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Summary 

Thc increase in wastewater prouuction that is coinciding with thc incrcasc in thc human anu 

1ivcstock population in rural arcas is causing thc cutrophication ()f eKluatic ccosystcm札 1tis thus 

nccessary to develop 10w cost and cnergy saving wastcwatcr trcatmcnt systcms suitcu to rural arcas. 

It is also dcsirab1e to aud resource rcusc and amcnity functions to thc wastcwatcr trcatmcnt facilitics in 

ordcr to make thcm attractivc and (にccptablc.1n this stuuy， optimum conuitions for a systcm 

consisting of an aerobic soil column and an anacrobic contact column for thc livcstock wastcwatcr 

treatment wcre studieu. For uomestic wastewater anu eutrophic ponu or lakc water trcatmcnt， thc 

p1ant bcd filter system was uevelopcd and optimum conduions including selection of plant spccies 

were stlldied. 

The author attcmpted to modify a combination aerobic -anaerobic soil column system for 

livestock wastewater treatment in ordcr to improve treatment efficiency of this system by using 

scvcral materials rcusable in agriculture as thc column packing media. This systcm consists of two 

columns mountcd in scries: an acrobic soil column whcrc organic matter is dccomposcd， phosphorus 

is sorbcd onto clay minerals of soil in thc column， and ammonium is oxiuizcd to nItratc by nitrifying 

bacteria， and an anaerobic soil column whcre nitratc in thc influcnt is convcrtcd to nitrogcn gas by 

denitrification bacteria. 1n the aerobic column， the addition of 20% crushcd 1imcstonc was effcctivc 

for preventing thc acidification of the co1umn packing mcdium and promoti ng nitrification for a long 

pcriod of timc. 1n the anaerobic column， carbonizcd ricc husks and charcoal chips were morc suitablc 

materials for packing media of the column than volcanic ash so11 in tenns of pcrmeability of the 

inflllent through the medium. The addUion of straw to thc colurnn packing mcdium accelerated 

ucnitrification， bllt this effect decreased as the concentration of added mcthanol in thc influent rose. 

Thc denitrification of 1 g of N03-N required about 3 g of methanol. 

1t is irnportant to add functions of rcsourcc rcusc and ar日enityto wastcwatcr trcatment systems 

by introdllcing crops and f1owcrs. A bench scalc experiment was conducted to comparc thc 

cffectiveness of three kinds of b巴dfilters (zcolite， zcolite+shell fossi1， charcoa1 chips) and five 

2 plant spccies. Pots (O.OSrnL
) fillcd with b巳dfilter matcrials 'N巳f巳prcparcdas experimcntal systcms 

and artificial domcstic wastewatcr was fcd into thcsc systcrnぉ.Thc addi tion ()f highcr plants to thc 



bcd filtcr cnhanccd thc nitrogcn anu phosphorus rcmoval frorn wastcwatcr as plant spccics hau 

consiucrably affccteu thc P and N rcmoval efficicncy. Although thc cffcctivcncおおりfadding plantぉ

to thc systcm on rcmoval of tot(ll organic carbon waぉnotconcliLlsivc， zcolitc and zcolitc十shcllfossi I 

bcu filtcrs wcrc superior to charcoal chips for P and N rcmoval. 

Sincc thc majority of uscful plants arc tcrrcstrial spccics， 1 constructcu a plant bcd filtcr ditch 

in which tcπcstrial anu a4uatic plants can bc utilizcd for nitrogcn anu phosphorus rcmoval from 

wastewatcr. Thc expcrimcnt川 ditch(4.0 m 10時， 0.4 m wiuc， 0.4 m high ) containcd baskets fillcd 

with bcd filtcr matcrial (zcolitc) and wcrc plantcd with highcr plants to match the ability of thc plant 

specics to cndurc saturation. The hcight of the zeolitc packed in baskcts was varicd. The bed filter 

surface was about 0.05-0.1 m higher than thc water level for terrcstrial species and the same as the 

watcr level for a4uatic specics. 

Screening stud1es werc conducted to evaluate and comparc thc cffectiven巴ssof 20 kinds of 

plant spccies which are cconomically important or havc acsthetic value， including 13 terrestrial 

spccics ， for domestic wastcwater trcatment. Artificial wastewatcr containing 20 mgL-1 of N and 

-2 1-1 3.3 mgL-l. of P， was supplicu to the ditch at a rate of about 1.41 -2.08 gm -"'cr 1. for N and 0.20ー

-2r1 0.33 gm -"'d-l. for P. The addition of higher plants to the ditchcs cnhanccd thc rcmoval of 

nitrogen and phosphorus from wastewater. N and P rcmoval rates of the uitches mainly 

depcnded on the N and P absorption rates of thc plants. Thc maximllm valllc of thc N removal ratcs 

of thc papy印 s(Cyperωpαpyrus L.)， kenaf (Hibiscus c仰 nαbinusL.)， sorιhum (ゐrghum

-2.1-1 vulgαre Pcrs.)， and Italian rycgrass (Loli問問dtiflorumLam.) ditches wcrc 1.3-1.7 gm-"'d-1. anu 

-2.1-1 thc maximum valuc of the P rcmoval rates werc 0.24-0.26 gm -'~d- l.. It was found that N and P 

-2.1-1 ___ .J {¥ 1 C .___-2.1-1 rcmoval ratcs could bc maintaincd at 0.8 gm-"'cr1. and 0.15 gm-"'cr¥ respectively cxcept in the 

winter， by cultivating papyrus， kcnaf， sorghum， ltalian rycgrass， and barley and so on in an 

appropriatc combination in thc ditchcs. 

lt was also found that th巳additionof plants to thc ditch promotcd microbial activity. 



itrification procccucu morc actively in thc systcm containing papyrus anu rccds in thc wintcr and 

thc rolc of acration by thcsc eKjUatic plants Welおanalyzcd.N balancc data of thc plant bcd filtcr 

ditchcs suggcsteu that ucnitrification contributcd to N rcmovat in addition to N absorption by thc 

plants. 

Eutrophication of ponds for agricultural usc has bcgun to advcrscly affcct ricc prouuction and 

rcsidcntial cnvironments in J apan. 1 evaluatcd thc ability of scvcral plant叩ccics，which had alrcady 

bcen found effectivc for domcstic wastcwatcr trcatment， to removc nitrogcn and phosphorus from 

pollutcd pond water whosc N and P conc巴ntrationswcrc much lower than thosc of domestic 

wastewatcr. Artificial pond watcr containing 2.5 mg L-1 of N and 0.5 mg L-1 of P was supplied to 

ditchcs. All the plants examined were effective for lowering N and P conccntrations in the artificial 

pond watcr， especially ltalian ryegrass， papyrus， and kcnaf. 

1n ordcr to dctermine thc N and P concentration rangc in which plants can bc efficiently used 

for wastewatcr treatment，l stuuied the influence of N anu P wastewater conccntrations on N and P 

rcmoval rates of ltalian rycgrass， papyrus， kenaf， sorghum， African marigolcJ and peppermint. 

-1 Concentrations at a removal rate of zero were 0.1りmgL-i(papyrus)-0.50 mg L-1(sorghum) for N 

anu O.Ollng L-1(papyrus， Italian ryegrass) ー0.06 mg L-1 (s以ωorghuf汀吋T

N anu P r印emovalrat印cswcrc low and significantl y affectecJ by t廿出heconccntration 仇whcnt出h】eN 

-1 conccntration uid not cxcccd 0.57 mg L-i and thc P concentrati.on diu not cxcced 0.45 mg L- 1
• Thus 

N anu P removal rates at such low conccntrations are considered to be much smalIcr than those 

dctermined from the experiments on thc treatment of artificial domcstic wastewater and pond water. 

At high N and P concentrations， thc rcmoval rates were high and hanJl y affccteu by the concentration. 

Thus the ditch size at the site could be estimatcd roughly bascd on thc N and P removal rates 

dctcrmincd in the prcceding experiments. Thc concentration range from 1.0 to 20 mgL-1 for N and 

from 0.5 to 4 mgL-1 for P was regarded as the ranges in which the removal ratcs of all plant spccics 

cxamined wcrc sufficiently high and unrestricted. 

1 conductcu a morc practical expcriment baseu on th巳 resultsobtaincu from thc expcrimcnts 
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uぉingartificial wastcwater and cvaluatcd thc cffcctivencss of plant bed filtcr ditchcs in the trcatmcnt 

of rcal cutrophic pond watcr containing particulate N and P. Experimental ditchcs wcrc plantcd with 

thc spccics which wcre cffcctivc in removing N and P from artificial wastcwatcr and could bc uscd by 

rural communitics for handicrafts and ornamcntal purposcs. Thc plant-frcc ditch was cffcctive for 

rcmoving particulatc P， but PO 4 -P wωdissol vcd from particlllatc P accumlllatcd in thc bcd filtcr. 

Thc addition of plants to thc ditches rcmovcd P04-P successfully. Plant uptake and filtratum by bcd 

filtcrs played an important rolc in P removal in thc ditches containing plants. Thc plant-free ditch 

rcmovcd particulatc N pcrfectly and N03-N to some extent. The ditch containing plants removed 

N0
3
-N and particulate N qllite well in summer. Thc N balancc indicatcd that N was removcd mainly 

by dcnitrification and plant absorption. This SllggCStS that dcnItrification was promotcd by llsing 

suspcnded solids (SS) accumulatcd in thc bed fllter as a hydrogen donor. The planted ditchcs purified 

cutrophic pono water resulting in a T-N concentration below 0.3 mιL-1 and T-P below 0.02 mgL-1 -

thc minimllm N and P conccntrations rcquired for water bloom formation. The addition of organic 

-21-1 ~ matter to thc ditch was effective for improving N rcmoval cfficiency by 0.1 -0.2 gm --'-d-J. il1 wintcr 

and spring. 

Whcn wc apply thc plant bed filter ditch to an actual sitc， the ditch nccds somc modifications 

or improvcmcnts depending on thc quality of the wastewater. Thc ratios of N to P absorption rates by 

plants observed in this study wcre 3:1 to 20:1. The exccss component， N or P， was not absorbed by 

plants when the ratio of N to P concentration in thc influent was extremely high or low. In such 

cases， the functions of N or P adsorption and promotion of dcnitrification should be givcn to the bcd 

filter to removc the excess component. In thc treatment of wastcwater containing SS， the removal ()f 

SS beforc plant bcd filter treatment or removing SS accumulatcd in thc bcd filtcr pcriodically is 

nccessary to prevent ditch clogging. 

I belicve that the plant bcd filter ditches should be constructcd as flowcr anu crop gardens 

elrollnd thc wastewater trcatmcnt plants in rural areas， farmyards and pondぉ.Based on a rough 

csti mation， thc plant bcd filtcr ditch should covcr an arca of approximatcl y 1000ー1300m2 in order to 

trcat about 70 % of N and P in thc sccondary cfflucnt from thc wastcwatcr trcatment plant for 200 
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pcople. 1 found that thc ditches plantcd with papyrus， marigold， pcppermint， or ltalian ryegrass 

purified cutrophic pond water rcsulting in a T-N concentration below 0.3 mgL-1 and T-P below ().02 

mgL-1 The plant -bcd filter ditches could bc used to Su ppl y clcar water for ornamcntal streams in 

parks， where children could play in thc watcr. 

Thc plant bed filter ditch provides for resource reuse and amenity in addition to wastewatcr 

trcatmcnt. N ow many local governments are interested in and want to introduce our system for 

improving aquatic ecosystems. In such cases， the ditches need some volunteers who will harvest， 

transplant and maintain the plants. Recently， there have been many activities organized by local 

rcsidents to improve aquatic ecosystems close to their homes. Thus it would be desirable for residents 

to actively take care of flowers and crops cultivated on the plant bed filter systcm. Further more， in 

order to popularize the plant bed filter ditches and operate them for a long time， the municipalities 

must help in constructing the ditches and providing the infrastructurc for their managcment. 



ChapLer 1 

Gcneral IntroducLion 

Watcr pollution prυblenl in rllral areas 

Thc cutrophication 01' aquatic ccosystcms has bccome el scrious problcm for fishcrics， 

elgriculturc， watcr supplics elnd rcsidential living environments， etc.， in Japan. Lakes and ponds 

which supply irri住ltionwlltcr have bcen polluted (Fujita et. al. 1り86，Shiιcmatstu and uoku h() 

lりり3).IrrigCl1iol1 Llsinι 日uchpollutcd wa1cr has advcrscly affcctcd rice produc1ion， cClusin呂C(ISY

Im!ging，日traightheads， scrious dccrease of ripe grains， deteriowtion of ricc Cjuality， and incrcasc of 

山~c凶e injury (Morikawa 1り82，Hidaka 1990， Kitahara ct.al. 1りり3)

The increasc ()f We.lstcwatcr production coi nciding with the increasc of population and 

I ivcstock raisinιin rural arcas has lcd 10 the cutrophicatio口()faquatic ccosystcms. Most ()f the 

ni11・ogcnand phosphorus load品。tnιintoLake Kasumigaura， onc of the largesr lakes in Japan， and a 

日Ipplyof irrigation watcr， comcs from domestic and livestock wastcwatcr (Tabuchi and T'aka日.1U ra 

i り ~5 ). llowcvcf， it is uneconomical and cnergy consuming to introduce urban-type sewagc systcms 

into fUfal arcels bCCaLlSC thc pollution sources in rural areaS elre very disperse. Trcating pollutants ncaf 

thc.: pollution SOUfCC is morc importan1 in rUfal areas. Thus it is neccssary to devclop low cost， cncfιy 

日aVlnιwastcwa1cr1fcatmcnt tcchniqucs suited to rural arcas 

Today in Japan， mo叫 offood and feed arc imported frorn othcr countrics. This meυns 1ha1 N 

and P in domestic and livestock welstewater come from other countries， elccumulate in Jυpan， and 

Ci:lllSC clltrophicatio!l of了elljuaticccosystems (Miwa emd IWelmoto 1り88，Wakeltsllki 1りお8).Rcusi!lg 

ell1d rccycling N (lnd P in thc Wtlstcwatcr is desirable to reduce N elnd P accumulation in Japeln 

Gcncfdlly， pcoplc do not want to construct sewagc lrca1mcnt plants nCelr thcjr homes， thouιh 

thcy nccd We:lstcwater tree:ltmenl. It is thus nccessary that the wastcwatcr trcatment plants havc some 

uthc r， attri.lcti vc ru nc t i ons， SlI ch a日addingamcni1y and rcusing rcsourccs 

Problerl1s 0 f 1ivestock wastewaLer treatnlenL 

Livcstock wastcwatcr is rich in nitrogen and phospho[us which inducc thc eutrophic(llion ()f 

Itlkcs ttnd ()thcr i.lquatic ccosystcms. ln ordcr to allcviatc thc dctrimcntctl impelct o!' wastcwatcr 
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dischargc， it is ncccssary to rCI110VC nitrogen and phosphorus as wcll as organic melttcr fro!ll thc 

wa日tcwatcrprior to disposal. Thc elctivatcd sludιc proccss， thou呂hwiιIcl y adoptcd for w(lSlcwatcr 

trcatmcnt， docs not adcquatcly rcmove nitrogen elnd phosphorus from livcstock welstewatcr. In 

mldition， thc cquipmcnt and !lliJintcmmce of such a trじatmcntsystcm arc cxpcnsive. It is difficult， 

thcrcl、orc，for most of the smalllivcstock fanllcrs to introducc this systcm fnr livestock wllstcwater 

trcatmcnt. Thcrc iぉprcsentlyan increasing e:lWareness of the need for developinιncw low cost 

tcじhnologicsfor ~ldv é.l nccd trcatmcnt of livestock wastewater. 

Liveslock waslcwater treallnenl using soil 

50!llc i.lltcntion has bccn directed toward wastewatcr trcatmcnt that uscs soil columns 

(Moritani ct al. 1り82，1983; Morishite:l， T. emd Minami， U. 1983a， 1り83b;Yoshida et al. 1り83;

Yamaguch (lnd rleranisi 1り88;Wakatsuki et al. 198り).

A combin;_ltion acrobic -anacrobic soil column system (Watahiki et al. 1り81;Fukushi and 

Aidll 1り88;1 [ar，lda and Aida 1り8り)bascd on Kelkishima and Aida's modcl (Kakishima and Ajde_l 

lり80)WLI.S rcportcd to be cffcctivc for rcmoving nitrogen， phosphorus elnd organic mattcr froll1 

livestock wastewater. This system consists of two columns nlounted in a series， an aerobic soil 

column and elT1 anacrobic soil column. The wωtcwater from which suspcndcd solids (55) is rcmovcd 

and lcd into thc acrobic column where organic matter is dccomposed， phosphorus is sorbed onto clely 

minerals of the soi 1 in the column， and ammonium is oxidized into nitrutc by nitrifying bacteria. Thc 

clllucnt from thc acrobic cnlumn flows into the anaerobic column (submcrged con山 ion)whcrc 

Ilitratc in thc inilucnt is convertcd to nitrogen gas by dcnitrificdtion bacteria. 

PrυblcnlS 0 r d oln es t i c was tew a ter lreatnlent 

Most of thc domcstic wuslewater， that does not contain urinc and excrement， of rurol 

じommuniticsin J(lpan thill docs not have sewagc systcms， is bcing discharιcd into water wi thou t 

prior treeltmcnt. The increelSC of the production of wastcwater coinciding with thc growth ()f the 

r{)pulation in such elrcas partly contributes to the cutrophication of elqUeltic ccosystems 

n !'ort u ni.llcl y， convcntionCll scwage treatmcnt p了。CCSSCS，such as thcιcncral activatcd sludgc 

elnd trickling liltcr proccsscs， do not sufficiently rcmovc nitrogc:n elnd phospho[us frolTI \va~tc 'vV é:l tc r. 
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Sccondary lrealcd scwage is onc 01' lhe mりorsources ()f culrophication 01' aqucltic ecosystcms. Thus， 

thcrc is an incrcasing nccd for dcvcloping cncrgy-saving LlTIι'1 cost cffcctivc mcthod日ford()mc~tic 

W<lstcwatcr and scじondaryclTlucnt lrcatmcnt suitcd to furi.ll arcas 

Wastewater trcatnlent by llsing plants 

Considcrablc attcntion has becn dircctcd toward using N and P absorption by plants for 

wastewatcr treatmcnt bCCelUSC l)f thc low cosしencrgySaVInιand ease ()f operation. Many stuιlics on 

water hyacinths， which havc hiιh N and P removal efficiency， havc been reported (日lolvertonanu 

McDonald 1り76，Rcddy and Stutton 1り84，Debusk and Reddy 1987 etc.). However， thc water 

hyacinth has somc problcms: whilc thcy grow prolificully in tropical and sub-tropical arcas， their 

growmιperiou is quitc restrictcd in temperate zones ; biomass is not effcclively used; anc.l plants arc 

N川 letimじsw川 1Cc.laway ( srix 1りり3，Za1cova ct. a1.1994) 

Rcccntly， thcrc has bccc.l many rcports on systems of wastewater treatment consisting 01' bcc.l 

tiltcrs plantcc.l with emcrιent plans. Thesc systems have been called plant rock filters (Wolvcrton 

1り幻，1りH3，1り民6)，helophyte-bcc.ls (Bucksteek 1987)， macrophyte beds (Boutin 1り87)，elnc.l 

root zone methoc..! (srix 1987a， 1987b; Cooper and Boon 1986， Cooper and Hobson 1り民り).

Thcyυrc genc口tllyrcfcrrcd to凶 constructec.lwet 1とmds(CW) (Hammer 1り8り， Cωpcrand Hindl山~r

i りり()， Moshiri 1 りり3).These syりst比emsa訂叩山11山山II山111to cω0111凶1bi加nefu叩n川ctio凶 of plωt札山叩iげm山1

living in bcds. Soil， sanu and gravcl are used as becJ filters. Erncrg巴ntplants such e:lS reeds and 

cattails， which grow wild in temperate zones， afC gcnerally plantcd in this systcm. 1n thc constructcd 

wetland systeIlls， lhc Ille1jor mechanism of N removal is microbjal ammonification -nitrification -

dcnilrification and that of P rcmoval is ac.lsorption to the soil and precipitation. Plant N and P uptake 

is an insignificant function therc (Wood 1995， Brix 1994， 1りり7，Reilly et. al. 2000 ). Since the plants 

arc gcncrally not harvested， thc majority of the nut巾 ntsthey takc will bc releasec.l to thc watcrψtln 

whcn the plants dccomposc ( srix 1りりり). lt is therefore importelnt to incluc.le the functIon ()f resource 

reuse jn we.1slewater treatm巴ntsystems， using nitrogen and phosphorus contajned in We.1steWe.1ter as 

rc出)Urces， to promotc thc nutricnt cycle in rural areas (Oz<:ωund Abe， 1りり3)

1 n J i.l P a n， u Ka n Ll m tl t日Llchie.1nd zcolitc bcd filtcr plantcd with Chinesc water spinach ( el 

vcgctablc、ウJυlIle{l(l(juorIca Forskal)， callcd biogcofiltcr， was studicd by 11 (l ~him()to cしal.(1 り ~7) .
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Pli.lnt N and P uptakc playcd an important rolc in this systcm. Thc author belives出atit is possiblc t() 

add runctions ()f rcsourじcrccovcry and rCllse to such systems by sclccting suitable bcd tilter 

matcrials rcusablc in agriculturc and highcr plant spccics useful for human lifc. As pli.1nts urc 

consl~lntly harvcstcd， nitroιcn and phosphorus which arc recovcrcd by plants， arc taken out 

froJl1 thcsc systcms， (111ιI rccyclcd in rllral arcas. Such plants should be uscd for othcr proccss 

cxccpt for food due to thc risk o[ acculTIulation of heavy metals in the plants and contamination by 

bactena etc. 

Fu rtherll1orc，ιiving amenity [unction to the wastewater treatment systcm is desirable in order 

to malくcthe sy叫cmll10re attwctivc and acccptablc by local residcnts. Wastc仇latertreatment systcms 

including flowcrs and ornamental plants can function as flowcr gardcns or omamental plantings. 

Though most crops， flowcrs and omamental plants are terrcstrial species， thcre are fcw 

stud ics on lhc wastcwatcr trcatmcnt cfficiency of te汀estrialplants 

Aim of this research 

A combination acrobic -よmacrobicsoil column systcm bascd On Kakishima and Aida's modcl 

(Kakishima and Aida 1り80)waS rcported to be effective for trcating livestocJく welstcwater.1n ordcr to 

improve thc tTcatmcnt efficicncy of this systenl， the author modified th1S systcm by including sevcral 

matcrI<_ds rcusablc in agriculture. Then they tried to obtain fundamental inh汀mationon thc operationυi 

conditiolls of thc日ystCI1l.Thc study was ca汀leι!out to analyze thc cffcct of calcium carbonatc 

addition to thc packing mcdium of thc acrobjc column on the仕eatmcntcfficiency. Rcccntly， somc 

studics elnd practical cxperimcnts havc been reported using charcoal for welstewatcr treatmcnt 

(Arafunc 1りり1，Yatagai 1りり5).1 ，tlso considered the possibility of using carbonized ricc husks or 
じharcoalas a packinιmedium of thc anaerobic column， elnd deltermincd thc orμnic matter 

rCljuircmcnts for dcnitrification. 

Using crops and flowcrs for wastewater tTeatmcnt hclps to recycle N elnd P in rural elreas and 

tt!日()10 givc amcnity functions to wastcwater treatment systcms. Most crops and flowcrinιplants arc 

lcrrcstrialぉpccics，so 1 dcvclopcι! a plant beι! filtcr ditch whcre Icrrestrial specics could grow. 

じrccningstudics wcre carricd oul to cvaluatc bed filtcr matcriuls and uscful plants for thc rcmoval 

of N ttnd P rromι!OIl1cstic W~IStcWéltC r. Thc bcd filtcr matcrial should be ablc 10 bc rcused in 

り



υgricultufC e.lS soil conditioncrs (l!ld plants should bc economice.llly importe.lnt spccies or havc i.ln 

acsthctiじvaluc.

Gcncre.llly， N i:lnd P conccntratiυns of cutrophic pond watcr arc low， about onc tenth thosc of 

domcstic wastewater. 1 thcreforc also evaluated the ability of useful plants to remove nitrogen and 

phosphorus from wastewatcr with low N and P concentrations such e.lS eutrophic pond water. ln 

order to dctcrnlinc the N and P conccntration re.lnge in which these plants c(ln be cfficiently used for 

wastewater treatment， the influence of N and P wastewater concentrations on N and P removal wtes 

of thc plants was studied. 1 also conducted a more pwctical experiment to evaluate the effectiveness of 

thc plant bed filtcr ditchcs on the treatment of eutrophic pond water in Tsulくuba，Japan. The pond 

前later，unlike eJr1illcial wastcwater usecl in our prev ious cxperinlents， contained paliiculatc N ancl P 

such as algae and soil particlcs. r studied the efficiency of the removal of total N and P including 

particulate N and P by the ditches and the fate of particulate N and P during their passage through the 

ditches. 1 also attempted to formulate a guide for making plant bed f11ter ditches， especially about 

recommendcd plantings ωlant specics and planting season ) and estimating ditch size. 



Chaptcr 2 

Advanccd 1)'catnlCnt of Livestock Wastewatcr Using an Aerobic Soil Collln1n and an 

A n a c r 0 b i c C () n l a c t C 0 III n1 n 

T'hc author conductcd to modify e1 combination e1crobic --anelcrobic soil column system 

(Weltelhiki ct al. 1り日1;Fukushi e1nd Aida 1り88;Haruua anιI Aida 1り日り)[or livcstock wastcwatcr 

trcatmcnt in ordcr to improvc trcatment cfficiency of this systcm by usinιseveral matcrials rcusable in 

agriculturc as column packing medium_ This systcm consists of two columns mounted in serics， eITI 

eJC川)icsoil仁川umnand e1nu 

has bccn rcmovcc.!， is lcd into the aerobic column whcre organic matter is decomposed， phosphorus 

is sorbcd onto cl(ly mincwls of 50il in the column， and ammonium is oxidizccJ to nitratc by nitrifying 

be.lctcria. Thc cffluent fro11l thc acrobic column flows i口tothe anaerobic column (submergcu 

condition) whcrc nitrate in thc influcnt is convcrtcd to nitrogen gas by dcnitrifing bactcria. 

T'hc prcscnl sludy was carricd out to analyzc the elTcct of calcium celrbonate e1udition to thc 

pelckif1g mcuium ()[ thc (Jcrobic column on the trcatmcnt cfficicncy. 1 also considered thc possibility ()f 

using carbonizcd rice husks or charcoal chips aS packing mcdium of the anacrobic column， e1nd 

dctcmlincd thc orιanic mattcr rcquirements for denItrification. 

2・1Effc ct 0 f ca lciu n1 carbona te ad dition to the packi ng n1ediu n1 0 n the treatmenl 

eli'icien cy 0 f Aerobic col un1 n. 

Materials and Methods 

Thc acrobic column， with an effcctivc zonc volumc o[ t1.4 liters (Fig. 2-1)， wωpacked wilh 

volcunic e1sh soil (Humic Andosol叫 Kannondai，Tsukuba， Japan) for phosphofUS sorption anc. 

zcol itc (じlinoptilolilcat lwami， Japan， CEC 150 meq/100ι3-5 mm) for intcnsifying ammonium 

~I c.l s()rpti()n. fn ordcr to cxaminc thc effcct of calcium carbonate addition on wastewatef廿eatmcnt

(cspccially ilJ1ll11onium oxidulion)， four types of columns wcrc prcparcd elccordin呂tothc ralc e:Ind thc 

Pil11iclc sizc of c;_dciul11 carbonalc: column 1， ()% (w/w) Ci:lC03; column 2， 1.5(fo (w/w) Ce:lCO] 

cnlul11n 3，20% (w/w) CaC03; column 4，2% (w/w) cfushcd limc stonc (り.5-]mm)・

1 1 
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Tab[C 2-1. Comro日ition01' synthctic wastcwdtcr (ιL-1) 

NH-+CI ().g 

Gluco日C 0.42 

Pcptonc 0.05 

Bccf cxtract 0.05 

Urci:l ().()5 

NaCI 0.015 

Na211PO 4 0.275 

MgS047H20 0.005 

FcCI3 oI 120 0.004 

KCI 0.004 

CaC12FJ20 0.004 



rnlblc 2-1 shows thc composuion of thc synthctic wastcwatcr which containcd 20りmgL-1

Nl1
4
-N， 250mιL -1 rl二N，OりIIIιL-1 PO 4 -P， (Ind 200 mιL-1 TOC (total orζanic carbon). Thc 

wilstcwatcr Wi.lS infiltratcd intcrmittcntly by upward f10w to thc i.1crobic column and f1o¥vcd out j、rom

thc bottom () r thc COlll m n. 

ム -3.1-1Thc Welstcwatcr fcd W ~IS 0.5 L/day (NH4-N & organic N loading ratc， 18.1 gm--¥r1
) for thc 

-3 .-1 first 63 lhtyS e1nd 1 L/day (Nl14-N&organic N lomling ratc， 36.2ιm-Jlri
) thcrcaftcr. Thc rctcntion 

tinlc of WLlstcweltcr was 6 to 3 days. 

AII thc column cxperimcnts wcrc pcrformed at 25
0

C. 

Efflllcnts wcrcじollcじtcdpcrlodically and thc conccntre.ltions ofNH4-N， N03-N， and P0
4
-P 

wcrc mCelsurcd by using eI Tcchnicon Auto Analyzcr 2， while the conccntration of TOC w出 口lcasurcd

by using a Bcckmi.ln TOC Ane.llyzer Modcl 102. 

Aftcr thc complction ()f thc cxpcrimcnts， soils packcd in ce.lch column wcrc divicJecJ into thrcc 

laycrs and thc numbcr of ammonium-oxidizing bactcria in the soil samplcs was countcd accord川呂 to

thc m州 p

Rcsults and Disじussion

T'hc cfficicncy ()f thc elI11monium trcatmcnt dcpendccJ on thc conccntration ancJ thc pelrticlc sizc 

()f cellcium carboneltc addcd to thc col umn packing mcdi um. ChelTIgcs in thc N 03 -N concentration ()f 

thc cfflucnt incJicatcd that ammoniuI11 oxicJation (nitrification) WdS elcccleratcd in order of 0% < 1.5% 

< 20% CaC03=20% crushed limc stonc acJcJition at the encJ of thc experiment (Fiι2-2). Ammonium 

W~IS not dctcctcd in thc c1了f1ucntfrom the 200/0 crushcd limcstone column. lIowcvcr， thc NH4-N 

じonccntrationof thc巳fflucntfrom thc () ancJ 1.5 % CaC03 increelscd marlくedlyafter 80-85 days. Thc 

114 -N conccntreltion of thc efflucnt from the 20% rcagcnt CaC03 column was high， 20-30 mgL-1 

tlrtcr 45 da)'s. Somc crelcks wcrc found in the 20% CelC03 coluI11l1 packing mcdium. Thc rcωon why 

;Immonium ll()wcd out from thc 2り0/0CaC03 column is considcrcd t]1elt somc pelrt ()f thc wastcwatcr 

14 



p~l山じd throu呂hCrelじksin thc ptlck i n品lllcdiUI1l

Thc distribution ()f lhc umI1loI1ium-oxidizing bactcria， pll valucs， dnd inorg(lniじnilrD呂心n

COf1ccntralion in thc column is shown in fig. 2-3. 80th the pH and the I1umbcr of {ImI1loniuI1l-

OXJι!izinιbdctcria i ncrcascd with thc risc in thc calciul11 carbonatc C011CC11t1川 ionin thc column pllcking 

mcdium (ドiι2-3).On thc c(川 lrary，thc rcsidual NH4-N decrcased with the risc in the conccntratin!1 

()f addcd calciuI1l c川)onutc(Fiι2-3). Thcsc 問山sindicatcd that thc mJditionぱLllarge elI1l0U川川

calcium celrho11atc prcvcntcd thc acidificatio日， i ncreased th巴numberof nitrifying belcterie:l， anu 

，lccclcralcd nitrification in thc aCfobiじsoilcolumn. The influcntυmmonium WelS efficicntly convcrtcd 

t() nitratc in thc 2υ% crushcd limcstonc column. On thc other hand， elS thc nilrification did not 

procccdcd adcqulltcly in lhc 0 and 1.5% CelC03 colun1ns， thc unconvcrtcd elmmonium absorption 

Silcs of lhc column packing medium were saturatcd. 

-1 The PO 4 -P concentrations were less than O.OO mgL-l. in the cffl uents from the thrce col umns 

cxccpt for that contai ning 200/0 CaC03 (Fig.2-2)， indicating that the PO 4 -P rcmoval efficicncy was 

一 -3.1-1!l10rc l!laI1りりり0/0(P04-P rcmovell ratc， 8.6 gm-..Jd-.l) in thc 091; CaC0
3 
column， 1.5% C，IC0

3 

col um n， and 2り0/0crushcd limcstonc column throu巳houtthe expcrimcntetl pcriod. Thc lcal仕lιco[ 

P04-P [rom lhc 2()0/0 CaC03 column mely be e.Ittributcd to thc producc of many smelll cracks in the 

clllul11n pelckinιlllcdiul1l which wcrc causec! hy thc addition ()f el large el11l0unt ()f CυC0
3 

-1 T'11c conccntrcttion ofT'OC ()[ thc cffluent dccrcelsed below 10 mgL-.l wuhin 1 weck. Thc 

-3.1-1 rCll1ov(_d cfficicncy for TOC remaincd at more than 94.5 % (TOC removeil rate， 27.3ιm-Jcr.l) in 

cvcry col u m n throLJιhout thc expcrimcntell pcriod (data not shown) 

ondllsiυns 

Thc tlddilion of 2り(1'0crushcd limcstonc was cffCClivc for prcvcnting thc acicJificeltion of 

じ()lumnpllcking Jllじdiumand pro!11oling nilrification for ，1 long pcri()d of timc. Ammoniul11， 

ph(川phorus，e1nd TOC in thc wastcwLitcr wcrc successfully trcatcd by thc e1crobic column packcd with 

()()% volcanic elSh s() i 1， 200/0 zcolitc， and 200/0 crushcd li mcstonc. 
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2・2'1、hepossibility υr llsing carbonized rice husks 011' char仁υalchips as pelcking 

mcdium of' the anacrobicじolu n1 n， a n d d e t e r n1 i n a t iυnυf the organiじ n1Lltter 

rcquirements fυr denitrificatiυn. 

Matcrials and Mcthods 

Thc elJ1i.1Crobiじcolumnhau an effcctivc zonc volumc of 12 liters (Fiι2-4). Four kinds of 

!l1iltcricds werc lcstcd to cvaluatc thcir suitabilil y as unaerobic col umn pack ing medium: col umn 1， 

cmhonizcd ricc husks; column 2， carbonizecJ rice husks 111ixcd with 20% (w/w) straw (10% riω 

straw， 1 U%、山

Jilpi.ln); column 4， chilrcoal chip日(2-5111m

Ee叫

from thc livcstock wastcwatcr trcatmcnt plant at Nationallnstitule ()f Animal lndustry Llnu incubalcd 

ror 1 vvcck al 25
0

C 

111blc 2-2 shows thc cOIllposilion of thc synlhclic influcnt which was assumed to oriιinatcd 

-1 from the acrobic column. lt containcd 183 mgL-.L N03-N. Thc influcnt WelS percolatcd intcrmiltcntly 

by up¥vdrd flow to the anacrobic column and flowcd out from thc top of thc column. Four liters of lhc 

influcnl Wi:lS infillreltcd cvcry day 10 cach column. Thc rctcntion timc Wi.lS 1.8-2.6 days. Nitro邑cn

-3 rl lOelding fellc was 64 gm-Jd 

Mcth(Jnol W(_IS uscd ~IS (1 hydrogen donor rcquircd for dcnitriCication. The mclhelnol 

cO!1ccntration 01' lhc influcnt to thc anelcrobic column WelS varicd slcpwisc from () 10 550 m呂L-1cvcry 

2 wccks approximatcly to dctcrrninc the optimum condilioDS. Aftcr 142 days， mcthuDol was rcpluccd 

with fUIllelric elcid， which was rcported to be (l very cf[icicnt additivc aS hydrogen donor for 

dcnitriliClltion in SCWelιc lrcalmcnts (Sato ct ell. 1り89a，b， Sato elJ1d Matsumoto， 1りり0).

Thc fumelric acid conccntratIon of the influent was 350 mιL-1 

Tl1i日CXpCrl!llじntWelS pcr[ormcdυt 25C. 

Ernucnts wcrc collcctcd pcriodicelll y and thc conccntrati ()I1S ()f N H 4 -N， N 03 -N， 1コ04-P，and 

TOC wcrc I11CllSLl rcd. 

1 
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'l1lblじ2-2.Comptlriso!l ()f synthctic inllucnt (gL-1) 

KN03 1.38 

Mcthd!lol 0-0.055 

Pcptonc 0.05 

Bccf cxtract 0.05 

NaCI ().015 

MgS047H20 0.005 

FcCI3 o1I20 0.004 

CaCI 21 '20 0.004 



Rcsults and Discllssion 

1'hc dcCrcLlSじ()fthc NO，-N conccntration or thc cffluent su~υe~ts the_lt thc NO，-N rC!1lo¥'..t! 3-ι bb 

crficicnlly incrce_lscd in proportion to the risc of thc conccntration of elddcd methanol (FiιS. 2-5、2-6

Llnd '111blc 2-3). The N03-N cOl1ccntration of the cfrtucnt from thc column packcd withじarbonizcd

ricc husks and stmw We.lS lowcr th~tn that from thc othcr thr・cccolumns which uid not contain str..1W 

throughout thc cxpcrimcnt~tl pcriod(Fiが・ 2-5， 2-6 elnu Tablc 2-3). This obscrvation su邸 estc.:uthe.lt 

straw was utilizcd as hydrogcn donor for dcnitri[ication. Thc effect of straw audition on N03-N 

rCnloval dccrcascd with the rise in thc mcthanol concentration， elnd the initial lcve! was recoverec.l 

gra山allyafter m印1ct11じ川川川e_l川川lげ川n川 刈dilionwυωs dis似Cαωon川川n川1tinLωu(Fig. 2-5 a札a.r汀nd

l山hi.川i川1dC!1川1i t川rif.化CI凶sulωiliμ乙i山nι mη1 じctha川i口nolprcdoり)m!凶ne.川II比edovcr tけ山h(り)scutilizing straw only wilh thc incrcasc of lhc 

I1lcthano! concentfeltion. 

lt was found th(ll cxccssivc methanol ac.ldition to thc influcnt rcsulted in lhc incrcase of thc 

TOCじO!1ccntmtio!lof thc c1l1ucnt (Telblc 2-3). 

r n ordcr to cktcrminc thc LllTIOunt nf methanol rcqu ircu for complctc denitrificationフ the

rclatioIl 日hip bctwccn thc mcthanol conccntration of the influent and N03-N concentration of tけ山hc

cCf口]ω n川lwa凶scx刈制(仕ωωa剖lml

Cωolunl川1IlCαωon川1l山山la社山山l日山i打II1Jn邑2引却(り)0/0S引tr印iμi川w(Fi氾gι.2乙-6の)， it was found that the dcnitrificatioIl o[ 19 N03-N requircc.! 

2.B-3.1ι IllctlwIlOI. Thcorctically， howcver il requircd 1.り1g rncthanol assuming that all thc 

mcthaIlol was uscd f'()r dcnitJification (Ajcja and Nomolo 1り88).Thc feltio of thc cxperimental valuじ

(2.8-3. L) lo thc thcorclical value (1.91) We.lS 1.5-1.6. Thc rcquiremcnt of the fumaric acid for 

dcnit川 cationw出 C山山tcdsimilmly. The ratio ぱ thecxperimcIlwl valuc (5り)which was calculatcd 

froIll thc rcgrcssioIl curvcs in cα(υ)山!L川川u山l日川IJll川TηlIlS1 は訂川n恥nd4 (σfi氾呂 2-6) tω() tけ山hc1山hc(り)印削附ti比Cel川tlv山川とυ川山山tl山1L川uc(3.45) f()r f“u山j汀ma札U叩lげ川「什j
iυlci川dWi:lS 1.7. It W(lS cOIlc!uded thυt thc ulilization cfficicncy of mcthanol for dcnitrification WelS 

ttlmost lhc samc as that of fumaric elcid. 

Sincc 67 d(lys (lftcr thc Sl(IJi of thc cxpcriment， thc infiltralum ()f 4 L (dayf 1 of welstcwatcr to 

thc columIl j)llckcd with volcanic ash soil bccamc impossiblc duc to clogginιthc cxpcrimcIlt iIl th日

じn!Ull1IlWi.1S di日cnntiIlucd.
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ConclusIons 

1n lhc elnucrobic column， carbonizcd ricc husks and charcoal chips wcrc morc suitLlblc 

malcrials elS packing mcdium of lhc column lheJn yolcanic elsh soil in temlS 01' pcmlcability 01' thc 

influcnt lhrough thc mcdium. Thc addition of straw to thc column packinιmcdium i.にcclcfe.ltcd

dcnitrificalion， whcrci:ls thc cfTcct of straw i.1dditiof1 dccrcelscd with thc risc in thc concentwlion ()f 

addcd mctJ1elno[ in thc int1ucnt. 

T'hcιIcnit rificatiof1 of 1ι()f N03-N rcquired about 3 g of mcthanol. Thc ratio ()f thc 

cxpcrimcntal yaluc (2.8-3.1) to thc thcorelical Yalue (1り1)wω 1.5-l.6. Thc utilization cfficicncy ()f 

fumaric elcid for dcnitri fication WelS l. 7， almost the saillC as that of methanol. 
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111blc 2-3. Rclatinl1shir bctwccl1 addcc.! mcthan()l concentrations and NO] -N， N H -+ -N， e.tnd TOC 

conccntration日(mgL-1) in thc cfflu 

Fumaric e.lcid COIl1 poncn ts i 
Pe.lck i ng Mcthanol (mιL-1 ) 

(mgL-1) in thc 
』 mcdium 

crtいcnt ‘ 、 550 o 10() 2UO 350 420 () 3.5() 

1 Celrbonizcd 
() 145 11り 75 32 り 15り り3

ricc husks 

2 Carlコonizcd
N03-N rice husks十 o 104 72 52 22 2 132 77 

(mgL-1) 
straw 

: 3 Soil () 135 116 74 

i 4 Charcoal o 150 122 81 37 l2 168 1()() 
chips 

: 1 Ce.lrbonizcd 
7.5 6.4 6.9 4 2.6 2.7 6 3.1 

: ricc husks 

2 Ce.lrbol1izcc.! 
N114-N ricc husks十 11り 7.5 り.6 5.り 2.3 2.り 5.7 4.6 

(mgL-]) 
討traw

3 Soil 6.2 1l.3 7.2 5 

i 4 Charcoell 
6.8 5.9 4.4 2.6 1.9 2.9 6.4 3.1 

chips 

:1 Cartコonizcd
47 o 6 14 24 24 () o 

: rice husks 

2 Carbonizcd 

TOC ricc husks + 147 13 19 17 24 27 8 G 

(mgL-1) 
str(i¥ヘf

i 3 Soil 1り () o 10 

i 4 Charcoell 
24 o 。 11 1り 18 o o 

chips 
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concentration of added methanol or fumaric acid.ホi¥verageN03-N concentration 

during quasi-steady state for each concentration of rnethanol and fumaric acid. The 

values of N03-N concentrations in lhe absence of represent lhose during lhe 

periods of 25-40 and 110-140 days in each column except for c01umn 3 in which 

川 awere available on1y in the initial period (Fig. 2-5) 



hapter 3 

Use of lIigher Plants and sed Filler Materials for DonnestIc Wastewater lrealment 

1t is cJcsirablc to (lι!ι1 rcsource rcusc ancJ amcnity functions to thc welstewatcr trcatmcnt systcm in 

order to make the systcm attnlctivc elnd acceptable. Scrccning studics to evaluatc iJnd compare thc 

cffcctivcncss of three becJ filter materials reusable in agriculture and five useful plant species for 

domcstic wastcwatcr treatn1ent were described in this chapter. The bed filter materials consisted ()f 

zcolitc which exhibits a high NH4 -N adsorption efficiency， zeolite mixed with shell fossil to 

incrcasc pH and accclerate nitrification， and charcoal chips which exhibits a porous structurc 

suitable for micro-organisms habitat. They can be reused in agriculture as soil conditionors ctc. 

Plant species uscd in summer-autumn season consistcd of rice (Oryzαsativa L. cv. Takanari)， 

Chinesc WiJter spinach (Jpomea aquαticαForskai)， and zinnia (Zinniαefegalls L.) ancJ in the 

winter-spring scason ()f watercress (Nasturtiu ojjicilLale R. Br.) and stock (MαtthiollαillcallCl R. 

Br.) • Zinniel elnd stock wcre teπcstrial specied. Rice in useful as fced， Chinese watcr spinach 

and watcrcrcss are vegetables， and zinnia and stock are flowering plants. 

Materials and Methods 

(1) Wastewater trcatment appa川 us.

2 The cxpcrimcntal apparatus consistcd of O.05mL. pots， with of an effectivc zone volume of 

7.5L， that werc packcd with filter materials planted with hiιher plants(fig.l). Eleven 

combinations of bcd filtcr materials and plants shown in Tuble 1 were testcd to evaluate their 

cf1'icicncy 1'or wastcwatcr treatment The suitability as bed filter was compared among zeolite， a 1:1 

mixture ()f zeolitc and shcll fossil(v/v)， and charcoal chips. 

In the s乱印川u山lげ川mr

t礼川叩lr川ndz訂ml1川1)，札Iwcrc plじいt札l旧nt比cdon cach bコcd filter， on June 17， June 20 ，and July 14 1 り89， 

rcspcctivcly(Tablc 1). Chincsc WeJtcr spinach and zinnia wcre partly harvcstcd evcry 10 CJ elnd a1l 

thcir abovc-ground parts wcrc helrvested on Decell1ber 17. Rice was harvcstecJ on October 17. 

ln wintcr-sprinιscason (January to MelY)， scedlings of watcrcrcss wcre planted on Dccembr 
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2B on thc bcd whcrc Chincse weltcr spinach hau becn harvestcd elnd seculings ()f stock werc plantcd 

on 1 anuary 6 1りり()on the bcd whcre zinnia hud becn harvcsted. Watcrcrcss anu stock were harvestcd 

on May 17. 

(2) Opcrational conuitions 

Tablc 3・2shows thc composition ()f the artificial wastewater which simulated domestic 

wastewalcr(J unc 1り89to March 1りり0)and fully oxidized domestic wastewater(April to May， 

1990). The concentration of domestic wastewater was cited from 1namori and Sudo(1983) 

The wastewutcr was poured on to thc surfuce of the bcd filter， for vertical filtralinιand flew 

oul from the boltom 01' lhe pot. The water level was controlled by the height of the effluent tube 

depending on the plant species， i.e.rice ，十1cm;Chinese water spinach， -2cm; zinnia， -5cm; 

watcrcress， -2cn1; stock， -5cm. 

Depending on thc difference of cvapotranspiration rate ， 3 L of the wastewatcr was loaded per pot 

cvcry 2 d in summcr-autumn season anu 2 L of the wastewater at 1.5 timc concentralion wωloaued 

per pot evcry 2 d in wintcr-spring season. The loading rates of N， P， and total organic carbon 

-2.1-1 (TOC) were 0.47， 0.13， and 1.26 gm -L.，d-¥ respectively. 1n April and May when N was loaded as 

-2_r1 .__.1 rTY，¥0 1.-._.1:_ _ _.._ ....._ (¥ _.__-2.1-1 nitrute， P loading rate was 0.09 gm -~(r ¥ and TOC loading rate was 0 gn1ιl 

Thcse experiments were performed in a greenhouse. The windows were opened exccpt 

January to March. 

(3) Anal ysis 

Thc volume of effluents werc measured whenever wastewater was loaded. 

Wastcwater flowing in anu out was collected periodically and the water quality was analyzeu. 

Concentration of Total N (下N)was measured using a Yanalω 下NAnalyzer， and the TOC content 

was detem1ined using a Simadzu Total Organic Carbon Analyzer TOC 500. Total P (下P)was 

measured by ascorbic acid method (AP比生， AWWA and WPCF 1989) after persulfate 

digestion. 

Thc contents ()f N and P in the abovc-ground parts ()f plunts e:lnu the bcu filter matcrials wcrc 

mcasurcd by usinιTcchnicon Auto Analyzer 2 after digesting by salicylate acid-thiosulfate， a 

modification ()f thc Kjel山 hlmethod (Bremner and Mulvaner 1り氾).
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Tabtc 3-1 Ptants and bed fitters. 

Plant Retention time (cJ) Water lcvetιi 
No scd littcr me.ltcrial 

(cm) Jun.-Dec. Jan.-May Jun.-Dec. Jan.-May 

Zcolite Ptant-free Ptant-free 2.7 4.1 -5 

2 Zcolite Rice 3.3 十1

3 Zeotite 
Chinese water 

Watercress 2.9 4.4 -2 
spinach 

4 Zeolite Zinnia Stock 2.7 4.1 -5 

5 Zcolite+shell fossilsb Plant-free Plant-free 2.7 4.1 -5 

G Zeolitc十shellfossils Rice 3.3 十1

7 Zeolite十shellfossils 
Chinese water 

Watercress 2.9 4.4 -2 
spinach 

日 Zeotite十shetlfossils Zinnia Stock 2.7 4.1 -5 

り Charcoal chipsc Plant -free Plant-free 2.7 4.1 -5 

10 Charcoal chips 
Chinese water 

Watercress 2.9 4.4 -2 
spinach 

11 Charcoal chips Zinnia Stock 2.7 4.1 -5 

a Zeolite mainly composed of moldenite， producecl in Iwarni， Japan. 
b Zcolite mixed with the same volume of shell fossils produced in Toyama， Japan. 
c Particle sizc: 2-5mm. 

d Water lcvel from top of the bed filtcr. 
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Tllblc 3-2 Concentration of components in artificial wastewater anu loadiI"lg__fate. 

Conccntratjon (mgL -1) 
周囲圃・・・ー

Componcnt 

T-N 

NH4-N 

N03-N 

Org-N 

T-P 

P04-P 

Org・P

T、OC

J un.ーDcc.

15.6 

2.8 

2.4 

10.4 

4.2 

3.0 

1.2 

42.0 

-2.r1 iυILωo山ω)沢川胤川eI以刈仙i氏川凶山uω山lir打I時 m凶t比c(Aprト M り): 0，(ρo りι m-L.d 
-2 )-1 b Loadjng ratc (Apr.-May): 0 gm -L.d 

Jan.-May 

23.4 

4.2 

3.6 

15.6 

6.3 

4.5 

1.3 

63.0 

Apr.-May 

23.4 

o 
23.4 

o 
4.5 

4.5 

。
。

μ)eldin呂mtc
-2.rl (gm-L.d-1

) 

0.47 

O.13a 

1.26b 



lミc!l10Vlllcfficicncy ()f cach pollutant WiJS expressed e1S the ratio 01' thc amount of the pollutllnt 

rC!llovcd by ce.lch sy日tcmto lhc amount of the pollutant in thc cfflucnt. 

lミcsuls

(1)γ-P rcmovLll cfJicicncy 

All10nι thc plant -frcc systcms， thc zcolitc elnd thc zcolitc十shcll[ossil filtcr wcrc morc cfricicnt 

for下Prcmoval than thc charcoal chips filter (Figs. 3-2 and 3-3). 

Whcn plants werc addcd to the system， the T-P removal efficiency increaseu markedly and the 

difrcrencc among thc kinds of bed filter material waS less apprcciable in the summer-autumn (Jun.-

Dcc.) scason (Fig. 3-2). 

PlantcιI spccics heJd a considcrable influcncs on the r仁Premoval efficiency. The systcms including 

ricc or Chinesc watcr spinach (hereafter referrcd to as rice十 orChinese wυter spinach十systems)

rC!llovcd morc than 88 orり3%of P in the inflow during the experimental periou anu were morc 

cllicicnt than thcげはcmincluding zinnia (hereafter referred toωzinnia+systcms) which rcmovcu 

70-76% ()f P in thc inflow. The T-P remove.ll efficiency of thc Chinese watcr spinach十systems

rcmained at more than 890/0 until November， while that of the zinnia十systemdecreased from 

October onward (Fiι3-2). 

In thc wintcr -spring season， the addition of plants to the systcm became effcctive about two 

!1lonths after transplanting. ln January and February when plants wcre in celrly growth stage， thc T-

P rcmoved cfficicncy ()f thc systcms including plants was lowcr or slightly hiιher than that of thc 

ple.川t-frecsystcms except for zeolite+shell fossil filter planted with watercrcss. From March 

onward， the removal cfficiency of thc systems including plants containing incrcased markedly with 

thc plant grcw (fiι. 3-3). Thc T-P rcmoval efficiency of thc plant-frce zcolitc systcm and thc planト

-2rl frce zeolitc十shellfossil systcm rose markedly after the T-P loading ratc dccreased to 0.0りιm-L.d 

出 theT-P rcmoval ratc did not decrease in both systems (Fig. 3-3) 

T'hc zcoliLc+shcll fossil (lnc! the charcoal chips filtcr systems containing waLercress (hereafter 

rcrcrrcd to出 watcrcrcss十systcms)showed the higher下Premoval cfficicncy th川 thesystems 

including stock (hcrcaftcr rcfcπcιI to e.lS stock+systcms). Thc zcolitc十日hcllfossil filtcr plantcd with 
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可-

watcrcrcss showcd thc highcst T-P rcmoval efficicncy， n10rc than 80% throughout thc ¥¥'intcr-spring 

scason (Fig. 3-3) 

Phosphorus balancc datc.1 showed 36-48% of loadcd P was iJbsortヲedby thc abovcちround parls 

of Chincse watcr spinach anι.1 watercress， and 24-270/0 by zinnia (111ι.1 stock(Fig. 3-6). The T-P 

rcmoval cfficiency was considcrably influenced by the phosphorus absorption efficiency of thc 

plants 

(2)T-N removal efficiency 

Among the plant-free systems，下Nremoval efficiency of the zeolite filter and the zeolite+shell 

fossil filter was superior to that of the charcoal chips filter. After N was laded as nitrate (without 

organic compound)， the下Nremoval efficiency of the zeolite filter decreased compareu to that 0ぱ)ばf 

lけhezcω()川)刈lite十shc比凶cllf(ω)ss引ilfiltcr a出叩i口川n吋1

ln t出hesummcrト-aυωutωumnsca凶son，t出he1下工Nr児emova川11cffi口iciencyof the sげys以temsincl川u以ωII川di山ngplants 

bccamc highcr than that ()f the plant-free systems regardless of the type of bcd filters， althouιh thc 

differcncc com ing thc日ystemwas not as significant as that for T-P(Fig. 3-4). 

Plant spccics affccted thc T-N rcmoval efficiency. In the sumn1er-elutumn season， the Chincse 

water spinach+systems and the rice十systemsremoved more than 84% and 8り%of T-N in thc inflow 

during the experimental period， respectively. The zinnia十systemswere more efficient than the 

plant -free systems， which rcmoved 74-83% of T-N in inflow， but less efficient than the systems 

including thc othcr two species. 

[n the winter-spring scωon， the T-N removal efficiency of the watercress +systcms was 

supcrior to that of the stock十systemsand the plant-free systems rcgardlcss of any bed filters. On 

lhc other hand， the removal cfficiency of the stock十systemswas as the same elS or lower than lhat of 

lhc plant-frce system from January to March. From April onward， when nitro呂enwas loadcdω 

nitratc， thc rcmoval crficicncy (}f the planトfreesystem decreelsed markedl y in zcolite elncJ zcolite + 

shcll fossil filtcrs， and bccame lower than that of the stock+systen1(Fig. 3-5). Thc addinιof stock to 

thc systems was not effective for the N removal from wastewatcr with largc amounts of organic 

nitrogen but effcctivc for thc N from nitrate-rich wastewater. 

According to thc nitrogcn balancc data， 34司 390/0()f thc N in thc inllow was absorbcd by thc 

abovc-ground PtlrtS of Chincsc wυtcr spinach ，lI1d watercress， ancJ 28-35% by zinnia ancJ SlOCK 
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Thirty-one to 45% of N in thc innow was considcrcd to be removcd byιlenitrirication in thc 

日y川cmsincluding plants， whilc thc amount of rcmaininιnitro巳enin thc bcd filtcr was lowcr thelI1 

21 % in lhcsc syslcms(Fig. 3-7). These data suggestcd thut N removal mainly dcpcnded on thc 

plant absorption capacuy and dcnitrification process. 

(3 )TOC rcmoval cfficiency 

In summer-autumn scuson， thc plant-free systems rcmoved o9-74% of TOC in the inflow. Thc 

adding of Chinese water spinach， rice and zinnia to the systems， sliιhtly improved TOC removal 

cfficiency (Table 3-3). 

1n thc winter白 springscason， the plant-free systems showed higher TOC removal efficiency 

th，1O the systemぉincludingplants. Thc TOC removal efficiency ()f the watcrcres+systems was lower 

than that of the stoclく十systcms(Telble3-4) 

DisCllSSIυn 

(1 )Effect of bed filter materials of the wastewater treatment efficiency. 

The results from the planトfrcesystems indicated that the zeolite filter and zeolite十shellfossi 1 

Jiltcrs were more cffective than the charcoal chips filter for P rernoval. 

Nitrogen rcmoval efficiency of the plant-free zeolitc and zeolite十shcllfossil filters was hiιhcr 

than that of charcoal chips filter when wastewater contained N mainly as organic compounds， 

bccause N H4 -N in the wastewater and NH4-N derived from organic N in th巴wastcwaterwere 

adsorbcd by zcolitc. 

On the othcr hand， sincc the zcolite filter was not effective for thc removal of N from the 

wastcwater containinιN as nitrate， the TOC concentration of the effluent from the zeolite filter was 

lower than that from the zeolite十shellfossil filter emd charco川 chipsfilter(Table 3-4). These rcsults 

indicated that thc amount of orμnic compounc]s (co山 1111時 microorganisms)accumulated during 

thc cxpcriments in the zeolite filter wcre smaller than zeolit巴+shellfossil filter and charcoal chips 

lillcr. It was rcportcd that the amount of organic compounds utilizccl as hydrogen donors for 

dcnitrificalion dctcrmincd thc N03-N removal efficiency in the anaerobic soil column and the 

anacrobic c(川 lactcol umn systcms (Aida 1り8り;Chapter 2). Thcsc obscrvalios suggeslcd thal 

dcnit ri lical ion Wi.1S Ilol apprcciabl y elccclcratcιI in zeolitc fillcr by the Iack of hydrogcn donors whcn 



司陶 "

thc conccntralion l)f thc orιanic compounus (hyuro呂cndonors) in thc wastcwater WeJS low. 

1n thc systcms incluuing plcmts cxccpt for watercrcss， zeolite， and zeolite十日hellfossils wcrc morc 

crtl:ctivc e.lS bcd tiltcrs than the charcoal chips filter f()r P relllOV(11. Thc mcchanism undcrlying thc 

highcr P removal efficiency of the zeolitc十 shellfossil filter in the watercress+systems than that ()f 

zcolitc and charcoal chips filter is bcing analyzed. Zeolitc and zeolite+shell fossils werc also effectivc 

elS bcd filtcr ()f plant-bcd filter system for the removal of N from domestic wastewatcr (orμnic N 

rich). 1n stock+systcms， thc N removal efficiency of the zeolite filter was lower than zeolite+shell 

i山日iltiltcr anu charcoal chips filtcr whcn nitrate-rich ( containinιthe few organic conpounds) 

w，lstcwatcr was loaded， because the nitrate absorption rate of stock was not sufficient to inducc thc 

dccrcase of thc N removi:ll efficiency of the zeolite filter. 

(2)Effcct of planting of thc wastcwater treatment cfficiency. 

Whcn plants werc audcd to the system， the P and N removal efficiency was enhanced. Thc 

ctTcct ()f plal1t audition on P rcmovell WelS more apprcciable theln that on N removal. Based on thc N 

blllancc data， it was obsorbcd that the percentage of removal by bed filters， denitrification and other 

proccss was dccrcascd by thc addition of plants to the systems. These findings indicated that plant 

absorption competed with microbial activities such as nitrification and denitrification， and thc plants 

absorbeιI nitrogcn adsorbcd 011 the bed filters. 

Whcn root residues of previously grown plants were present (in thc winter-spring season)， the 

zeolite and zeolite十shellfossil filtcr systems including plants sometimes showed a lower P and N 

rcmoval cfficiel1cy than the plant-free systems during the first 2 months ()f plant growth. This 

phcnomcnon may be ascribed to the fact that the P and N absorption rate of the plants was lower than 

thc rate of supply of P and N from the root residues of previoL1s1y grown plants when the plants werc 

in carly growth stagc. 

Thc effectiveness of lh巴addionof plants to the system on TOC removal was not conclusive. A 

ncgative effect was obserbed in the w川ercress+systemisin the winter-sprin呂season.It was 

considcrcu that organic carbon was supplied from the root residues of the plants grown in the 

;ummer-autumn season. According to Our observation， the root residues of Chinese water 

spinach (plantcd bcforc watcrcress) wcre more abundant thelD thosc of zinnia (planted before stock) 

Thc plantcd spccies affcctcd thc P anιI N rcmoval efficiency. Ricc emd Chincsc weltcr spinelch 

34 



wcrc morc crrcctivc the:ln zinnia， and watercre日SWelS morc cffective than stりck.Ricc. Chincse WiJlCr 

spinach， e:lnd watcrcrcss arc wctland plants， while zinnia elnd stock mc te汀estrialspccies. WctlLlnιi 

plants adaptcd to anacrobicじりnditionsc.lisplay an cxtcn日ivcinternal lacunell systcm which CiJn 

1 r川中)rlO2 to lhc rools (Guntcspcr呂cn1り8り). Ane.lcrobic conditions wcre crcatcd within the bcd 

fillcr as O2 ¥NaS consumed by lhc dccomposition of organic compounds in the wastcwe.ller. II is 

po出 iblcto consider the adaptability to anaerobic concJition affected to some extent the plant growth 

etnU P anu N absorplion cfficicncy. 

1l was rcport比edt出ha川iはtO2 suppl旬ymιfromt出herootωS of reed a叫Iso enhanceιd the mi比crob凶le川i川1activity 

(いiυl川f口mn

(Wolvcrto川n1り83，Rミc臥ωddy1り88).1n our stωudy， it r陀emainsto be determined whether de山 rification

was promoled in the systems inclucling wetland plants. It may be considerecl that the O
2 
supply 

from thc fl)ols ()f ricc， Chinese water spinach， and watercress was not sufficient to acceleratc 

nitrification， or that the N loading ratc was low anc.l microbial organisrns ancl plants competed for 

nJtroιcn. 

Conclusions 

(1) Zcolitc i:md zeolitc十shell[ossil was tended to be rnore cffective as plant bcd filter systcms f()r the 

removal or P and N 1'rom clomestic wastewater than charcoal chips. 

(2) Thc addition of higher ple.mts to the bed filters rcsulted in the enhancement of N and P removal 

from domestic wastcwater， lhough the effcctiveness of the addition of plants to the systcm on TOC 

I・cmovalwas not conclusivc. Plant species significantly affectec.l thc P and N removal cfficiency. 

Ricc， and Chinese waler spinach were more effective than zinnia， while watercrcss waS more 

cffcctivc than stock. 

(3) The systcm consisting of a zeolite+shell fossil bed filter planted with Chinese water spinach in 

thc Junc-Dcccmbcr pcriod and with watercress in January-May pcrIod showed hiιhest P and N 

rcmoval cfficicncy， i.c. Illorc than 800/0 during expcrimental period. These systcms removec.lり1% ()f 

P andり0%()f N e.md thc average removal rate of P and N was 0.11 and 0.42ιm-2d-1， respectivcly. 
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Fi93F3.Changes of TFP removal efficiency duringthe winter-springseason(Jaunary-May). 
Watercress was planted in the bed where Chinese water spinach had been grown and 
stock was planted in the bed where zinnia had been grown. 

5/5 4/4 3/4 2/1 

。
4
16
 

J
/
/
 

4
1
E
t
 

6/5 5/5 4/4 3/4 2/1 

。
4
1
1
1
 

，t'''' 

A
Et
a
，
 

6/5 5/5 4/4 3/4 2/1 

。
4
E』
・

，，，，，，
，
 

AI--



1
0
C
コ
寸
)

coω
の

ωω
C
戸
」
コ
日
コ
C
t」

ω戸
」
に
」
コ

ω

寸
¥
「
寸
¥
N
「

の
¥
「
「

の
¥
O
「

∞
¥
①

刊

¥
∞

ω¥ド

ωω
」
ι
↑
BH
C
U
一止

」

ω一↑

ω丘
一
工

υ
一回

0
0」
偲
工

ω

「

¥ω
o 

「

thJω
ー

ε。
ド
寸

.
0

ω工
v
o
c
一」コ℃

¥
A
O
C
O
一υ一止の

寸
¥
「
寸
¥
N
「

の
¥
「
「
の
¥
O
「

N
¥①

N
¥∞
 

ω¥ド

o 
I.，_O 
ω「

+-' cu一一一一一一一一一一一一一一一一一一一一一一一ー一一一-
5 
Q) 
CJ) 
Q) 

c 
i二。

Cコ
~ 

ζ〉
れJ

ζ〉
σ〉

o 
寸

Cコ
ぱ】

ζ〉
(.() 

ζコ
ト、

。
∞ 

Cコσ3 

ωω
」

T
H
C
何一

n
一

ω
=
ω
ω
0』↑

=ω
工

ω'ω
何一一

o
ω
N

「

¥ω

の
の
〉
〉

2
5

。c一ちの
O
一
Z
iト
.
(
」

ω心
ε
ω
ω
ω
O

一応

>
O
に」

ω」

ω
ω
O
Cの
こ
ハ
)

寸
ー
の
.
0
「
比

Z
Iト
ト
0

「

¥ω
寸
¥
「
寸

¥N
「

め
¥
「
「
の
¥
O
「

ω¥⑦
N
¥
∞
 

亡〉o 
-r-

ωω
」
ι
↑

tvcω
一仏

o 
れj

o 
σ〉

Cコ
寸

o 
ぱ3

o 
(.() 

Cコ
ド

o 
∞ 

ω忠一
o
ω
N

N
¥ド

o o 
~ 

38 

Cコ
れJ

(0/0)わ U8!J!Hθ1'8八0ωθjN-l 

o 
σ3 

o 
寸

o 
ぱ3

o 
(.() 

Cコ
ト、-

ζコ
αコ

o 
(:)) o

o
f
 



100 

支 90

1ζ80 
仁J

570  

s:? 60 

(j..) 

¥c 

。50

540 
ε30 
0 

Z 

ι10  

0 

Zeolite 

e
 

i
?
E
L
 a

 

S

廿

百

.m
-、
cu

n
a
 

e

j

 

q
日

て

d

日間

a
N

b

 

20 

ハU

ハU

ハU

ハU

ハu
n

U

ハu
n

U

0

9

8

7

'

6

5

4

3

 

4
z
p

・

ルハハレ

。
み

I
L

(
¥
)
 

Zeolite-shell fossils 

Plant-free 

nu

ハu
n
U

2

1

 

Charcoal chips 

ハU

ハU

ハU

ハU

3

2

1
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Water cress .ぺ円 f、j r

~，"，- r >":'・ ¥;tj，人

Plant-free 

F1 g.3-5. Changes of T-N removal efficiency during the winter-spring season (January-
May). Watercress was planted in the bed where Chinese water spinach had been 
grown and stock was planted in the bed where zinnia had been grown. T-N loading rate 

was 0.47gm-2d-1 . 
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圏 Absorptionby above ground pa円sof plants in 
summer and autumn 

~ Absorption by above ground parts of plant in 
winter and spring 
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Fig.3-6. Phosphorus balance. 
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'Jahle 3-3 TOC removal efficiency(%) and conccnlralion 01" cfDue川 duringlhc summer-aulumn seuson (June lo Dじじじmbじr)

Zeolile : Zcolile+shcU fossil にharcoal山 lpS

Planl Ricc 
Chinese Chinese i》l chin tZSc 

12laI11lti Zl ..tiI11 
walcr ZlnnMLi iI CC Waler nmaImY waler inma 

[ree ec irree 
spinach i --- spinaじh : _. -- spinach 

1 

Removal 

c[ficiency ! 72.2 79.4 79.1 72.6 : 74.4 

(%)a 

Con白川剛oni 
o[cffluent i12.1 12.3 11.8 14.9 12.2 

(mgL-1) 

TOC concentration in wastewater [iowing in 42 mgL-1 

ー2_rlTOC loading rale 1.26 gm -L-.d 

75.9 日1.5 76.7 :69.2 79.3 

15.6 11.2 16.1 : 14.5 12.3 

a Rcmoval ctTiciency= {(amount 01" TOC removal by each syslcm)/(amounl ぱ TOClωded)}xlOU.

74.U 

16.5 



Tuble 3--l TOC Rcmoval cf[icicncy(%) during wintcr-sprin品SじasonJanuary to 1¥色12

:7刷 >utc : Zcolitc+shcll fossil ;Charωal chips 

i Plant wateruS k1i planl Wtilt:fcrStock 1i lElanl Watercr SLOck LOじ
frcc ess lt}C ir rec じss ------ j[rce css 

(R%em)oval efficiency 1i l 77.4 42.4 73.0 : 76.1 25.1 75.2 :70.6 31.0 5斗.7

Jan.ー

May Concentration of 
: 15.0 42.6 19.0 : 15A 56.0 16.4 :20.2 52.1 31.5 

ef日間

Apr.・ Concentration of 
: 2.6 : 6.2 : 9.5 10.2 8.2 14.1 9.2 17.2 11.斗

May effluent (mgL-1) 

TOCωncentralion in wastcwaler [lowing in Jan.-Mar.: 63.0 mgL-1; Apr.-May: 0 mgL-1 

ー2_l -1 A _ . • L 1¥ . __ -2 _，-1 
TOC loauing rate Jan.-Mar.: 1.26 gm-"'u-L

; Apr.-May: 0 gm-"'d 

a Removal e[[iciency= {(amount ()f TOC rcmoval by each syslcm)/(am川 ntぱ TOCloaded)}xl00. 



Chapter 4 

Evalue1 lion 0 f U se ful Terrestrial and Aq ua tic Plant S pec ies fo r Renlov ing N i t rogen 

and Phosphorus fr0l11 D0l11estic Wastewater 

[t is important to add functions o[ reSOUfCC reuse and amenity to wastcwatcr trcatment systcmぉ

by intfoducinζcrops and flowering plants. Since the majority of such plants arc tcrrestrial spccics， 

thc author developed wastewater trcatment ditches in which teπestri川speciescan grow. ln Chapter 

3， plant specics significantly affected the P and N removal cfficiency and the addition of plants to 

bcd filter systems did not have good effects on organic compound treatment， compared with N and P 

rC!TIoval. ln this chaptcf， studies carried out to evaluate and comparc the effectiveness of 20 kinds ()f 

cconomically important plant specics and plants with an acsthetic value for the N and P trcatment of 

thc sccondary effluent， containing lcss organic compounds， arc dcscribed. 1n addition， the role ()f 

elcration by some kinds ()f aquatic planls is analyzed. 

Materials and Methods 

(l)Dcsign of the plant bed filtcr ditches 

Sincc thc majority of the plants used for human life are teITcslrial spccics， 1 desiιned a 

wastcwatcr trcatmcnt ditch in which terrestrial species can grow. Thc ditch contained baskets filled 

with bed filter material and were planted with higher plants (Fiι4-1， Plates 4-1 and 4-2). The bed 

filtcr matcrial was zeolite (particle sizc: 3 -10 mm) clue to its high Nl九-Nadsorption cfficie凹 y，its 

su itability for plant c山 ur巴inbench-scale experiments (Chapter 3)， and its reusability in agriculture 

elS soil conditioncrs. Thc depth ()f zeolitc in the baskets varied bascd on the saturation lolerance ()f thc 

rcspcctivc plant specics. The bcd filtcr surface was about 0.05-0.1 m highcr than the water lcvcl f()r 

terrcstrial spccics and thc samc elS the water level for aquatic species. 

The cxpcrimcntal ditches were small， 0.4 m wide， 0.4 m dccp， and 4m long， and 0.5 m 

widc， 0.4 m decp， and 1m long. Thc baskets， which were O.4m. wide， O.4m deep， and 0.3m 

ll)月， wcrc fillcd with zeolite ( particle size 3 -10 mm ). Sjx buskcts werc placcd in thc 4 m long 

ditchcs and 2 belskcts in thc 1 m long ditches. Watcr depth WelS 0.3 m. Thc hciιht of zcolite packcd i円



thc belskets We.lS 0.3 III for aqwJtic species and 0.35 -0.4 m for the teπcstrial specics. Thc ¥¥'cight l)f 

ZCl>litc in ce.lch baskct for tcrrcstrial specics was 26 -2.り kιandthat for aljuatic specics， 22 k呂・

Gcncrally， 6 sccιIlin呂swcrc plantcd in onc baskct. 

(2)Plant SpCC1CS 

Thirtccn tCITcstrii:ll i:lnd 7 aquutic plant species (Tablc 7 -1) that can bc utilized by the rural 

じ()!lllllunit ics wcrc tcstcd to cvaluよllctheir efficiency in removing N and P from thc We:lstcwater. Each 

c.litch was plantcd with onc spccies. 

Sccdlings of African marIgold (Tages elect，αL.) ， rice (Oryza sαtivu L. cv Takanari)， adlay 

(Cοix /auyrnaゾοbi・ L.var. mαyuell Stapf)， sorghum (Sorghum vulgαre Pers.)， sun hemp 

(0ο(o/ariαjUllCωL.)， and kcnaf (JJibiscus cαIlllabi山 sL.) wcre plantcd in May or June. Thcir 

abovcground parts wcrc harvcstcd in October or November. 

Sce以ωCJli時 sof h，υi山 lげna比Lυ1(βrαωssiι乙c正α1Cαmp凸ωω'(rバi山sLし.var.)， whe口ωωa叫lt(ηη'[ωfμl乙C‘μmcωfμIVμmLし.)， s引toωωck( 

んM似陥4佐白tα1ft臼lωCαI 111κκ附ω乙Cαω.て百Cαωlυ川f

Schrcb.)， barlcy (J-JIο，.deurn 川 gareL. cv. kankei b443)， autumn p∞m (Brassicαsp.)， and Italian 

rycgωs (Lo/ium m山 ljiOl川 1Lam.) were planted in Nωcmbcr. Their aboveground parts wcrc 

hllrvcstcd the following May. 

Thc perennial plants， i.e.， papyrus (Cyperuspαpyrus L.)， reed (Phrαgmiles cO/J1mul/is Trin)， 

iris (J山 psωdαcorusL.)， orchard grass (Dac砂lisglomerαta L.)， rush (JU/lCω efjusus L. var. 

decipiel/s Buchcn)， elnd calla (ZaJltedesclua aellωrpica Sprc時)werc cultivatccJ for a pcriωof ()ne 

ycm. artcr which thc abovcground parts of thc papyrus， reed， and iris wcrc harvcsted 

In addition， onc ditch which was plant-free was monitorcd aS the control. Hanana， tall 

fcscuc， barlcy， e1utumn poem， anu Italian ryegrass were examined in the 1m long ditches， and thc 

othcr spccies wcrc cxamincd in thc 4m long ditches. Thc cxperiments were performed in a 

grecnhousc.The winuows werc openecJ except from Decembcr to March. 

(3)Opcrational conditIons 

To cnsure thc maintcnancc of constant N anu P conccntfeltions and loading ratcs， artificial 

wllstcwalcr sim L1 l~lting sccondary cfflucnt WelS continuously added from one cncJ of thc ditch ancJ 

r日、:l()

tap Wi_川iはtcrlωo l/l(り)()()(υ1 U tω(り)mel川ltiにca叫111旬y(:討川ll1dsuppμli比cdtωo cach cJitch e.叫lta cαonstaυm川tflow r口atclIsi n 呂t討lKくtυ山lげncki〈什i 
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Tclble 4・1. Plants cultivated in the bed filter ditches and their L1se. 

l八1'11じe.lllMariιold (γagω. e/どcluし) CUl llowers TeITcslriul Annllul(spring -uu tllll1n) 

2.1<.1じじ (()，YWsafiv{/ L.じvTakul1uri) ，U
 

じρ
u
 

，‘，A
 

Aquatlc AOllllul(spring -uu tUI1111) 

J. Adlay (Cοix /uclymuブobi L. var. /)/(ザlIen

StapJ) 

Feed， foou， 

mcdical llSC 
AC]uatlc Ann ual(spring -autllll1l1) 

Lj. Sorgltlllll (沿)1・ghlllllνII/g{//ど Pcrs) Feeu TelTcs'lrial Annllal(spl川 g-alllllI11I1)

5. Sun hemj) (C'Jひfu/oriajllllαo. L.) Fiber TCITeSlrial 八nnuul(spring -uutul11n) 

6. Kcnuf (/ [ibisclIS cOI7t1nbitlll.';・L.) Fibcr， Paper TeITcS'lrial Ann llul(spnn g -(1utllmn) 

7. Wheat (わi11じ'UJIIaω11ν11m L.) Feed. Cood TelTcs'lriul Annual(uulumn-spring) 

H. Stock ( /¥，[(/[/iorαincal/o R. Br.) Cut Oowers TeITes lri u 1 Annllal(autumn-spring) 

り.Sali1o¥Vじr(('u/'{I，ピIII1USfillcforillS し) Dye， cut Oowers TeITcstri 

[() Ilanana (βra.日/(σ compes!ris L. var.) Cut Oowcrs TelTじslrial Annllal(uLltllll1n-spring) 

11. Tall j、じ=じuc(FesLlIca alillldillacea Scllreb.) Feed TCITeslrial Annual(alltumn-spring) 

12. 13 arlcy (/ /0 I'de UIIIνII/gatどし CV.kankじib443) Feed， [oou Tenestrial Annllal(autumn-spring) 

1 J Autull1l1 poem (βra目Y幻casp.) Veちctable TelTeslrial Annual(autllmn-spring) 

1 LI 1 talian ryじ巳rass(Lu/iu/I1 lIIu/L!jlu/'LIrJ/ Lam.) ドeeu TelTeslrial Annllal(aulumn-spring) 

15. Papyrus (ζシ'fJeIilSpapyl'lls L.) 
Paper ， 

hanuicmf't 
Aqllatlじ ドcrcnnial

16 Iミcじd(Phra又l7IitcsCOIIIIIIl/17is Trin) IIandicran AC]uatic Perennial 

17 1 ris (fris pse/lduζOrtlS L) Cut flowers AC]untic PerenJlial 

18.0rじlwrdgr山 s(Dοじ/y/isg/olllel・afaし) Feed Tel口口l'γ-e

lり Rush(JIIIIG田IISejJitsus・L.var. decipiens 

l3uchen) 
Tatami in Japan 八C]uatlc Perennial 

20. Calla ( Lall/どdωchiaae/lliopica Spreng) Cllt flowers AC]uatlc Perennial 



Table 4-2 . Conccntration of componcnts in artificial We.lstewatcr and loading rate (from Auιust 1りり()

10 April 1りり4). 

Componcnts Conccntration (mgじ )μ)adingrate (gm -2cJ-1) 

T-N 20.() 1.41-2.0討

NH4-N 6.0 

N03-N 14.0 

T-P 3.3 0.20-0.33 

TOC 2-3 

-2_r1 LoacJing rate 01' We:lstcwatcr volumc WaS 74-100 Lm -L-d 



PllItc .-+-1. Pletnt bcd filtcr ditしh.



Ple1tc -+-2. ßi. l~kct fi!lcιI ¥¥ ith lco!itc 



diluter (Ti.liyo-kogyo). Tablc 2 shows thc composition and loading ratc of thc artificial w(Jはcwatcr

ぉimulatcde.lS sccondary cfflucnt. Thc wastcwatcr containinι20 rngL-1 of N eJnd 3.3 mgL-1 ot・ p、

ーフーlwas supplied to thc ditchcs. Thc loading ratc of wastcwater volurnc was 74-85 Lm -L.lr l. during thc 

-2 )-1 
perIod from Scptcm bcr 1りりoto May 1りり2，e:lnd 90-1UO Lm-L.cr1 during thc pcriod 1りり3and 1りり4( 

20りLm-2 d -1 i n J u t Y 1りりoanι1104 Lm-2d-1 in August 19り()). Thc rctention time ぱ thcwastewatcr 

was about three days during thc period except for July 1990. N and P loadinιratcs wcre 1.41 -2.0日

-2 1-1 . _. I (¥ ，，(¥ (¥ ') ') . ~ __  -2. I -1 gm ιr 1 and 0.20-0.33 gm -L.d-¥ respectively， during the periocl from August 1990 to April 1りり4.

The conccntraUon ()f the secondary effluent was bascd on Hidaka (1986). 

(4 )Mcasurcmcn 

Thc vol川ur汀mcof w(_悩i凶S叫{比cw任iυ川iばte訂rflowing in and ou川tWe.凶i凶sr汀meaωiβsureda訂叩i汀mdt出hew υ川terqu 川itげywaω S 

a!1内'zeι1oncc (.1 wcck. Thc co凹 C山 ationof Total N (下N)was measurcd by using a Mits山 ishik凶 el

下Nanalyzc人elndTotal P (下P)content WaS measured by thc ascorbic elcid method ( APHA， AWWA， 

a川川lリ川nd

Tη11児cr印cmova叫dr印at比ewμωscal比Cωulat比c以ωdaωSt出hedifference between t山herat比eof N and P in the 

wυstewatcr entering and leaving the ditches divided by the area of thc ditches. (N & P entcring ratc: 

N & P conccntration x ratc of influent water volume. N & P leaving rate: N & P conccntration x rate 

ぱ cfflucntwatcr volumc.) 

Thc content of N and P in the aboveground parts of plants was detemlined using lechnicon 

Traacs 800 after digcstion with salicylate acid-thiosulfate as a modification of the Kjeluahl methou 

(Brcmncr and Mulvancy 1982) 

Thc tcmocraturc in the 町 ccnhousewas mcasured at 11 :00 AM. γ 。

Results and Discllssion 

(1) COllditiolZS of planls 

Plants studicu in this expcrimcntιrew VIιorously with some ()[ them (papyrus， kenaf， sun 

hcmp， rccd， sorghulll ctc.) reaching about 3m in height (sce Plates 4-3 to 4-り).Plant roots grew ()Ul 

or thc baskcts {lnd formed root mats in the watcr. Roots of kenaf ，sunn hcmp， anu sorghum 

ー1



司守F

(tc汀cstrialspccics) wcrcじりnccntratcuncar thc SUrf，ICC of thc walcr. Pap1'rus and rccu~ (dqUdtic 

planlS) cxtcnucu lhcir rootsιIccpl1' into lhe watcr. Apparcntl1'， tcrrestrial species extcnueu thcir roots 

t() arcas rich in ox1'gcn， whilc e.lιluatic pLmts cxtenucd thcir roots cvcn to arcas dcficicnt in oxyιcn 

bcci.luSC thc1' havc an intcmallacunal s1'stem which Celn lfelnsport ox1'ιcn from the atmosphcrc t() thc 

rools (Guntcnspcrζcn 1り8り).

(2) N and P renloval by plant free ditch 

In the plantイrccuitch the下Nand下Pconcentrations decreased onl1' slightl1' ( Fig.4-2). The 

dccrcasc of the 下Nconcentmtion was elpparentl1' celused b1' N H
4 
-N adsorption onto zeolite. Thc 

planト台ccditch WelS eff'icicnt in reducing NH4-N concentration to some extcnt (Fig.4-8)・ The 

e.IVcrelge dccrcuse of下Ne:mu N1I4-N concentrutions in the plant-free ditch WelS 1.4 mgL-1 elnu 

3.3mgL -1， respcctivel l' anl 

Thcsc obscrvutions indiceltc thelt the reduction of the NH
4 
-N concentration was mainl1' due to 

nitrification. The incompletc removell of NH4-N in the plant-free ditch was elscribed to the fact thelt 

thc surfelcc of the zcolitc pelrticlcs became gradualt1' saturated with N H
4 
-N， or somc part ()f thc 

We:lstcwatcr pelsscd through thc l<lfge void betwcen the zeolite particlcs wi thou t makinιan1' contact 

Wilh lhc zcolitc， though furthcr rcsearch is neeucd. 

(J) Effect of plant species On Nαnd P renloval 

Scasolla! clwnge 

Thc usc l)f highcr ple:mts in the ditches enhanced the N and P rcmoval rates from the 

Welstewater. Plant specics in the ditches considerably affected the N and P removal efficiency (Figs.4-

2川 u4-3) 

Thc SCe:lson anu pcriou whcn the uitches showcu high N and P removal efficicncy also 

dcpcnucu on the plant spccics in thc ditchcs. When a ditch WelS planted with e.lnnual plants in Ma1' or 

JUI1C， thc T-P emu T-N conccntrations in thc ditch efflucnt incrcascd about onc month after lhe 

52 



r-

transplanting as thc plants grcw. The T-P elnd T-N conccntrations wcre thc lowcst from August tn 

Octobcr， whilc in thc casc ()f thc ditchcs with percnnial plants such ωpapyrus and recd that wcrc 

plantcd in thc prcvious ycar， thc conccntrations became relativcly low from MLly onward (Fiι4-2) 

lt was ohscrvcd that thc tcmpcrature affcctcιI the changes of N and P rcmoval ratcs ()f perennial plant 

ditchcs throughout thc ycar since plant communities were fully cstablishcd. Maximllm values of N 

and P rcmovell rates (maximllm vallle of monthly average) in the case of thc kenaf， papyrlls， and 

sorghum cJitches were highcr than those of the other cJitches in Sllmmer and alltllmn. Maximum 

obscrvcd P rcmoval rateぱ theac.llay cJitches wωalso hiιher (Fig.4-3) 

机W川Ih批1刊cntけh民1児cC.Iωi tωchcs wcre cultivateu with annllal pμlじ川a叩i川ntωs( Itaω凶υ川凶lli山a出叩iげ川nrげycι 川 s， b凶υ訂川r叶巾leりy，h川tはω叩111川1

a以ωu山J

f(、oリIlowingFebコrUtυi汀rywhcn tけ出hcplan川tb凶〕孔iomassbegan to show a marked increase. The T-P anu T-N 

じりnccntfeltionsin thc cfflucnts from most of thc ditches were lowest in March and April. N anu P 

rcmovul ratcs ()f thc ltalian rycgrelss ditch were the highest in thc uitches planted in thc spring. Thc 

crflucnt volumc of thc Italian ryegrass ditch was the lowest becallse of the high evapotranspiration 

ratc， althouιh下Nand T-P conccntrations in the Italian ryegrass ditch effluent wcre not the lowcst 

in thc spring of 1りり4.The barlcy ditch also showed a high T-N removal rate (Fig.4-3). 

-1 Thc T-P conccntration in the papyrus ditch was 1.5 -2.0 mgL-.l lower than thはtin thc rccd 

ditch during thc pcriod from January to March， 1992.下Prcmoval rate of the papyrus uitch 

-2 )-1 
dccrcascc.l to 0.10ー0.14gm-L..d-J._ during the period from January to April (1りり2)when T-N 

conじC山 elti ()山 inboth ditches wcre almost selme as that in the plant-free ditch (Figs 4-2 and 4-3). 

Thus the P removal ratc of the papyrus ditch was 2 times highcr than that of the reed or plant-frcc 

ditchcs. It rcmained to be c.lctemlined whether papyrus absorbed phosphorus during the winter or 

whcthcr thc high rcmovell rate was due to one or more other physico-chemical mechanisms. 

AIl10ng thc plell1t spccics with an aesthetic value， African mari呂old，hanana e.mU calla wcrc 

m()日tcffcctivc for N and P rcmoval (Figs.4-2 and 4-3). 

Maximum valucs 01' N rcmoval rates obtained for the pelpyrus， kenaf， sorghum， and Italian 



"..... 

-2 .-1 ryegrass ditches wcrc 1.3-1.7 gm -L..(r 1. and maximum values ()f the P removal rate wcrcり.24-0.26

-2 .-1 gm-Lc.r1 (Fig.3). Thcsc valucs wcrc comparable to those obtaincd for watcr hyacinth (N: O.5-1.o 

gm-2(.r1， P: 0.1-0.3 gm-2d-1 
m -L(.r¥ P: 0.1-0.3 gm-Ld-1

) (Ozaki et al. 1りり3).

BiOf!WSS alld N， P removαl 

Figurc 4-4 shows nitroζcn balance during the period from May to October， 1りり1calculated 

for thc ditchcs plunted in May， 1りり1(kenaf， p叩yrus，sunn hemp and plant-frce ditches). AccorJing 

to thcse data， 51.5 % of N in the inflow was removed by the kenaf Jitch ， 48.1 % by thc papyrus 

ditch， anJ 2り.30/0by sunn hcmp ditch. Approximately 58.4% of removed N was absorbed by kenaf， 

44.5% o[ rcmoved N was absorbed by sunn hemp and 46.1 % of removed N was absorbed by the 

abovcιround part of papyrus. 

Figur巴4-5showcd phosphorus balance during the period from May 17 to November 6， 1りり1

calculaled for the ditchcs planted in Me小 1りり1(kenaf， papyrus， sunn hemp， and plant-free ditches) 

sascd on thcsc data， 65.2 % 01' P i11 the inflow was removed by the kenaf ditch ， 60.5 % by the 

papyru日ditch，and 3l.8 % by the sunn hcmp ditch. Approximately 64.り%of rcmoved P was 

absortヲedby kcnaf and 51.り%of removed P WaS absorbed by sunn hemp， while 47.3% of rcmoved 

P was absorbed by the above-ground part of papyrus. 

Based on the phosphorus and nitrogen balance data， it was found that at least a half of the N 

emd P rcmovcd from wastcwater by the plant bed filter system depended on plant absorption. Thc 

data also indicatcd that the N and P removal effiocncy of the system was significantly affected by thc 

N e.lnd P absorption rates of thc plant species. 

T'he ditchcs which showcd hiιh N and P removal rates were cultivatcd wilh plants which 

displayed hiιh biomass production rates. Biomass production rates of papyrus， kenaf， sorghum， elnd 

-2 . J -1 f " ') ') A ') 1 L _ __ -2 ltalian rycgrass were 17-25 gm -L..cr.l ( 2.33 -4.31 kgm-L..). N and P removal efficiency of the ditches 

We.lS affccted significantly by the N anu P absorption rates (aboveground part of plants) (Figs.4-3， 4-

6，4-7). Ple川 swith high biomL凶 production川 esshowed high N anJ P llbsorption川 巴s(Figs.4-o 
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and 4・7).

T了r、、

f() r t山hcυ以川dlaりly山 ch w，礼IS4: 1 (臼ωi日ndf(り)rt出heb以bel川i礼l川rlcyditch， 8仕山:ゴ1(Fi氾ιs.4-3， 4-6， anu 4-ヴ7).Thcsc findirψ 

indicatc th川 thccxcess component， N or P， was removec.l only partially by the plant bcd -filtcr ditch 

and rcmelincd in the c.litch cffluent when the ratio of N to P concentration in the wastewatcr was 

signiricantly diffcrent froIl1 5: 1. 

(4)s汀ec t 0 f p L a 1z t i IZ g S 0 Il Il i t r i fi c a t i 0 nαnd denitrificatiorz 

Figurc 4-8 shows thc changcs in the nitrogcn compounc.l conccntrations of thc influcnts and 

cfll Llcnts. N H 4 -N conccntration of the plantcc.l ditchcs cJccrcasecJ as the plants grcw出1Ubccame 

lowcr than that 01' thc plant -freεditch. 1n the c.litchcs with pcrennial plants， papyrus c:llld rceus， the 

N H
4 
-N concentration remainec.l lower than that in the plant-free ditch during the pcriod from 

Dcccmber to Fcbruary when the T-N removal efficiency of thesc uitches dccrcased to the same level 

as that () f thc plant-仕ccditch. Thc NH4-N conccntration of the re.cd ditch rcmaincd espcci川Iylow 

(almost undcr 1.0 mgL-1) a[ter the above-ground parts of the plants diec.l and wcre rcmovcd. Based 

on thc T-N and N 03 -N conccntration data， nitrification procecdcd more activel y in the papyrus and 

rccd ditchcs than in the plant-frce ditch even in thc winter when almost no nitrogen was removec.l 

from wastcwatcr in these ditches and the above-ground part of the rccds had withered. 

Based on thc increasc of the NO'rN concentration in the efflucnt. the nitrification rate was Cl.::ll.- lJl llll.- 1 'CV3-1  'c l.-UlIl.-l.-11l1QllU11 111 lUl.- l.-111Lll.-lll， 

-2.rl・ -2)-1 cstimatcc.l at about 0.22 gNm -L.d-1 in the plant-frce ditch anc.l at about 0.39 gNm -L.cr.L in the papyrus 

elnd rccd ditches from Dcccmbcr to February. It was found that the nitrification ratc of about 0.17 

-2 )-1 gNmιr 1 WtlS accelcfelted duc to the prcsence of plants. Emergcnt plants such aS reeds and papyrus 

helVC ;_tn intcrmd lacunal systcm which transports O2 from aerial parts to roots (Guntespergcn lりぶり3

Mcrong 1りり5)， though somc p(_lrts of O2 transportεd to thc roots arc leaked out to thc rhizosphcrc 

and accclcratc nitrificょttion(Armstrong 1988， Reddy 1り89，Moorhce.ld 1りお8，Stcjnberg 1りり4).
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Yanw日(lkircportcd that O1ost of the oxygen flux from recds was derived fro01 standing dcad shouts 

llnd汎lιιc引sthat lk:ad shoots of rccds played an i01portant role in plant ~lcration (Yam，lsaki 10民7).

Thi日inturn sugιests that O
2 
whiじhwas supplicd fro01 roots through thc lacunac of pllpyrus ，tnd rcじd

acccleratcd nitrification process in thc ditch in the winter. The acceleration ()f nitrification cven aftcr 

thc above-grounu part of the reeds was removed was attributed Ito the fact that 02 was supplicd 

through the rcmaining cut shuots stickinιout of thc bcu filter surface. 

1n Figs .4-() anιI 4-7， the uifference betwccn the removal rate anu absorption rate of thc plants 

( Llbovcground parts ) was ωcribed to the rcmoval by the bed filter and absorption by the undcト

ground parts ()f thc plants. The slope of the regrcssion linc for the P removal rates was 1.3H times 

1(1)芭crth(tn that for thc P absorption rates， while the slope of thc regression line for the N remuvell ratc 

was 1.()2 times largcr than t出he川iはtfoり)汀rt山:hcN (:乱lbsorp戸凶tionra川t比es(F日iιがs.4-4(.υ川l汀I凶 4-心()).Thes 巴ob苅)se印C川 lt川ti(りm

討刈ugι cs叫t1山he:川IId(じ~ nJ川tr汀i比c辻tμ川lはtioncαontribu川Itcdsom 巴wh 札川tto N removal in adc.lition to absorption by thc 

plants. Roots rcleasc a considerelble amount of orμnic carbon into the rhizosphere (Rovira 1り65)

Thc amount of organic carbon releascd via root systcms varies from only a few percent to up to 400/0 

()f the dry matter produced by plants (Whipps 1987， Lynch ancJ Vv'hipps 1990). This is thc major 

source of substratcs for microbial activ ity in the rhizospherc (Rov ira 1り65).It appears that UCeld plelnt 

roots emd cxuc.leltC J'rom roots arc uscd as hydrogen c.lonors for denitrification. 

(5) Recommellded plantings 

Figure 4-りshowsthe season when the monthly average of the N and P removal rates {)f thc 

-2，1-1 Fnr 1'¥.1 ，， ~ ， 1 n 1 c .. ~~ -2 ， 1-1 plant bcd filtcr ditches was hiιhcr than 0.8 g01-L.J-.l for N and 0.15 gm-Ld-.l f{)r P. N and P 

rcmovυ1 rates of thc kcnaf， papyrus， sorιhum， Italian ryegrass， anJ barley ditches exceedeu 0.8 gm-

2.1-1 C:.. . 1'-1 __.1 {¥ 1 c" _...-2.1-1 (r l for N and 0.15 gm - Lc.r.l for P from two to seven months. The Italian ryegrass ditch anu barley 

ditch sho'vvcd e:l hiιh rcmoval cfficicncy in early spring， the papyrus ditch from latc spring to autumn， 

und thc kcnaf ditch and sorghum ditch from summer to autumn. N anJ P rCrlloval cfficiency of thc 

ditch ple.lntcd with thc perennial plant papyrus remained high for the longcst pcriod of time among the 

i.tnnUtll pl ~mts studicd. ln the CelSC ()f flowcring species such aS hanana and calla， thc N rC1l1oval ralc 

cxcccdcd (). ~ 
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-2，1-1 :n ，，~~:~.. ""，1 : ~ I- I，~ "..，，，， ，，~ ^ J:...:~.._ _，，_:..，， 1.1 ~l-. " f) ~".~.""..I ~..t" ~"~，，，，， L，， I {¥ 1::: ーフー 1. 品Jll】d-L in spring e:1IlιI in thc CelSC of African m(lriιold thc P rcmov(il r<.lte excccded 0.15 gm-.e.lr 1 in 

以川lnlcrelnd elutumn. 

Sincc N and P absorIコtionby plants accounted for a consiucrablc pcrccntagc of N elnd P 

rCI110val by thc ditch， thc harvcst of plants was nccessary for thc systcm to function steauily 

Thcrcforc， it is important that harvesteu plants bc useu for human life. Papyrus was uscd as writing 

ll1ellerial e:lnd othcr proJucts (bOe:lts， sails， mats and cords) in ancient Egypt. Currcntly papyrus 

shccts arc produccu in a limitcd amount as souvenirs anu as cJccorative itcms in Egypt (Ragab ]り72).

Rcccntl y， rcscarch has bccn celrricd out on the prouuction of paper， fuel and foc.lder from papyrus 

(J oncs 1りお3，Muthuri and Kinyamario 1り8り)，and the au thor bclicve that papyrus coulc.! be 凶 cdas e:l 

source ()f handicrafts. Kcnaf is a fibcr crop which has recently attractcc.! consic.lerable attcntion as (1 

以)LIrcc 01' p叩erinstcad of wood (Robinson 1988)， anc.! could be used for newsprint in Califomia， 

USA (Robinson 1り88，Bosisio 1988). 

1 suggcst that papyrus， kenaf， e.md sorghunl should be uscd mainly in summer and autumn， 

iJnd that Italian rycgrass anc.l bmlcy bc used in winter and spring. They improveJ thc N anJ P 

rCnloval efficiency ()f thc cJitch considerably in adc.!ition to thcir resourcc recycling functions. 

Flowcring specics such as A 仕ican marigold (summer anu autumn) ， a訂叩i汀m肌凶}l吋dhm五m川el旧i汀na凶 and cωよ札川tlla(wintcr a汀肌T

S叩pr川lllgρ)are rccαωoml刊lmen恥凶c.!e臥ωdfo汀rS釦upplcment凶arげyuse with papyr孔u凶S，kenaf， sorghum， Italian rycgrass，anc.! 

barlcy to cnhancc thc acsthetic valuc of thc c.!itches and provide umcnity functions. lt appears thelt 

cllicicnt welstcwatcr trcとltmcntCe:ln be performec.! consistently except in thc wintcr， by cultivating these 

plants in an approprultc combination in the ditches， to maintain the N anu P loading rates of 

一 -2 .J -1 .. _ _J [¥ 1 C . ____ -2 .1 -1 wastcwater at elbout 0.8 gm-L.c_rl. and 0.15 gm-L.d-¥ respectively. 

Cυnclusions 

(1) Thc plant bcd-filtcrιlitchcs with plants which exhibited high biomass proc.!uction reltcs showcd 

high N and P rcmoval ratcs. MaxImum values of the N removal n-ltes of thc papyrus， kcnaf， 

-2r1 sorghum， tlnd 1talian rycgrass ditchcs wcrc 1.3-1.7 gm -Ld-l. and maximum valucs of the P removetl 

-2 1-1 riltcs ¥.vcrc O.24-0.2o gm -';:'lr L. Biomuss proc.!uction ratcs ( e1boveground parts) ()f thc plelnts wcre 17-

2コgm-
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ー2
2cf.l ( 2.33-4.31 kgm -L at harvcst time ). N and P rcmoveJl rates of the ditches were hiιhly Jcpendcnt 

on thc N and P ahsorption rates ()f thc plants. 

(2) Thc avcrage ratio of N to P rcmoval rate of thc plemt bed-filtcr ditch was approximately 5 : 1 (but 

rangcd from 4:1 to R:1). 

(3) The N und P rcmoval rates ()f the papyrus ditch exceeded 0.8 gm-2cr1 for N and 0.15 gm-2cr1 

for P from latc spring to uutumn， those of the kenaf ditch and sorghum ditch from summer to 

e1utum n， and thosc ()f thc Italian ryeιrωs ditch and barley ditch excccdcd thcse values 1n early spring. 

(4) Nitrification procccded morc actively in the papyrus and recd ditches than in the plant-free ditch 

evcn in thc winter. It waωs cstimat比edt山h8川tt出henitrifice叫ltionrat白eof ab，ト i印〔

d山lucto t出hepresencc of pla叩nt臼s.N and P balance data of the plant bed filter ditches suggested that 

dcnitrification contributed somewhat to N removal in aduition to N absorption by the plants. 

(5) lくC川 f，papyrus， and sorghum are recommended for use in plant bcd filter ditches mainly in 

summcr and autumn， whilc Italian ryegrass and barley are recomrnended for winter and spring 

because they irnprovcd the N and P rernoval efficiency considerably in addition to their resource 

recycling functions. 
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Fig. 4-2. Changes in T-N and T-P concentrations of ditch efflucnts and atmospheric 
temperature at 11:00 AM in thc grcenhousc (monthly average value ) 
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Summer and Autumn (June to October) 

P removal rate (gm之江1) N removal rate (gm-2d-1) 

0.3 0.2 0.1 。 。0.5 1.5 2 

: 0.17 。 1.Afncan 

I :~:::::: 0.53 (0.89 ) 
marigold 

0.17 2.Rice 0.69 (2.04 ) 

0.24 3.Adlay 12岩手芸誌] 0.44 (2.38 ) 

0.25 ~ 0 4.Sorghum :}?~:~.…以三;::以 (2.33 ) 

0.15 。 5.Sun hemp o 0.82 ( 1.85) 

0.23 : 。 6.Kenaf 。1.41 (4.31 ) 

0.26 15.Papyrus 1.48 (3.96 ) 

0.14 

1E Reed i1E2i主1逗iiitぷ1O3量2当40 主主:山 ι1 1.12 
(3.34 ) 

0.10 n 19 'S?!"，cchcard ITt~\I)n 0 0.49 grass 

21.Planl-free 

Spring (March to May) 

P removal rat e(gm-2d-1) N removal rate (grn-2d-1) 

0.3 0.2 0.1 。 。 0.5 1.5 2 

0.12 n 17川田i I叫 M o 0.79 ( 1.59) 

(0.19 ) 0.08 の 8.Slock 日以

009 0 9Safflower EE烹塁宮塁宮空2胃3吉0司 つ0.49 

(0.28 ) 

0.13 0 10.Hanana 1::::::::::: ::::::::，::':.:.，.， ::::::::，:::，:，:，:，:，:，j 0 1.00 ( 1.67 ) 

0.11 n ~ ~ ，【11fpc;rIJFI::::> ::::::: ::::::::::::1 U 0.69 (2.26 ) 

(2.45) 

0.07 ()..... 13.Aulumn 川:-:.;.:.;.・ 三J0 0.48 poem 1"':::::::::::::::::::::::::1 U 0.4 (0.96 ) 

0.25 I 0 14.ltalian …0・>:-:，'，:.:-:.・・]2JIJ0 1.65 (2.96) 
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0.14 日:・:::;:;:::; (1.72 ) 

0.12 18.Rush 

0.14 

0.04 .. J :~ p~:山n山eflん-孔02i4u 刈 0 . 89
Fig.4-3. Maximumホ valuesof N and P removal ratcs in the ditchcs cultivated 

with the uscful plants. 
10-14 plants wcrc examined in thじ 1m ditches. Thc others wcre cxamincd in thじ

4 m ditches. 

P loading ratc: 0.20-0.33 (gm -2d -1)， N loading rate: l.41-2.08 (gm -2d-l) 

。:tcrrestrial plants. ( ): Dry weight of plant abovcground parts (kgm之)at 

harvcst time. 
*Maximum value of monthly avcragc 
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Fig. 4-4. Phosphorus balance during thc pcriods from May 
17 to November 6， 19り1
Amount of P loaded during the periods from May 17 to 

Novcmhcr 6， 1991 was 47.3 gm -2 (P loading ratc: 0.28 

gm -2d-1). Dry wcight of thc above-ground parts of kenaf・3

papyrus， and sunn hcmp was 4.31， 3.り6and 1.85 Kgm -2， 
rcspcctivcly. 
*Thc roots of papyrus were not harvestccJ 
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Fig.4-5. Nitrogcn balancc during the periods from May 17 

to October 6， 1991 
Thc amount of N loadcd during the pcriods from May 17 

to Novcmber 6， 1991 waωs 28りり gm-2 (N lt 

gm-2dι-1り).Dry weight of thc abovc-ground parts of kenaf， 

papyrus， and sunn hemp was 4.31， 3.り6and 1.85 kιfT1-23 

rcspecti vcl y. 
*Thc roots of papyrus wcre not harvcstcd. 
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Thc plant biomass production rate was exprcssed aS dry weight of the aboveground 
parts divided by thc numbcr of days of culturc. 
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Plate 4-5. Kenaf (Hibiscus cannabinus L.) 
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Plate 4-8. Hanana (BrassicαcampesヶisL. var.) 
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Chapter 5 

Evalllation of Useflll Plants for the treatnlent of Wastewater with low N and P 

oncen tra tions 

Eutrophication associated with ponds for agricultural usc has bcgun to advcrsely affcct ricc 

production and thc residentialliving cnvironmcnt in Japan. Gcncrally， N and P conccntrations of 

cutrophic pond watcr are low， about ()nc tenth of thosc of domcstic wastewatcr. 1n this study， r 

cvaluated and compared the ability of useful plants， which had already been found to be cffectIvc in 

the domcstic wastcwater treatment， to removc nitrogen and phosphorus from wastewatcr with low N 

& P concentrations such as eutrophic pond water. 

Materials and Methods 

(1) Plant -bed filter ditch design 

Plant -bed filtcr ditches whcre both terrcstrial and aqllatic plants were cllltivated contained 

baskcts filled with thc bcd filtcr material zeolite (Fig.5-1) which is characterized by a high NH4-N 

adsorption efficiency， suitability for bench-scale plant culturc cxperimcnts (Chaptcr 3) anJ recycling 

in agriculture as a soil conditioner. The depth of the zcolitc baskets varied depcnding on thc 

saturation tolerance of the plant species . The bed filter surface was about 0.1 m higher than the watcr 

lcvel for thc terrestrial specics anJ thc same as the water lcvcl for thc aquatic spccies. 

The experimental ditch was 0.5 m wide， 0.4 m deep， 1m long. Baskets， 0.4 m wide， 

0.4 m dcep， and 0.3 m long， wcrc fiUed with zeolite ( particle sizc 3 -10 rnm). Two baskcts 

were placed in the ditchcs. Water depth was 0.3 m. Thc height of zeolite packcd in the basket WelS 

0.3 m for the aquatic specics and 0.4 rn for the terrestrial species. Thc weight of zeolitc in each 

basket for the terrestrial species was 29 kg and that for the aqu8tic spccics， 22 kg. G巳nerallyo 

sccdlings wcre plantcd in onc baskct. 

(2)Operational conditions 

Scvcn terrcstrial and two叫uaticplant spccics (主lblc5-1) which had 山 obccn f川 ndto bc 



effectivc in the treatment of uomcstic wastewatcr or aesthctically appcaling werc tcsted to cvalllatc 

thcir efficicncy in removing N anu P from pollutcu ponu wate工 Eachditch was planteu with one 

spccics. Scculings of ltalian rycgrass (Lo!ium multiflorumμm.) anu hanana (ßrassι~a cαmpestris L. 

var.) wcrc planted on Oecembcr 5， 1りり5and harvcstcu on May 7， 1りりO.Seculings of A古ican

marigolu (Tagιs erecω L.)， Impaticns (Jmpatiens ‘¥'u!utαni Hook. f.)， ぉorghum(Sorghum vulgω・ど

Pcrs.)， kcnaf (Hihiscω cant，ω')inus L.)， anu rhizome cuttings of papyrus (Cyperus pαpyrus し)

and reeu (Phragmites commlll山 Trin.)were planted on May 30 anu harvesteu on October 2り， 1りりO.

Rhizome cuttings of peppermint (Menta piperiωL.) were planted in July， 19り5，established during 

half a year anu the experiment was starteu on Oecember 5， 1995. One ditch was left plant-free as a 

control. Expcriments were conducteu in a glass house whose windows were open from April to 

November in Tsukuba， Japan. 

To ensure constant N anu P conccntrations and loading rates， artificial wastewater simulating 

an eutrophic ponu water was continuously adued from one end of the ditch anu flowed out from thc 

opposite end. The undiluted solution for artificial wastewater was diluteu with tap water to 1/1000 

automatically and supplieu to cach uitch at a constant flow rate using Kaneki diluter (Taiyo-kogyo). 

The eutrophic conccntration was determined based on my sllrveys of ponds conuucted in Ibaraki 

-1 Prefecture. Ponds with domestic wastewater contained 0.7 -4.5 mg L-.L of N anu 0.1 -0.8 mg L-

of P (data not shown). Baseu of thesc observations， aI1ificial wasltewater containing 2.5 mg L-1 ()f N 

-2 ]-1 anu 0.5 mg L-1 of P was useu in this experiment . The loading rate of N was 1.2 g m -2 d-1 and for P 

-2 )-1 wω0.23 g m-L， lr.L (Table 5-2). 

(3) Sampling and Analysis 

Thc volumc of wastewater inflow and outflow was mcaslIred and the water quality analyzed 

once a week. Total N concentrdtion was measured using a Mitsubishikasei T-N analyzer， anu total P 

concentration llsing thc ascorbic aciu mcthod (APHA， AWWA， anu WPFC， 1り89)after persulfate 

uigestion. 

Thc rcmoval ratc was calculateu as the uiffcrencc bctwccn the ratc ()f N & P in thc wastcwellcr 
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Fig.5-1. Plant bed filter ditch. 



Talコlc5-1. Plants in bed filtcr ditches and possible uscs. 

Plant Aquatic!fcrrestrial Usc 

Italian ryegrass (Lolium multiflorum 
Terrestrial Fced 

Lam.) 

Hanana (Brαssicαcαmpestris L. var.) Tcrrestrial Cut flowcrs 

Papyruぉ(Cyperuspαpyrus L.) Aquatic 
Traditional papcr and 

handicrafts 

Rced (Phragmites commUJ~山 Trin) Aquatic Handicrafts 

Kenaf (Hibiscus cannαbinus L.) 1errestrial Fiber and paper 

Sorghum ( Sorghum vulgαre Pcrs.) Terrestrial Feed 

African marigold (Tagω. erect，αL. ) Terrestrial Cut flowers 

Impatiens (lmpatiens sultani fIοok. 
Terrestrial Cut flowers 

よ)

Peppermint (Mentαplp巴ritαL.) Terrestrial 
Spice and ornamental 

plantings 



Table 5-2. Concentration of componcnts in artificial wastewater useu to simulatc thc 

cutrofication of ponu water anu loauing rate. 

Componcnt 

T-N 

NH4-N 

N03-N 

T-P 

TOC 

concentration (mg し1)Loauing ratc (gm -2u-1) 

2.5 1.0-1.2 

0.6 

l.9 

0.5 

2-4 

0.20-0.25 

-2rl 1ρading ratc of wastewatcr was 400-500Lm -"'d 



司..，...

cntering and leaving the ditchcs dividcd by thc arca of thc ditches. (N & P cntcring mtc: N & P 

conccntration x ratc of influcnt watcr volume. N & P ICe1ving ratc: N & P conccntmtion x ratc of 

efflucnt watcr volume.) 

N and P plant contents werc mcasured using a Technicon Traacs 800 aftcr digestion with 

salicylatc acid-thiosulfate as a modification of the Kjeldahl mcthod (Brcmner and Mulvaney 1り82).

Results and Discussion 

Monthly avcragc T-N and T-P concentrations of thc ditch influcnts and effluents arc shown 

in Fig.5-2. Plant-frce ditch was not effective in N and P removal from the wastewater. Additiun of 

highcr plants to the ditches cnhanccd N and P remova1. The plants examined (Italian rycgrass ， 

hanana， African marigold， impatiens， peppermint， sorghum， kenaf， papyr叫 andrced) co山1grow 

in wastewatcr containing a concentration of about 1/10 N & P of that of domestic wastewater (about 

l/lOO N & P concentration of that of standard hydroponics solution) . As the plants grew， the N and 

P conccntrations of the efflucnts decrcased. Based on thc data of efflucnt conccntration determincd 

once a wcek， the ltalian rycgrass ditch dccreascd inflowing nitrogen concentrations to 0.3 -0.6 mg L-

1 during April and May， the papy印 sditch decreased them to 0.2 -0.4 mg L-1 from August to 

-1 October， and the kcnaf ditch to 0.2 -0.6 mg L-.l from August to October. ltalian ryegrass ditch 

decreased inflowing P concentrations to 0.08 -0.23 mg L-1 during April and May， papyrus 

decreased them to 0.02 -0.1 mg L-1 from August to Octobcr， and kcnaf to 0.08 -0.14 mg L-1 in 

Scptcmber and October. 

Nitrogen and phosphorus balance calculatcd during the cxperimcnts (the period when cach 

plant was cultivatcd in the ditch) showed that 43% (African marigold)ー870/0(reecJ) of N and 490/0 

(hanana)ーり8%(reed) of P児 movedfrom wastewater were e.郎orbecJby the plants (TableSムFig.S-

)， indicating that the ditch陀 movalefficiency was significantly affectecJ by the plant N and P 

absorption ratcs. 

The ratio of N and P absorbcd by thc undcrground parts of thc plants was considcrably higher 
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in thc case of aqllatic papyrlls and rceJ than in thc casc of thc tcrrcstrial spccics (Table5-3， Fig.5-3) 

bccallse thc aqllatic plants extenJcd roots and rhizomcs ucep in water， whilc thc roots ()f thc tcrrcstriet! 

spccics wcrc conccntrateu ncar thc watcr sllrfacc rich in oxygen. 

The ditchcs plantcd with spccics producing a largc biomass showed hiιh N anu P rcmoval 

rates. Ditches containing ltalian ryegrass， papyrlls， and kenaf rcmovcu N and P more cfficicntly than 

the othcr scvcn ditches (Tablc 5-3). The avcrage rcmoval ratcぱ ltalianrycgrass was 0.62 gm -2c_r 1 

-2 .r1 .c，，_ n .L..' ".c _.__.._._ (¥ "....， _ __-2 .J-1 .c.._ 1'..r .._ .1 (¥ 1 C ._ _-2 .rl for N and n.10 g m-
4J d-.l for P， that of papyrus 0.73 g m-L d-L for N and 0.15 g m-L d-.l for P， and 

-2 .r1 .c.._ 1'..T .._.J (¥ 1 1 ._ __-2 .r1 that of kcnaf 0.81 g m-
4J d-.l for N and 0.11 g m-L 

c_r.l for P dllring thc cxpcrimcnt. The pcppcrmint 

was also cfficient for rcmoving N and P sccondly to ltalian rycgrass， papyrlls， and kcnaf (Figs. 5-之23

3， T;主aぬl巾削ble5-3). Thc ditch plant比ed以W川11江thpcppermint s山山h(州 cu r児ela川lt町t

ycar rOllnd. 

In chapter 4， it was fOllnu that the averagc removal ratcs of kcnaf， papy rlls， and Italian 

-2 . J -1 .c.. _ 1'1.1 .. _ .) (¥ 1....， f"¥ 1" ._ .__ -2 .1-1 rycgrass ditchcs wcre 0.8 -1.0 g m-4J 
c_r.l for N anu 0.13 -0.17 g m-L d-.l for P when artificial 

domestic wastewatcr， which containcd N and P concentrations abollt 10 timcs hiιher (N: 20 mg L-1; 

P: 3.3 mg L-1)， was sllpplicd at almost the same loading rates (N: 1.41 -2.08 g m-2 d-1; P: 0.20ー
-2 .J-1 

-2.r1、0.33 g m -4J d-.l) as those in the cuπent experiment . These findings suggcsteu that the N and P 

removal rates werc haruly influcnced by the N and P concentrations of wastcwater when thc 

wastcwater concentrations were in the range of 2.5 -20 mg L -1 for N and 0.5 -3.3 mg L-1 for P. 

1 considcreu that plant-bcd filtcr ditches could bc used in thc samc way as thc gardcns utilizcd 

by communitics or ornamental plantings around the pond to rcuuce thc N and P load to the ponu. 1 

rccommcnd that papyrus and kcnaf bc uscd mainly in Sllmmcr and autllmn， e.md lhat Italian ryegrass 

bc llsed in winter anu spring to trcat polluted ponu watcr. Peppermint which is cffectivc for removing 

N and P all the ycar rOllnd and flowcring spccics sllch as African marigolJ (summcr anJ autumn) and 

hanana (winter and spring) arc rccommended for supplemcntary llse with papyrlls， kenaf， and ltalian 

rycgrass to makc ditchcs morc aesthctically plcasing. 
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Conclusions 

(1) Oitches cultivated with the plants， which had already been found to be cffectivc for thc 

trcatment of domestic wastewater， were also effective for the rcmoval of N and P from wastcwatcr 

with low N & P concentrations about one tenth of thc N and P concentrations of domestic 

wastewater. 

(ρ2) The ditches cα∞on凶tωmn凶山lf昭 Italian rycgrass， pa叩pyrus，and kenaf 悶 nove臥ωdN and P lTI( 泊川teffic 

Thc averagc removal rat比eoぱfItalian rザyegr印as凶sW"ωi凶s0.62 g m百1-2C.r1 forNandO.l0gm-2d江-1fl“ur P， 

-2 ..]-1 C，，_ l¥.T ___.J (¥ 1 c' __ ___-2 _J-1 C.._ n ___J ~L __ ~ ..C L __ C (¥ ....，，..， __ ___-2 1-1 that of papyrus 0.81 g m-L" d-J.. for N and 0.15 g m-L， d-J.. for P， and that of kenaf 0.73 g m-L， (_rl for 

-2.r1 N and O.llg m-L" d-.l for P during the exp巴rimcnt.
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T-P removal rate(gm-2d-1) 

0.2 0.1 。
Italianr yegrass 

Hanana 

Papyrus 

Reed 

Kenaf 

Sorghum 

Impatiens 

Peppermint 

Plant-free 

T-N removal rate(grn-2d-1) 

0 O.5 1 

ー「

(308); 

( 9.9): 

(64.4) 

(23J 

(6.4) 

(205)j 

(2.8) : 

(16.1 )! 

図 Absorbedby plants 
(above-ground) 

圃Absorbedby plants 
(underground) 

口Removedby other 
(residue in bed-filter， 

denitrification etc.) 

Fig. 5-3. Average nitrogen and phosphorus removal rate during experiments. 

N loading rates: 1.00-1.2 gm-2d-1; P loading rates: 0.20-0.25 gnl-2d-1. 

( ): Averagre biomass production川 e(gm -2d-1 ) during the experiment. 



Table 5-3. Nitrogen anJ phosphorus balance anJ averagc loaJing anJ removal ratcs during the 

cxpenmcnt. 

Nitrogen 

Removal by 
Absorption by the plant Average N Avcragc 

Oitch name the ditch (%) 明!holc Aboveground Underground loading rate removal ratc 

plant(% ) parts (%) parts (90) (gm -2d-1) (gm -2d-1) 

Italian 
57.7 34.8 27.8 7.0 1.07 O.o2 

ryegrass 

Hanana 30.2 14.2 13.8 0.4 t.l0 0.33 

Papyrus 70.8 57.4 38.2 19.2 1.15 0.81 

Reed 40.1 35.0 19.2 15.7 1.03 0.42 

Kenaf 73.1 43.0 40.0 2.9 1.00 0.73 

Sorghum 39.2 18.7 16.3 2.3 1.05 0.41 

Amcan 
26.1 11.3 11.1 0.2 1.05 0.28 

marigold 

Impaticns 28.9 15.2 13.7 1.5 1.06 0.31 

Pepper mint 43.2 0.47 

(Dec.-May) (52.9) 28.1 24.3 3.8 1.08 (0.52) 

(May-Oct.) (35.2) (0.42) 

Plant free 7.6 0.0 0.0 0.0 1.04 0.08 

Phosphorus 

Removal by 
Absorption by plant Average P Averagc P 

Ditch name 川fhole Abovcground Underground loaJi ng rate removal rate 
the ditch (%) 

plant(% ) parts (%) pa山(%) (gm -2d-1) (gm -2d-1) 

Italian 

ryegrass 
49.0 35.8 29.9 5.り 0.21 0.10 

Hanana 28.り 14.1 13.7 0.4 0.22 0.06 

Papyrus 67.6 54.0 36.6 17.4 0.23 0.15 

Rccd 17.6 17.3 7.5 り.8 0.20 0.04 

Kcnaf 57.1 37.1 34.5 2.5 0.20 0.11 

African 
23.1 13.2 13.1 0.1 0.20 0.05 

marigold 

Sorghum 2り.2 18.6 17.2 1.4 0.21 0.06 

Impatiens 17.5 12.4 11.5 0.9 0.20 0.03 
一
Pepper mint 33.1 22.8 1り.2 3.7 0.21 0.07 

(Dec.-May) (38.7) (0.08) 

(May-Oct.) (28.6) (0.07) 

Plant frec 7.1 0.0 0.0 0.0 0.21 0.01 

Dry weight of ltalian ryegrass wω4.77， hanana 1.53， papyrusり.り0，rccd 3.54， kcnaf o.2り，

sorghum 3.15， African marigold 0.98， lmpaticns 0.422， pcpper mint 4.り5kgm-2athaIvesilime.
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Chapter 6 

Effect of N and P Concentrations on Plant N and P Removal Rates 

Plant bcd filter ditchcs containing Italum ryegrass， papyrus， and kcnaf rcmovcd N and P 

most efficiently from the artificial wastewater imitating the effluents from sccondary treatment 

systems ( with high N and P concentrations) and eutrophic pond water ( with low N and P 

concentrations). lt was also found that the N and P removal rates of these plants were the samc for 

both high and low concentrations of wastewater. However some plant species were more effectivc 

for treating the high concentration wastewater. In order to determine the N & P concentration range in 

which these plants can be efficiently used for wastewater treatment， the author studieu the influence 

of N & P wastewater concentrations on N & P removal rates of the plants. 

Materials and nlethods 

(1) Plants 

Seculings of ltalian rycgrass (Lolium multiflorum Lam.)， kcnaf (Hihiscus cannαbinus L.)， 

sorghum (Sorghum vulgαre Pers.)， and African marigold (Tagω erecωL. ) anu rhizome cuttings of 

papyrus (Cyperus pα:pyrus L.) and peppermint (Mentαpiperita L.) were planted in small baskets. 

rtalian rycgrass was precultureu for 12 weeks， kenaf for 8 weeks， sorghum for 6 weeks， African 

marigold for 8 weeks， papyrus for 6 wceks， and pepper mint for 4 weeks in a uitch with a 

continuous artificial wastewater flow in a greenhouse. Wastewater contained 10 mg L-1 {)f nitrogen 

(N03-N: 7.6 mg L-1) anu 2 mg L-1ぱ phosphorus(P04-P: 2 mg L-1). 

(2) Measurement 

The baskets with the plants werc transferred to test containcrs containing 110 L of sol ution in 

thc growth chamber undcr naturallight. Artificial wastewatcr was auucd at onc end of thc containcr 

under a continuous flow and drained out at th巳oppositeend. To make the concentratum in the 

containers uniform， the container solution was mixed continuously by circulation (Fig. 6-1). 

Unuiluted wastcwater containingりomg 
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じ1of nitrogcn (N03-N: H5 mg L-1) and lH mg L-1 of phosphorus (P04-P: lH mg L-1) was dilutcd 

wIth tap watcr to 11 LOOー l/Hand supplied to thc six tcst containcrs. The wastcwatcr f10w was 

measurcd. 

After a steady-statc was reached 3 to 7 days aftcr plant transfer， N and P solution 

concentrations in thc containers and thc volumc of inflow and outflow wcrc mcasured. Total N 

concentration was measurcd using a Mitsubishikasci T-N analyzer， and total P conccntration using thc 

ascorbic aciu mcthod (APHA， AWWA， and WPFC， 1り8り)after pcrsulfatc digcstion. Expcriments 

wcre conducted at 20 C for 1ta1ian ryegrass and at 25 C for kcnaf， papyrus， sorghum， African 

marigold and pcppermint. The removal rate was calculated as the uifferencc between the rate of N & 

P cntering and leaving the tcst container uivided by the plant ury weight. 

When the wastewater was not providcd， the conccntration in the solution decrcased. 

Observcd minimurn concentration was considcred to bc the concentration at which N anu P rcrnoval 

明faszcro. 

ReSlll ts and D iscuss ion 

The rclationship between N and P conccntrations in thc solution in the containcr and thc 

removal rates of plants is shown in Figs. 6-2 and 6-3. 

Concen山tra川atio凶 ata r印em即10ωV刊alratc ぱ zerowere O. 1りmgL -1 (papyrus)ー 0.50mg L-1(sorghum) 

-1 for N and 0.01 mg L-l.(papyrus， ltalian ryegn附)ー 0.06mg L-.l(sorghum) for P. This suggcsts 

that thesc plants can treat pond water with N conccntrations exceeding 0.1りー 0.5mg L-1 and P 

-1 concentrations cxceeding 0.01 -0.06 mg L-l.. Thc minimum nutricnt concentratum for water bloom 

fonnation has bcen reported to bc 0.3 mgL-1 for N or 0.02 mgL-1 for P (Kojima et al. 1977). It 

was found that papyrus， kcnaf， African marigold， and peppermint can purify water to the low 

concentrations at which watcr bloom docs not occur. 

At low conccntrations， thc N anu P rcmoval ratcs increaseu sharply with the increaぉcof thc 

solution concentrations. At high N anu P concentrations， thc rcmoval rates werc high and Icss 



uffectcιI by the conccntrations (Fig. 6-2 anu 6-3). 1n the cxpcrimental systcms， N and P rcmo¥'e11 

--r 

ratcs wcrc considcred to be cqual to N and P uptakc ratc by plants. The uptakc kinctics of many 

nutricnts havc bccn ucscribcu using a Michaclis-Mcntcn cquation. 1 uscd a mouificd Michaclis-

Mcntcn cquation (Niclscn anl 
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whcrc V is nct influx of nutrients (N and P removal ratc)， Vmax is maximum inflllx (maximllm N and 

P rcmoval rate)， Km is the Michaelis constant， anu Cmin is thc conccntration whcre nct influx is zcro 

In the casc of papyrus， the N and P conccntrations at which the rcmoval ratc was half of thc 

maximum removal ratc (Km + Crnin) were 0.57 mg L-1 and 0.45 mg L-1， rcspectivc1y (Fig. 6-2 

and 6-3). When thc N concentrations did not exceed 0.57 mg L-L and the P concentrations did not 

cxcecd 0.45 rng L-L， N and P rernoval ratcぉwcrelow anu significantly affectcu by the N anu P 

concentrations in wastcwatcr. In Ollr previous expcriments ( Chaptcr 4 )， N rcmoval rate of thc plant 

-2rl bcu filtcr ditch planted with papyrus waS O.H5 -1.4H gm -Ld-..l from May to Novcmber whcn 

-1 wastewater containing 20 rng L-.l was supplicd to thc ditch. However， thc N rcmoval ratcs of thc 

papyrus ditch appeared to be rnuch smaller than those recorued in the previous expcrirnents whcn low 

N concentration wastcwater (lcss than 0.57 mg L-1) was fed. Thcrefore， it was Jifficult to estimatc 

the ditch sizc based on the N and P removal rates recordcd in the previous experiments ( Chapter 4 ) 

if the wastewater conccntration was quite low. 

At higher N anu P concentrations， the N and P removal rates could bc considcreu to bc 

constant indcpendently of N anu P concentrations anu N and P removal functions appeareu to 

rescmblc zcro order kinetics. Thus the Jitch size at thc site could bc estirnated roughly bascd on the N 

and P removal rates of the plant-bed filter ditch recordcd in thc prcvious experiments ( Chapters 4 ) 

using high N anu P conccntration wastewater. The concentratiolf1s at which thc removal rate was half 

。fthe rnaximum rern(川 1rate (Km十 Cmi



l(African marigold)-0.86 mg L-1 (sorghum) for N anJ 0.0り(Italianryegrass) mg L-1 -0.-+白mιL-

1 (いsorghu口m吋1)for P (Fi氾g.6ι-之2a汀肌I

anJ from 0.5 tω04 mgL-1 fo汀rP e.凶l凶stけ出herange in whi比cht出her陀cmovalra川tesa訂rcs以4礼uf釘fiにC1民cn川1tlりYhigh anJ 

unrcstricteJ. 1 believe白川 theseplant species can be most efficiently useJ at N and P concentrations 

at which the removal rates are unrestricted. 

Conclusions 

(1) The lowest concentrations at which ltalian ryegrass， papyrus， kcnaf， soψum， African 

ma訂i汀n氾g伊o刈ldanJ peppermint c∞ouωlJ r陀emoveN and P from t批h批ewa凶制l時削S引t比ewa以仰t比crwere 0.1ωりm町gL-1(p匂papyr印usの)-

0.5到叩omg L-1(sorghu山i汀I吋T

for P. 

-1 (2) When the N conce山 ationswere less than 0.2 mg L-1. (African marigold)ー 0.9mg L-

(sorghum) for N removal and 0.09 (Italian ryegrass) mg L-1 -0.46 mg L-1 (sorghum) for P 

removal， the removal rates were low and strongly affected by the concentration. It was difficult to 

estimate the ditch size based on the N and P removal rates in the plant-bed filter ditch recorded in the 

previous experiments using artificial domestic wastewater (Chapter 4 ) . 

(3) At high N and P concentrations (1.0 -20 mg L-1 for N， 0.5 -4 mg L-1 for P) the removal 

rates were high and hardly affected by the concentration. Thus thc ditch size at the site could be 

cstimated roughly based on the N and P removal rates recon.led in the previous cxperiments using 

artificial domestic wastewater (Chapter 4 ). 

(4) These observations led us to recommenJ that plants be used to improvc wastewater at N and 

P concentrations at which the removal ratcs are not adversely restricted. 
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Chapter 7 

Evaluation of Plant bed Filter Ditches for the Removal of T-N and T-P fronl 

Eutrophic Pond Water Containing Particulate N and P 

The author conductcd a more practica1 cxperirncnt to eva1uatc the effectivencss of the p1ant 

bcd filter ditchcs on thc treatmcnt of eutrophic pond water in Tsukuba， Japan. The experimental 

ditches were plantcd with papyrus， African marigold， peppcrmiint， hanana， Italian rycgrass， etc. 

These plant species were effective in removing N and P from artificial wastewater in our previous 

expcriments and could bc used by rura1 cornmunities to produce handicrafts and cut flowers， and for 

ornamental purposes. The pond water， unlike artificial wastewater used in our previous cxperiments， 

contained particulate N and P such as algae and soil particles. 1 studied the efficiency of the removal 

。ftotal N and P including pa凶culateN and P by the ditches and the fate of particulate N and P during 

passage through the ditches. Furthermore， in order to avoid a rernarkable decrease in remova1 

cfficiency in winter and early spring， the effect of adding organic matter to the ditch for promoting 

denitrification was a1so examined. 

Materials and Methods 

(1) Design of p1ant bed fi1tcr ditches for treatment of pond water 

For this experiment， outdoor p1ant bed filter ditches with subsurfacc water f10w were used. 

They wcrc constructed near Konda Pond in T')ukuba City. 

A plant bed filter ditch filled with zeolitc as bed filter material (particle sizc: o-8 mm) enables 

the cultivation of both terrestrial and aquatic plants when the depth 01' zcolite is 叫ustedto the 

saturation tolcrance of th巴plantspecics. The bcd filter surface was about 0.1 m hiιhcr than the watcr 

lcvel for tcrrestrial species and the samc as the water level for aquatic species. 

The experimcntal ditch was 0.4 m wide， 0.3 m deep， and 11.2 m long (Fig.7-1). Water 

depth was 0.2 m. The first 1.2 m section from the ditch inlet wω0.8 mιleep (water dcpth 0.7 m) for 

prccipitating suspendcd solids (SS). To prcvent shortcut flow in thc ditch， corrcction flow boanJs 

wcre placcd at 1.2 m intervals. The ditch was fiUed with zeolite ωbcd filter material except for the 

first 1.2 m section. Sampling spaces not filled with zcolitc were set up at 1.2 m intcrvals. The hcight 
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Three tけypcsof uitches cxamincu arc shown in Fig.7-2. 

Thc plantcu ditch was plantcd with impatiens (1mpαtiens sultαni Hook. f.)， peppcrmint (Mentα 

p伊enωL.)，African marigold (Tagω erecta L.)， papyrus (Cyperus papyrus L.)， anu kenaf 

(Hibiscus cannabinus L.) in summer and autumn (Plates 7-1 and 7-2) anu English uaisy (Bellis 

perennis L)， peppermint， hanana (Brαssicaωmpωtris L. var. )， and Italian ryegrass (Lo/ium 

multiflorumじ1m.) in winter and spring (Plate 7-2). Seedlings of impatiens， African marigold， 

English uaisy， hanana， and Italian ryegrass and rhizome cuttings of peppermint and papy印 swere 

transplanteu lo thc ditches. A total of 21 seedlings were planted per square meter of uitch surface 

area. The plants (above grollnu pa山 anuunder ground parts) cultivateu in the uitch were harvested 

October， 1りり7and 1りり8，and May， 1り98.Thc zeolite filtcr was 0.3 m high f()r tcrrcstrial species ( 

impatiens， peppermint， A企icanmarigold， peppermint， English daisy， hanana， and Italian ryegrass ) 

and 0.2 m for aquatic papyrus. 

The planteu/organic matter uitch was contained the same plants as thuse listed previuusly as 

well as organic lnatter within the bed filter in the midstream. Ne:ts packed with 1.5 kg of drieu rice 

straw and 1.0 kg of papyrus stems (cut into about 2 cm fragments) were buried in miu of October， 

19り7and removed at the end of May， 1998 ( Fig.7-2 ). 

The control ditch did not contain plants (plant-free ditch) . 

Pund water was pllmped and supplied continuously to the ditchcs at a loading rate of about 

200 Lm-2 (ditch area) d-1. Retention time was about 20 hours 

(3) Sampling and analysis 

Thc volllme of wastewater inflow and outflow was measured. Thc influcnt and effluent of the 

ditch were collectcd once a weck and thc water quality was analyzed. On September 2， 1りり7，and 

April 17， 1998， thc water in the uitch was collccted at 2.4 m intervals (10 cm depth) from the inlct to 

thc outlet . 

Total N concentration (下N)of water containing suspended solids wωmcasurcu using a 

Tcchnicon Traacs 800 aftcr persulfatc-NaOH digestion CI~llzuki and Uchino， 1り94).Total P 
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Fig.7-1. Plant bed filter ditches for the treatment of polluted pond water. 
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Plate 7-1 Plant bed filter ditch constructed near Konda Pond in Tsukuba City. 
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Experimental design 

Ditch name 

Plant-free ditch 

Planted ditch 

Planted/organic 
matter ditch 

Planting Organic matter addition 

Planting 

Rice stra¥N 1.5kg and dried papyrus 

stems 1.0kg (cut into 2 cm fragments) 

Planting were placed within the bed in the mid 

stream during the period from 

October， 1997 to May， 1998. 

Planting in the planted ditch and the planted /organic matter ditch 

August r-...- October 1997 and Juner-...-October 1998 

一~II:JClI ~ec:l l よfri--JJ|paJ|rtd||ー〉
11 11 111 11 111 し一一_jI 1 11 11 -

October 1997 r-...-May1998 

一う~昨iトト片同同一E白旬川叩山…n刊附剛山gωω仰刊ベ川li出ベベiぬベベsイベ11( d白aイi凶叶syベ汁叶yイ引叶(11|ll吋川 →E日卜トト川川川i川凶M川山t凶凶川山a創釧山li胤i陥a加ベベ→+ nイイ引(l1(lr

Fig. 7-2. Experimental design. 
大 Insteadof papyrus， kenaf was planted in the planted/organic matter ditch during the 

period from June to October， 1998. 



concentration (下P)of water co山山ingsuspended solids was rneelsurcd using the ωcorbic elcid 

method elfter pcrsulfate uigestion (AP比6..， AWWA， elnd WPFC， 1り8り).~りtal uissolved N (TDN) and 

total dissolved P (TOP) concentrations were rneelsured elfter filtration using e1 O.-L5μm membrane 

日1ter.Thc concentreltions of N03-N， NH.rN， and P04-P wcre determined using a Technicon Traacs 

800. Total organic carbon (TOC) conccntratum was rneasurcd by using Shimadzu TOC 500. 

The rcmoval ratc was calculated elS thc differcnce bctwecn the reltes of N & P entering and 

leaving the ditches divided by the dilch surfacc arCel. 

The contents of N and P in the plants and the bcd filter materials wcre measured by using 

Tcchnicon Traacs 800 after digestion by salicylate acid-thiosulfate ( modification of thc Kjeldahl 

method (Bremner and Mulvaner 1982)). 

1n the calculation of the N and P balance， the arnounts o:f N and P rernoved by the ditch wcre 

calculated as thc differencc between thc amounts ()f N and P cntering the ditch and leaving the ditch 

during thc expcriment . 

Results and Discussion 

N and P concentrations in the pond water 

The T-N concentration of thc ditch influent (pond water) was low in summer and high in 

winter (Fig. 7-3). The N03-N concentration of the ditch influent also exhibited seasonal variations -

1.5 -3.0 mgL-1 in July， August， and September， and increased marlくedly，accounting for more than 

90% of total N in January and February when the temperature decreased (Fig. 7-3). This was 

probably because that the amount of algae in the pond watcr uecreased and the proportion of N03-N 

t郎 orbedby algae also decreased. The NH4-N conce山 ationof the ditch influent (pond water) was 

less than 0.5 mgL-1. The total P concentration of thc ditch influent (pond water) was 0.1-0.2 mgL-1 

and the P04-P conce山 ationwas vcry low， lcss than 0.03 mgL-L (Fig. 7-4). M州 Pwas not 

dissolved bccause of the high pH value of the pond water (8-り)due to algal photosynthcsis or 

absorption by algae. Oitch influent (pond water)， unlikc artificial wωtewater used in our prcvious 

study， containeu largc amounts of particulatc N and P (Figs.7 -5 to 7 -8) Ratio of P to N was 1 :20 (in 
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summer) to 1:70 (in winter). Amount of nitrogcn sccmeu to bc excessivc comparcu with thc ratio of P 

absorption to N absorption by plants. 

Effect of αdding plαnts to tlze ditc hes on efj111ent concentrations 

Thc下N anu下Pconcentrations of thc cfflucnt from thc uitchcs containing plants uecrcascu to 

less than the values rccorucu in thc plant-frce ditch durinιthc cxperimental pcriou. The conccntration 

of thc planted ditch cffluent decrcaseu lcss than 0.3 mgL-1 for N in summcr and ().02 mgL-1 for P 

af1er Septembcr 1997 (Figs. 7-3 and 7-4). The minimum nutrient concentration for water bloom 

formation has bccn reported to be 0.3 mgL-1 
for N or 0.02 mgL-1 f()r P (Kojima et al. 1977)・

These findings indicate that the plant bed filter ditchcs cffectivcly purificd water and prevented water 

bloom. 

Thc T-N concentration of the planted ditch effluent rose with the increase of the N03-N 

concentration of the influent (Fig. 7-3). The increase in the N03-N load and the restriction of plant 

growth in winter rcsultcd in the dccrease of the T-N rcmoval efficiency. 

ー -1The NH4
・Nconccntration of the ditch effluent was lcss tnan 0.0コmgL-1. in thc threc ditchcs 

during thc experiment. 

N and P re"，oval functions in the ditches 

The concentrations of the N and P compounds in the ditch from the inlet to the outlet 

detennined on September 2， 1997， anu April 17， 1り98are shown in Figs.7-5 to 7-8. Most of the 

pa凶culateN (下Nminus TDN) and particulate P (下Pminus TDP) was rcmoved by filtration in thc 

first 5 m part of the zeolite bed filter in all the ditches. In the plant-free ditch， particulatc N and P 

were cffectivcly removed， unlikc dissolved N and P. Thc concentrations ofTDP and P04-P increased 

from thc inlct to thc outlet considerably in the plant -free ditch， suggcsting that particulate P was 

dissolved in the beu filter undcr rcuuceu conditions or by microbial decomposition. The planteu ditch 

and the plantcd/organic matter ditch removed N03 -N， PO 4 -P and particulate N anu P quitc well in 

ぉummer(Figs. 7-5， 7-o). N03-N that had not bccd rcmovcu by filtralion through thc zcolitc bcu 

filtcr anu PO 4 -P dissolvcu from particulatc P wcre absorbcu by thc plants in thc ditch. 



N03-N conccntration dccrcelscd from 4.5 mgL-
1 to 2.0 mgL-1 in thc first 5 m part of thc 

plant -frcc ditch on April 17， 1りり8when almost all of thc N in thc influcnt was consistcd of N01-

(Fig. 7-8). This suggcsts that dcnitrification was promotcd by thc usc ぱ orgamccompωnds in thc 

particles (suspcndcd solids) accumulating in the bcu filtcr as hydrogcn uonors. Thc N03-N 

conccntration in thc lattcr half of thc plantcd/organic mattcr uitch was lowcr than that in thc plantcd 

ditch， bccausc organic compounds in ricc straw and papyrus stcms buricd in thc midstrcam of thc 

ditch flowcd downstream anu accelcratcd dcnitrification and imrnobilizatIon of nitrogen by microbial 

organisms thcrc. 

Effect of adding plants and organic nzatter to the ditches on N and P renloval 

efficiency 

Nitrogcn rernoval ratcs in the plantcd ditch and thc planlted/organic matter ditch were 

gcncrall y cxcccdcd 0.6 gm九r1in summer ( May to Scptember)， but dccrcascd in wint巴rand spring 

(Figs.7-り).This was probably bccausc filtration through thc z巴olitcbcd did not cont巾 llteto N 

removal owing to thc dccrcasc of particulatc N conccntration in pond watcr and plant growth was 

rcstricteu in wintcr. During thc periou when thc organic matter was bllried in the planted/organic 

matter ditch ( October， 19り8to May， 1999)， thc N rem(川 1ratc thcre wωgrcater than that in thc 

plantcd ditch by 0.1 -0.2 gm-2u-1. 

Though TOC conccntration in the planted/organic mattcr ditch cfflucnts incrcascu to 10.1 

mgL-1 right after (one day) thc organic matter was buried in the ditch， it decreased to the sarne lcvcl 

(0.5 -2.0 mgL-1) as that in thc plant-free ditch and planted ditch soon aftcrward the next uay. Thc 

audition ()f thc organic mattcr to the uitch caused almost no TOC pollution ()f the dUch cffluents 

(Fig.7-10). Thus， 1 recommend that the papyrus stems growing in thc ditches during summcr be 

buried within thc bcd filtcr and utilizcd to improve N removal during wintcr and early spring. 

Fig. 7-11 shows the N rcmoval efficiency for thrcc pcriods. Thc rcmoval cfficiency ()f thc 

plant frce ditch droppeu in wi附 ranu spring (from Octぬc人 19り7to May， 1りり8)whcn particulate N 

likc algae decreascu and the ratio of N03-N concentration to T-N increascu rnarkedly. Thc addition ()f 

plants to thc uitch improvcu N rcmoval cfficicncy by 30% in summcr and autumn (August to 

りり
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October， 1り97and June to Octobcr， 1りりH)and by 150/0 in winter and spring. Furthcrmorc， burying 

the organic matter in the ditch improved N removal cfficiency by 100/0 in winter and spring. 

N load WL凶 20(summer)ー70(wintcr) timcs ω high凶 P(Figs. 7-り，7-1:2).Avcragc N 

uptake rates by the plants in the ditchcs were 1 ()ー 20times as large as P uptake rates. Thus alm(凶tal1 

of the influent P 'vvaS removed in plant-containing ditches (Figs. 7-12， 7-13)， though excess N We凶

absorbed only pe1I1ially and rcmained in the ditch eff1uent， especially in winter. P removal efficiency 

of the plant-free ditch startcd to declincりmonthsaftcr the beginning ぱ thcexperiment (Fig. 12). This 

was because the particulate P that had accumulated in the ditch continued to dissol ve during this 

period. 

N and P balan ce 

Nitrogen and phosphorus balancc during the experimenlt is shown in Tables 7 -1， 7-2， and 

Figs. 7-14 and 7-15. 1n the plant-free ditch， 62 g of N remained in the bed filter and depositor of the 

ditch ( corresponding to on1y 12.8% of N removed from pond water). 1n contrast， 12.5g of P， which 

corresponds toり00/0of P removed from pond water， remained in the plant-free ditch. These data 

indicatcd that P was removcd mainly by filtration and precipitatiion in the plant-free ditch， while N 

was assumed to be removed mainly by denitrification using organic compounds in particles ( 

suspended solids) accumulating in the bed filter as hydrogen donors. 

ln the planted ditch and the planted/organic matter ditch， 756-り03g of loadecl N w凶

removed， and 174 -224 g of N was absorbed by plant丸 ltwas fOllnd that 23% -25% of N removccl 

by the ditch was absorbed by plants and 6% ー70/0of N removed was accumulatecl in the bed. 1n 

contrast， 26.9 -29.3 g of loaded P was removed， 12.0 -14.7 g of P was absorbed by plants and 6.5 

-8.6 g of P was accumulated in the bed. The amount of P absorbed by plants corresponded to 45% -

50% of P removed by the ditch and P accumulated in the bed corresponded to 24% ー29%of P 

removed. These data indicate that P wωremoved mainly by filtration and plant absorption， ancl N 

was rcmoved mainly by denitrification and plant absorption. 

Fig.7 -1o， 7-17 show the uetails of thc N and P absorpltion by plants. Papyrus， which was 

plantcd in sumrncr anu autumn， contributed the most to N anu P rcmoval. Pcppcrmint which was 

plantcd throllghollt thc cxpcriment， also played an important role. 

ハU、‘.，，，a・・、
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PIαnts growth 

Thc plants in thc ditchcs grcw wcll through thc supply of cutrophic pond watcr without thc 

addition of othcr nutrients in thc bed filtcr whcre suspcndcd solids accumulatcd (Platc 7・1，7-2).

Howcvcr， the dry wcight of African marigold， papyrus， hanana， and ltalian rycgrass which 

wcrc cultivatcd in the latter half (d川 'nstrcam)of the uitch was rnuch lowcr than that問。rdcuin our 

prcvjous cxperimcnt (Chaptcr 5) pcrformed by using artificial wastcwater in a grccnh川 se(Table 7-

-2 J-1 3). Since the P loauing rate in this experimcnt was low (0.01 -0.03 gm -L..cr 1， about 1/10 the P 

loading rate of that in the experirnent mentioncd in Chapter 5) (Fig. 7-12). Thus， probably， P was 

short in the downstream anu plant growth in thc down strcam was limitcd. 

Papyrus， kenaf， and ltalian ryegrass biomass downstream， 10.5-11.2 m from the ditch inlet， 

werc 46-750/0 of their upstream biornass， 8.4 -り.1m from the ditch inlet. These plant species did not 

remove N or P from artificial wastewater where the N concentration was below 0.2-0.3mgL -1 and 

the P concentration was below 0.01-0.02 mgL-1. 1n addition the rernoval rate was markedly 

rcstrictcd whcn the P conccntration was below 0.0り-0.45mgL-1 and N conccntration below 0.34-

O.57mgL-1， based on an cxpcriment using artificial wastewater containing N mainly as N03-N and P 

as P04-P (Chapter 6). This suggests that the biomass prodllction uownstream was restricted by the 

low N and P concentrations. 

Reconlnlended use of plant bed filter ditches 

Calculations of the volume and T-N anu T-P concentrations of wastewater entering the pond 

oncc a week showed that about 1.3 kg N and 26 g P entered Konda Pond daily. Bascd on the 

avcrage rcmoval ratc of the plantcd ditchcs， 30% of N and 700/0 of P entering the pond from thc 

catchment arca were removed by the plant bed filter ditches with an area of about 600m2 (about onc 

sixth of the pond area) in summer and autumn 

Somc ponds used for agriculturc in Japan have been transformed into parks. 1 believc th川 thc

plant bcd filtcr ditchcs could bc uscd as f10wcr bcds or for ornarncntal purposcs in pond park日to

reducc thc N anu P load to thc ponus. 1 fOllnd that thc plant bcd filter ditchcs purificd thc pond watcr， 



rcsulting in a decrcase of the N and P concentrations below thc rninimum concentrations requircd for 

watcr bloom formation. The plant-bed filter ditches could also supply clcar watcr for ornamental 

strcamぉinparks， whcrc childrcn could play in the watcr. 

Conclusions 

(1) Plant bed filter ditches plc川 edwith plant species which effectively rcmove N and P from 

artificial wastewater were able to treat pond water more efficientlly than a plant-free ditch. 

(2) The plant free ditch (depositor and bed filter) was effective for removi時 particulateP， but 

P04-P was dissolved from pa口iculateP accumulated in the bed filter. The addition of plants to the 

ditches removed PO 4 -P successfully. Plant uptake and filtration by bed filters played important roles 

in P removal in the ditches containing plants. 

(3) The plant-合eeditch removed particulate N completely and N03-N to some extent. The ditch 

containing plants rernoved N03-N and particulate N well. The N balance indicated that N was 

removcu mainly by uenitrification and plant absorption. This suggests that dcnitrification was 

promoted by using suspendcd solids accumulated in bed filtcr as hydrogen donor. 

(4) The planted ditches purificd cutrophic pond water resulti時 ma下Ncαω(りmcc山

mgL仁-1and T下:.pbelow 0.02 mgL-1， the minimum N and P cαoncentrations requir印edfo汀rwa剖te訂rbloOlll n 

for口rma引tiωon.

(5) The average N removal rate in the ditches cαωoωmt凶a訂叩仰11加n凶山1吋i出n昭gpがlantωswas ge∞nc 

2r1 : 
lmmer ( May to September)， but decreased in winter. Almost all of the influent P was 

rcmoved in the plant-containing ditches during the cxperiment because the phosphorus load was 

much lower than the N load (1/20 to 1/70 of N loau). 

(o) Thc addition of organic matter to the ditch was effective in improving th巴Nremoval 

-2 J-1 : efficiency by 0.1・ 0.2gm -":"d-'-in winter and spring. 

(7) 1 rccommcnd that plant-bed filter ditchcs containing papyrus and flowers be uscd for 

ornamental purposes to remove T-N and T-P from the pond watcr and provide clear water that could 

bc uscd as omamental strcams. 



司~

一一一 Inflow(T-N)

-Inflow(N03-N) 

一一X- Plant free 

--・-Planted 

ーベト-Planted/organic matter 
7 

6 

5 

4 

3 

2 

(
「

'J
m
E
)
Z
a
ト

O.3mgL-1 。
ハU

4
E
I
 

9 8 7 6 5 4 3 2 

1998 

12 1 10 11 9 8 

1997 
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Tablc 7-1. N balancc in the uitch Uuring the cxperimental pcriod 

Rcmoval 
Avじragじ Avじragじ

Inflow Rcmoval by Outtlow loaUing fじmoval

(ι) Total Rcsiuucs Absorption ucnitritication (ι) ratじ ratc 

(ι) in bcu (g) by plant (g) ctc. (gm-2u-1) (gm-2lr1) 
(ι) 

Plant-frce 1340 451 62 。 3りO BBり 11 0.67 0.22 

(%) (100) (33.7) (4.6) (2り.1) (66.3) 

Planted 1356 756 45 174 536 600 11 0.67 0.3B 

(%) (100) (55.B) (3.4) (12.B) (39.6) (44.2) 

Planted 

/organic 1490 り04 62 224 61S 586 11 0.74 0.45 

matter 

(%) (100) (60.7) (4.1) (15.0) ( 4l.5) (39.3) 

Table 7-2. P balance in thc uitch during thc experimental period 

Removal 
Avcragc Avcragc 

lnflow Removal by Out flow loading rcmoval 

(g) Total Rcsiuucs Absorption othcr (g) rate rate 
(g) in b叫 (g) by plant (g) functions (gm -2d-1) (gm -2U-1) 

(ι) 

Plant-frec 32.8 13.3 12.5 。 0.7 lり.6 11 0.016 0.007 

(%) (100) (40.4) (38.2) (2.3) (5り.6)

Plantcd 33.1 26.9 6.5 12.0 8.4 6.2 
11
0.0 0.013 

(%) (100) (8l.3) (17.7) (36.2) (25.4 ) (lB.7) 

Planted 

/organic 35.8 29.3 8.6 14.7 5.6 6.5 11 0.01B 0.015 

matter 

(%) 
(100) (8l.8) (23.り) (4l.1) (16.7) (18.2) 
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Fig. 7 -14 Nitrogen balance during the experiment. 
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Fig. 7 -15 Phosphorus balance during thE~ experiment. 



‘ー哩園~. 

Planted 

Planted/organic 
matter 

。
Amount of N absorbed by plants (g) 

50 100 

¥ 
Papyrus '99 

150 200 

Fig. 7 -16 Contribution of plant species to N removal. 

250 



司-周囲'. 

Planted 

Planted/organic 
matter 

。
Amount of P absorbed by plants (g) 

5 10 

Fig.7・17Contribution of plant species to P removal. 

15 

nts 



『圃'ーF. 

wastcwatcr. 
Tablc 7-3. Dry wcight of plantぉinthc plant bcd filter uitch providcu pond watcr elnd artificial 

以中
Planteu Plantcd/organic I Expcrimcnt using artificiell 
ditch mattcr ditch I wastcwatcr本

Wintcr and spring (N ov. 1りり7-May 1りり8) I (Dcc. Lりり5-May lりり6)

1，1り2Pepper mint (Menta piperita L.) 71り

17り

1，256 

Hanana (Brαssicαcampωtris L. var. ) 160 

Italian ryegrωs (LoLium multiflorum Lam.) 1，042 

Summcr and alltumn (June -Oct. 1998) 、、，，
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Impaticns (1mpαtiencs sultαni Hook. f.) 

Peppcrmint (Mentαpiperita L.) 

African marigold (11αgω erecωL. ) 

Papyrlls (Cyperus pα:pyrus L.) 

Kcnaf (flibiscus cannαbinus L) 

370 

1，683 

287 

307 

1，B6り

382 

4，404 

1，600 

421 

2，740 

り78

り，858

6，287 

* In this cxpcriment， thc ditch was plantcd with onc plant spccie:s and fed artificial wastewater 
ー1..C'I' n 1'I.f L .. ..J~ _._ _...._. I (¥ 1 '") .__-2.I-l containing 2.5 mgL-1 of下Nand 0.6 mgL-1. of T-P. N loading rate: 1.0ー1.2gm -L..cr ¥ P loading 

-2rl ratc: 0.2-0.25 gm -L..cr 1.. The experiment was performcd in a glass hOllSC whosc windows wcre open 

from April to Nov. in T.'illkllba， Japan ( mentioneu in Chapter 5). 



--. 

Plate 7-2. Plant bed filter ditch near Konda Pond. 

The top: October， 1997， the bottonl: April， 1998. 
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Chapter 8 

General Discussion and Conclusions 

Thc incrcase of wastcwatcr prouuction coinciding with an incrcasc in thc human anu livcstock 

population in rural areas has led to thc cutrophication of aquatic ccosystcms. Most ()f thc nitrogcn and 

phosphorus loau in rural arcas derivcs from domcstic wωtcwater and livcstock wastcwatcr. lt is thus 

ncccssary to dcvclop a low C()st wastcwatcr trcatmcnt systcm suitcd to rural arcas. lt is also uesirablc 

to add rcsourcc rcusc and amenity to thc wastewater trcatmcnt system in ordcr to makc thc systcm 

attractivc and acceptablc. Livestock wastcwater contains cxtremely high concentrations of N anu P， 

10 tin1es higher than those of domestic wastewater and 100 times higher than those of eutrophic ponu 

wat巴工

So far I have examincd a system consisting of a combination of aerobic soil column and 

anaerobic contact column for the livcstock wastewater treatmenlt， and a plant bed filtcr ditch that 1 

dcvelopcd for the treatment of domestic wastewater and eutrophic pond water. Thc optimum 

conditions anu managcment， including sclection of plant spccics， wcre discusscd. 

8・1Managenlent of the aerobic soil column and anaerobic column system 

This system consists of two columns mountcd in scries;， an aerobic soil column and an 

anaerobic column. The wastcwater from which suspendcd soli，山 (SS)is rcmovcu is fcd into thc 

acrobic column where organic matter is decomposed， phosphorus is sorbcd onto clay minerals ()f 

so11 in the column， and ammonium is oxidized to nitrate by nitrifying bactena. The effluent from thc 

aerobic column then flows into the anacrobic column (submcrged condition) where nitratc in thc 

influent 1S converted to nitrogen gas by denitrification bacteria. 

The audition of 20% crushed limestone to the soil in thc aerobic column was cffcctive for 

prcventing the acidification ()f the packed soil and promoting nitrification for a long pcriod of time. 

Ammonium， phosphorus， and TOC in the wastewatcr werc succcssfully trcatcd by the aerobic 

column packcd with 60% volcanic ash soil， 20% zeolitc， and 20% crusheu limcstonc. Thc NH4-N 

-3 ]-1 trcatmcnt (nitrification) ratc was 36.2 gm -_J u 
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In the anaerobic column， carbonized ricc husks and charcoal chips wcrc morc suitablc 

materials as packing media than volcanic ash soil in terms of pcrmeability ()f thc influent through thc 

mcdium. Thc denitrification of 1 g of N03-N rcquircd about 3 g of mcthanol. In the anacrobic 

column packed with carbonizcd ricc husks or charcoal chips with addcd mcthanol， N03-N trcatmcnt 

-3 rl ratc was 64 gm -.J d-j_. Though mcthanol is widcly uscd as a hydrogcn donor for dcnitrification in thc 

wastewatcr trcatmcnt plants， mcthanol is poisonous and adding it constantly to the column is 

troublesomc. 1t was found that mixing thc straw with thc column packing mcdium was cffcctivc for 

accelcrating denitrification. 

Average swine excretcs urine containing 24 g of N and 1 g of P a day (Tabuch and Takamura 

lり85).If it is possible to enlarge the bench scale column to a practical scale with similar figures， 0.66 

3 m..) of the aerobic colllInn and 0.38 m..) of thc anacrobic column is necessary to treat thc urinc of onc 

swine. Reuse of N and P accumulatcd in the column packing mcdium is important for thc nutrient 

rccyclc in rural arcas. Further research on thc evaluation of the packing mcdium as soil conditioner is 

nceded. 

8・2Plant bed filter ditch system nlanagenlent 

It is necessary for wastewater treatment plants to have some other at1ractivc functions in ordcr 

to be welcomcd by local residents. Using crops and f!owers for wastewater treatment hclps to rccyclc 

N and P in rural areas and also to givc amcnity functions to the wastcwatcr trcatmcnt system. 1 

designcd a plant bed filter ditch in which crops， and flowering and ornamental plants are used for 

rcmoving N and P from wastewatcr. 

(1) Plant bed filtcr ditch design 

Sincc the majority of the plants used for human life are terrcstri川 specics，1 designed a 

wastewatcr廿eatmentditch in which tcπestrial spccies can grow. The bed filtcr material wωzcolitc 

(particlc sizc; 3・ 10mm) due to its high NH4 -N adsorption efficiency， and its suitability for plant 

culturc in bcnch scale cxperiments (Chapter 3)， and its ability to be rcused in agricu1turc as soil 

conditioncrs. Thc bcd filter surfacc was about 0.05-0.1 m highcr than thc watcr lcvcl for tcrrcstrial 
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species and thc samc as the watcr lcvel for aquatic spccics. Almost all of thc plants山 ldicdin thi~ 

expcrimcnt grew wcll and plant roots grew Ollt ()f thc baskcts and formcd root mats in thc watcr. 

(2) Evaluation ぱ plantspccics ability to rcmovc N and P from wastcwatcr 

Thc lISC of higher plants in thc ditchcs cnhanccd thc N and P rcmoval ratcs from thc 

wastcwater. Plant spccics in the ditchcs considerably affccted thc N and P rcmoval cfficiency. Thc 

ditch removal efficiency waS significantly affcctcd by thc plant N and P absorption ratcs. Thc plant 

bcdイiltcrditches with plants which exhibited high biomass production rates showcd high N and P 

removal ratcs. Thc season and period when the ditchcs showed thc highcst N and P rcmoval 

efficiency also dcpended on thc plant spccics cllltivatcd in thc ditchcs. Kcnaf， papyrlls and Italian 

ryegrass werc the most effcctive for maintaining high rcmoval cfficicncy for a long pcriod with both 

artificial domestic wastewatcr and artificial pond watcr. Among f10wering and ornamental plant 

spccies， African marigold， pcppcrmint， hanana， andαl11a werc effectivc in cnhancing the rcmoval 

cfficiency of thc ditch. Kenaf and papyrus arc rccommcndcd for use in plant bcd filter ditchcs mainly 

in summer and alltumn， while Italian ryegrass is rccommendcd for wintcr and spring， becausc of 

both their cxccllent removal efficiency and rcsource recycling functions. African marigold (summcr 

and alltllmn)， hanana， calla (winter and spring) and peppcrmint (ycar round) arc rccommcndcd for 

supplementary use in order to give am巴nityfunction to the ditches. 

It also appcars that adding plants to the ditchcs accclcrat:cd microbial activity such as 

nitrification and dcnItrification. Nitrification procccdcd morc activcly in thc papyrlls and rccd ditchcs 

than in the plant-free ditch even in thc winter. 1t is likcly that O2 which was supplied from roots 

through thc lacllnac of papyrlls and rccds eにcclcratcdthe nitrification process in thc ditch. N and P 

balance data of thc plant bed filter ditchcs (in Chaptcrs 4 and 5) indicatcd that dcnitrification 

contributed somewhat to N removal in addition to absorption by thc plants. Oead plant roots anιi 

exudatc from roots were probably uscd as hydrogen uonors for denitrification. 

(3) Effect of wastcwatcr conccntration and composition on N and P removal rates 

Whcn thc rclationship betwecn N and P rcmoval rates of plants and N and P conccntrations 

was cxprcsscd by a Michaclis-Mentcn typc cquation， thc conccntrations at which thc rcmoval ratc 
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was half of the maximum rcmoval ratc varicu slightly cJepenuing on plant spccies， 0.2-+ mg L-

1 (African marigold)-0.86 mg L-1 (sorghum) for N anu 0.0り(ltalianrycgrass) mg L-1 -0.-+6 m巳L-

1 (sorghum) for P. Whcn thc N emd P conccntrations did not cxcccd thc conccntration at which thc 

rcmoval ratc was half of thc maximum removal ratc， N and P rcmoval ratcs wcrc lower and 

significantly affccteu by the wastcwater conccntration. Thus the N and P removal ratcs of thc plant-

bcd filtcr ditch when such low conccntrations of wastewater were suppliccJ were seemingly much 

smaller than those obtainccJ from thc experimentぉusinghigher concentration wastewater ( 20 mg L-1 

for N， 3-4 mg L-1 for P) as in Chapter 4. 1t is difficult to cstimate the ditch size basccJ on thc N anu 

P removal ratcs in the plant-bccJ filtcr cJitch recordcd in thc experimcnts in Chaptcr 4. 

At high N ancJ P concentrations， the removal rates were high， hardly affcctcd by thc 

conccntration， and N and P rcmoval function could be considered to rcsemble zcro ordcr kinctics. 

rcgardcd thc conccntration range from l.0 to 20 mgL -1 for N anu from 0.5 to 4 mgL-1 for P as thc 

range in which thc removal rates are sufficicntly high and unrestricted. It was found that N and P 

wcre removcd from artificial wastewater (N: 20 mgL-
1
， P: 3-4 mgL-1) at the rate of 0.8 gm-2d-1 for 

-2.1-1 N and 0.15 gm -~d- l. for P consistcntly except in the winter， when recommcndccJ plant spccies wcrc 

cultivated in thc ditches. This indicates that we can roughly estimatc the cJitch size at an actual site 

-2 .r 1 ~ . J n . ， ~ ~ •. I: (¥ 1 c' __ -2.J-1 bascu on the N removal rates of 0.8 gm-.t..d-l. and P rcmoval ratc of 0.15 gm-.t..d-l.， when thc N 

-1 concentration of the wastewatcr is from l.0 to 20 mgL-l. and P conccntration was from 0.5 to 4 

mgL-1. 

The relationship bctween the ratio of N to P concentration in thc influcnt and the ratio of N to 

P absorption rates by plants is summarized in Fig.ル1.百1eratios of N to P conccntration in the 

influcnt were 1.6 :1 to 48:1， while the ratios of N to P absorption ratcs by plants were 3:1 to 20: 1. 

This indicatcs that thc excess component， N or P， was not absorbed by plantぉwhenthe ratio of N to 

P conccntration in thc influcnt was cxtrcmely high ( likc pond water in Chaptcr 7) or low. (As pond 



---
watcr contains N cxcessivcly， N rcmoval efficicncy was much lowcr than P rcmoval.) 1日おuchC é.l ~C~ ， 

bcu filters with functions of N or P adsorption anu promotion of dcnitrification proccss are ncccss(lry 

to rcrnovc thc cxccss componcnt. 

The contdbution of plant absorption to N and P rcmoval depcndcd on wastewater 4uality 

Whcn watcr contains organic compounds， nitrogcn is removed by both dcnitrification and plant 

uptake. When water contains suspended solids (particulatc-P and N)， filtration by bcd filter 

supplements in addition to plant absorption and dcnitrification on N and P rcmoval， as notcd in 

Chapter 7. In Chapter 3， the adclition of plants to bcd filtcr systems did not havc good rcsults on 

organic compounds treatment， compared with N and P removal. 1 believe that thc plant bed filter 

system is morc cffcctivc for removing N and P frorn water that contains rclativcly few organic 

compounds， such aS secondary treatcd watcr. 

(4) Recommcndcd planting， ditch sizc and managemcnt of the plant bcd filtcr ditch 

Thc plant bcd filter ditchcs work cffcctivcly in thc treatrncnt of wastcwater whose N and P 

concentrations cxcced 1.0 and 0.5， respectively. 1 suggests that such ditchcs should be constructcu 

as flower and crop gardens around a community's wastewater treatrnent plants or cutrophic pond in 

rural areas. Fig.8-2 shows thc rccommended plantings of the plant bcd filtcr ditch. Kcnaf and 

papyrus are recommendcd for use in summer and autumn， and Italian rycgrass is rccomrncnded for 

in wintcr and spring， because of thcir excellent removal efficiency anu thcir uses for handicrafts， and 

as paper sourccs and fced. African marigold (summer and autumn)， hanana， calla (wintcr and spring) 

and pcppermint ( year round ) are preferable for s叩plcmcntaryuぉcbecause of their amcnity fu削 10n

and rclativcly high removal cfficicncy. Flowering and ornamcntal plants should be plantcd rnorc 

upstream than kenaf， papyrus and ltalian rycgrass on thc ditch. If not， thc flowcring and ornamcntal 

plants might not grow wcll duc to the lack of nutricnts and thc ditch will becornc unsightly. ln order 

to avoid remarkable decrease of N rcmoval efficiency in winter and early spring， 1 rccommcnd 

burying thc plants growing in summer and autumn (i.g. papyrus stcm) in thc bcd and utilizing them 

as hydrogcn donors for denitrification. 

The avcrage person produces 12 g of N and 1.8 g of P as domcstic wastcwater evcryday 

(Tabuchi and Takam山 11985) . The N and P trcatmcnt efficicncy of a sewage trcatment plant is saiu 

to be lcss than 500/0 (10-500/0). Assuming thc N and P treatmcnt cfficicncy of a scwagc trcatmcnt 
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plant is 40%， thc plant beu filter ditch shoulu covcr an arca of approximatcly 1000-1300 m2 in ordcr 

to treat about 70% of N and P in thc sccondary efflucnt from a community trcatment plant for 2.00 

pcoplc (Fig. H-3). ln arcas whcrc scwcragc is n川 constrωted，m州 ofthc domestic wastcwatcr， 

excluuing urinc anu excremcnt， is uischarged into water bodics without prior trcatment. Onc pcrson 

dischargcs 3 g of N and O.りgof P as domestic wastewater， exduding urine and excrcment， every 

day . In order to eliminate 70% of the N and P entering a ponu from the community including 50 

persons， a plant bed fjlter ditch with an area of about 130-200rn2 is needed based on rough 

estimates. 

On the other hand， it waS found that the ditches planted with papyrus， A企icanmarigold， 

pcppermint， or ltalian ryegrass purified eutrophic pond water resulting in a下Nconccntration bclow 

0.3 mgL-1 and T-P below 0.02 mgL-1， i.c.， the minimum N and P concentrations required for 

watcr bloom formation. Thc pla叩i汀川n川1t.七c 仁dfilter ditchcs cαωould be us氾edto お川upplyclear wa川:lterfor 

o汀r口rnamen川1ta凶a叫tlstrcams flおorpar比ks，whcrc children could play in the water. 

(5) Problems with and improvements in the application of the plant bed filtcr uitch to different sites 

Problems and improvement when the plant bed filter ditch is applied to several kinds of 

wastewater are summarized in Table 8-1. 

1n the treatment of domestic wastewater which contains much SS， removal of SS prior to thc 

treatmcnt by the plant bed filter ditch or removing SS accumulalted in the bed filter periodically is 

nccessary to prcvent ditch clogging. [n the treatmcnt of sccondary treatcd wastcwatcr (domestic or 

livestuck wastewater) ， the removal of exc巴ssiveP ( e.g. using bed filter havi時 highP adsorption 

capacity) is necessary江thetreatment plant has a denitrification proccss. ln the treatment of eutrophic 

pond water which contains much SS and more cxccssive N than P， thc aucJition of SS and N removal 

tcchnique to the ditch is necessary. Adding a hydrogen donor for denitrification like straw etc. to the 

bed is onc way. Looking for nitrate adsorption material is another way. Cultivated land 

undcrdrainagc， grouncJ water and springs polluteu with nitrates usually have quite low 

concentrations of P. Promoting nitrogen rcmoval from wastewater bcsides plant uptake is also 

Important. Hydroponic culture wastcwater contains high conccntrations of N ancJ P ( 1 () timcs ωhiιh 
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as that of secondary treated sewage). It is thus necessary to decrease N and P conccntrations by using 

anothcr mcchanical廿eatmentsystem prior to the treatment by thc plant bcd filtcr ditch. 

A'i the plant bed filter ditch has sorne demerits shown in Table 8-1， it is desirab1e that thc ditch 

is lIsed in combination with an other suitable treatment system depcnding on the conduion of thc site 

which needs wastcwater treatment. 

The plant bed fi1tcr ditch provides for resourcc reusc and arnenuy fllnction in addition to 

wastewatcr treatment. Many 10cal governments are intercsted in. and want to introducc our system to 

improve aquatic ecosystems now. At such time， the ditch needs a largc area and sorne volunteers to 

look after plants such as harvesting and transplanting. In rural areas， as a flower garden or spacc for 

2 ornamental plantings， abollt 3-6 m""' ditch area per person in a farrner fami1y yard (15-30 mL per 

fami1y) or in the common space of communities around the wastcwater treatm巴ntplants ( 1000-1200 

m2 per 200 pe叩le) can be acquired. Recently， thcre are many activities organized by residents to 

irnprovc aquatic ecosystems close to their homes. Thus it may be possible for residents to manage 

loca1 plant bed filter ditches. It is desirable that the residents enjoy taking care of the plants and utilize 

them， and even to earn some money by selling plants growing in the ditches. In order to popu1arize 

the plant bed fi1ter ditches and operate them for a long time， 10cal governments necd to he1p construct 

both the ditches and the infrastructllre needed to managc them. 
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Winter and spring 
(Nov. -May) 

Upstream 

Hanana， peppermint， calla 

、--~ 

Down stream 

Kenaf， papyrus 

Italian ryegrass 

Fig.8-2 Plantings recommended for the plant bed filter ditch 
as crop or flower gardens. 
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Secondary eff1uent 
(Inflow) 

Concentration 

N: 20.6 mgL-1 

P: 3.1 mgL-1 

N: 7.2 gd-1 (person)-1 

P: 1.1 gd司 1(person)・1

Water volume: 350 L(personr 1 

Ditch area : 5-6.5 m2(person)-1 

About 70% of N組 dP is 
removed by the ditch 

Removal N: 5.0 gd-1(person)イ

P: 0.8 gd-1(personr1 

Concentration 

N: 7.3 mgじ1

P: 1.1 rngL-1 

Ouぜlow

: 2.2 gd四 1(perSOnr1 

P: 0.3 gd-1 (person)-1 

Fig. 8-3. Roughly estimation of the size of the plant bed filter ditch 
in rural areas. 
Evapotranspiration is assumed 9 Lm-2d-1. 



Table 8-1 Problcms and improvement in introducing the plant bed filter dUch for the仕eatmentof typical wastewater found in rural ar巴as

-ハWH

Kinds of 
N P Others Major removal functjons Problems and improvements 

wastewater 

Filtration of particulate N，P( =SS) 
by bed filt巴r.

Domestic 
Organic 

Decomposition of organic 百leaddition of SS removal technique to th巳

wastewater not High High compounds. ditch is necessary. 

contalmng unne Org-N Org-P 
∞mpounds Adsorption of NH4-N by zeolite Organic compounds仕eatmentbefore the plant 
and SS 

and excrete bed filter. bed filter廿eatment1S necessary. 

N and P absorption by plants 

Denitrification 

High 
P is tended to be excessive when sewage 

Secondary廿eated High 廿eatmentplant contains denitrifjcation process. 

domestic N03-N 
N and P absorption by plants 

刀leaddition of P removal technique to thc P04-P (Denitrifi cation) 
wastewater (NH4-N) ditch is necessary. For example， using bed 

fil ter material with high P adso中tioncapacity. 

百1eaddition of SS removal technique to the 

Low Filtration of particulate N ，P( =SS) ditch is necessary. 

Eutrophic pond or N03
・N Iρw 

SS 
by bed filter N(N03-N) is excessive. 

lake water Particulate-N Particulate-P N and P abso中tionby plants Accel巴rationof remo¥'ing N 1S nεcessary (巳.g・

Denitrification adding hydrogen donor for dcnitrification to 

the bed)， 

Culti¥'ated land 
N and P abso中tionby plants N(N03-N) is excessive. und巳rdrainagc. High (Denitrification) Acc巴l巴rationof remo¥'ing N is nccessary， ground water、 1ρw 

spring pollutcd 
N03-N (巴.g.adding hydrogen donor for 

wuh nitratc denitrifjca60n to the bcd) 

Quite high 
N and P concentration is quite high (10 timcs 

Hydroponic Quite high 
as high as domestic wastewater). Dccrcasc N 

culturc N03-N 
N and P absorption by plants 

and P concentration by using othcr mcchanical P04-P (Denitrification) 
wastcwatcr (NH4-N) trcatm巴ntsystcm prior to the treatmcnt by thc 

plant bed filtcr ditch. 
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要旨

資材、植物等を用いた資源循環及びアメニティ機能を持つ水質浄化法に関する研究

111付1$ ，fA 

近年、農村地域でも、 iMJt何等の富栄養化が進行しており、 Jj(，主業、 j以ノk、生活環境 i二の被存に

)j ll え、農業生産への被害も問題となっている。畜舎1~1:ノkヤ者rs I打化 .l昆イEイヒにイ=ドう生活系排水のI回

大が、その重要な要因のーっ と考えられ、公共川ノ1cJ或に排 n\ される前に発生~Lqtの近傍で処埋する
ことが望まれる。しかし、農村地域では、これら負竹ifÆ~が、分散してイ下花するので、都 rlT型の人
規模集'1I)j式の汚水処理施設をそのまま適用することには問題が多く、農村地域に適した、 't:態
系と調和したj争化技術の開発が求められている。一方、汚水処理焔設は、近隣の居住者にとって

は迷惑施設となることも多いため、汚水処理以外の好ましいイ寸JJn価値を持たせることが必要であ

る。本研究では、土j袋、天然鉱物(ゼオライトなとすなど農地で再利用可能な資材の化学物質l以

着能や、資材表面で生育する微生物の有機物分解 ・ 6自化 • J悦室機能、並びに、作物-花庁などの

布用地物の窒素リン吸収機能を活用し、汚水r!Jの窒素 リンを資源として再利用でき、景観形成

等のアメニティ機能を持つ簡易な汚水浄化手法の開発、及びそのゆイヒ特性の解明、逆転管埋f- l1~
の検討等を行った。

1 家畜尿汚水の高度処理のための好気・嫌気力ラム充填資材の検索と管理法の検討

家畜尿汚水は、窒素、リンを高濃度に含んで、いるが、これらは、従来の活性汚泥法等では十分

処埋できず、小規模の畜産農家で、も設置できる、簡易で、窒素、リンの処JJH幼半の l守jし、新たな処

四ノJì-l~が望まれている 。 近年、汚水 'IJ の有機物の分解、リンの 1 1>(諸除去、 N I I ~I - N の硝化を~ Ir句と

した好気土様カラムと、 Jß~釜による N0 3 - Nの除去を日(1<]とした倣気土j哀カラムから jえる処埋法が

有効で、あることが報告されている 。筆者らは、 j争化効率を上げるため、新たに農耕地等で再利片j

訂能な適切なカラム充填資材を検索すると共に、 )1見室に必要な水素供与イイバポ)JU量を明らかにしたり

好気カラムについては、黒ボク土にゼオライトと粗砕石灰石を20%混和した資材を用いると処

迎能力が高ま り、 その長期的維持が可能と成ることを明らかにした。

郷気カラム充填材としては、土擦よりもみがらくん炭や炭の方が透7Jぐ|生の而で、優れており、また

充填材にわらを添加するとN0
3
・Nの除去率が向上することを明らかにしたり線気カラムにおいて、

N03-N 1 9 を除去するのにメタノール約3g の添加lが必~であり 、 これは、思論値の 1. 5 - 1. 6 情で

あることをj伴明した。

2_ 生活雑排水の窒素・リン浄化に適した滞材・植物等の比較

現在、下水道や農村集落排水処理胞設の未整備地岐においては、生活雑排水(生活排水から!禾

尿を除いた排水)は、未処理のまま放流されている場令が多く 、釜素リンの環境負街源のlつとな

っている、また、 ドノk処理場等で、も、窒素 ・リンの沖化は不十分な場合が多く、簡易な処理技術

が求められている 。一方、作物、花J!-f等有用他物を水質浄化に利用し、迷惑施設となりがちなめ

水処理施設に、汚水'--!Jの窒素 ・リンの再利用、景観形成等の機能をイ.j-))11することも必要である 、

そこで、有Jll他物を月jいたノk質浄化手法の開発に当たって、まず、水質j争化に向くIli制オと十l立物

の訓査をベンチスケールで行った。 i~長イオーは:、ゼオライト、ゼオライト十只化石、炭の 3種類、地物
は、イネ(多川j全米) 、エンサイ、クレソン、 (町=来)、ジニア、ストック (11j午)の5種類につ

いて比11皮検討した。

十l立物を減材仁に栽値すると、室来、リン浄化能は高まり、また、他物種がこれに影響をあたえ

ることが判ったり夏秋 (G-12Jl) においては、工ンサイやイネがジニアより優れ、冬者(]-!))J)

においては、クレソンがストックより優れていた ，しかし、全有機炭素除去に対する他物状憎の
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~Jよ~は、 lり j らかで無く、本システムは、有機物が分解・除去された片手〈処理水の l布役処J~! により
適していると与えられた。 it:創オに関しては、ゼオライト、ゼオライト十Jl化行が炭にくらべ主

素、リン除去に効呆的であることがわかったり

3. 植物-/，慮材系水路の試作

農村'Mf:i'答131=水処迎施設の)hJlllJの他え込みやイヒJ丘、家出来;凶等として利Jllでき、近隣のfLi(が flJ

川口J能な作物・イE芥等を松崎できる浄化システムを 111肯し、多くのイをTJlHI立物が陸't他物で、ある」

とから、ノk生組物と陸生地物の両者を一緒に利川でき るj争化ノk路を考策した υ

水質浄化水路は、減材(ゼオライト:粒径 3 ----10 111111 )を詰めた制篭に他物を仙えて並べたノド

路で、 FJノ1z1 1 の窒素・リンは、ノk路を沈下する過程で、他物イ~、泌材、微生物等の作)fJ を 受け|除
去される 。 泌材の高さを村i物の，rÛ'J"湿性に応じて変え、|控~三他物については泌材而j をノ1z rru より たり
10Clll高くし、水/1:.11立物は7}q而と l百j じにすることで、 I~長生 と水Jt の他物を|百] - -7k路 I)~ で松崎 IIJ能と
した。資j凶作物や修景効呆の高いイEJ'F.観葉他物を、ノk質浄化に利Jl1 できる点が本水路一つの q-，~ご
長である。ゼオライトを減材として川いているのは、ベンチスケールの試験の結果、他物の状府

民として過しており、また、アンモニア態窒素|以着能が高く、使川f炎上様改良資材として農耕地

への還元が可能なこと等による υ 減材には、植物の支持休としての役割もあり、大lliの他物も裁

j宥できるよう、 i~剖オの充壊高さは30 ----4 Oc山としている 。

4. 植物-"慮材系水路による生活系排水の窒素・リン浄化に適した植物の検索と評価

前述のベンチスケールの試験より、植物の種類が窒素 ・リンのj争化に大きく影響することが-llJ
ったため、陸生他物13種類を含む資源作物、飼料作物、花き等20種類の地物について、浄化ノk路

に栽地し、生活系排水の2次処JAノjくの浄化に対ーする有効性を調査 -検討しt:..u人工汚ぶ(窒素濃皮.

201118-L-l 、リン波)支 :3 mgL-1)を、水路l自桔当たりの釜素子l術速度 1.，1---2.1gI11-2d-1、リン

負荷速度 :02~033gill-2(11で流入させて実験を行い、水路は窓のあるガラス室内に設置し、 l

----11 ) JのI}¥J窓、を開放した。

バイオマス生産速度の高い他物を栽他した水路ほど窒素・リンの除去速肢は高く、他物による吸

収が大きな割合を占めていた。 パピルス栽柚水路で、は I~~春から秋に、ケナフ水路及びソルガムノ，](
路では夏から秋に、また、イタリアンライグラス水路とオオムギ水路で、は春先に、窒素・リン除

去迷皮はN :()8gin-2(l-1、 ド :O. 1 5 glll 
-
2 cl-1を上回る高いイl立となった口 また、修景ガ'J:W:を持つィ1/，:

のなかでは、アフリカンマリーゴールドやカラー、ノ¥ナナなどにも高U】j争化効来が認められたし
ノtピルス、ケナフ、ソ jレガム、イタリアンライグラス 、オオムギ¥アフリカンマリーコ

e

ールド、

カラー 、ノ¥ナナなどの他物を適切に組み合わせて栽析すれば、点冬JUjI日jを|徐き、ノk路面積当たり

N除去速度:O.B gI1l
-2c1

-
1、P除去速度 :0.15 g111 

-2 d 
-1

で、汚水処理が安定して行える事が判明し

た。

-);、パピルスやアシを他えた水路では、冬期jに硝化の促進が認められ、これらは、水生植物

の狼のl爆気効果によるものと考えられた。 また、窒素収支より、栽地水路で、J悦釜が窒素の除去沖

イヒに一定の寄与をしていることが示唆された。

5 富栄養化した湖沼水等の比較的低濃度汚濁水の浄化に適した植物

農業月17k減となる j胡出 • i留池等の富栄養化は、農業生産上の句JL筈をもたらすとともに、近隣の

{主民の生活環境の悲化にも繋がり、 7k辺環境の改善への要望は高まっている り富栄建化したiMJd~ 
水の窒素 ・リン濃度は、 '般に生活系排水に比べlオーダー低い濃度であるため1]:1[1j系排水の浄化

に到~*の高かったイ乍物 ・ イヒ jiF等について、低濃度j或で、のノjぇ質浄化特性の解明jが必要とされた ‘
富栄養化した潟池の水質調査結果をもとに、低濃度人工汚7)q笠京濃度 :25mgL-l、リン波皮:

05mgL-l)を作成し、生活系排水浄化試験と同程度の窒素 ・リン負術速度となるように、水路!副

総窒素負体速度 :1. 2 glll 
-2 
d 
-1

、リン負何速度 :023gill-2(l-1で供給した。試験に供試 した他物

をよX，fl立した水路はいずれも、人工汚水の窒素 ・リンj農伎を更に低減反にj争化した ，特に、ハヒ ル

ス、ケナフ、イタリアンライグラスの浄イヒ効呆カf高く、また、アフリカンマリーゴールド、イン

ノ¥チエンス、ハナナなどのィ壬/fやヘハーミント(ノ¥ーブ)などにも -Iのゆ-化効*がlitめられた
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除去された室主の」剖以上及びリンのり剖以上が他物体に!吸収されており、他物のl吸収が浄化に/

きな削合を来たしていることが判かったυ

釜索・リン浄化機能のlbiいバヒルス、ケナフ(反則)やイタリアンライグラス l冬期J)等を浄

化の主体として)ljい、水路の修策効果を l官jめるためアフリカンマリーゴールド等の{とH.やヘハ一

、ン トを介わせて栽植するのが望ましいと考えているu

6. 汚水の窒素 ・リン濃度と植物の窒素 ・リン除去速度の関係

環境中の汚濁水(生活iJr-ノkから富栄養化したiMJ1(1ノ'k)の室京・リン波j立は、 iから 2オーダーの

'IJ{Óがあり、他物を浄化に汀]いる |祭、それぞれの刷物に過した j争化j戎を il~l屋しておくことが必裂で
ある。

窒素としてNO3'N、リンとしてPOtj-Pを主に含む人工汚水を用い、濃度レベルを数段階会えて、

汚水i濃度と地物(ケナフ、ノtピルス、イタリアンライグラス、ソルガム、アフリカンマリーゴー

ルド、ペパーミント)の釜素・リン除去速度の関係について調査を行ったし各他物の除去速j郊と

なる波皮は、釜索 0.19 (パピルス) ---0.5 mgL-1 (ソルガム)、リン 0.01 (ノ¥ヒルス、イタリ

アンライグラス) ~-0 . 0 6 I1l g L -1 (ソルプ/ム)であったυ 高濃度成では、除去速度は濃度に始ど影

響されないが、低波皮域では(J襲j支依存して低くなる|剥係が認められ、tv1ic Ilael is -M ell tell式をあては

めると、パピルスの場合Mic I!ael is定数は N:057mgL1、P:045mgL1となり、これ以下の議皮

では窒素 ・リン除去速度は、低く、議度に強く依存した。除去速j支が、濃度に市IJ約されない窒素 -

リン濃度域で、地物をを浄化にJTJ いるのがより効率的と考えられる 。 イJ~試11宣物全てについて、

N:l.0 mgιL-1人、 p刈 }

mgL-1人、 リン0.5mgιL -1---4 mgιL-
1
の汚y水kからの、 4他直物の窒素 .リンl除徐l去;はほぽO次反応(濃I皮支にイ依火

イ存千しなしい1づ)になるとみなし、また、水路における浄化の主体は他物の室索・リン吸収であったこ

とから、ノ'kR唱の設計Jこ当 たっては、前述の生活系t31=Acと池7kを模した人工汚水の浄化試|挨で得 ら

れた水路而積当たりの除去速度 (N:0.agill-2(l-1、13:015gill-2(l-1) をもとに概算できるもの

と考える 。

7. 富栄養化した溜池水の浄化現地試験

これまでの成果を踏まえ、つくば市内の富栄養化したj借地に 、 流入青I~ に沈殿摘を有するイヒ迫状
の他物減材系水路を設置し、浄化効率の優れたパピルス等や一定の浄化交Jj栄が認められたィ~IEl f-や
ハーブを栽植 して池水を流入させ、浄化試験を行った。 植物 iJ.~材系水路が、!管~~窃物等を含む実|僚
のため池水の浄化に有効で、あるかどうか、懸濁態を含む全窒素-全リンの挙動にlt口して、その

ゆ化特性を調査するとともに、 j争化機能の低下する冬JDJ には、 !ß~室のノk素供与体となる有機資材
(イナワラ・パピルスの茎)を水路 I}~ に埋設し、室34浄化機能の l向卜.幼朱を調べた り
1w;栽他ノ'k l簡は、~塁 i旬物の除去には効果があ っ たが、 N0 3 - N 、 jl () 4 -Pは除去できず、水路|人Jで懸

濁態のリンが可j俗化しPO{(Pの流山が認められた。!司水路では、リンの浄化機能は、経11守的に低

下しており、水路内に蓄積した懸濁物からのリンの可溶化の進行が認められた。

これに対し、他物を栽植した水路(栽植水路、栽植 ・有機資材水路)では、!怒j笥態の窒素 -リ

ンの除去に力[1え、 N0
3
-N、POLI-Pが除去され、また、リンについて無栽地水路のような浄化機能

の低下も認められず、他物による吸収効果が明示されたりまた、本水路により富-栄養化(ノkの華

発生)の限界濃度と言われている窒素 :03111gL-1、リン :002111gL-l以下の処理水を得られるこ

とを実証した。

窒素の|除去速度 除去半は、冬期]に大きく低下したが、冬WJに、有機資材-(ノ¥ヒルス主、イナ

ワラ)をノ'kfL~1人j に }ru設すると、脱窒または有機化によるものと考えられる0 . l ~ 02gil l -2(1 1 の窒
素除去速度の fiIJ 1二(I除去4~lO%上昇) が認め られ、夏!引に水路で栽培したハヒルス等の-部を冬
JOJ に水路|人j に }~It設して利JTj することで、冬期の水質êX普を図れることを WJ らかにした

除去されたリンの-1G% f) 0%が他物に吸収されており 、乙1 ---29% がノk凶 I)~ (沈殿併や池材引けよj

に伐存したことから、リンの除去は主に他物のI!及11)(と減過によるものであることカf判った • )J、
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除去された室ぷの23% 2G%が他物に吸収されていたが、ノjく路 I)~ に妓 {fーしていたのは(l ....__ 7 (!uであ

ったことより、窒素の除去は他物の吸収と脱室が主体で代ることが/Jえ|俊さ jした u また、格付 Igjし:

蓄積した懸泌物からPO，I-Pがj符山して他物に吸収されていること、 !根j31物rlJのぞn幾物が)]5l笠のイ"

ぷ供 lj什iとして利用されていることがJ住先された。

8. 植物づ慮材系水路の現地への適用の際の指針と問題点

浄化ノk路の他物としては、パピルス、ケナフ(夏~秋)やイタリアン ライグラス(冬~ぷ)等

をゆ-化の主体として用い、ノ~l賂の修景効呆を高めるためアフリカンマリ ーゴールド(夏~秋)、
ノ¥ナナ、カラー(冬~春)等の花芥やペパーミント(通年)を合わせて栽他するのが望ましい

農村集落排水の処理水の高度処Jl日のため農村集落排水処理施設のまわりに本水路を設置し、 7制松

皮(冬期j を除く)の除去半を得るには、 一人当たり 5~G51112程度のノk路面積が必~と試算され
るり ー・方、本ノk路は、富栄養化(ノkの華発生)の限界濃度と 言われる窒素 :0.3 mg・L-1、 1)ン :

0 02mgL1以ドの極めて低濃度に汚水を処JlJlできるので、この特長を生かし、子供たちが水遊び

できるような公園内の修景川水を得る目的で、小規模に利用するのもーつであろう じ
十l立物 iJ.長材系水路を現地に適用する |祭は、汚水の濃度ヤ|生状によりそれに合わせた水路の設計や

泌材.1i立物の選定等の改変が必要で、ある 。植物の釜素と 1)ンのI吸収速度の比と実験にJnし1たFJノk
等の窒素と 1)ンの濃度比を比較すると前者が、 3: ]から 20: ]であるのに対し、後者は、l.G: 1 
からLI8: 1であり、植物の吸収にとって過剰にある成分は、吸収されず、If!Ul11する 心11.[物のl吸収か

ら見て窒素 ・リンの濃度比が著しくアンバランスな汚水については、過剰にある成分を除去する

ため池材等に除去能(窒素 ・リンを吸着する資材や、 j悦室等の微生物活動を促進するイナワラ-

パピルス乾燥茎等の埋設)を持たせる等の改-良が必安である りまた、懸濁物を多く含む汚水につ

いては、水路流入部への比i)J制官やストレーナーの設置等により減材の 11詰まり防止を図ることも
大切である 。

他物•tJ.制オ系水路に興味を示し、導入を希望している地方公共白|体や市民団体も多い。本水路は、

花屋や他え込み等としての修康機能や作物の生産等のイυUIl価値をもっ水質浄化技術であるが、他

物の栽培等の日常の管理がある程度必安となる o JlI年、山然との共生 ・循環型社会惟築への人々

の関心は高く、地域住民が積極的に身近な水環境の保全に取り組む事例が各地で見受けられてお

り、水路の管理等も、地域住民の参画により進められることが望ましい。そのためには、行政が

経済的支援や水路管理のための社会的な組織作りに積極的に取り組むことも必要と考える
3
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