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B-EIE A . I BUARE I A 1 T M 3 BB A RCR T [

Z P L B2 5 AT RE A AR Db LA T, DA T4 e v AR BOR P s gl 25 1) AF 58 4 B A 55 4
A TR R K B Cry Zn B R BRACROL T 5 A8 s ABEDI S5 SR Fil o Rz 1l 20 i A 1
A7 AR W A R N T A BRASEALIS K R, R B 3 A H B AT I P, Mn Y & BRACR TR R
FAT, RTAREEREENEZ & E Rk RS BBCR B E A. ET 1, AU R
A+ AV BAERA L PR R AR B CWs, RIS ALY AREE SR . £
ol E <33 JA ) 245 5 K R U AR BEASCR KT B R i L Bk AR, DU CWs b PR A FE G R 5 K 4R 41
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AW 5 AE P B K 2 9 U PR B 2 B = K
PIEEAT, WP, SRR R A B
ERHEBEMNAE N 35em. 5 40 cm 1 PVC R
(B D)o A PN 2 5 EUR AL 5 B A 30 em (S 3 42
76 15 em Bk A7, a9 em 1Y T 4 R W B E K
THHK 6 cm B TR A1 )2 ) AKHR I 78 1Y) 5 45 s W
PHREARTE], 38 4 41 CWs: XTHRZ] (CK) A 100%
BRAT s Wb A AL (F) AR L 30% W A1 +70% ik
A5 Y rAHE SR KB 30% 4 ¥
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Fig. 1 Schematic diagram of the experimental apparatus

WE2ANHEE, K CWs PHEIE 3 MK 30cm, WNAE5em 19 PVC LA, M THEK . BLUHEK |

R IKAE LA b A I 5E

S TR A Rl A RLE R 1~3 em, W A AUES AR WA S RAR RN R WA

KAR A 1~3 cm, W BTACRA T RV BN E YA, KRl 0.8~1em, W H T ARHEA A il
AR 3 A, KSR B R DR S 5 K A B TR A A 3 Y e AR N TG A s K A
PEE K pH y 7.2640.015, WA N (7.8£0.11) mg- L™, /K FERNEE] 1d, 5K E R — bk
P SIS E o VR A B B (Acorus Calamus L)), VA 30 #k-m ™ BIVEEA 25 E 4 BF 0% B ik .

1.2 ALEHmMiET

AWK B ER St K, BB K IR EHE S 4 d, 9EK pH. &4 (DO) 43 7] M 6.62+0.08 FlI
(7.85+0.73) mg-L"' . C/N L[ A 4:1, HitiEf7 161 d,

W NCTBE I 09 52 A 5 4 8 5 7K Hh %6 B T
A, BRHEK 124 L, KERANE 1R,
I AhBE Ltk 7K H A 4 55 22.50 mg KH,PO,, 100

®1 ALEM#EKKR
Table 1 Water quality of CWs inlet water

mg MgSO, 7TH,0. 5828 mg CaCl,. 10 mg 2[4 "7 JUbKE/melh | mor  JREHE(mel
B OImLMETE., BEAMETLE TN COD 183.69+12.73 CuSO, 10.05+0.66
% . 3.50 mg EDTA-Na,, 1.69 mg H,BO,, 1.08 P 5.02£0.17 ZnSO, 15.26+0.66
mg MnCl,-4H,0. 1.32 mg ZnSO, 7H,0. 0.39 mg ™ 47.52:0.64 cdct, 3.1620.14
CuSO,-5H,0, 0.05mg H,Mo00,4H,0, COD, NH,"-N 24.30+1.20 Cr(NO,), 7.5620.11
NH,-N. NO,-N I TP 4 %l i i # . N1, YO N 23.08+0.42 Pb(NO,), 8.23+0.19
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KNO, il KH,PO, #&4it
1.3 HERESNE

RBBITROENRR, B 4dRE VROKEE, SRR EE N T 8:00-10:00, RAEFHIKS A3
B K . T SG98 My 4y i -2 S B0 i AX (B ) JRAV I E DO /K . pH; COD A . NH,-N,
NO,-N. TN, TP A K 4s# Cu, Zn. Pb. Cd. Cr A4l %+ B8 K F1 % 7K A4 R A i 5 vk k473

SEU0 TG 5 45 A DA B 2 e P B AL PR 3 AR K EAH R R AR, o B BBy (GRS ) Al
RS () A3 I T S T R, MRS BB S A 100 B, W E EE TR S . LR
Firp, AF 3 JRC SR A B AR YRR R R

SEERE, PRbRAEE, BOLRE MY, NTElEEERE &8 RS HYIRNES
J& F I ik S IR R AT SRR B NI ) B,
14 HIELE

A W IR 2 X (biological absorbing factors, BAF) M AR #)4& N F-Fph i 4 & A0 & & (mgkg ") H5H W
HiZFhE 4R &R (mgkg ) W HE . YR 225 (biotransfer factors, BTF) S AH 9 i L 3 73 5t i &
SEM T E (mgkg ) SHEYH T iz E SR S8 (mgke ) B9 HE . A SO A Microsoft Excel
2015 AT ECE AL B, i F) SPSS 23.0 #ATSE TR g, fdH origin 2017 HEATAH G KR B2 .
2 ER59Hh
21 FRIEREMNEAEERISKIWERYR

1) H 7K K S5 A8 b Kt R BR B RIUR (35 2)0 A28 B pH B Wi, 7E 44 CWsH, EWR4l i)
pH & T A4, Wi a-AEyndl s Taims, velll a5 48y BCA I m (LT W ARBCS IR
hiny e @2 HE K pH. JBHb CK. Fo S HILFS /K H DO Jif 2 3k Ji 14 & 5% T 7E /K (P<0.05), 4341
g (0.59+0.34). (0.57£0.37). (0.46£0.36) Fil (0.51£0.55) mg-L™', 2 B MK E R A, X ay sk
COD 1 43 %1 2~ (14.83+4.37). (12.58+4.15)¢ (11.15+5.12) Fl (7.60£6.01) mg-L™", 2= [ & 4 51 35 3|
91.93%. 93.15%. 93.93% F1 95.85%(3% 3). FRWIUS NS A7 5 25 W) i< e Wb 25 48 = FE SR DL 1Y R BR o
(P<0.01), HERG WML BRSO AT

Fz2 AIEHHKKER
Table 2  Effluent quality of CWs

Ab3g COD/(mg-L'™") pH DO/(mg-L™")  NO,-N/(mg-L™") NH,'N/(mg-L™")  TN/(mg'L') TP/(mgL™")
CK 14.83+437a  6.69%020c  0.59+0.33a 0.55+0.37¢ 5.91+3.18a 634+2.88a  1.99+133a
F 1258+4.15b  6.65:022d  0.57+0.37a 0.87+1.25¢ 5.14+4.50b 596x421a 1974148
S 11.1545.12¢. - 6.77£0.13b  0.46£0.36a 1.15+1.20a 5.6644.80a 6.60+4.90a  1.92+1.11a
FS 7.6046.01d .~ 6.83+0.14a  0.51+0.55a 0.89+0.75b 3.90+3.30¢ 484+343b  1.78+0.96b
1 RN FUNG FEEFRIR [F]— bR AN [R] CWs i) 1 22 514 (P<0.05)
WETZH R, 44 CWs HRA RIFHIH £3 HAKRIERTEHERE
R RBERCR . TN 192 H 7K & 4 B 4 5k Table 3  Average removal rate of water
(7.55+3.20). (7.58+4.69). (8.46+5.37) Fl (5.95+ quality indices in effluent %
3.70) mg'L™, P BR Ak H] 80% L I, 43 cop  NO;-N NH,-N ™ P
A VAR T S 6 4 0 2 I Ak SR B 4. NHL'-N S CK 9193 97.60 75.22 86.63  60.35
Mk TN E B A, HASME S TN — F 93.15 96.21 78.30 8742 60.57
B, Bi65d PRIk IE R TR, 65~117d S 93.93 94.99 76.15 86.08  61.83

Wgﬁ:}%ﬁﬁ%mgﬂ(qz , )ﬁ/ﬂ;ﬁﬁ%‘fﬁiﬂﬂ’ﬂ ) FS 95.85 96.12 83.58 89.80 64.61
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Fig. 2 - Variations of N and P concentrations in the influent and effluent

%o NEBRFRLE, 44 CWs B2 FItEas, 729 AR5, BHF, SHMFS LBRREERT
X} HE (P<0.05), H.FS @ F FAS, ULHAECA UM BEA &0 @ AN TR NH,-N i 2 BR30% . NO, -
N K BT B & IR T K P LB 0h 97.6% . 96.21% . 95.01% F1 96.15%. Jit A %< #
o TP K BT i vk AR A AR L, P38 R BR R 60% 224 .

2) EaJE LRACR . AN R R B0 A VK TR i A R S BA R AR L RACR (B 3), H
JEIETR LRBURIL T T2 (P<0.01), 4 41 CWs 7K i & ik B AR fh b 35 52 I v BE A AR UM, AT 65 d
WA, JEIa S E TR 4

g s a4 41 CWs 5 4@ 1 25 BRASCR Y0 /2 15 7K 276 HE kR o (GB 8978-1996), 1 )=
WK Cu iy 2 Rl FE T Smeg L. 5 CKAM L, WH FS X Cu MR &K mE, ik 98.72%,
ok B IS i % B A R T X Cu A 25 Bk . (HZETR M R 2 sp AN R 2 e B 2 0] JC i E 22 5% . Zn SR
T JE R I RESN, BET 1mg L. BRIBHE CK 4b, HA 3 4008 bR 2 Kb Zn B 1y
FETEM 3 22 5% (P<0.01), 4L WA HL#c, 1B Hb FS W3 B AIK T Zn /K 5 Wk (P<0.01), HiAy
3YLTC W 25 . Pb K o VR B AR T 5 K 28 A HE A B = AR oE (1 mg LY. B HE FS B2 X
Pb KB G, M P21 FEBRERE&E. CAATHH /KR EEREMT 0.1 mg L™, @M FS 58 H
F R EREMT KT CAdmy s, AMHEZMIREEREZS . 5 CKAHL, B FS MR F
IR E T Cr BERBRER (P<0.01), MM S 52 LR EMEZES, A, B FS LR REmE. Xl
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Fig. 3 Variations of heavy metals concentrations in the influent and effluent

TSPk TS 0 AR ) e R RE S B R CWs i Cr 19 X BR 30, 1 5 b A BRG US N GeE s R VE T, HL LG5
TSN A BB Cr YL BRR
22 ESBREALEBMHMAHST

SHESEAE WK EEH D (K4, HETEFEEM TN (P<0.05). EHXT S FEHE

J& B AR W W W RSy A R Hb - 2.06~3.16. 0.8~1.99, 1.36~1.84. 1.05~1.5; Hi F 9.46~15.85,

4.44~7.67. 4.62~7.63, i, Wil CK &K, AR 3HNT WA 245, UM A 54

R PIRE /N B TN A JE i (P<0.05). SFPE AR MR R <1, WHESEEEHK

N TR N, R R e N . B CK. FAIFS H, B XF Cu i BTF & T Zn, 1iid

x4 BEHEARBUEERERE

Table4 Enrichment of heavy metals in different parts of acorus calamus L.

Ab HBAL Cu/(mg-kg™) Zn/(mg-kg™") Pb/(mg-kg™) Cd/(mg-kg™) Cr/(mg-kg ™)
b | 358.75+15.910 439.25+13.08 111.25+13.79 49.75+6.72 106.00+7.70

y, R 1281.00+216.38 1 673.25+375.83 813.75+269.76 370.50+£70.71 729.00+8.49
L 245.25+37.12 352.75+90.86 65.75+21.57 36.25+6.72 90.75+11.67

2 T 744.75+19.45 1 147.00+41.01 460.00+50.91 348.75+1.06 540.00+22.63
k- 374.50+70.71 465.00+11.31 111.25+3.18 59.75+1.06 127.00+13.31

> R 944.75+270.47 1203.50+142.84 435.50+82.02 276.00+57.89 491.25+19.45
Lk 326.50+14.14 390.00+16.97 106.25+2.48 50.75+1.77 116.25+2.48

s R 1176.25+182.79 1 448.00+258.09 540.75+86.62 387.50+74.95 588.25+12.37

TE: /INE T Rka, bFIRIF % AR 4Rt AR S S T S 3 25 R (P<0.05)
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Hi S Hl S Zn B F Cu. FIFA %5 v Cr. Pb #1 Cd A9 BTF #5x/h. 8 Cr. Pb Al Cd 3= 2 LIAR P
BT R B, LA W M A0 G, Zn T Cu 783 2 A KA T T 00 FT R R R i A 5
FREMEE, XL R, AKE T EHNRES S L R R AN
g -,

I [ L 5 v B 4 T 1 W B R AR TE BB 25 5 (P<0.05), SERAAHLL, Wb . AW LRSS N
P T E AR R, A S A W B R R, X Cu. Zn. Pb. Cd.Cr AW iR 435
BT 114.02% . 61.3%. 36.11%. 100.3% F1 69.2%(FE 5).

x5 TRERBDEZRHRME

Table 5 Heavy metals adsorption in different substrates

A3 Cu/(mg-kg™) Zn/(mg-kg™") Pb/(mgkg!) Cd/(mgkg")  Cr/(mgkg™)
CK 113.38+3.63¢c 176.88+0.88d 53.50+2.75a 24.13+0.38b 46.00+£0.25b
F 167.63+0.88b 252.63+13.88¢ 62.13+0.13a 45.50£1.75a 70.88+5.38a
S 204.38+4.38b 271.88+19.13b 82.13+3.38a 37.13+0.13a 72.35+2.15a
FS 242.65+3.53a 285.13+16.75a 72.81+1:19a 48.33+2.05a 77.813£1.44a

T ARG PR R — i R 2EA 7] 46 BT C WIR] 922 53::(P<0.05)

N E SRS B AEL, SIAN IR pe p RANRGE TP EERE LR SIHEK
MBI, Hb, RN RS (779%~96%), HRRUCETURY) . K A YR N . A4 0k
/N, AR 0.5% (B 4), #F Ul R A TR AR E SR B8, A, @
i FS 4R S LB E S THA A TR (P<0.05), 454 18H FS X & 48 48 15 /K £ 55
S, AT RAAS S I5E A S M ot R o 3R S MR B T 4 v T TS K A A B
3 itig
301 FRIEREE KBRS R AR

CWs BT #2 il pH 24590, AL AE H LA BB AR P AR sh A5 VE G s2 m ™, A S5 A VL
I8 A TR, THFEK R BHES £ 47 s OF P, fifi K pH = T EK . X SARMFIRSE B —5. (HFf%
BB T, K pH 2R B 028 NH, N A9 E L FEBE S U rTS #6272, H i TABRSE R
Xf A E AT A AL B RAE K WAL T —FRACIRAS, SRR R R oK a L2
B 32 AR EE S A= W RO AR VR T, o 35 S5 R o A 5 R ) AR A 0 DA B AR X A B A 25 R AL
J, BRI 5T A W B 25 B B A AL AR AR B0, A e Sk B LR RUR L FLBRR
e, RENE R a2 4 1) B 25 B AL 58 JE B BRI, IRl Wb A 5 A R I S R i P R B AL RS
FIT¥e AL e R, R i Bk

T YRR CWs AR E 2R 4R, BATA0 I il T 250 5 48 9 5 AT & T A g Ak K
R A T AR, P, BT 36 d 9 TN 5 NH, N B H 7K BT vk B 2 IU R D S s 4 B3, Bl 2
B RIAAT, TR R Y X I A R AP e, L A R A A R R A B R i, N R R
SR T, X — 25 R S AR B BF IS A — 8 1847 125 d 5 R FRA RIS (E )5 18 T R, Ik
Jo L 28 3K B WG BEF- A B, CWs BB ) O 20 A 45 S B W B L B A W A A R A W R T, He
JLJ5 1 W R T R A 2 U B R R B SPT ARBESE R, RiT 21 d I HK TP R EE R R, X AT RE
S Kk B 4 T I BRI TG TR B A R B RE 1, DAITTREAIR T CWss X TP (19 5B R, Rt i8 1T
89d i, #AEEXT P AYLERFME FTF LR 80% i 2 i B8 PR, XJEH NI P 1L B%R
Wi 2 BT[] A BT RS I, 3k B WS R B,
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Fig. 4° Distribution of heavy metals in CWs

AfFGEH, WHLF S, FS SR H CK AH Lb W48 & T CWs X AW LBREE ST, X S54RI
ZHIWEE R I A kB CWs 1R I 2 2 R KOK BT A A5 SR A — 3. S uickik A 54
B BT IR IR 7K B el S5 SR T B AR I, W BH T A S K A B AR v B R AR R TR
32 FREERBEENEEBHEBRYR

ARG S PR 4 8 A S BRACR , B (67 d) By, RWIA TS F . X ATRERRIE N, R
W B CWs 22 Bk B4 @ 1 22207 sU, 26 B A7 I W i O 0 O B s (o B i i A, Hoil PRtk S
JEE IS pHAIDOAZ B 5E M, 3 350 H 4 8 B 550 T 7 1m0 B K R, DT i 455 30 Ak B AR R R
X 5 A 5T 45 5 v pH FI DO 28 b — 2,

FL T EE 4 0 W B BB A AR 25 S . ASBIESE il A0 5 AR W e R VS I A 6 EE 4 JE 1 2 R AR
TR T A0, X T REJE OB G IR = T K pH, TR 2R3 S A R BHE T . ke s AR
SR, Ho cdfMmPb iy LR R A, Cu. Zn ZBRREAM, (AWK &4 Zn>Cu>Pb>Cr>Cd (12
CK.'S). Zn>Cu>Cr>Pb>Cd (J2Hb F. FS), XJ&MHN, MW AT W ME, F4JE &k
B i 2 BB U B . A B g SRR RS Y, S A3 B O S o R B SO AR SR AR AL TS UK
i Zn, Cu MR E KT HAITE, M CrfB1E W A R M 2S B IE siiiE, H Cr e &+
Pb Ff1 Cd*7, [AlEF, Cu. Zn7E CWs H EZ LT AL ASAAAE, HAR SR N, 2 Bt 5
K, X 5 MEL %M FENG %P, MOSLEY 450 iR o8 45 1 — 5,
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33 EERECWsHHAT

TSR E SR CWs WA G I A BER i LBk, MERREAERS T, AT UYL
FAEORN . AR, ELEEXTPHRBERELRL, HEREKETBEY>HK-EY . X5
NGUYEN 45PU fil LIANG 5P iy 45 1 — 30, s — Uil TR x5 K E 4 m LR 5 %
HA o

) T B 43 1) b B 43 (4 ) 5 B 2 32 BIAR 22 R A BRI, — Jr TRAE 9 RO AR X 25 73— F
i, AT ENESEERRRONE, HIESKREES)E ST EDEN; 55—
WARMMWANER, HESEAERKIERIUEY L. B TARPR R CWs B TR b, R KW
b FARECIRES, RAMMWEEH I ARESGERE B NIFAATE ., oAb, A B RY RPN o5 i
HH AL E AR A B A D, R R MY EE A E IR, B R R A
B 1 R RS, i EE 4 R A AR B A K T M B A, RN AR W S AR A AR
EEEE, BHRITR . SHEYEMNKRNE TRESHEE, MXEYAERFEEHNE T2
FMR AR LR ZEAFEEPER SR, S S 286 . Zn, CufE MY ALK T2
oL, HBTF A E THAESR, X 5405 BAF LKA YR P98 W Bt AR AT A -

B RGBT 161d )5, AR EhrEMNEYEETaA — K, Bib B34k
W KT Ry, X 52 RAEPY . fFk T SR A R 8, KT EW A RN AL L E S
Ja& 1 23 ] A3 A AE 0, A IS0 A WA R R B A D) T g B BT D A R N T A R KT £ A B
WA
4 %Hip
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Abstract In order to explore the long term treatment effect of combined heavy metal wastewater by the
constructed wetlands with different substrates and the distribution characteristics of heavy metals in constructed
wetlands, four wastewater treatment simulators of vertical submerged constructed wetlands with gravel(CK),
zeolite(F), biochar(S) and zeolite-biochar(FS) substrate were constructed in the greenhouse and ran continuously
for 161 days.-The changes in effluent quality were tested and the concentrations distribution of heavy metals in
each part of the wetland were analyzed. The results showed that the dissolved oxygen contents in the effluent of
all devices were low, and pH values were neutral or weakly alkaline. Four wetlands had good removal
performance on N, P and heavy metals, the average removal rates of organics, TN, NO,-N, NH,"-N and TP were
91.93%~95.85%, 86.08%~89.80%, 94.99%~97.60%, 75.22%~83.58% and 60.35%~64.61%, respectively. And
the removal rates of Cu Zn, Pb, Cd and Cr were all above 90%. The accumulation of heavy metals in the
underground part of acorus calamus L. was higher than that overground part, but the total amounts of heavy
metals accumulated in acorus calamus L. was relatively low, the heavy metals were mainly accumulated in the
substrates(77%~96%). The combined addition of zeolite and biochar increased the purification ability of the
wetlands extremely significantly compared to CK(P<0.01), but the removal rate showed a certain downward
trend at the later stages of the experiment.

Keywords vertical subsurface flow constructed wetland; zeolite; biochar; heavy metals removal


http://dx.doi.org/10.1007/s11356-019-05097-y
http://dx.doi.org/10.1007/s11356-015-4735-9
http://dx.doi.org/10.1007/s11356-015-4735-9
http://dx.doi.org/10.1007/s11356-018-2486-0
http://dx.doi.org/10.12030/j.cjee.20160483
http://dx.doi.org/10.1007/s11356-019-05097-y
http://dx.doi.org/10.1007/s11356-015-4735-9
http://dx.doi.org/10.1007/s11356-015-4735-9
http://dx.doi.org/10.1007/s11356-018-2486-0
http://dx.doi.org/10.12030/j.cjee.20160483
http://dx.doi.org/10.1007/s11356-019-05097-y
http://dx.doi.org/10.1007/s11356-015-4735-9
http://dx.doi.org/10.1007/s11356-015-4735-9
http://dx.doi.org/10.1007/s11356-018-2486-0
http://dx.doi.org/10.12030/j.cjee.20160483

	1 材料与方法
	1.1 实验材料及装置
	1.2 人工湿地的运行
	1.3 样品采集与测定
	1.4 数据处理

	2 结果与分析
	2.1 不同基质配置对复合重金属污水的去除效果
	2.2 重金属在人工湿地中的分布

	3 讨论
	3.1 不同基质配置对水质净化及脱氮除磷的影响
	3.2 不同基质配置对重金属的去除效果
	3.3 重金属在CWs中的分布

	4 结论
	参考文献

