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摘要: 来自茂名石化公司的炼油废水含有较高浓度的污染物, 超过广东省规定的排放标准, 未经处理不能

直接排放。4 种草本植物, 香根草、芦苇、宽叶香蒲和蒲草被用来测试建植人工湿地的效果以及所建植的人

工湿地处理炼油废水的效果。在为期 2 个月的处理过程中, 人工湿地在前期对炼油废水的净化效率很高,

它们对第一批高浓度废水中氨氮、COD、BOD 和油的去除率分别是 9717%、7812%、9114% 和 9513% , 对第

一批低浓度污水分别是 9711%、7115%、7317% 和 8918%。但是, 随着时间的推移, 湿地的净化效果会有一

定程度的下降, 然后逐渐趋于稳定。湿地对氨氮、COD、BOD 和油类的去除效率始终表现为氨氮> 油类>

BOD > COD , 但植物对它们的净去除量却是COD > BOD > 氨氮和油类。湿地建植之初, 植物的净化功能很

弱, 但随植物的生长和生物量的增加而逐渐增强。然而, 不同植物种对废水的净化率很接近, 基本上无显著

性差异。被测试的 4 种植物在污水湿地中的生长表现都好过在清水湿地中的, 但香根草、芦苇和宽叶香蒲

在高浓度废水的分蘖数比在低浓度的废水少些, 而蒲草相反, 表明高浓度污水相对于低浓度污水而言已经

对前面 3 个种产生了伤害, 却仍促进蒲草生长。在清水培养阶段, 香根草产生分蘖的速度是 4 个种中最低

的; 进入污水培养阶段, 香根草的分蘖速度升高, 而其他 3 种的却下降, 这意味着香根草对恶劣环境的适宜

性, 特别是经较长时间的适应后, 可能比其他 3 个种更强。
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Ecolog ica l effectiveness of con structed wetlands in trea ting o il

ref ined wa stewa ter
X IA H an2P ing1, KE Hong2H ua2, D EN G Zhao2P ing2, TAN Peng2, L IU Sh i2Zhong1

(1. S ou th
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Abstract: W astew ater p roduced from the o il refinery of the M aom ing Petro2Chem ical Company, Ch ina

Petro2Chem ical Co rpo rat ion con tain s h igh concen trat ions of o rgan ic and ino rgan ic po llu tan ts, therefo re it

canno t be discharged direct ly in to river o r sea un less being treated first. Fou r p lan t species, V etiveria

z iz an ioid es, P h ragm ites austra lis, Typ ha la tif olia, and L ep iron ia articu ta la w ere p lan ted in large

con tainers as constructed vert ical flow w etland to test their efficiencies in the pu rificat ion of o il refined
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w astew ater and their grow th in w etlands soaked w ith o il refined w astew ater. T he resu lts go tten from a 22
month treatm en t indicated that the pu rifying rates of constructed w etlands fo r o il refined w astew ater w ere

all very h igh at the beginn ing, w h ich removed 9717% of ammon ia N , 7812% of COD , 9114% of BOD ,

and 9513% of o il in the first batch of h igh ly2concen trated w astew ater (HCW ) , and 9711% of ammon ia N ,

7115% of COD , 7317% of BOD , and 8918% of o il in the first batch of low 2concen trated w astew ater

(L CW ). Bu t the perfo rm ance of w etlands w as decreased and becam e basically stab le as t im e passed. T he

efficiency of w etlands in removing the po llu tan ts w as alw ays in o rder of ammon ia N > o il > BOD >

COD , bu t the net removal of p lan ts to them w as ranked as COD > BOD > o il and ammon ia N. In the

beginn ing, the pu rifying function of p lan ts w as qu ite w eak, bu t it gradually increased w ith the accelerat ion

of p lan ts grow th. How ever, there w as almo st no sign ifican t difference in the removal efficiencies among

the fou r species. T he fou r tested species p roduced better grow th in w etlandsw ith HCW o r L CW than w ith

clean w ater, bu t V . z iz an ioid es, P. austra lis, T. la tif olia p roduced few er t illers in HCW than tho se in

L CW , w h ile th is w as con trary to L . articu ta la. T h is inferred that HCW m igh t dam age the first th ree

species, and p romo te the grow th of L . articu ta la. D u ring the period of clean w ater cu lt ivat ion, the new

tiller p roducing rate of V . z iz an ioid es w as the low est among the fou r species, bu t it gradually ro se du ring

the period of treatm en t w ater soak, w h ile the t iller2p roducing rates of the o ther th ree species w ere

dist inct ly low ered. It w as therefo re suggested that V . z iz an ioid es m igh t have a stronger adap tat ion to the

harsh environm en t than o ther species tested in the experim en t, especially in the situat ion of long tim e of

adap tat ion to the environm en t. How ever, the above resu lts rem ains to be fu rther verified due to the

lim ited observat ion tim e of on ly tw o mon th s.

Key words: constructed w etland; w astew ater treatm en t; phyto2rem ediat ion; o il2refined w astew ater
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　　W ater is the sou rce of life, and is the basic condit ion of hum an su rvival. T he severe w ater po llu t ion

and insufficien t supp ly are now adays tw o difficu lt p rob lem s abou t the w ater environm en t around the globe.

In Ch ina, the w ater p rob lem is mo re p rom inen t and u rgen t. T here is on ly 2500 m 3 w ater resou rce per

cap ita in Ch ina, less than one2fou rth of the w o rld’s average. In 1999, the to tal w astew ater discharge

amoun t in Ch ina w as 4011 b illion tons, and COD in the w astew ater w as 1319 m illion tons, bu t the

treatm en t rate w as on ly 29165%. A s a resu lt, abou t 80% of w aters, including 45% of ground w ater and

90% of cit ies’ drink ing w ater, have been po llu ted at varying degrees[1, 2 ].

Guangdong is one of the mo st developed p rovinces in Ch ina, bu t its po llu t ion, especially industria l

po llu t ion, is also qu ite severe. Fo r examp le, the M aom ing Petro2Chem ical Company (M PCC ) , Ch ina

Petro2Chem ical Co rpo rat ion in Sou thw est Guangdong, discharged 13112 m illion tons of o il refined

w astew ater and 7148 m illion tons of ethylene2p roduced w astew ater in the year 1999 alone. A lthough the

company has strongly recogn ized the impo rtance of environm en tal p ro tect ion, and invested substan t ia lly in

bu ilding up new purifying p lan ts and in en larging the capacity of o ld p lan ts, w h ich have m ade the p resen t

ab ility of the company to treat w astew ater becom e m uch stronger than befo re. How ever, there w as st ill

on ly 6314% of o il refined w astew ater reached the effluen t standard in 1999, indicat ing that the company

st ill has a m ajo r task w ith special reference to w astew ater pu rificat ion.

W etland is regarded to be very effect ive in the field of environm en tal p ro tect ion, especially fo r

w astew ater treatm en t. Fo r examp le, Kn igh t et a l. , th rough stat ist ic calcu lat ion to a set of mo re than 1300

data, show ed that the m ean purifying rates of constructed w etlands fo r livestock w astew ater w ere 65% fo r

BOD , 53% fo r T SS, 48% fo r N H 42N , 42% fo r TN , and 42% fo r T P [3 ]. D ue to its low expense, low
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energy2consump tion, h igh effect iveness and sustainab ility, w etland treatm en t system s are regarded as a

p rom ising w astew ater2t reat ing techn ique, and are being used by mo re and mo re coun tries and regions,

part icu larly by develop ing nations[4～ 7 ]. Constructed w etlands also have been used to treat petro leum

industry effluen ts, bu t they are st ill concen trated m ain ly on the removal of COD , suspended so lids, and

heavy m etals[8 ]. T here has been very poo r docum en tat ion to date on the pu rificat ion of constructed

w etlands fo r the m ain po llu tan ts of petro leum industry effluen ts, such as o il, pheno l, and benzene.

M any experim en ts and observat ions have confirm ed that vet iver grass (V etiveria z iz an ioid es (L. )

N ash ) has excellen t effects in ero sion con tro l, am elio rat ion of harsh so il condit ions, w astew ater

pu rificat ion, and o ther environm en tal u ses[9～ 11 ]. Fo r examp le, vet iver estab lished in w etland cou ld

effect ively remove ex tra so lids and nu trien ts in aquacu ltu re sludge, and the removal rates to suspended

so lids, to ta l COD , to tal k jeldah lN , to tal P, and disso lved P w ere 96%～ 98% , 72%～ 91% , 86%～ 89% ,

82%～ 90% , and 92%～ 93% , respect ively[12 ]. T h is species can also pu rify over 87% of ammon ia N and

74% of to tal P from landfill leachate[13 ]. P h ragm ites austra lia (Cav. ) T rin. ex Steudel and Typ ha la tif olia

L. , the tw o common species in Sou th Ch ina as w ell as in trop ical and sub trop ical regions of the globe,

have also been strongly p roved to be effect ive w ith regard to their ab ility to remove po llu tan ts[14～ 17 ].

L ep iron ia articu ta la R ich. , a local species of Sou th Ch ina and a po ten tia l po llu tan t2purifying p lan t, grow s

m ain ly on natu ral w etlands nearby m ine tailings o r industria lly po llu ted areas, bu t there has been no any

repo rt on its effect iveness fo r w astew ater pu rificat ion. In general, there are very few docum en ts on the

pu rificat ion of w etland system s using the above fou r species fo r industria l w astew ater, especially o il

refined w astew ater. It is hoped, therefo re, that the p resen t study w ou ld p rovide info rm ation, first ly to

demonstrate the ab ility of the fou r p lan ts in pu rifying w astew ater from o il refinery by using constructed

w etlands, secondly to screen ou t the h igh ly effect ive po llu tan t removing species, and th irdly to offer an

econom ical and effect ive po llu tan t pu rifying m ethod fo r industria l w astew ater, especially fo r o il2refined

w astew ater.

1　M ater ia ls andM ethods

111　Experim en tal m ateria ls

T he experim en t w as set up at the w astew ater treatm en t sta t ion of M PCC, and sim u lated constructed

w etlands w ere used in th is experim en t. T he so il u sed in the w etlands w as dug from a local nu rsery; it is

sandy loam y so il, and its chem ical featu res are listed below (T ab le 1).

Table 1　Chem ical character istics of so il used in con structed wetlands

pH
O rganic m atter

(gökg)
To tal N
(gökg)

To tal P
(gökg)

To tal K
(gökg)

To tal S
(gökg)

A vailab le N
(m gökg)

A vailab le P
(m gökg)

A vailab le K
(m gökg)

4. 57 6. 10 0. 33 0. 14 4. 48 0. 11 30. 0 12. 7 74. 7

　　T he tested w astew ater in the tria l consisted of a h igh ly concen trated w astew ater (HCW ) and a low

concen trated w astew ater (L CW ). T he fo rm er w as the flo tat ion w astew ater, having the h ighest

concen trat ion of po llu tan ts; the lat ter w as the HCW after having been physically and chem ically treated.

O f the tested 4 herbaceous species, V . z iz an ioid es, P. austra lis, and T. la tif olia w ere co llected from the

nu rsery of Sou th Ch ina Inst itu te of Bo tany (SC IB ) , among them the first had been grow ing in the xeric

environm en t, and the lat ter tw o in the hydrophytic one; L . articu ta la w as co llected from a natu ral

w astew ater discharging channel beside the o il2shale w aste dump in M aom ing, w h ich w as very sim ilar to an

art ificia l w etland of w astew ater pu rificat ion.

112　T rial designs and arrangem en ts

Sim u lated art ificia l w etlands w ere constructed in large earthen con tainers, filled w ith w astew ater fo r
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purificat ion. T h ree w ater treatm en ts (HCW , L CW , and clean w ater (CW ) ) and 4 p lan t treatm en ts (V .

z iz an ioid es, P. austra lis, T. la tif olia, and L . articu ta la ) w ere used. In addit ion, 2 group s of con tro l

w ere also included in the tria l, w h ich w ere HCW w etland w ithou t p lan ts and L CW w etland w ithou t

p lan ts. A ll t reatm en ts and con tro ls had th ree rep licates. D uring the tria l period all the con tainers w ere all

grow n in open air under an open fram e w h ich w as covered by a large clo th canopy w hen it ra ined to p reven t

rainw ater from en tering the con tainers.

L arge earthen con tainers, 70 cm h igh and 90 cm in diam eter, w ith an ou tlet drain fo r each one on the

bo ttom w ere custom 2m ade fo r the tria l. Each con tainer w as then filled w ith 8711 kg (DW ) of so il and then

w as p lan ted w ith 18 slip s of one of the above 4 species. D ue to the b ig differences of stem diam eter among

differen t species, T. la tif olia, P. austra lis, V . z iz an ioid es, and L . articu ta la w ere p lan ted w ith 1 tiller,

2, 3, and 5 tillers, respect ively, fo r each slip in o rder to m ake each species have as iden tical as po ssib le

b iom ass w hen p lan ting. P rio r to p lan ting, their top s and roo ts w ere all p runed to 30 cm and 5 cm ,

respect ively. A fter p lan t ing, clean w ater w as loaded in to the po ts un til the w ater level w as 10 cm h igher

than the so il su rface. T he su rvival rates w ere reco rded and dead slip s w ere rep laced 15 days later. D uring

the period of estab lishm en t, clean w ater w as added to the con tainers once every 2～ 4 days to supp lem en t

w ater lo ss by evapo2t ran sp irat ion. A t the end of the 2 mon th s estab lishm en t period, the so ilw as let to dry

up , then the 3 treatm en t w aters w ere loaded, 55 kg fo r each con tainer. Samp les of w astew ater w ere

co llected from the drain s fo r chem ical analysis 8 days after loading. A fter each test w as over, a ll

w astew aters w ere discharged and con tainers w ere let open un til the so il becom e almo st dry, then the

second and th ird batches of w astew ater w ere loaded, and the sam e operat ion as the first batch w as

repeated 8 days after each batch of w astew aters w as loaded. Concretely speak ing, the th ree batches of

w astew aters lasted in constructed w etlands from Ju ly 17th～ 25th , A ugust 6th～ 14th , A ugust 21st～ 29th ,

respect ively. O bviously, the experim en t can be divided in to tw o stages: the stage of clean w ater

cu lt ivat ion, w h ich w as from M ay 4th to Ju ly 16th; and the stage of treatm en t w ater cu lt ivat ion, w h ich w as

from Ju ly 17th to Sep tem ber 9th.

113　O bservat ions and analysis

1. 3. 1　P lan t grow th in w etlands　T he observat ion included the su rvival rate, p lan t heigh t and tiller

num ber. T he lat ter tw o data w ere m ade tw ice, w h ich w ere p rio r to loading treatm en t w ater (Ju ly 16) and

in the end of the experim en t (Sep tem ber 9) , respect ively.

1. 3. 2　A nalyses of w astew ater　T he analyses included pH , ammon ia n itrogen (AN ) , o il, su lfide,

vo lat ile pheno l (V P) , benzene, COD , and BOD. pH w as m easu red w ith a pH m eter. COD values w ere

m easu red th rough m easu ring the consump tion of disso lved oxygen w h ile the w astew aters w ere ox idized

w ith KM nO 4; BOD w as also referred to as the consump tion of disso lved oxygen after the w astew aters

w ere incubated 5 days at 20℃ in an incubato r. Ammonia N w as determ ined w ith direct dist illa t ion; V P

and su lfide w ere m easu red by co lo rim etry; o il w as determ ined by u ltravio let spectropho tom etry, and

benzene by gas ch rom atography[18 ].

2　Results and D iscussion

211　Q uality of w astew aters at loading tim e and purifying efficiency of the physical and chem ical m ethod

T he levels of AN , COD , BOD , o il, V P, and benzene in w astew aters befo re (HCW ) and after

(L CW ) being treated by the physical and chem icalm ethods at the w astew ater treatm en t p lan t are listed in

T ab le 2. It show ed that the concen trat ions of these po llu tan ts, excep t fo r pH and su lfide, in HCW ,

irrespect ive of w h ich batch w astew ater, w ere almo st all h igher than the Second Grade Standard (SGD ) of

W astew ater D ischarge L im its (WDL ) in Guangdong (DB 44ö2622001). A fter HCW w as physically and
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chem ically treated, the con ten ts of these po llu tan ts in L CW sign ifican tly decreased, and almo st all of them

reached SGD w ith the excep tion of AN and o il in the second batch; som e of them , such as BOD , V P, and

benzene w ere even low er than the F irst Grade Standard. T h is indicated that the physical and chem ical

pu rifying efficiencies w ere good, from the low est, round 30% fo r AN to the h ighest, nearly 100% fo r

benzene (T ab le 2). Considering that acidity and su lfide in HCW comp letely m et the discharge standard,

and V P and benzene w ere almo st all removed by the physical and chem icalm ethods in the first and second

analyses, these fou r po llu tan ts w ere no t m easu red any longer in the th ird analysis. In addit ion, it can be

seen from T ab le 2 that the w ater quality of w astew aters is qu ite changeab le and the physical and chem ical

removal rates are also unstab le. Fo r examp le, V P in HCW w as 118 m göL in the first batch and becam e

in to 8148 m göL in the second, increasing by nearly 4 tim es; BOD and o ther po llu tan ts had the sim ilar

changes.

Table 2　Quality of wastewaters at the differen t loading stagesa

W astew ater type pH AN COD BOD O il Sulfide V P Benzene

W ater quality of the first batch of w astew aters at the tim e of loading (17 Ju ly 2002)

HCW 7. 10 22 132 41 36 0. 18 1. 80 8. 972

L CW 7. 22 17 87 8. 2 6. 0 0. 08 0. 07 0. 005

Purifying rateb (% ) - 22. 7 34. 1 80. 0 83. 3 55. 5 96. 1 > 99. 9

W ater quality of the second batch of w astew aters at the tim e of loading (6 A ugust 2002)

HCW 7. 21 29 196 26 47 0. 46 8. 48 9. 30

L CW 7. 02 18 67 6. 7 13 0. 05 0. 05 0. 005

Purifying rate (% ) - 37. 9 65. 8 74. 2 72. 3 89. 1 99. 3 > 99. 9

W ater quality of the th ird batch of w astew aters at the tim e of loading (21 A ugust 2002)

HCW - 50 174 78 61 - - -

L CW - 34 78 9. 2 5. 4 - - -

Purifying rate (% ) - 32. 0 55. 2 88. 2 91. 1 - - -

W astew ater D ischarge L im its in Guangdong P rovince, Ch ina (DB44ö2622001) c

Second grade 6～ 9 15 120 30 8 1. 0 0. 5 2. 5

F irst grade 6～ 9 10 60 20 5 0. 5 0. 3 2. 0

a T he unit of all data is m göL ; 0. 005 is the instrum ent m easuring low est lim it of benzene; b Referred to as purifying rates

of the physical and chem ical m ethod; c Issued by Guangdong P rovincial Bureau of Environm ental P ro tection on 20 A ugust

2001

212　Purifying benefits of constructed w etlands in the first batch of w astew aters

T he quality of the first batch of w astew aters after being treated in w etlands fo r 8 days is show n in

T ab le 3, w h ich indicated that: 1) apart from a sm all rise in pH , all o ther po llu tan ts dropped sharp ly, and

fu rthermo re AN , V P, and benzene all reached the in strum en t m easu ring low est lim its, and parts of BOD

and su lfide also reached their respect ive low est lim its; 2) comparing HCW w ith L CW , the drop of

po llu tan t levels w as h igher in the fo rm er than in the lat ter; and 3) the pu rifying rates of w etlands fo r AN ,

COD , BOD , and o il w ere all in the o rder of AN > o il > BOD > COD , irrespect ive of the type of

w astew aters, L CW o r HCW. T he reasons fo r the h ighest pu rifying rate fo r AN w ere p robab ly due bo th to

its strong vo lat ility and the easy transfo rm ation featu re in to n itra te N o r N 2
[13 ]. Kan taw an ichku l et a l. a lso

found that T KN and N H 32N w ere removed over 90% by constructed w etlands w ith V . z iz an ioid es[9 ]. It is

in terest ing that the removal of AN w as the low est by using the physical and chem ical m ethod (T ab le 2) ,

w hereas it w as the h ighest by w etland system s (T ab le 3). T he removal rates of o il by constructed

w etlands w ere also qu ite h igh, up to 8918% in L CW and 9513% in HCW. T he latest repo rt po in ted ou t

that the removal efficiencies of reed beds to m ineral o il w ere 88%～ 96% [19 ]. In addit ion to these, there
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w as ano ther phenom enon in T ab le 3 that treatm en ts w ith p lan ts had the almo st sam e purifying efficiencies

as tho se w ithou t p lan ts (con tro ls) , w h ich is revealed mo re clearly in T ab le 4.

T he effect iveness of p lan ts fo r po llu tan t pu rificat ion in the p resen t experim en t w as no t so dist inct in

the beginn ing of the experim en t (T ab le 4). T he net pu rified amoun ts com ing from p lan ts w ere very low ,

and som e of them w ere even negative, nam ely the pu rifying effect iveness of the treatm en tsw ith p lan tsw as

even poo rer than con tro ls. T h is w as p robab ly due to the relat ively sm aller b iom ass and the relat ively

poo rer adap tat ion to the w astew ater environm en t at the beginn ing. T ab le 4 also show s that there w ere

almo st no sign ifican t differences among differen t species w ith regard to their pu rifying efficiencies to

po llu tan ts, excep t fo r parts of COD (P > 0105). O verall the pu rifying effect iveness of L . articu ta la w as

sligh tly bet ter compared w ith o ther 3 species.

Table 3　Quality of the f irst batch of wastewaters af ter 8 days treatmen t in wetlands3

T reatm ent pH AN COD BOD O il Sulfide V P Benzene

W ater quality and removal rates of HCW

CK
　

8. 51±0. 16
　

0. 5
(97. 7)

32. 1±4. 4
(75. 8)

4. 1±0. 7
(90. 0)

1. 80±0. 09
(95. 0)

0. 11
(38. 9)

0. 02
　

0. 005
　

V . z iz an ioid es

　
7. 57±0. 05

　
0. 5

(97. 7)
30. 9±5. 9

(76. 5)
4. 4±1. 1

(89. 3)
1. 30±0. 37

(96. 4)
0. 11

(38. 9)
0. 02
　

0. 005
　

T. la tif olia

　
7. 92±0. 09

　
0. 5

(97. 7)
26. 4±6. 6

(80. 3)
3. 8±0. 8

(90. 7)
2. 40±0. 10

(93. 3)
0. 01

(94. 4)
0. 02
　

0. 005
　

P. austra lis

　
7. 86±0. 18

　
0. 5

(97. 7)
31. 7±1. 1

(75. 8)
3. 3±0. 4

(91. 9)
0. 85±0. 07

(97. 6)
0. 03

(83. 3)
0. 02
　

0. 005
　

L . articu ta la

　
7. 82±0. 15

　
0. 5

(97. 7)
23. 5±3. 3

(82. 6)
2. 0

(95. 1)
2. 10±0. 15

(94. 2)
0. 07

(61. 1)
0. 02
　

0. 005
　

M ean purifying rate (% ) 97. 7 78. 2 91. 4 95. 3 63. 3 - -

W ater quality and removal rates of L CW

CK
　

8. 10±0. 05
　

0. 5
(97. 1)

26. 0±5. 4
(70. 1)

2. 8±0. 1
(65. 9)

0. 55±0. 02
(90. 8)

0. 02
(75. 0)

0. 02
　

0. 005
　

V . z iz an ioid es

　
7. 82±0. 22

　
0. 5

(97. 1)
28. 5±2. 7

(66. 7)
2. 0

(75. 6)
0. 93±0. 07

(84. 5)
0. 02

(75. 0)
0. 02
　

0. 005
　

T. la tif olia

　
7. 96±0. 27

　
0. 5

(97. 1)
24. 6±2. 0

(71. 3)
2. 0

(75. 6)
0. 77±0. 10

(87. 2)
0. 01

(87. 5)
0. 02
　

0. 005
　

P. austra lis,
　

7. 59±0. 11
　

0. 5
(97. 1)

27. 7±1. 4
(67. 8)

2. 0
(75. 6)

0. 31±0. 02
(94. 8)

0. 02
(75. 0)

0. 02
　

0. 005
　

L . articu ta la

　
7. 88±0. 11

　
0. 5

(97. 1)
16. 4±4. 2

(81. 6)
2. 0

(75. 6)
0. 51±0. 03

(91. 5)
0. 02

(75. 0)
0. 02
　

0. 005
　

M ean purifying rate (% ) 97. 1 71. 5 73. 7 89. 8 77. 5 - -

3 T he units of all observed data (parts are m eans ± SD ) are the sam e as tho se in T able 2; data in paren theses are

purifying rates (% ) ; m ean purifying rate is the average value of purifying rates in each co lum n; 015, 210, 0101, 0102,

and 01005 are the instrum ent m easuring low est lim its of AN , BOD , su lfide, V P, and benzene, respectively. W hen the

m easured data are sm aller than the instrum ent m easuring low est lim its, they are treated as the instrum ent m easuring

low est lim its

213　Purifying benefits of constructed w etlands in the second batch of w astew ater

T he second batch of w astew atersw as loaded after the first batch w as discharged fo r 11 days, and then

co llected samp les fo r analysis 8 days later ( T ab le 5). T he changes of concen trat ions w ere basically

consisten t w ith the first batch. (1) pH values sligh t ly increased. (2) A ll po llu tan ts decreased at varying

degrees, among them V P and benzene of all t reatm en ts w en t dow n to their respect ive in strum en t 　　

94317 期 夏汉平等: 人工湿地处理炼油废水的生态效益研究 　

© 1995-2005 Tsinghua Tongfang Optical Disc Co., Ltd.   All rights reserved.



Table 4　The net removal of COD , BOD and o il by

plan ts in the f irst batch of wastewaters3

T reatm ent Species COD BOD O il

HCW V . z iz an ioid es 　1. 2 - 0. 3 　0. 50

T. la tif olia 5. 7 0. 3 - 0. 60

P. austra lis 0. 4 0. 8 0. 95

L . articu ta la 8. 6 2. 1 - 0. 30

L CW V . z iz an ioid es - 2. 5 0. 8 - 0. 38

T. la tif olia 1. 4 0. 8 - 0. 22

P. austra lis - 1. 3 0. 8 0. 24

L . articu ta la 9. 6 0. 8 0. 04

3 Concentrations are exp ressed by m göL ; “ - ”

indicates an increase of po llu tan ts after being“purified”

by p lan ts

m easu ring low est lim its, so did parts of AN and

su lfide. T h is fu rther indicates that w etlands p rovided

very h igh removal rates of these po llu tan ts, the

h ighest of w h ich w as benzene in HCW , up to over

99%. ( 3) T he removal rates of w etlands to AN ,

COD , BOD and o il st ill p resen ted in o rder of AN >

o il > BOD > COD. (4) M o st pu rifying rates of th is

batch w ere low er in comparison w ith tho se of the

first batch, bu t tho se in L CW had a h igher reduction

rate, especially COD , w h ich dropped to 3518%.

T h is is perhap s because the pu rifying ab ility of

w etlands decreases w ith age. (5) O verall pu rifying

effect iveness of w etlands to h igh concen trat ion

po llu tan ts ( in HCW ) w as better than to low concen trat ion po llu tan ts ( in L CW ) , excep t fo r AN. (6)

Pu rifying efficiency of p lan ts st ill w as no t very h igh, nam ely the difference of pu rifying rates w as very

sm all betw een treatm en ts w ith p lan ts and w ithou t p lan ts (CK).

Table 5　Quality of the second batch of wastewaters af ter 8 days treatmen t in wetlands3

T reatm ent pH AN COD BOD O il Sulfide V P Benzene

W ater quality and removal rates of HCW

CK
　

8. 65±0. 06
　

2. 9±0. 1
(90. 0)

65. 9±8. 8
(66. 3)

9. 8±0. 7
(62. 3)

3. 53±0. 08
(92. 6)

0. 04
(91. 3)

0. 02
　

0. 005
　

V . z iz an ioid es
　

7. 70±0. 10
　

1. 5±0. 3
(94. 8)

49. 4±6. 6
(75. 0)

6. 7±1. 1
(74. 1)

2. 22±0. 34
(95. 3)

0. 02
(95. 7)

0. 02
　

0. 005
　

T. la tif olia
　

8. 02±0. 25
　

2. 1±0. 4
(92. 8)

58. 6±2. 3
(69. 9)

7. 9±1. 0
(69. 7)

2. 37±0. 31
(94. 9)

0. 04
(91. 3)

0. 02
　

0. 005
　

P. austra lis
　

7. 83±0. 11
　

1. 3±0. 1
(95. 5)

53. 3±5. 0
(73. 0)

5. 7±0. 2
(77. 9)

2. 90±0. 07
(93. 8)

0. 03
(93. 5)

0. 02
　

0. 005
　

L . articu ta la
　

7. 98±0. 34
　

0. 9±0. 1
(96. 9)

50. 1±8. 3
(74. 5)

2. 9±0. 4
(89. 0)

2. 40±0. 15
(94. 9)

0. 04
(91. 3)

0. 02
　

0. 005
　

M ean purifying rate (% ) 94. 0 71. 7 84. 6 94. 3 92. 6 - -

W ater quality and removal rates of L CW

CK
　

8. 12±0. 11
　

1. 3±0. 3
(92. 8)

40. 6±7. 0
(38. 8)

2. 1±0. 1
(68. 7)

2. 44±0. 20
(81. 5)

0. 01
(80. 0)

0. 02
　

0. 005
　

V . z iz an ioid es
　

7. 95±0. 20
　

0. 5
(97. 2)

43. 6±2. 9
(34. 3)

2. 0
(70. 1)

1. 59±0. 4. 3
(87. 7)

0. 01
(80. 0)

0. 02
　

0. 005
　

T. la tif olia
　

8. 14±0. 07
　

0. 5
(97. 2)

49. 5±0. 9
(25. 4)

3. 2±0. 2
(52. 2)

1. 61±0. 33
(87. 7)

0. 01
(80. 0)

0. 02
　

0. 005
　

P. austra lis,
　

7. 78±0. 05
　

1. 3±0. 4
(92. 8)

45. 2±4. 7
(32. 8)

2. 4±0. 1
(64. 2)

1. 68±0. 08
(86. 9)

0. 01
(80. 0)

0. 02
　

0. 005
　

L . articu ta la
　

8. 20±0. 10
　

0. 5
(97. 2)

35. 2±3. 5
(47. 8)

2. 6±0. 4
(61. 2)

1. 85±0. 13
(85. 4)

0. 01
(80. 0)

0. 02
　

0. 005
　

M ean purifying rate (% ) 95. 4 35. 8 63. 3 85. 8 80. 0 - -

3 T he units of all observed data are the sam e as T able 2, and o thers have the sam e m eanings as T able 3

　　T ab le 6 show ed that the net removing amoun ts of treatm en ts w ith p lan ts to AN , COD , BOD and o il

in HCW w ere all po sit ive values, indicat ing that p lan ts began to p roduce pu rifying efficiency to these

po llu tan ts in the second batch of w astew aters. T h is resu lt a lso suggests that w etlands w ith p lan ts w ere

mo re effect ive in treat ing HCW than L CW , because the net removing amoun ts to po llu tan ts in L CW w ere
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low er, clo se to 0 o r even negative. T h is inferred that the pu rifying ab ility of p lan ts w ere st ill unstab le at

th is stage. R egarding the pu rifying effect iveness among differen t species, it w as st ill L . articu ta la, w h ich

perfo rm ed sligh tly bet ter than V . z iz an ioid es, P. A ustra lia, and T. la tif olia. O n the w ho le, the fou r

species had sim ilar pu rifying ab ilit ies to w astew ater.

Table 6　The net removal of AN, COD , BOD and o il

by plan ts in the second batch of wastewaters3

T reatm ent Species AN COD BOD O il

HCW V . z iz an ioid es 1. 4 16. 5 3. 1 1. 31

T. la tif olia 0. 8 7. 3 1. 9 1. 16

P. austra lis 1. 6 12. 6 4. 1 0. 63

L . articu ta la 2. 0 15. 8 6. 9 1. 13

L CW V . z iz an ioid es 0. 8 - 3. 0 0. 1 0. 85

T. la tif olia 0. 8 - 8. 9 - 1. 1 0. 83

P. austra lis 0 - 4. 6 - 0. 3 0. 77

L . articu ta la 0. 8 5. 4 - 0. 5 0. 59

3 T he data are exp ressed w ith m göL. “- ”indicates an

increase of po llu tan ts after being“purified”by p lan ts

214　Purifying benefits of constructed w etlands in

the th ird batch of w astew ater

T he th ird batch of w astew aters w as loaded after

the second batch of w astew ater w as discharged fo r 7

days. T he resu lts of w ater quality and purifying

efficiencies 8 days after staying in w etlands are

p resen ted in T ab le 7. T he pu rifying ab ilit ies of

w etlands to the 4 po llu tan ts w ere st ill ranked as AN

> o il > BOD > COD , fu rther inferring that AN

w as one of the mo st easily b io2removed elem en ts

from w astew ater w h ile COD w as one of the hardest

b io2removed elem en ts. In comparison to the

pu rifying rates of the second batch, tho se of the th ird batch did no t have a clear increase o r decrease,

suggest ing that w etlands began to en ter a rela t ively stab le sta te. In general, the pu rifying rates of the

th ird batch of w astew aters w ere st ill qu ite h igh, over 50% w ith the excep tion of COD in L CW. In

　　　　　 Table 7　Quality of the th ird batch of wastewaters af ter 8 days treatmen t in wetlands3

W astew ater
type

T reatm ent AN COD BOD O il
M ean purifying

rate (% )

HCW
　

CK
　

2. 2±0. 2
(95. 6)

81. 3±4. 0
(53. 3)

8. 7±1. 7
(88. 8)

3. 10±0. 13
(94. 9)

83. 2
　

V . z iz an ioid es

　
1. 1±0. 1

(97. 9)
63. 7±7. 9

(63. 4)
5. 6±0. 3

(92. 8)
2. 85±0. 56

(95. 2)
87. 3
　

T. la tif olia

　
1. 1±0. 3

(97. 8)
51. 0±5. 8

(70. 7)
4. 1±0. 7

(94. 7)
2. 13±0. 07

(96. 6)
89. 9
　

P. austra lis

　
1. 2±0. 4

(97. 7)
53. 7±2. 1

(69. 2)
5. 1±0. 7

(93. 4)
1. 89±0. 89

(96. 9)
89. 3
　

L . articu ta la

　
1. 1±0. 2

(97. 7)
61. 3±5. 0

(64. 8)
5. 2±0. 8

(93. 3)
2. 35±0. 44

(96. 2)
88. 0
　

M ean purifying rate (% ) 97. 3 64. 3 92. 6 96. 0 87. 5

L CW

　

CK

　

0. 7±0. 1

(98. 0)

59. 7±1. 4

(23. 5)

4. 9±0. 3

(46. 4)

2. 03±0. 04

(63. 0)

57. 7

　

V . z iz an ioid es

　

0. 5

(98. 5)

45. 7±3. 6

(41. 4)

2. 3±0. 3

(74. 6)

1. 67±0. 04

(68. 5)

70. 7

　

T. la tif olia

　

0. 5

(98. 5)

40. 0±1. 0

(48. 7)

2. 5±0. 4

(72. 5)

1. 25±0. 77

(77. 0)

74. 2

　

P. austra lis

　

0. 5

(98. 5)

43. 0±8. 8

(44. 9)

2. 3±0. 1

(75. 0)

1. 52±0. 44

(71. 5)

72. 5

　

L . articu ta la

　

0. 5

(98. 5)

47. 7±7. 8

(38. 9)

2. 4±0. 1

(74. 3)

1. 30±0. 09

(75. 3)

71. 8

　

M ean purifying rate (% ) 98. 4 39. 6 68. 6 71. 1 69. 5

3 T he units of all observed data are the sam e as T able 2, and o thers have the sam e m eanings as T able 3
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addit ion, the pu rified effect of HCW by w etlands w as h igher than that of L CW sim ilar to the first tw o

batches of w astew ater.

　　R egarding the net pu rifying ab ility of p lan ts, the fou r species began to p roduce net removing rates to

all po llu tan ts in bo th types of w astew aters (T ab le 8). Fu rthermo re the removed amoun ts of the fou r

elem en ts w ere COD > BOD > o il and AN , w h ich w as comp letely con trary to the o rder of their removal

rates by w etlands (T ab le 3, 5, and 7). Com bined w ith pu rificat ion of p lan ts in the first tw o batches of

w astew ater, it w as found that the pu rifying capacity of p lan ts in w etland system s gradually increased w ith

w etland’s runn ing. T h is w as obviously associated w ith gradual grow th and developm en t of the p lan ts

resu lt ing in a gradual increase of b iom ass, and also they gradually adap ted them selves to the w astew ater

environm en t as they grew in w etlands. It is po sit ive, therefo re, that the pu rifying ab ility of p lan ts in

w etlands becam e stronger and stronger as p lan ts grew up. In addit ion, there st ill w as no clear dist inct ion

of the pu rifying benefits among the 4 species to sam e po llu tan t o r sam e species to differen t po llu tan ts. O n

the w ho le, the effect iveness of T. la tif olia w as best, L . articu ta la w as second, and P. austra lia and V .

z iz an ioid es w ere last. It w as suggested, therefo re, that w etland covered by several p lan t species m igh t be

superio r to that by single species w ith reference to removal efficiency of po llu tan ts.

Table 8　The net removal of AN, COD , BOD and o il

by plan ts in the th ird batch of wastewaters3

W astew ater
type

Species AN COD BOD O il

HCW V . z iz an ioid es 1. 2 17. 6 3. 1 0. 2

T. la tif olia 1. 1 30. 3 4. 6 1. 0

P. austra lis 1. 0 27. 6 3. 6 1. 2

L . articu ta la 1. 1 20. 0 3. 5 0. 8

L CW V . z iz an ioid es 0. 2 14. 0 2. 6 0. 3

T. la tif olia 0. 2 19. 7 2. 4 0. 8

P. austra lis 0. 2 16. 7 2. 6 0. 5

L . articu ta la 0. 2 12. 0 2. 5 0. 7

　3 Concentrations are exp ressed in m göL

215　Survival and grow th of p lan ts in w etlands

O n the 15th day after p lan t ing, the su rvival rates

w ere invest igated, 100% w ere reco rded fo r V .

z iz an ioid es, P. austra lis, and L . articu ta la, bu t on ly

9113% fo r T. la tif olia, indicat ing the last species

w as difficu lt to be transp lan ted. Fo r grow th, the

fou r species all grew better in w etlands w ith tw o

types of w astew ater than in tho se w ith clear w ater in

term s of p lan t heigh t and tiller num ber (T ab le 9).

T h is w as p robab ly due to the p resence of som e

nu trien ts in w astew ater. It w as also found from

T ab le 9 that V . z iz an ioid es, P. austra lis, and T.

la tif olia p roduced less grow th in HCW than in L CW ,

part icu larly their t iller num bers. T h is is perhap s because that HCW con tained h igher levels of phyto2tox ic

m ateria ls to the th ree species than L CW. L . articu ta la w as differen t from them , and it grew better in

HCW than in L CW , inferring that th is species m igh t be mo re to leran t to po llu t ion than the o ther 3

species. Considering the o riginal hab ita ts of the fou r species, V . z iz an ioid es, P. austra lis, and T.

la tif olia w ere taken from the nu rsery of SC IB under a good hab ita t condit ion, w hereas L . articu ta la w as

from a leachate2discharging w etland near the o il shale residue dump w here it estab lished natu rally.

T herefo re L . articu ta la o riginal hab ita t w as clo sest to that of the experim en t, and p robab ly due to th is

reason that L . articu ta la grew better than o ther th ree species. M o reover, the stronger removing efficiency

of L . articu ta la as show n in T ab le 4 and 6 w as p robab ly also due to th is reason. M any p lan ts can assum e

adap tive to lerance, m ean ing that p lan ts generally p roduce o r increase to lerance to one harsh environm en t

after grow ing fo r som e tim e in the special environm en t[16, 20 ]. Fo r examp le, T. la tif olia from m etal2

con tam inated sites accum ulates considerab ly mo re m etals, up to nearly tw ice as m uch Zn and Pb and th ree

t im es as m uch Cd, in roo ts than tho se from the uncon tam inated sites[21 ].
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Table 9　Growth of the four plan ts tested in con structed wetlands

Species
W ater

treatm ent

F irst investigation (Ju ly 16th) Second investigation (Sep. 9 th)

P lan t heigh t
(cm )

N um ber of tillers
(N um. öclump)

P lan t heigh t
(cm )

N um ber of tillers
(N um. öclump)

V . z iz an ioid es CW 102. 9±10. 9 4. 5±1. 4 110. 7±9. 8 5. 4±1. 5

L CW 104. 3±8. 7 4. 7±1. 9 136. 8±8. 5 8. 8±2. 5

HCW 104. 5±7. 0 4. 9±2. 2 136. 9±10. 5 8. 4±3. 1

T. la tif olia CW 84. 7±9. 2 3. 4±1. 5 120. 2±17. 3 4. 3±2. 0

L CW 83. 3±13. 3 3. 3±1. 0 133. 2±19. 2 6. 2±2. 0

HCW 84. 6±11. 6 3. 6±1. 3 125. 8±19. 3 5. 8±2. 5

P. austra lis CW 81. 8±16. 2 4. 2±1. 4 87. 7±17. 9 4. 9±2. 1

L CW 74. 3±12. 7 3. 9±2. 0 106. 3±18. 5 6. 4±3. 0

HCW 82. 1±10. 3 4. 3±1. 3 113. 1±10. 8 6. 3±3. 5

L . articu ta la CW 82. 2±4. 4 15. 9±4. 1 101. 9±9. 0 17. 7±5. 9

L CW 81. 1±7. 0 17. 3±4. 1 126. 7±7. 7 28. 8±7. 6

HCW 86. 1±6. 1 16. 9±3. 4 129. 8±6. 5 33. 3±7. 8

　　T he tillering rate is the rat io of t iller num ber observed in the last t im e to the cu rren t num ber[22 ]. T he

tiller num bers of each slip of V . z iz an ioid es, P. austra lis, T. la tif olia, and L . articu ta la,w ere 3, 2, 1,

and 5, respect ively at the t im e of p lan ting. A nd then com bined w ith T ab le 9, the t illering rates of the fou r

grasses in differen t stages, clean w ater cu lt ivat ion and treatm en t w ater cu lt ivat ion stages, are calcu lated in

T ab le 10. A t the estab lishm en t stage in clean w ater, the t illering rate of V . z iz an ioid es w as the low est,

inferring it w as affected negatively by the change of hab ita t from the xeric to hydrophytic environm en t.

T he slow grow th of V . z iz an ioid es in the beginn ing cou ld be exp lained by the gradual increase in

parenchym a density in bo th roo t and shoo t of vet iver p lan t as it changes from dry land to w etland

condit ions①. T he o ther th ree species w ere all co llected from hydo rphytic hab ita t, as a resu lt they w ere

hardly influenced by the w etlands environm en t. A t the treatm en t w ater phase, the t illering rates of P.

austra lis, T. la tif olia, and L . articu ta la tangib ly decreased, w hereas tho se of V . z iz an ioid es increased.

T h is revealed that V . z iz an ioid es cou ld acclim atize itself to the hydrophytic environm en t after it w as

transferred to the new one. T h is w as p robab ly because that the size and num ber of air cham bers in the

leaves of V . z iz an ioid es gradually becam e larger, and fu rthermo re air cham bers accum ulated ergast ic

substance w hen it w as transp lan ted from dryland to w etland [23 ]. E rgast ic substance is po ssib ly related to

the sto rage of con tam inan ts from the w etland. O nce adap ted, V . z iz an ioid es can p roduce qu ite rap id t iller

fo rm ing rate even it is in w astew ater. It m igh t be inferred, thereby, that the t illering speed of

V . z iz an ioid es w ould becom e faster and faster rela t ive to o ther th ree species as it m atu res although it is

no t a hydrophyte as the o ther th ree species.

Table 10　Tiller ing rates of the four plan ts before and af ter wastewater irr igation

Stage
V . z iz an ioid es P. austra lia T. la tif olia L . articu ta la

CW L CW HCW CW L CW HCW CW L CW HCW CW L CW HCW

C lean w ater stage 1. 50 1. 57 1. 63 2. 10 1. 95 1. 70 3. 40 3. 30 3. 60 3. 18 3. 46 3. 38

T reatm ent w ater stage 1. 20 1. 87 1. 71 1. 17 1. 64 1. 47 1. 26 1. 88 1. 61 1. 11 1. 66 1. 97
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3　Conclusion

It m igh t be concluded from the fo rego ing resu lts:

(1) T he concen trat ions of po llu tan ts in o il refined w astew ater w ere qu ite h igh, especially in HCW ;

they exceeded the second grade of WDL in Guangdong, Ch ina. T he tested indices of L CW that cam e from

HCW after physical and chem ical pu rificat ion, almo st all m et WDL.

( 2 ) In general, the po llu tan ts removal rates of physical and chem ical m ethods fo r o il2refined

w astew ater w ere h igh desp ite the con tinuously changing concen trat ions of the po llu tan ts and the relat ively

unstab le removal efficiencies.

(3) In the beginn ing, the w etlands cou ld remove almo st all po llu tan ts in w astew aters, bu t their

efficiencies becam e slow er and then becam e relat ively stab le w ith t im e. T he pu rifying efficiencies of

w etland w ere in o rder of AN > o il > BOD > COD.

(4) A t the start of the tria l the pu rifying function of p lan ts w as qu ite w eak. A s tim e passed,

how ever, the function of p lan ts gradually increased w ith accelerat ion of p lan t grow th and increase of

b iom ass. Bu t there w ere on ly sm all varia t ions among purifying ab ilit ies of differen t species. T he net

removed amoun ts of p lan ts to po llu tan ts ranked as COD > BOD > o il and AN.

( 5) A ll tested species, V . z iz an ioid es, P. austra lis, T. la tif olia, and L . articu ta la had better

grow th in w etlands w ith any type of w astew aters than in w etlands w ith clean w ater. How ever, the t iller

num bers of the first th ree species in HCW w ere few er than tho se in L CW , excep t fo r L . articu ta la, T h is

resu lt w as perhap s related to the natu ral hab ita t of L . articu ta la, w h ich w as a natu ral effluen t w etland of

o il2shale w aste dump in the locality and very sim ilar to the hab ita t of the experim en t; w hereas the o ther

th ree species w ere co llected from the nu rsery having differen t grow ing condit ions.

(6) D uring the phase of clean w ater cu lt ivat ion, the t iller p roducing rate of V . z iz an ioid es w as low est

among the fou r species. T h is w as also associated p robab ly w ith their o riginal hab ita ts, as V . z iz an ioid es

w as samp led from the xeric environm en t w h ile o ther th ree species w ere from the hydrophytic one. D uring

the phase of treatm en t w ater cu lt ivat ion, V . z iz an ioid es po ssesses stronger t iller2p roducing ab ility than

the o ther th ree species after it has acclim atized itself to the hydrophytic environm en t.
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