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Herein, we explore the outlines of an innovative method based on the chemical recovery of metal-rich
biomass produced in phytoextraction technologies. Taking advantage of the adaptive capacity of some
New Caledonian plants to hyperaccumulate Ni2+ cations in their aerial parts, this technique is based on
the direct use of metals derived from plants as ‘‘Lewis acid’’ catalysts in organic chemistry. Metallic cat-
ions contained in New Caledonian nickel hyperaccumulators are recovered through a simple cost-effec-
tive process and serve the preparation of heterogeneous catalysts used in synthetic transformations
allowing access to molecules with high added-value. The design of all processes is in line with the prin-
ciples of green chemistry; it is adapted to the new economic constraints; it offers a new relevant outlet
for metal-rich biomass; and it represents an alternative to non-renewable mineral materials.
1. Introduction

New Caledonia is estimated to account for 20–25% of the world
nickel resources. Industrial activities around nickel account for
10% of the island’s gross domestic product and could increase to
30–40% in the upcoming years (L’Huillier et al., 2010). New Caledo-
nian mines are opencast and before exploitation starts, vegetation,
topsoil and upper soil horizons need to be removed. As high-grade
ores such as garnierite are becoming scarce, new low-grade lateritic
ores are being used with larger excavations. This inevitably leads to
increased waste production in ore processing (L’Huillier et al., 2010).
Thus the overall impact of mining on ecosystems is serious, with
perturbations on water flows, soil erosion, contaminated sediment
e Fonctionnelle et Evolutive,
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on).
transport and bioaccumulation issues (Fernandez et al., 2006;
Hedouin et al., 2007; L’Huillier et al., 2010).

Technical feasibility and costs obviously limit soil remediation
initiatives: in the case of metal pollution, the conventional method
is excavation followed by burial at a waste site for an estimated cost
of $400,000 per treated hectare (Raskin and Ensley, 2000). Long-
term solutions with lower operating-costs are increasingly consid-
ered and for metals, phytoremediation appears as a sustainable
technique to reclaim land. It is aesthetically more pleasing and
boasted better public acceptance where used (Singh et al., 2003).
Phytoremediation has a high potential in New Caledonia: the island
is a metallophyte flora hotspot with 2153 species (83% endemics)
identified on ultramafic soils (L’Huillier et al., 2010). 27 past experi-
ences in phytoremediation have been reported: these programs
mainly considered species selection and agronomic techniques for
the development of a sustainable plant cover on mine sites (L’Huil-
lier et al., 2010). Nickel phytoextraction was not considered, because
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Table 2
Composition (mass percentage) of the plant extracts obtained after treatment.

Mg Al Ca Mn Fe Ni

P. douarrei 1.6 0.3 6.0 0.1 0.4 11.5
Purified P. douarrei 0.4 0.1 2.6 0.0 0.1 22.3
G. pruinosa 7.6 0.5 12.0 0.2 0.8 7.4
a considerable limit of phytoextraction remained: without credible
outlets to dispose of metal-rich biomass, phytoextraction only pro-
vides little improvement (Sas-Nowosielska et al., 2004). The use of
nickel-rich biomass to produce catalysts used in organic syntheses
could bring about change and spur the development of phytoextrac-
tion in New Caledonia.
Catalyst

Fig. 1. Acetylation of anisole using acetic anhydride.
2. Chemical exploitation of metal-rich biomass

2.1. Nickel recovery from biomass

The first step of this project was to develop an efficient method
to recover metals from metal-rich biomass. Our main concern was
to avoid the use of organic solvents or separation agents as they are
hazardous and costly substances. Thus the selection of conditions
guided us towards a simple, low-cost and efficient process in
accord with the principles of green chemistry. It is also compliant
with direct industrial applications (Grison and Escarré, 2011).

Leaves of Psychotria douarrei and Geissois pruinosa were har-
vested in the South province of New Caledonia. Biomass is dried
at 60 �C (until a stable weight is achieved) and crushed. A thermal
treatment at 500 �C (5 h) is then applied in order to destroy organic
matter. The ashes obtained are treated with hydrochloric acid to
finish the destruction of the remaining organic compounds and
to convert metallic cations into metal chlorides. In a typical exper-
iment, the reaction mixture was stirred for 2 h at 60 �C, and then
filtered on Celite. The resulting solutions, composed of different
metal chlorides, were then concentrated and dry residues could
be stored in a stove at 90 �C for several weeks without undergoing
hydrolysis. Table 1 summarizes the main steps of the process and
indicates mass variations.

20 mL 1 M HCl per gram ashes allowed total recovery of the
metals present in the plant ashes. Inductively Coupled Plasma-
Mass Spectrometry (ICPS-MS) analyses were used to determine
the composition of the plant extracts obtained. Table 2 exemplifies
the composition of the different plant extracts obtained.
2.2. Use of metal hyperaccumulator biomass in organic chemistry

In a chemical reaction, a catalyst should be added in small
quantities compared to other reagents in order to increase the
reaction kinetics. As a general rule, 2–5% metals are enough to con-
vert 1 mol of substrate. Using metal hyperaccumulators’ biomass
we also expected to benefit from the natural polymetallic compo-
sition of the plant extracts obtained (Corma and Garcia, 2003). The
use of catalysis was established as the 9th of the twelve principles
of green chemistry and it is sometimes referred to catalysis as the
‘‘foundational pillar’’ of green chemistry (Anastas et al., 2001).
Heterogeneous catalysis presents itself as the latest improvement
as it allows catalyst and reagent recycling: active species (metal
hyperaccumulators extracts here) are dispersed on a support
(montmorillonite K10 here).

The acetylation of anisole (Fig. 1) in heterogeneous catalysis is a
witness of the recent evolution of chemistry towards new, more
environmentally friendly processes: the reaction has been exten-
sively studied and is a very interesting model to test the efficiency
of ‘green’ Lewis acid supported catalysts. This choice was also
Table 1
Mass obtained from 100 g dry leaves in each step of the process (g ± standard error).

Dry leaves Thermal treatment Acid treatment

P. douarrei 100 11.2 (±0.4) 15 g (±0.9)
G. pruinosa 100 14.5 (±0.4) 9.8 g (±0.5)
motivated by the industrial interest of methoxyacetophenone.
Our results using nickel hyperaccumulators extracts supported
on montmorillonite K10 are summarised in Table 3. The increased
activity of NiCl2 in heterogeneous catalysis is very interesting con-
sidering the advantages of heterogeneous catalysis over homoge-
neous catalysis (Entry 2–3).

The following features should be noted: (i) The catalysts derived
from P. douarrei and G. pruinosa were thermally stable and easy to
use. (ii) The products could be isolated without work-up. (iii) A
simple filtration and thermal activation allowed the green catalyst
reuse. (iv) The green catalysts kept a high activity after four recy-
cling (Table 4). (v) The green catalyst activity was much higher
than commercial NiCl2. (vi) The green catalyst efficiency was not
affected by the formed acetyl moiety, which is a great advantage
for Friedel–Crafts acylation. Smaller amounts of green catalysts
were required, thus an improved environmental quotient (EQ)
was obtained. It also appeared that in heterogeneous catalysis
the para/ortho ratio increased dramatically (up to 100% para iso-
mer). This is due to a rearrangement of the product towards the
more thermodynamically stable para compound: it is a positive ef-
fect as it avoids purification issues. The best results were obtained
using a P. douarrei extract after solvent-less purification: the Dow-
exTM M4195 (The Dow Chemical Company) ion exchange resin was
used to concentrate nickel: 100% yield was achieved in 6 h at 70 �C.

This shows that our process is efficient and relevant in today’s
chemistry context: it performs better than other cutting-edge het-
erogeneous catalytic systems (Spagnol et al., 1996; Gupta et al.,
2008). Moreover, the source of metals should also prove less costly
than conventional metals obtained from mining.
3. Comparison with existing outlets for metal-rich biomass

To date, two outlets for metal-rich biomass have been thor-
oughly investigated: ‘phytomining’ (Brooks et al., 1998), an alter-
native metal production process developed at the United-Stated
Department of Agriculture (USDA) for nickel and bio-energy pro-
duction (Van Ginneken et al., 2007). Other minor outlets exist, such
as compost production to supplement metal deficient soils (Tang
et al., 2009) or metal nanoparticle production (Qu et al., 2011).
3.1. Bioenergy production

Although comprehensive economic studies showed the poten-
tial of bio-energy, a large quantity of biomass is required which
leads to restrictions on species used: willow in short-rotation



Table 3
Results obtained in the acetylation of anisole.

Entry Catalyst Catalyst equivalent Yield

NiCl2 Total metal chlorides 6 h (%) 15 h (%)

1 MK10 (1.5 g) – – 0 0
2 Commercial NiCl2 in liquid phase (1 g) 4.8 4.8 44 81
3 Commercial NiCl2 on MK10 (1 g/1.5 g) 4.8 4.8 78 80
4 Crude P. douarrei on MK10 (1 g/1.5 g) 0.85 1.1 84 85
5 Purified P. douarrei on MK10 (1 g/1.5 g) 1.96 2.12 100 100
6 Crude G. pruinosa on MK10 (1 g/1.5 g) 1.26 1.37 83 83

Table 4
Recycling of the catalyst obtained from P. douarrei
extracts supported on montmorillonite K10.

Run Yield obtained using P. douarrei
in the acetylation of anisole (%)

First 84
Second 85
Third 86
Fourth 83
coppice, rapeseed, maize and wheat have been considered
(Van Ginneken et al., 2007). Although they do not specifically target
any metal, these species were selected for their high annual bio-
mass production and their general tolerance to trace metals. How-
ever plant ashes with a low metal content are to be considered as
problematic toxic wastes. Moreover such species are not available
in New Caledonia: species found on ultramafic soils (including me-
tal hyperaccumulators) are rather slow growing (L’Huillier et al.,
2010) and are not suitable for bio-energy production.

3.2. Nickel phytomining

In phytomining, nickel hyperaccumulators are considered as a
‘bio-ore’ and the commercial value of the metal produced could
balance the costs involved in the development of phytoextraction.
It targets highly contaminated soils and low-grade ores where con-
ventional mining techniques would be too costly. As leaves need to
be burned to ashes in the nickel recovery process, a possible
production of energy is also possible: expected returns in the best
case including nickel and energy production are estimated to
$1311 per hectare (Brooks et al., 1998). Previous experiences
showed that yields could be good enough to foresee commercial
applications.

The alternative we propose, which is to use the metal-rich bio-
mass to produce Lewis acid catalysts is conceptually very different
from phytomining and could overcome some limits of this technol-
ogy. It specifically tackles metal contamination regardless of the
metal considered and it is also compliant with energy recovery.
The end use of metals recovered, which is organic chemistry, al-
lows broader perspectives. Possible valorisation of New Caledonian
nickel hyperaccumulators P. douarrei and G. pruinosa is considered
but zinc hyperaccumulators could also prove very useful. Metallic
species are directly obtained in the required state to produce Lewis
acid catalysts: herein, nickel chloride is obtained in a simple three
steps process from biomass. Compared to currently-used metal
production processes followed by metal-chlorides production, the
number of steps involved is lesser, and detailed lifecycle analyses
should prove the process we describe less costly. Moreover, as
exemplified by the acetylation of anisole, purification is not man-
datory: although roughly purified P. douarrei extracts proved more
efficient than untreated plant extracts, a mixture of metallic spe-
cies still showed increased activity compared to pure commercial
nickel chloride.
4. Conclusion

Phytoextraction is currently raising much interest as a sustain-
able method to remediate metal pollution. However, to be fully
applicable this innovative technique needs strong incentives
including credible outlets for metal-rich biomass. It appears that
existing outlets could not give phytoextraction sufficient momen-
tum to lead to a general use of the technology. The alternative
we propose, using metal hyperaccumulator plants species as a
source of Lewis acid catalysts for organic chemistry could bring
about change: it is more adapted to the state of metallic species
present in plant tissues; and it could bring extra added value to
the metal-rich biomass produced. In terms of organic synthesis,
perspectives are various and include hydrochlorinations of alco-
hols, synthesis of aromatic heterocycle scaffolds, chiral cyclic
structures, protections of alcohols and amines, aldolisations, metal
catalysed rearrangements and other key syntheses of industrial
and fine chemistry.
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