Phytoremediation of Organic
and Nutrient Contaminants

Pilot and full-scale studies are demonstrating the promise

and limitations of using vegetation for remediating

hazardous wastes in soils and sediments.
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hytoremediation, the use of vegetation for

the in situ treatment of contaminated soils

and sediments, is an emerging technol-

ogy that promises effective and inexpen-

sive cleanup of certain hazardous waste

sites. The technology has already been
shown to be effective in a number of full-scale and
pilot studies. Phytoremediation is most suited for sites
with shallow contamination (< 5 m depth); moder-
ately hydrophobic pollutants such as BTEX com-
pounds (benzene, toluene, ethylbenzene, and xy-
lenes), chlorinated solvents, or nitrotoluene
ammunition wastes; or excess nutrients (nitrate, am-
monium, and phosphate).

Because phytoremediation is still in develop-
ment, the techology is not yet widely accepted by reg-
ulatory agencies and therefore not commonly used.
In addition, phytoremediation may take longer than
traditional approaches to reach cleanup goals or may
be limited by soil toxicity. However, as a rule, plants
will survive higher concentrations of hazardous
wastes than will most microorganisms used for biore-
mediation.

A potential application of phytoremediation would
be bioremediation of petrochemical spills and con-
taminated storage areas, ammunition wastes, fuel
spills, chlorinated solvents, landfill leachates, and ag-
ricultural nonpoint source runoff (i.e., pesticides and
fertilizers). Generally, phytoremediation is used in
conjunction with other cleanup approaches.

Plants remediate organic pollutants via three
mechanisms: direct uptake of contaminants and sub-
sequent accumulation of nonphytotoxic metabo-
lites into plant tissue; release of exudates and en-
zymes that stimulate microbial activity and
biochemical transformations; and enhancement of
mineralization in the rhizosphere (the root-soil in-
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terface), which is attributable to mycorrhizal fungi
and the microbial consortia. It is also possible to con-
centrate metals in higher plants, and phytoremedi-
ation includes the use of plants to remediate sites
contaminated by metals. However, in this article we
focus on organic and nutrient pollutants.

Vegetation offers other benefits at contaminated
sites; phytoremediation increases the amount of or-
ganic carbon in the soil which, in turn, stimulates mi-
crobial activity. In addition, the establishment of
deep-rooted vegetation helps to stabilize soil. When
windblown dust is controlled, it reduces an impor-
tant pathway for human exposure via inhalation of
soil and ingestion of contaminated food. Plants also
transpire considerable amounts of water. This loss
of water can reverse the downward migration of
chemicals by percolation and can lead to absorp-
tion of surface leachate.

Figure 1 shows a schematic of mass flow through
a woody, flood-tolerant tree species. (Oxygen, wa-
ter, and carbon transport mechanisms vary among
plant species.) Plants supply oxygen to the soil rhi-
zosphere; tor example, scedlings in the laboratory can
transport considerable quantities of oxygen to roots
in the rhizosphere (0.5 mol O, per m* of soil sur-
face per day) (1). However, roots also demand oxy-
gen for respiration and, therefore, the total effect of
dense root systems needs to be considered in the en-
gincering design. The figure also demonstrates how
plants are able to take up contaminants directly from
the soil water and release exudates that help de-
grade organic pollutants via co-metabolism.

Direct uptake of organic pollutants

Direct uptake of organics by plants is a surprisingly
efficient removal mechanism for moderately hydro-
phobic organic chemicals (octanol-water partition
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Researcher measures one season of growth of hybrid poplar tree being used as a riparian zone buffer at Amana, IA.

coefficients, log K, = 0.5-3) in shallow contami-
nated sites. These include most BT'EX chemicals, chlo-
rinated solvents, and short-chain aliphatic chemi-
cals. Hydrophobic chemicals (log K, > 3.0) are bound
so strongly to the surface of roots that they cannot
easily be translocated within the plant, and chemi-
cals that are quite water soluble (log K, < 0.5) are
not sufficiently sorbed to roots or actively trans-
ported through plant membranes (2).

Once an organic chemical is taken up, a plant can
store the chemical and its fragments in new plant
structures via lignification; or it can volatilize, me-
tabolize, or mineralize the chemical all the way to
carbon dioxide and water. Detoxification mecha-
nisms may transform the parent chemical to non-
phytotoxic metabolites, including lignin, that are
stored in various places in plant cells.

The direct uptake of a chemical through the roots
depends on the plant’s uptake efficiency and tran-
spiration rate as well as the concentration of the
chemical in soil water. Uptake efficiency, in turn, de-
pends on physical-chemical properties of the con-

taminant, chemical speciation, and the plant itself

(plants vary in the transporting agents they use to
take up organic contaminants). Transpiration is a key
variable that determines the rate of chemical up-
take for a given phytoremediation scheme—it de-

pends on the plant type, leaf area, nutrients, soil
moisture, wind conditions, and relative humidity.

Enzymes and exudates

Plants may release to the soil environment exu-
dates that help degrade toxic organic chemicals. Leak-
age of exudates (sugars, alcohols, and acids) from the
plant can amount to 10-20% of plant photosynthe-
sis on an annual basis (3).

For example, in work at the University of lowa we
characterized the molecular weight distribution of or-
ganic exudates from the root systems of hybrid pop-
lar trees. Dissolved organic carbon concentrations
were substantial: 10-120 mg L ', with a median mo-
lecular weight of 1100 daltons and 1-10 mg L ' of
acetic acid {acetic acid is a good substrate for soil mi-
croorganismes).

We also examined enzyme reactions in plant sed-
iment, plant soil, and exudate systems. Wherever we
have found significant natural activity in the trans-
formation of contaminants mixed with sediment and
soil, we have isolated plant enzymes as the caus-
ative agent. In studies at EPA's laboratory in Athens,
GA, five enzyme systems—dchalogenase, nitrore-
ductase, peroxidase, laccase, and nitrilase—have been
identified. Tracing natural indigenous processes ex-
clusively to plants provides strong evidence of the po-
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tential for phytoremediation and indicates that the
future development of innovative phytoremedia-
tion must revolve around discovering which en-
zyme systems will degrade chemicals of concern. Ta-
ble 1 specifies some plants and associated enzymes
that degrade organic chemicals.

Through the use of rigorous mass balances and
pathway analyses we have shown that nitroreduc-
tase and laccase enzymes break down ammunition
wastes (2,4,6-trinitrotoluene or TNT) and incorpo-
rate the broken ring structures into new plant ma-
terial or organic detritus that becomes a part of sed-
iment organic matter. Another plant-derived enzyme,
dehalogenase, helps reduce chlorinated solvents such
as trichloroethylene (TCE) to chloride ion, carbon di-
oxide, and water. Determination ol cach of the me-
tabolites, pathways, and reaction kinetics through dy
namic mass balances and radiolabeled studies

320 A = V0L

29, NO 7. 1995 ENVIRONMENTAL SCIENCE & TECHNOL OGY

provides vital information for ecological engineer-
ing that we hope will replace a trial-and-error selec-
tion of plants. A thorough understanding of path-
ways and end products of enzymatic processes also
simplifies toxicity investigations of in situ phytore-
mediation.

Although isolated enzymes such as nitroreduc-
tase rapidly transform substrates such as TNT, our
experience indicates that remediation should in-
volve whole plants. Isolated enzymes are destroyed
and inactivated by low pH, high concentrations of
metals, and bacterial toxins. When plants are grown
in soil or sediment slurries, pH is neutralized, met-
als are biosorbed or chelated, and enzymes remain
protected inside the plant or sorbed to plant sur-
faces.

In our studies of TNT breakdown, plants such as
hornwort increased pH from 3 to 7, sorbed high con-
centrations of metals that would usually inhibit bac-
teria, and remained healthy and viable. Overall, plants
can accommodate mixed wastes (organic and met-
als) and other harsh conditions.

Rhizosphere hiodegradation

Anderson et al. (4) have demonstrated the impor-
tance of biodegradation in the rhizosphere. Plants
help with microbial transformations in the rhizo-
sphere in many ways.

Roots harbor mycorrhizae fungi, which metabo-
lize organic pollutants. These fungi, growing in sym-
biotic association with the plant, have unique en-
zymatic pathways that help to degrade organics that
could not be transformed solely by bacteria.

Plants supply exudates, which stimulate bacte-
rial transformations and build up the organic carbon
in the rhizosphere. In addition, the rapid decay of
fine-root biomass can become an important addi-
tion of organic carbon to soils. The additional or-
ganic carbon, in turn, increases microbial mineral-
ization rates. The increase in carbon also serves to
retard organic chemical transport into groundwa-
ter. Moreover, we have found that microbial miner-
alization of atrazine is directly related to the frac-
tion of organic carbon in the soil (5).

Finally, plants provide habitat for increased micro-
bial populations and pump oxygen to the roots, a pro-
cess that ensures aerobic transformations near the root
that otherwise may not occur in the bulk soil. Micro-
bial assemblages are abundant in the rhizosphere. Typ-
ical communities comprise 5 x 10° bacteria, 9 x 10° ac-
tinomycetes, and 2 x 10" fungi per gram of air-dried
soil; bacteria live in colonies that cover as much as
4-10% of the plant root surface area (1, 6).

Applications of phytoremediation
Each cleanup situation requires a different plant or
a number of plants in tandem. Alfaifa has been used
for its nitrogen-fixing ability and deep rooting. Rye
grass and fescue offer dense cover crops, often be-
low a woody species. Trees of the Salicaceae family
{willow and poplar) have been planted at several lo-
cations because of their flood tolerance and fast
growth. Parrot feather and Eurasian water milfoil have
been applied in aquatic mesocosms to break down
ammunition wastes.

For example, in a cooperative pilot test with Au-



Plant-derived enzyme systems

Systems have been shown to remediate nitroaromatic compounds
{e.g., TNT), halogénated hydrocarbons {(e.qg., chlorinated solvents
and pesticides), and anilines.
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Photo 1. Mesocosm studies of TNT-contaminated soil: Stud- Algae Nitella
ies conducted at the Army Ammunition Plant (Childersburg, (stonewort) 10-50 90 70
AL) with 1 in. of TNT-contaminated soil (5000 ppm). Red color Eleocharis sp. 20-110
in the left front container (control) was the result of photol- Anthrocerotae sp. 10-67 120
ysis of TNT; most TNT remained in the control, which was Algae Spirogyra 4-100 95
still toxic to snails and tadpoles. The right front container was Potamogeton pusillus 8-57
treated with parrot feather aquatic plants. The dark brown Myriophyliium spicatum
indicates degradation of the TNT; more than 90% removal oc- {parrot feather) 20-240 120 70
curred after 7 days, and toxicity was lowered. Lemna minor
{duckweed) 20
Hydrilla verticillata 12
Sagittaria sp.
{arrowroot) 35
Nostoc sp.
(blue-green algae) 60
Chara sp. 75
Populus sp.
(Hybrid poplars) <10 50

Photo 2. Four years of growth in a riparian zone buffer strip:
Four rows of hybrid poplar trees make a 25-ft buffer along a
stream in Amana, [A, that decreases nutrients, sediment, and
pesticides.

burn University, parrot feather was introduced into
flooded mesocosms of TNT-contaminated soil.
Rather than selecting plants by trial and error, we
tested parrot feather from the site and detected the
enzyme nitroreductase. At 5000 ppm of TNT, the
contaminated soil was essentially sterile. In the ini-
tial sampling after one week, dissolved TNT con-
centrations decreased from 128 ppm (saturation)
to 10 ppm. The disappearance of TNT attributable
to parrot feather was rapid enough to support snails
and tadpoles (Photo 1). However, new roots grew
only along the edge of the contaminated soil, avoid-
ing hot spots while breaking down the dissolved TNT
in the water column.

Another plant system, hybrid poplar trees, offers
some distinct advantages for treatment of contami-
nated soils with organic chemicals. These hybrid va-
rieties are perennial, long-lived (25-50 years), fast grow-
ing, hardy, and tolerant of organics. Hybrid poplars grow
easily from long cuttings planted deeply and can be
harvested and regrown from the cut stump.

We have planted Imperial Carolina hybrid pop-
lars (Populus deltoides nigra, DN34) from 2-m cut-
tings that have preformed root initials for rooting all
along the buried depth (1.7 m). In dry years, roots
will reach down toward the water table, establish-

Half-lives are dependent on the initial concentration of contaminant and the

plantwater ratios.

ing a dense root mass that will take up large quan-
tities of water. This process increases soil suction and
decreases downward migration of pollutants. In the
dormant season, there may be some leakage of wa-
ter through the system, but normally precipitation
is not great during this period.

In good soils and temperate conditions, the trees
can grow 2 m in the first growing season and reach
a height of 5-8 m after three years. We plant at a den-
sity of 10,000 trees per hectare, but the trees natu-
rally thin themselves to about 2000 trees per hect-
are after several years. Average carbon fixation in the
early years is 2.5 kg m 2 yr’'. In Amana, IA, hybrid
poplar trees planted along a riparian zone for six sea-
sons have produced an average of 12 tons of dry mat-
ter per acre per year.

To control agricultural runoff along a small creek
in prime lowa agricultural land (Photo 2), hybrid pop-
lars were planted in four rows as a riparian zone
buffer strip (8 m wide, 10,000 trees per hectare). The
goal was to intercept and remove atrazine and ni-
trate pollutants before they were delivered to the creek
and surficial groundwater. Nitrate in surficial ground-
water dropped from 50-100 mg L™ to <5 mg L."" as
nitrate. Also, in a related small pilot study, we found
that 10-20% of the applied atrazine was taken up by
the trees (7, 8).

Poplar trees make an excellent cap and closure at
municipal landfills. In collaboration with an engineer-
ing consulting firm, 10,000 trees per hectare were
planted as the final cap on a landfill at Beaverton, OR.
Photo 3 shows the side slope of the landfill before plant-
ing and after one year of growth. Treatment of or-
ganic wastes is not the main goal at this site; rather, it
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is keeping the site natural and free from infiltration. Now
in its third year, the project of evapotranspiration by
the trees has kept the landfill free from leachate prob-
lems. Nearby residents accept the innovative solu-
tion, preferring the forest to a barren plastic or clay cap.
A full-scale application (14 acres, 40,000 trees) using drip
irrigation of landfill leachate on poplar trees has also
proven effective at a McMinnville, OR, site. Although
hybrid poplars seem to tolerate organic chemicals quite
well, high concentrations of metals, salts, and ammo-
nia are toxic.

Table 2 includes some recent applications of phy-
toremediation. Some are pilot or greenhouse stud-
ies, but most are full-scale operations. They span a
range of pollutants from atrazine to TNT and sev-
eral different plant species.

Limitations of phytoremediation

Researchers studying phytoremediation face some
potential limitations. They still need to establish
whether contaminants can collect in leaves and be
released during litter fall or accumulate in fuel-
wood or mulch. It may be difficult to establish the
vegetation because of soil toxicity or possible mi-
gration of contaminants off site by binding with sol-
uble plant exudates. Possible migration of contam-
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pilot scale

inants off site by binding with soluble plant exudates
is a concern, but to date none of these problems has
been observed. In some situations, regulatory re-
strictions will not allow contaminants to be left in
place, even when a vegetative cover prevents ero-
sional pathways of exposure.

Phytoremediation is most effective at sites with
shallow contaminated soils, where nutrient and or-
ganic contaminants can be treated in the rhizo-
sphere and by root uptake. Although deep-
contaminated sites and those with deep pools of
nonaqueous-phase liquids are not good applica-
tions, deep groundwater contaminants or leachate
pond effluent may be treated by pumping and drip
irrigation on plantations of trees.

Degradation of organics in conjunction with plant
enzymes is so fast that desorption and mass trans-
port of chemicals from the soil may become the rate-
determining step. Therefore, phytoremediation may
require more time to achieve cleanup standards than
alternatives such as excavation or ex situ treat-
ment, especially for hydrophobic pollutants that are
tightly bound to soil particles.

EPA has not adopted phytoremediation as an ap-
proved technology, although we have been given spe-
cial permission by the states to use hybrid poplar




Pheto 3. Phytoremediation at a landfill: (above) Landfill slope
in Beaverton, OR, before trees were planted; (below) Same
site only one year after hybrid poplar trees were planted in
41t of soil as a cap and closure at the landfill. Trees keep the
landfill dry by evapotranspiration. A dense, deep root sys-
tem is shown by excavation of the roots to 6 ft.

trees as caps at several landfills as an alternative to
a Subtitle D cap under the Resource, Conservation,
and Recovery Act. However, the technology is still not
widely used.

A comparison of costs with those for the stan-
dard practices of soil venting, soil washing, excava-
tion, or bioremediation is not possible because phy-
toremediation is too new. Our experience indicates
that it should be very competitive with other tech-
nologies. Planting costs are ~ $10,000 per acre, and
monitoring costs would be similar to those for other
alternatives. In many cases, we view phytoremedi-
ation as a final “polishing step” to close sites after
other cleanup technologies have been used to treat
the hot spots.

Although phytoremediation is not a panacea for
hazardous waste problems, it has proven effective in
several applications for treatment of shallow con-
taminated sites. Before the technology can mature,
we need a better understanding of the role of me-
tabolites, enzymes, and the selection of plant sys-
tems for various wastes. Nevertheless, the technol-
ogy holds great promise. In general, plants can
withstand greater concentrations of organic pollut-
ants than most microorganisms; they can take up the
chemicals quickly and convert them to less toxic me-

tabolites, and they are known to stimulate degrada-
tion of organics in the rhizosphere.
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