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Abstract

With the rapid development of industries, heavy metals wastewaters are directly or indirectly
discharged into the environment increasingly, especially in developing countries. The removal of
heavy metals from contaminated environment has become an urgent issue. Phytoremediation,
which is defined as the use of plants to remove contaminants from contaminated environment, has
attracted extensive attention. Many aquatic plants have been found to be efficient in removing
contaminants. Nevertheless, excessive growth of aquatic plants is conversely able to cause various
problems such as interfering with releasing unwanted odors, blocking daylight to the organisms
and deoxygenation of water leading to the death of fish and other aquatic life forms. Moreover, the
second pollution caused by the decayed plants is also the negative impact that should be avoided.
Thus, cost-effective disposal and bio-resource utilization are required to build a sustainable
treatment system. Aquatic plants harvested from wetland have large biomass and high organic
content. Those biomasses can be used as raw materials of anaerobic fermentation to produce bio-
gas as bioenergy and achieve the effective disposal of residues as well as avoid the secondary pol-
lution. Basing on the previous studies on the anaerobic fermentation with non-contaminated or
contaminated aquatic biomass as feedstocks, this article reviewed the mechanisms of decontami-
nation and characteristics of aquatic plant biomass. The progress of anaerobic fermentation, using
the metal contaminated aquatic plant or not, was then summarized for the first time. The future
development of the technology was prospected. This review is expected to provide reference for
disposal and reuse of aquatic plants in the future.
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1. 5]

BTG e AR N0 P B EEBRAR, 2 AR ARVERIRZI, TTE K. TR K ALy K
KEFA, HREKERE S, FARKEHE. KESEZRTGH. N TRFER AR E. @5 a6
B, REEIEARIC. TREEEM R, JrRe Rt ERAMWE RIFIMKELES RS, EARKEEERR[RE] 2N
R, R, 8. ST BB KT N —[1]. WS S EBR ] LA 3
80%LA -[2], AT LAE COD &1k 70%~80%, BOD [£K 60%~90% [3]. FE/KMARIKE P BRI, @ HKA
YRGS R ISR, 2 REAK. A, HAE 2B RS MKAEENESER, K
KA AT, VRS BT, EIRTTREREIRIKAE, 51 =5 544].

KA GEEA ST, BIME U], KEFRAR MR R 5], H ARSI ——E &,
RFETFETEEE 1200 WEKAEMY) . WAl A, AR AL B IX SR AR R ARl v . AR OB IR S04 B T
R AL T IR BN BERA, s hek. s ok, E4EEE. HEIEEZE 6], (H2IXLL

ik
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Jrid— oA R ATICEL R E N, YR SRR BRI A . B, AR YT,
T A H AR A s R AR — R BRI AR, Sl SRR A RTIA S “AZBN R B H .

PRAUK BB R 5 B IR AR F B0 O AR (7] [8] 9] #IX REAKAT AR, R R ®E
HVHRE 7 0 MY T & B e, A ROt K YR AV X E . X RENS SCELRLXT RE TR Bk
AR R A LG —, BHABERMRE S HHl, A RKARY KA BETT AT TR
A SCHRERIR T 2R A K AR I FIAE R B SRR 3101, TR SE K A AU K R A3 e R AR /K AR A £ A
YRS s R AT IR B A . RSO R SR AR, JUHSE KA UK AE Y I R 8
AT, AR K AR I BAA A R A 2 S % .

2. KREEDEMREER

KA AACERR, SGEMEHRE o, BRSO S 55y, BlingE R MEGRS, kiE
/KRB HE TR ify, LB RGN R, CIEH TR E K[ 11]. WK Y a3,
T EHSEEKAEY), JKEH L PR PRSI KA R IR T TR e mBESETUKED . m R
IR3% (Eichhornia crassipes (Mart.) Solms)H) B BE 15058, T &Ik 2000 kg/hm?/a, K FE BRI AE
1, — BN T 700 kg/hm*/a [12]. 753 B 3E K Y BRI AE 71494 200~2500 kg/hm?/a, ik
8 (Pistia stratiotes)~ 7 i (Typha latifolia) %% (Sagittaria sagittifolia)~ B /i (Acorus calamus)~ 7K 2 (Scirpus
tabernaemontani) RHIRFESE 6 Fi7K AL A W)H#N B 54T MR AL Yeiml it K HP DS 2P0 5, WU DT ik 2R 43+l ]
A PR BRI 11.7%~54.6%F1 17.6%~64.6% [13]. FLRLERYIAR P (118 97 it ek if 5 & IR
Hi R BR[14].

IKARED RN AN, R0 b U 2 R SCR S AN R], 17T B 5RO 32 1 L AR X ) S8 AIRES
TA= P PSRN R R 4 22 B R AT SR [15] [16] 0 TEK I IS 1) BRBUR EL DK AN K ) #
[17]o AHGEAER R KAEIGRITIR IR L, BRJE, FARGERR N B H(9.7~16.0)Z Ik T IE# 7K
B R A L AE (20~35) [11].

MR KA HIBARKMRS: 1) AKEEYEKEEZR, EYER, Bl 2riidl, BA5
FORFEF LRI RA[ 18], IREKBE P H A IE R 2) AMEAES IR, KA 2 A AR W B
M, A B 2 A ] B BT 3) KB BRI AR B BT R A R E BROK TP R B E TR
Y, ATHERNGOMUIERE . ARDKAEEYIRELLL &8 1 fiac. WNRPATLLEH, KA
WS KER, ANREEE, —BOh S EAARE R 80%A o KER /AR A L EUIC, Bl
MAE & REK B ED A7 B, AR R K AEEY), BHEARMEEY RS, @
AFIFC LA S, W€ B e fl], BiE RIFRBEIEL, (UL SR .

3. IKEEYIRI R R & B BRI

KRS, &H KB AN, AT L T R B TR, E AN KA
PREK I I ST FCIBHE 2, AR SCR MR e e 15 QK A IR ER BN 32 & I 15 B /K AL A
PREK I PN T AT S 46
3.1. REEBBRKEBYRELE

T KA A AR WOERR SRR, AP S8R, &ER2IN7TE0A
M, 03k 2 Fias. 18 37°C4kE N, &FV(Typha orientalis Presl). &5 (Hydrocotyle vulgaris)~ T 111t
(Thalia dealbata). E T (Acorus calamus Linn)~ 3¢ NFE(Canna indica). %57 (Colocasia tonoimo) IR 4 5
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Table 1. C/N ratios of different aquatic plants
= 1. FRKEEYRELSE

Aquatic plants VS (%TS) Total C contents (%TS) Total N contents (%TS) C/N ratio Reference
SRR NR NR NR 125403 (5]
Potamogeton malaianus
=
IRy . NR NR NR 8.5+0.2 [5]
Potamogeton perfoliatus
Gt
+
Ceratophyllum demersum NR NR NR 104+02 [5]
=
™ .6 £0.
Hydprilla verticillata NR NR NR 9.6+04 [5]
IR NR NR NR 10202 5]
Egeria densa
IR NR NR NR 98403 [5]
Myriophyllum aquaticum
),t' - . 83.80 +1.47 43.25+1.56 1.02+0.24 42.40 [18]
Phragmites australis
FAR 4
Water hyacinth 81.26 NR NR 13.70 [19]
T 88.54 NR NR 10.13 [20]
Lemna minor
Bl
. 892403 NR 28403 NR [21]
Acorus calamus Linn
i
9+0. 7+0.
Typha orientalis Presl. 92902 NR 1702 NR [21]
R
Pontederia cordata 84.5+0.3 NR 24+0.1 NR [21]
%}\% 81.8+£0.2 NR 3.0+04 NR [21]
Canna indica
gy
9x0. 9+0.
Colocasia tonoimo Nakai 85.9+0.3 NR 2.9+0.3 NR [21]
A1
Thalia dealbata 91.3+0.1 NR 1.8+0.3 NR [21]
B
2x0. 7+0.
Hydrocotyle vulgaris 85202 NR 37£0:5 NR [21]

NR, not reportedo

(Pontederia cordata) CFHEE/KIEYIF= S35~ 513.23. 539.09. 577, 508.95. 555.05. 629.41. 473.09
mL/gVS™' [21]. TRHER F-2E(Potamogeton malaianus). 41435 (Ceratophyllum demersum): )\ FHt /K HY)
R R FE A R P b AR 275~418 mL/g'VS™ [5]. ZKBART . /KJE FAFL 3 =Fhis K R 77X
15 0 267 221, 155 mL/g'VS™' [22] 3 W BA5[23] ATELI BT oF 5 6 (Cyanophyta) N R IR, 67
BIR BN 20.2°CHI KBRS T, TEEEA) R BRI 719 491 mL/g VS ™. BENRYF G R (Elodea nuttallii)
=S8 333 mL/g-VS™ [24]. RUIRSE LK L5 15 3R A MRS~ S B & 113.43 L M1 153.19 L,
K ELX R e B4 il 54.3% 0 71.2%, AT DL HR A R B P SR W i T/ P MU B [25]
W RUHR S% A1 B2 258 (Talinum  triangulare) 5y 3% 100:0+ 70:30+ 50:50 F1 30:70 f EL 3R & HEAT PR AEUR B2,
48 R I KRS B 22 1R A L RIR S st e & 1 7= RE, RGN 30:70 P REsm, &R
HRZE MR B P SR 7.2 £5[26]. DUEEE . 2600 S35 3 PR KB IRA, WF 70 R AR S I\ &R
HIRE R R B3, &S g B L], ARTHEmr=<[27]. REMARLSEREN, KEHMMAAR
WS, BT IRE KB TATE), BRI E S T — R AR ([28]. Bk, K
AR T AT AR 7K A AR B 5 AL R (1 — 7 2.
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Table 2. Biogas potential of anaerobic biogas production of aquatic plants non-contaminated by metals

=2 RZERISENKEEYRELE~=SEN

Aquatic plants Inoculum Fermentation period (d) Temperature (°C) Biogas yield Reference
B2% Cow dung 70 29.2 46.6 mL/kg per fed day [26]
Talinumtriangulare
PABRE Mature methanogenic sludge ~90 38 267 mL/g-VS™ [22]
Eichhornia crassipes
YNEED . Vel
Cabomba Caroliniana Mature methanogenic sludge 90 38 221 mL/g-VS [22]
Hert Mature methanogenic sludge ~90 38 155 mL/g-VS™ [22]
Salvinia molesta
R Anaerobic sludge
AR from municipal 40 39 415~520 mL/g-VS™ [24]
Elodea nuttallii
sewage treatment
R 3% .
Water hyacinth Sludge 60 21-28 0.21~0.34 L/g-dw [25]
P
Reed (mixed with feces Sludge 41 36+1 33,965~63,870 mL [27]
and kitchen residue)
G Anaerobic sludge treating -
. + -
Ceratophyllum  demersum domestic sewage 14 371 249 mL CHy/g'V8 (29]
PN Anaerobic sludge treating —
Elodea nuttallii domestic sewage 14 371 361 mL CHy/g'VS [29]
7J<Ié’ﬂﬁ Anaerobic s_ludge treating 14 3741 287 mL CHyg VS [29]
Egeria densa domestic sewage
RT3 . Anaerobic sludge treating 14 3741 161 mL CHy/g VS~ [29]
Potamogeton maackianus domestic sewage
EoRARTR ' Anaerobic s_ludge treating 14 3741 278 mL CHy/g VS [29]
Potamogeton malaianus domestic sewage
i : v
Cyanophyta Anaerobic sludge 66 18.5-23.5 491 mL/g-VS [23]
e .
j: .
Arthrospira platensis Sludge 32 38 481 £13.8 mL/g'VS [30]
K .
j: .
Chlamydomonas reinhardtii Sludge 32 38 >87+88 ml/gVs (30]
ERIE Sludge 32 38 335+ 7.8 mL/g-VS™ [30]
Chlorella kessleri
N b
AR Sludge 32 38 485+3 mL/gVS'! [30]
Euglena gracilis
R =
j: .
Dunaliella salina Sludge 32 38 505 +24.8 mL/g-VS [30]
Mg -
j: . .
Scenedesmus obliquus Sludge 32 38 287 +10.1 mL/g-VS [30]
e Anaerobic sludge treatin
i 8 &
o potato-processing 30 33+2 181.81~241.28 mL/g-VS™  [31]
Scenedesmus obliquus
wastewater
[ S Anaerobic sludge treating
i potato-processing 30 33+2 400~421 mL/g-VS™ [31]

Phaeodactylum tricornutum

wastewater

3.2. ZERISRKEEMRELEE

KA RSB BE R EEEERH, Kb S A MNESE SN G R RE . H R
K (Scenedesmus spp. + Chlorella spp.) £ U SEEG R X L6 5 AR IR SR Re 8 7 AL T8 Z VAR, T ANs i
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SRR R32]. IKAEMEYIFHIL L (4zolla pinnata R. Br)FFEH(Lemna minor L.) 0] LAWYt 7K4E 1 #] Fe. Cu.
Cd. Niv Pb. Zn. Mn #l Co, FIRXUEAEMIPRA KB H A, 45REW, Feo Mn XHTLLLAIFRE A BB
ARIALFANEIER], T Cu. Co. Pb Al Zn I HBMEAE[33]. ARIKE Cd. Ni 15 G HI7K YL
CLANVEE R P U CH, 2 TR R AL, (et IR B R T, JF R0 B RS Cd IR
BARTIARAG[33]. & Fe WITEM (Lemnaceae)VE N JFRMRIN B A WEAA Z i, nJ DSR2 5 e A 420 11 ik
2, IMREPUEY SRR, (RREEAR A, [EIRT AR R BRI TA] [34] . BFFURILRIRE , 5 5
(Vallisneria spiralis)F13% fi(Trapa bispinnosa)VE &R TV R K FIREYINT , 15 /K AL 5 PIAEY) S5 %A 15K bk

FRREYIAELL, REREFEAE T 2 H9VEA35] [36],

Zn*'. Ni*'. Co*#1 Cu®*', AU

[37].

T B P SR K # 7 (9~12 RINE RIS E K
FEAERIE(6~9 RNEK) [36]. FRENE R IR, 75 RERBER Hr, In— L84 8 e R i Fe'

PR, B DR U S R
KR RIBER K T Cd (0.8 mg/L)is QB R Sk, FRR 3215 BRI PIAEYI ] 17 e, &

BRI Cd B MUK [38]0 KT RS G HIK AR RSB R B B T A B LA 3

Table 3. Biogas potential of anaerobic biogas production of aquatic plants contaminated by metals

=3 ZERBRKEEYRELBE~SEN

1M H A58 1 RGeAT IR E Tk

Aquatic plants Pollutants Temperature (°C) Fc;r;nrieor:ltezz?n Biogas yields CHj contents Reference
M
Sce”edesfus SPP- Al 50+ 1 30 7.9 f*/LBS VS 61.9% [32]
Chlorella spp.
b PARAN Fe, Cu, Cd, Ni, Pb, 5 o e10
Azolla pinnata R Br Zn. Mn, Co 37 36~42 132~189 L/kg 45%~83% [33]
e Fe, Cu, Cd, Ni, Pb, o oo
Lemna minor L. Zn. Mn, Co 37 36~42 132~176 L/kg 43%~85% [33]
Lemnaceae Fe 3242 50~80 0.281 L/g VS 65%~80% [34]
(mixed with
poultry manure)
Lemnaceae Fe 3242 8.3~16.6 22.76 Lid NR [34]
(mixed with
poultry manure)
Lignin and
AR 3% metal-rich pulp
Eichhornia and paper mill 35+1 21 19.95~23.65 L/kg dw NR [36]
crassipes and highly acidic
distillery effluents
Lignin and
T metal-rich pulp
Vallisneria and paper mill 35+1 21 24.25~29.90 L/kg dw NR [36]
spiralis and highly
acidic distillery effluents
Toxic metal
SRR (Cu and Cr)
Eichhornia rich brass and 35+1 20 11.10~27.80 L/kg dw 29.80%~63.82% [35]
crassipes electroplating
industry effluent
Toxic metal
S5 (Cu and Cr)
Trapa rich brass and 35+1 20 10.45~20.90 L/kg dw 27.00%~57.04% [35]
bispinnosa electroplating
industry effluent
R . 0.09~0.12 N L CH4/g VSa
Seaweed Cd, Cu, Ni, Zn 37 30 NR (44.4%~49.7%) [43]
iz . ,0.16~0.23 N L CH,/g CODa
Seaweed Cd, Cu, Ni, Zn 37+1 8.8~0.5 0.22~3.04 NL CH4/L-d (62.9%~73.7%) [45]
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Continued

kS
Chroococcus sp. 1
IR
Chroococcus sp. 2
P
Reed (P. Australis)
+

Grey water 361 30 487.0 mL/gVS Max. 54.9% [10]

Grey water 36+1 30 401.2 mL/gVS Max. 52.2% [10]

Ni, Fe 3541 26 27.49 mL/gTS Max. 67.9% [40] [41]

Cow dung
P
Reed (P. Australis)
+
Cow dung
A
Pistia stratiotes
+ Cd 33 30 1364.69 + 297 60%~70% [38]
KUK 3

Eichhornia crassipes

Cu, Cr 37+1 33 110.59 mL/gTS Max. 53.68% [42] [43]

NR, not reported.

B A N T M E 5 7K A B2 5 T8 (0 2 ANHE ™, 7 = R il B9 43 A e 3 i P A S 7K R WA R 3R 4
B PRI M B A A [ 391 SR AN IR M ST ER 1) B AT — @ IR FE IR Ni F Fe Jo 3 )79 35 REFTEAT IR SR 2
fESge, 45 RN, IX Le 5 H A B I P S R A A T KB ([40] [41], IF B e 8 & A S = 1/ oK,
M R EAA RIS Fe i, BEEMERE, PR DR 40]. BhAr, —RIRIER
Cu Ml Cr & 7 AT DL B ™ R FT IR AR B SR [42] [43] - 7E B WEI A IR B R, DL T A S iAok,
BINZAERE SRR O Cu™' Cd™ (XS 4. 1.6+ 2.4 mg/l)a] DUEHEF THBE AR, 2% H ke
H[44]. PRI S NREAKEY T EE R MR, HRER BRI REA R — P A

B 7 MR R R ERN & B TR, WA IR S BRI 78 R PR TR AR B . T
In— & & B PI RE AT DLE — @ FE R B B AR PR AT A T AR b 4P E ) B IR B, X IR AL — 1
TRREVERI46]. LAPS 2. S(F R BN R FESE IR, 10%ih A TE NI, 45 REW 10%3 A i a i s
TEMN 44 1% BN T 65.3% [47]. FHAFEE M SEEE . AR R =PRI A —i KB,
SER R =N 1 T K AR RAE 49.1%~T74.1%FTEHI N, thdshldl 31.4% %85, BRESRE
PSR H R ZR[48]. W, W YIMRHAIN, AME AT DUE I = ZE R gk 45, R, AEER(E
BERCE AR, AT DU, IXEEHA R T 5w . dhah, I8 AT DL HAt A 77 40 2 1 el
GG WETER SN, R R IR .

4. GitERE

IKAEAEY) B A RBRITS W) R BRRE ST, IR A BRI RSB o A U BOR A B
JEHKAREY), WA AR REUR, SRR K AR e B A AR BT, DR R e R S HE T A
BRIERIEE, ARTKEEMEERARRHE R AI49] [50]. FN, 58 @3RG KB DI mKA
TR B . FERBIE PR TR EMR L2, TR G55 [ ERH CRAZ AR M AT PR &
[51]. St ARLERRNE, BE NN LU LA T AT

D) KEMDPIGRIRE B A wESE, Fa e n M, Ry oos L
REFALREHRE[51]. REKEAR PRI BZMERNLN, KB LZNeT S8t il
BB . F, 5 EIT KA Y RS K B I 12 o 1 < R R TR 7T

2) ST HAEMI R UK B 45 R 5 ANISAS 0 S 36 N AH TR UE SCA i X0, — 38 AE AL BIE T2 07 2
X7re Zsp)ais KA AN BT IRERBERS, SJmit N KB 22 — MBI i, &8
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S B EIMNFERMME TE SR AR REKEAE RIS EIREAGET 7 R HEE 1
PEFIEEVE, X DL RS JuA ) Ak e FE P s I 4 B sg

3) WIRAKBEBRAE F [FCE SR, 7T DUE i 2 it & il 6 80 HAh R S itie
K[52]. &t KBEIG AEYR AT KGi /), 8T 5 824021 LK RIS E 4 & (53]

4) S5t Zliskn. KEMRAGCHEAEMS S, MIRZKEEY RN 2 a5,
A A A A 5 R K AE R IR B R BRI R & 07, R B EGEARATIE, SR E AR5
FIA] FE[54] [55] [56].

5) Biib/KAREYFHA SR kG, AAEIE . K. A E E[57] [58]. 1ESLFRMNH 21,
NAZTE R 2 O A B A B VR A bR v

e HE

AW 52 B B FOKAR TS Gtz i) 56 FRRH K E 10(20172X07101003) 1 S i Ak AR 45 98 %
T %5 4:(2018MS051) ¥ B .

SE
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