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Abstract: Phytoremediation-the use of plants for the in situ
treatment of contaminated soil and water-has recently emerged
as an inexpensive and user-friendly alternative to traditional
methods of environmental clean-up. The present article outlines
the characteristics of phytoremediation based on accumulated
research evidence, along with discussions on its advantages
and disadvantages. It further reviews various mechanisms
involved in the phytoremediation processes: phytoextraction,
rhizofiltration, phytostabilization, phytovolatilization and
phytodegradation. Along the way, the author summarizes
examples of its applications to environmental pollution
control. These include wastewater treatment, removal of
heavy metals, and hydrocarbons, remediation of recalcitrant
contaminants, phytoremediation of radionuclides, and
application of transgenic plants for enhanced biodegradation
and phytoremediation. The remainder of the article briefly
concludes with directions for future research.
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7} Aak kg slow A

AT2ds) A9 HlEe] Al e Al $ 57
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EAIE AT ARl =23k Hxo] HA|3]2] {1t
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Table 1. Different types of mechanism in the phytoremediation processes

Mechanism Process description

Application

Phytoextraction

(= Phytoaccumulation) metals from soil.

Rhizofiltration polluted waters.

Phytostabilization L
metals in soil.

The use of plants to extract inorganic contaminants, which
are then dispersed into the atmosphere by volatilization

Phytovolatilization
from aerial parts.

The use of metal-accumulating plants to remove toxic

The use of plant roots to remove toxic metals from

Removal of heavy metals
(Co, Cu, Pb, Zn, Ni, Cr, Cu, Hg, Mn etc.)

Removal of metals and radionuclides

The use of plants to eliminate the bioavailability of toxic

Removal of trichloroethylene (TCE) using poplar
Removal of methyl tertiary butyle ether (MTBE)
using eucalyptuse

The use of plants and associated microorganisms degrade

Phytodegradation

soils contaminated with organics.

organic pollutants. Plants roots in conjunction with their
(= phytotransformation) rhizospheric microorganisms are utilized to remediate

Removal of chlorinated solvents, herbicides and
insecticides

ol 71Q1ske}, o]ggt Q=S H Y, EUY,
7129 FAIE dorm gt A|F2ds) HAlE oblst
71% st} 90l FHE o] 3 e AA%F 2 Ao =4
07 A} Q=1 3= A= 3H|% (phytoremediation
technology)<> TFFst 215-& o] §-3lo] Eqfol} Eof 2.4
H 2AES HEE FF FE5IAL, elol ), Y3 =
© W s B8l A7 Vot [1-7]. 58] ©] V=
e o) A e wEE o9y X9 S EA
sjdst=t] wlg- aFoltt. A& Folli= 5ol3o®
TEHOIY A E4S 1 sER BE5H5 AEE
(hyperaccumulators)©] <& glom, Edk FHtol= -4
Az o R E5 VN FA g Eo] A= s el
g5 Qe AAgolt) [8-11]. A& 8ks] Aol = 1
L 2257 )zel st Al o] 8- dstel st 70|
OFAZIA] HarE]A] ekght) - A= A EA s o
sk AlgEA [12-14], 2E788PHe] of2] 7123} [2,3,7,12]
I} 254371420 S8 [15-26], 12l &% Al of
sfo] AR A} St

i rlo

2. 24 shy o] ST AR

21572 3PH (phytoremediation)< 712 &2] - 318} A&
4 3 .51 A nlwste] ofe] 74 S 7HA

QT [2,12,13]. &

o 27| AREEAL U807 AL, 1] Tk ue- A
A3k} (60-80% #13).

« 33 ZshAolar AmfAlojolN tiF o2 H - AFLlo] Jick.

« 397} Ao, EoF 9l A5le] A$IA (i situ treatment)
X A2j7}t 7Fsstet.

719 EA (T, RS, WAIEA S0l 771
= (g, sfokE, dasetE 5) BT A

7Fs3itt.

S A Qokshd thew) pr}. =
AEE} A 292 A7) 28 AZF (5 A1)

o] 48 4 gl}.

C2)% el B gk 208 Bool} skl 2gdt
7] ot}

Lol 99hEdo] S ABES sl Al o]
AReg et AARE ) FEol ATelA R 3RS
z 5

SpEo] 2 A % gl Ao} (53] e HHE 09
Ao, Z8 Ak 5yels A8t @A} ol

I

A5 53] T Al vilg- &bl o] &

Aol J-gleh= A& A R:

o Aubsl EokolM . & Aetal, B Zlo] BElE Ul 5
nom,

e WEE S UAS Zhs AEoofof sh,

AE Ul I 558 IFERE FAT 7 e s9= 7
Z|oF 3pr,

&I wejol Shal,

« 78 5 WA (biomass)©| HoloF Ert,

oly g SA& 7= AmEA T MEWT (Salix), A
W+ (Betula), 2 (Populus), LB (Alnus), Z2FE}
Y2 (deer) 5°] AT} [7].

3. 42336l Yol e 713E

AEASHE 2AEA0] AAYE 7& el et A=
H (phytoextraction), 2] (rhizofiltration), 21=<2H
3P (phytostabilization), 21532 (phytovolatilization),
1831 212739 (phytodegradation)s A 57HA 2
= 7 = H, Table 10 71 242} 712} [1,3,4]°] whe 2.
W83 &8 oE 2okt

3.1. 432 (phytoextraction)
E&F dlell o= ed=ds Al s wW=Tlell 555t
o LAEAE AANT = 718wt AEAE ol
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Table 2. Examples of hyperaccumulator plants currently used in the phytoremediation process
Metal or radionuclides Plant Concentration (mg/kg)
As Sunflower (Helianthus annuus) -
Chinese Brake fern (Pteris vittata) 22,000
Cd Willow (Salix viminalis) -
Cd and Zn Alpine pennycress (Thlaspi caerulescens) Cd 10,000-15,000
Zn 10,000-15,000
Pb Indian mustard (Brassica juncea) 10,000-15,000
Ragweed (Ambrosia artemisiifolia) -
Poplar trees -
Ni Alyssum sp. 4,200-24,400
7Cs and *Sr Sunflower (Helianthus annuus) -
Giant milky weed (Caltropis gigantea) -
Hg and Pb Transgenic yellow poplar -
A o] Whfo] 7H wlo] AREehaL Qlom AEg o] geto]l & B ASkrR o FehA] JeheS & = 7| Foltt
THE o= B FAAA A= Wol ARt glrk. Bk ofye} ol AEES FEEES THATIAIE X
gl A2 st} vigdAe]si vt aztebd A= @Al ShAIRE Bk § Eoll 2 &allE o EE w7 540]
H3, o] 2HE WA FEES A 815 & 5 Qlvk AE FERES &) Frh dl2A HA4o] A% o e 29
25 (Brassica junica, Thlaspi caerulescens, Alyssum sp. 5)  HlEH|2]o}e] 808 EAlo] o= ' & H3teE= 7o

I} FX|2E (Preris vittata, Pennisetum glaucum 5% 2=
2 2% (plant hyperaccumulator)5°] o] ARE-E]aL It
o A FX|2E1 Dicropteris dichotoma= 3E72 La,
Ce, Pr, NdE ¥5231= 210 244 9t} [27]. Table 2
o T55 5 o] 2 E2S A5 ehs TR AEF e
QO [7]. o]F AEEE e 2700 e Al
NI Y= eH9=dS Aoz Susl tigt e 2
Al = AoE Wl ey B35t 54 e
O A% (biomass)o] W2 548 7FA AL QT

3.2. B o 7Y (rhizofiltration)

o] WPHE Eqko] ofd ol I | Sl 01
As (FE 257, V958 9 M edEd 9
2)E0] ¥ig] = Bl e} vk ofy] A (growth-
promoting bacteria)°l] 2Jall A|ASH= 71&e]t}. A& el
+ olg] vAEEo] 2ol A3stal, <-4 (thizosphere)©] 2}
I FEE Eele] gk AAHe] 2wt o nAES
25 gloll A w9 Fo3 A3k sk, 2 vAEES
2)Z-0] Halof| ] AAakE]= oo R Aolzich, 2 A
& AEAEE Aslshs SALA=ES FEldheEA A
B s 7, A0 R9EAS & Bl & S
Lol oeks gt [28,29]. HaE]oupo] A4H Al ®
A= #Hgolv FAHERE ] T54 A7 [30-32], BODs
AA [15,33,34], V7] (Helianthus annuus)S AFE-31
S-Fzlolu} A=l A A% ) AMIEE st es
o] AA [25] sol F2 oll=elth.

3.3. A1 E<¢HA 3 (phytostabilization)
LAEAS FallelAl e oA e A=AE AAATIAY
2710] F2A7] QB oS FolFn T B &

2 R [2].

3.4. A &3] (phytovolatilization)

ojd AE5S m&olS t o] Ak AulE gk
ATo] 545 AR, A Dol Y= 715 Fotked]
7] T O 2 ¥jEAlA FT}. Trichloroetylene (TCE): X3
2] 23] 3kE 4= 9101, methyl t-butyl ether (MTBE)
© FAHFAUl 93, selenium< %t (Indian mustard)
o] °J3) dimethylselenide =, “12]3 methyl mercuryi= ¥l
ol ©J3l mercury vapor® 3UAI = Qi dE ofy
2} 2 BE-S He™'E volatile Hg® H$A]A F=1, o]
3k 7|2=0] A3 el st [7].

3.5. A E-83Y (phytodegradation)

AEEsl S Ao Bakehs ofe] T8 a4t AlEA,
A, AR T ol SAAEES I el Be ¢
A FAAA A= B 7 EAE A3 ol
A&l ) ddste] -85 A4-E %A+ nitroreductase,
laccase, peroxidase, nitrilase 5] L&A 9o, ojHl A&
5 trichloroethylene (TCE)E 313k 4= 31 dehalogenases,
2,4,6-trinitrotoluene (TNT)E <23l SK= nitroreductases, Al
A Wl ASA S wellch=tl 2 23 oxygenases 5 1]
T A4S AIE Qe S 7 Qv [12,13]

4. 25 o] 38 A

A=l o3t e A2l SEAR = A,
SESA, FEkra Ae], dasite A, BAPdEE A
2] & Al 2] ol FEA AREIL 3l Table 30
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Table 3. Examples of environmental pollution control that uses phytoremediation process

Process Plant used Effect Reference

Wastewater treatment

BOD:s and suspended solids Phragmites australis Removal of 88% BODs and 84% SS [15]

Ammonium-nitrogen removal Cyperus papyrus Removal of 75% NH4-N [33]
Removal of heavy metals

Pb and Ni Lenna minor 76% of Pb and 82% of Ni [30]

Hg Transgenic yellow poplar Mercury pollution control [10]
Removal of hydrocarbons

Petroleum Spartina alterniflora 58% degradation per year [22]

Diesel-contaminated soil Legume, pine and poplar - [40]
Removal of recalcitrant compounds

TNT(2,4,6-trinitrotoluene) Johnsongrass 97% of TNT in 93 days [43]

Glycerol trinitrate Transgenic tobacco plant Biodegradation of explosive [57]

PCB(polychlorinated biphenyl) Legumes and grasses Removal of 62% PCB [24]
Removal of radionuclides

“Srand *’Cs Calotropis gigantea 90% of *’Sr and 40% of "*’Cs [26]

*Sr and *'Cs Helianthus annuus - [25]

Zzte) A ARIES Beisle] 2oksigin.

4.1. g5=X 9| o] §

2l Phragmites australiss ©1-8-5F 2% reed-bed systeme
ARg3te] BODs 1006 mg/L]! A-5 % FAHTE 56 mg/L
7 gt o7k Ban Hiek [15]. AlZelM= 90 thiH
18-4500m 9] HiTFE. HFAIHNE g5t wl5Helel o]4-3)
o] ko BODs”7| 88%, SS (suspended solids)”} 84%7}F
A AAHE & F2= AE 2o AHZE St [16]. @
7 AN = Cyperus papyrus (papyrus) @t Miscanthidium
violaceum= A8 YE U oMY 249} 13} & JUgH
of thgk A7 A3t B uw At [33]. ¥4 Typha latifolia
9} Salix atrocinereas ©1-835t] TA|HTAHEE Sot a &
2 qkg-7] A1 ek £ [34], ThAA 21221 Cupressus
sempervirens 2} Quercus ilex's°ll ]St olive mill wastewater
Al 5ol BuEAct [35].

4.2. a4 A9 o] &

AFAT T IEES FagEel didh Aelede olvl 4
Helo] AN FHFAE S A Skl s AwvE S5
el tistol= AEdsPHS o8k Zlo] vl nieEA]
siot. vt Aol il 9] Himdgate] AbAlstaL
AL, o] HFAkelA S edEdEo] =, sk
= 291713 ik, A= s ol ot B TS e 9A
] Fdsto] A B2 o] B ¥ 9lr}[2,3,9,30,32].
A=Y PHE Fa5 2% A v]8o] AA LeHH, =
Sk OhA] o] Sa52] st Thsetchs s 7EaL 9l
ot AE7dshel st ed=d el qlojA] -4 HA <
AEFS A8eh= Ao 7P o3t wAIld], oe] 55
< HEFA k= 215% (hyperaccumulators)©] -3 ol L&A
AT} (Table 2). I54] 58 7H= Aa 184 &
21E<% (non-accumulators)©l| H]3}] 50-1004) ©]/4e] 15

TR FR4S AUt FANRE FEEe] o 400 o
F9 BEAAE [47]0] LeiA YH, FH FES
7122 Zn¥} Mnoll tistod= 10 g/kg, Co, Cu, Ni] 735
= 1 gkg, Cd9] 49+ 0.1 gkg 0|t} Brassica junica
of| o1&t PoA 2], Thiaspi caerulescens X Solanum nigrum
ol &5t CdA2], Lemna minoroll 213 Pb2} Ni AA, Lolium
perenne®] 2]t Cu, Pb, Zn A|A [36] G°] Hil¥ il itk
53] PbA el tistol= FH A =5 o] &3 A7t
Wo| WEslo] Qo EDTAS &2 Zeo|ES B
A7PAATE Pol Bl it Sk o] Helrt o golshAl
w5 5 7 M "d[1,17,37].

ShH Fagel Al Ase) Aol tiete e ghils]
A7} 2= 31 Q. 2 Sulel] (Helianthus annuus)
9} Chinese Brake fern (Pteris vittata)s2] 2)&0] o5
Q) [7,32,38]. BE3F H]EE5<l Seell tistols f-A¢
Z2F YA ES o] 88 E4e s Aol st A7t B
€ n\f QY [39].

43,9854 Q g A7

TAra Aol B FA0® Iif-of A7 Afo]
ol Eofo] QAEV|E st AfE 2dH FA el
Spartina alternifloras ©1-8-510] 21735t A2st ARl [22],
Echinodorus cordifoliuss A+&-8] COD#LO] % ethylene
glycol 2 AHFE A2 sh Abd| [23], B=FF FH2oll= w3}
T gAY A% Italian ryegrass 2} Melilotus albus
215 AREE AblZF BarE 3 QlY} [40,41]. WERF ofuet
naphthalene *12] | %= Arabidopsis thaliana”} 22 A7}
2™, microarray system-e ©]-8-510] o] A=A L
= ARzl st A5 HarE ik [42].

4.4. 3 A F7132E A AN &&
SlokR [43,44], AZ2A|9} AEA [45,46], 18] 7L A2
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Table 4. List of major phytoremediation companies in the United States

Company name Location

Expertise in remediation

Plants used

Ecolotree, Inc. Iowa City, IA

Phytotech, Inc. Monmouth Junction, NJ

Phytokinetics, Inc. Logan, UT

Applied Natural

. Hamilton, OH
Sciences, Inc.

Removal of contaminants in municipal or industrial
wastewater streams

Removal of organic chemical contaminants in soil
and groundwater

Removal of pesticides, nitrate fertilizers and
trichloroethylene in groundwater

Poplar trees and grasses

Sunflowers and Indian mustard
plants

Removal of metals and radionuclides

Perennial ryegrass

Poplar and willow trees

Identifying and isolating plant enzymes capable of

Phytoworks, Inc.  Gladwyne, PA

degrading contaminants such as polychlorinated -

biphenyls (PCBs) and explosives

= 5 AgE7] el f1sEE [47-50]= A=dsh
o7 sfdste= A7 g E I Qv A A=
ole] ekt E 2u= 4971 =l 53] trinitrotoluene
(TNT), polychlorinated biphenyls (PCBs), polycyclic aromatic
hydrocarbons (PAH), “12]1L AF-A| 9} #| ZA4] A 2ol 2]
EsPHo] Ego] Har St} 53] gkl AlRA AF
Al T2 =M AFHEE FAAES ol8shs 497 3l

I HEWRE (Salix sp.)7F EEE7]% 3}

4.5. YA L HEZ O A A &

AN 2954 0] Aol ofe] TR 2] &8
AT [51]. 93 AlelZA 1986 4 §-FEto|ufellA] vt
2J3F Chernobyl gL o] 3 Ao QA% WAMY oA
E42 cesium (*'Cs )#} strontium (*°Sr)S A AsH] 9]
sto] dlulelr]E ©]8-3t sunflower project”} *94d5-E
Phytotech 2JA} F5=atel] A= QI skl = o8] 5%
ol TEH o =4 FolA AYF o R i EAES
cesium= 8], strontium= =7]°) F&el= oz &
HR} [25]. Bt kel el Sehe o R E
30,0008 5= = = wH0] Sl FleRE AHAaL 9l
t}[6]. dlutet7] o] 2]el % giant milky weed (Calotropis
gigantea)’s AHESHA 24 A13F vk ABEeA] S 90%,
PICs 8- 44% A= 2o 7 AdeA Tt [26]. Uranium B4k
A | A= WAMI NF (radionuclides) E°] 2 F-EHH 02
YwZF5=], uranium 0.2 @ AE ERS A (Phragmites
australia)® 2] 2 = AAv} [52]. T A EA R
29 78N #H7]= el water hyacinth (Eichhornia
crassipes)”t 5 Wil Qlidl, 53] “Co 2 VCsAIAE
e Fadt SRAERE F7hE L Qiok [53]. 2hdel] dojdt
FFAE A AR el A sPo] ko fastA
A8 5 IS Zow A7t

5. AAY AES EEIAAEFMI= ME

A ghilel o] ofwl ABES Eol} Eol ogE F
59 IEATIE, Aol AT o8 A2 FF

N A7) BA3} 52 QJr}[9,10,54-58]. £3) Hg, Pb, Cd,
As, Se & TESTES et AW HEAsks @
gk A=l thst A7F BaE Sl o & 54 vlEH o=t
E] mercuric ion reductase +ARS Arabadopsis thaliana®l
LJote] A AR ES eIt [10,55-56).
o] 2]ol %= pentaerythritol tetranitrate reductase A B¢
&S transgenic tobacco plants©] 719t [57], phytochelatin
synthase A =UAIA Pb 3524 Nicotiana glauca-s
W [58], “12]aL Se-2=4 A A=e] 7 [39]°]
HEEE QT B3k s E 0] diAlel S8 e E v
%i= &4 mammalian cytochrome P4502 U&sh= ¥2
(Populus)E 71F3}1q trichloroethylene (TCE) thAllA] 71
e Aas 7% S8ick [59]. 3 o712 49 NO,
£ Ao 7 Agelo] AAseHER Stk A& (NO»-
philic plant)= 7HLgFo A A= s el &5k 7] 2.4
=42] Alo7} A% a1 Itk [12]. H3E Cd-binding protein
(metallothionein)S k= AR A& Wddsho 24
Cd AgAo] T7tee FAATA =S MEE 5 s A
o% gt 3]

6.2

21232 7 2R el At AlEs AAsE & 1
HAERE stolm LAELS =, o9, st 59 717
Foto] AASHs ot 4 ed=Ze] S AEl
] AE5Hof|A] dojuy] whie] 2399 Zlolel e 9EZ
o] FEE Z aefsljof s, AEF ) AE AEE 1
2]aL 21&52] AAF (biomass)s = 2 FESIJof s, wESE
A=) AL =259} pH, Y, T 5ol gJste] AA
QeS| witel A e 283 0 o]l {2
ok sk, URbd o2 =90 T 5 L9=de] st
O A& Addo] AslElet), olest gz dstellA] sl
2HEAE AFAT - Qe A8t TS AYstn
T eGEA WS 2t Aes 558 97t Qi 2
o= e9EHS &, olF, wall Y AlA, 183 A3
Foll TATY Q= WA AR S] FHIT BobH|aL QloA
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FAAG 2=9] sl 7153t H Ao ® AZbE) 53
microarray technology 2} proteomics ¥ 7] 50] FH f-
Axpcanzl o] ghao]] 2= &g Zlow AzheEn) [42].
Tk ope} Hte) e} Ao Agshe v A8E (plant-promoting
bacteria)©] 21 E2] S £} & 5 QlojA] o]e] AH st
ghgo] vl F231r} [28,29]. ¢ 7HA Y dskal A2 A
& A A e 710 £ - 8e) At 8
e A gy A= e g Cco, i
FIE 7P AL Sl o] Stk oS 501 Cd, Pb, Zn 2
2 A% Bk willow (Salix spp.) %} rapeseed (Brassica
napus) s HoIr TS AASL, FAREE AAkE] = vt
o] LuAE vlo] o] Aatel A Egate= A7 218
w31 St} [60,61]. iRk ] A 8F AT 4 T Hlel e
o] A zzell, Z12]al WA 2| vlo] @ | = nlo] .o
e Azl &8 Sl Blolth

A2 1S dA 7] Sl AIRE ko R Bk
A, AelkrE 3 T e, MER 25 5 ol FH
o] SR ATANE WA = < e 4 MEHA kP =
2 we=n k. AP les s Al meEs
Hololal W2 7154S 7HA 1 Ut} Table 494 = & 5=
AUFo] 53] ujmollA o] Foke] Aol FrijEal glow,
2F8F AasiBtE, @A, TS, WHIEL S
st T 7 @S ZRAEV Ay or XSt [62].
A3V Hoks AeAwe), B, fdue v
=9}, a8 T HeAREe] deo] Qs FofEA gko
20 B A8 w8 Eolo] | /157 Adetkal o=
AEAE sk F B 7 Aow 7dEn

ol

o] ¥R A5 H AT WEATAFAD L2
of el Aglo] ofa) AL,
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