than relying on the unpredictable
process of mutagenesis, the applicants in screening a large
library of wild-type germplasm, have identified several Alyssum
species including A. murale, A. pintodasilvae (A. serpyllifolium
ssp.), A. malacitanum, A. lesbiacum, A. tenium and A. fallacinum
as a suitable hyperaccumulators of nickel and useful in the
enhanced uptake of cobalt. The same plants may also accumulate
Pd, Rh, Ru, Pt, Ir, Os and Re. While these platinum and
palladium metals are accumulated in lower concentrations, their
greater value per unit weight, makes phytomining of these metals

economically attractive as well.

S80I, MANAGEMENT:

To> improve nickel and cobalt sequestration in the above-

ground tissues of Alyssum plants, the soil in which they are
grown 1is preferentially conditioned taking advantage of four
different factors.

- These 1include so0il pH, low calcium concentrations, use of
ammonium containing or generating fertilizer rather than other
N-fertilizers and application of chelating agents. Each of these

1s considered in turn below.

S8OIL PH:

The maintenance of preferred pH ranges in soil is well known

" Ires NI AN L RTE YA Y4 0 TR i i AN e S 30 - sl AMA (3 i 3 A SR O = MY Ay R e by oy et T e R 3 N DA -
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in agriculture for a variety of reasons. Typically, pH of soil
is altered or modified so as to maintain it within a near neutral
range of about 6.0-7.5. Thus, soil near a limestone foundation
or other building may be treated with acidifying soll amendments
so as to reduce an alkaline pH. Soil with a naturally low pH may
instead be treated with limestone or similar amendment, so as to
increase the so0il pH. A reduced pH 1increases the
phytoavailability of nickel and cobalt. A reduced pH increases
solubility, and optimizes the release of these metals for
absorption by the roots, and translocation to the above-ground
tissues of the plant. Soil pH can be maintained in any of a
variety of established methods, and the methods themselves do not
constitute an aspect of this invention. Preferably, soil pH is
managed at a low value by addition of sulfur and use of ammonium
- N fertilizers. The Alyssum species, and indeed, any plant
speclies, grows best at its evolved optimum pH conditions. Thus,
pH cannot be reduced so low as to substantially retard or inhibit
plant growth. An optimum pH range for phytomining using Alyssum
is a pH of 4.5 to 6.2, preferably 5.2-6.2. After extraction of
economically phytominable Ni and Co from the soil, limestone

application can raise soil to pH 1levels required by more

traditional farm crops.
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LOW CALCIUM CONCE TIONS

Alyssum species which hyperaccumulate Ni and Co evolved in
Ni-rich ultramafic and serpentine soils which simultaneously have
low soil calcium. The presence of high calcium concentrations
in soil may inhibit nickel/cobalt hyperaccumulation by Alyssumn.
Acceptable calcium concentrations in soil ranges from an absent
value to a value such that exchangeable soil calcium is less than
20% of exchangeable soil Mg. While values of calcium in the soil
higher than this will not inhibit Alyssum growth, it will reduce
nickel/cobalt hyperaccumulation, and thus frustrate a principal
goal of this invention. Calcium concentrations may be reduced
by any of a variety of known methods. A preferred method
involves acidification of the soil with sulfur, sulfuric acid,
or other amendments and leaching, followed by use of low Ca soil
amendments. Whatever method is selected to reduce calciunm
concentration in soil, it should be selected so as to be

consistent with the objective of soil phytomining.

ADDITION OF AMMONIUM FERTILIZER:

Generally, high metal concentrations are toxic to plants,
and inhibitory of plant growth. While Alyssum has developed the
ability to hyperaccumulate nickel/cobalt in its above~ground
plant tissues, nonetheless, fertilizer support for the growth,

particularly in polluted so0il, 1s an essential element for
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substantial hyperaccumulation. Use of high-ammonium N-
fertilizers 1is of value. Nonetheless, the use of ammonium

fertilizers per se is well known, and acceptable fertilizers and
protocols will be arrived at by those of ordinary skill in the

art on an empirical basis.

ADDITION OF CHELATING AGENTS:

Metal chelates are commonly used in agriculture, and occur
naturally is living cells. The addition of chelating agents,
such a NTA, or any of a variety of amino-acetic acids known to
those of ordinary skill in the art as chelating agents, to the
soil to be phytomined for Ni/Co and Pt,Pd metals improves the
movenment of soil metals to root surfaces for uptake and
translocation of these materials into the above-grcund plant
tissues. Any of a variety of known chelating agents of c¢ommerce
may be used. A preferred chelating agent 1is NTA or EDTA.
Typically, chelating agents will be added at 5-100 kg/ha after
the plants are established. As with the use of fertilizers,
optimum additions of chelating agents can be determined on an
empirical basis. Chelating compounds which chelate Ni in the
presence of high soil levels of Fe, Mg, and Ca selectively

increase Ni uptake by the hyperaccumulator plants.
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METAL RECOVERY:

As noted, a principal object of this invention is the
recovery of the metal sequestered by the hyperaccumulating
plant. In U.S. Patent 5,364,451, plants are identified which
accumulate the metals 1n the roots. Recovery of metals from
roots poses substantial mechanical problems, including the
recovery of the root 1tself, as well as recovery of the metal
from the root tissue. By cultivating selected Alyssum
genotypes, as contemplated 1n the claimed invention, a very
high degree of the nickel/cobalt absorbed by the roots 1is
translocated to above— ground tissues, such as stems, leaves,
flowers and other leaf and stem tissues. This feature

facilitates recovery of the metal extracted from the soil. The

Alyssum can Dbe harvested 1in conventional fashion, that 1is,
cutting of the plant at soil level. The harvested materials are

left to dry, in much the same fashion that alfalfa is dried, so

as to remove most of the water present in the plant tissues.

After drying, the plant material is collected from the field by
normal agricuitural practices of hay—making, incinerated and
reduced to an ash with or without energy recovery. This organic
material may alternatively be further treated by roasting,
sintering, or smelting methods which allow the metals in an ash
or ore to Dbe recovered according to conventional. metal
refining methods such as acid dissolution and electrowinning.

With metal concentrations as high as 2.5 to 5.0% by weight
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in the above-ground plant tissues, metal recovery becones
economical, thus satisfying the primary objective of the

invention. Conventional smelting/roasting/sintering temperatures

of 500-1500 °F are sufficient to combust the organic material in
the dried plant biomass, leaving a residue of the accumulated
metal, with few contaminants which are known to interfere with
metal refining. Indeed, it is suspected that the other
components of the ash will be lower than with conventional mined

ore concentrates.




CA 02296116 2007-01-18

CLAIMS

1. A method of recovering nickel from soil,

comprising:

cultivating Alyssum plants in soil containing
nickel, under conditions sufficient to permit said
Alyssum to accumulate nickel from the soil 1n above-

ground tissues of said Alyssum;

harvesting said Alyssum as biomass materials

after accumulation of nickel from the soil, and;

recovering the nickel from said harvested biomass
materials, wherein said soil 1s conditioned Dby
maintaining the pH of the soil at within a range of

5.6 to 6.2.

2. The method of Claim 1, wherein said soil, has an
exchangeable calcium concentration and an exchangeable
Mg concentration, and wherein the exchangeable calcium
concentration 1s managed such that 1t has a wvalue
lower than 20% of the exchangeable Mg concentration,
adding ammonium-containing fertilizer to said so1ll and

adding chelating agents to said soil.

3. The method of Claim 1, wherein salid metal 1is

recovered by drying and combusting, sald harvested
biomass materials, to oxidize and vaporize organic

materials present.

4, A method of recovering nickel from so1il,

comprising:

cultivating Alyssum plants 1n soll contalning

nickel, whereiln sald soll 18 conditioned by

15
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maintaining the pH of the soil at within a range of
5.6 to 6.2, to permit said Alyssum to accumulate
nickel from the soil in above-ground tissues of said
Alyssum such that at least 2.5% by weight of the air-

dried above-ground tissue of said Alyssum is nickel;

harvesting said Alyssum as biomass materials

after accumulation of nickel from the soil, and;

recovering the nickel from said harvested biomass

materials.

5. The method of Claim 4, wherein said so0i1l has an
exchangeable calcium concentration and an exchangeable
Mg concentration, and wherein the exchangeable calcium
concentration 1s managed such that 1t has a wvalue

lower than 20% of the exchangeable Mg concentration.

6. The method of Claim 5, wherein ammonium-containing

fertilizer is added to said soil.

7. The method of Claim 6, wherein chelating agents are

added to said so1ll.

8. A method of recovering nickel from soil,

comprising:

cultivating Alyssum plants in soil containing
nickel, under conditions sufficient to permit said
Alyssum to accumulate nickel from the soil in above-
ground tissues of said Alyssum, wherein said soil has
an exchangeable calcilum concentration and an
exchangeable Mg concentration and whereiln the
exchangeable calcium concentration 1s managed such
that i1t has a value lower than 20% of the exchangeable

Mg concentration;

16
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harvesting said Alyssum as biomass

after accumulation of nickel from the soil,

materials

and;

recovering the nickel from said harvested biomass

materials.

9. The method of Claim 1, wherein said Alyssum plants

are selected from the group consisting
A. pintodasilvae, A. heldriechii,
thereof.

10. The method of Claim 4, wherein said
are selected from the group consisting
A. .pintodasilvae, A. malacitanum, A.
fallacinum, A. argentum, A. bertolonii,

heldriechii, and mixtures thereof.

11. The method of Claim 8, wherein said
are selected from the group consisting
A. pintodasilvae, A. malacitanum, A.
fallacinum, A. argentum, A. bertolonii,

heldriechii, and mixtures thereof.

17
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