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Ab s tract

The recent trend toward the use of reclaimed rm血cipal wastewater for puaposes

SuCh as landscap? and food crop irrigation・ grOundwater recharge, and recreational

impoundment often requlreS tertiary or advanced wastewater treatment. These

water reuse applications result in exposlng the public to reclaimed wastewater, thus

assurance of m王crobioIogical and, Particularly, viroIogical safety is of utmost

importance・ The principal treatment processes and operations for reuse in these

situatious are similar to surface water treatment for potal)1e water supply; both

nomally include chemical coagulation followed by組ocoulation, Sedimentation,

批ration, and disinfection. Because of the considerably higher and variable concen置

trations of drga血cs and血血idity in wastewater, OPtimization of the chemical

COagulation一皿ocoulation and餌tration of secondary e組uent has been di鮎oult to

achieve in practice. The high degree of pathogen removal achieved by a properly

OPerated treatme血SyStem enSureS the safety of the reclaimed wastewater.

To achieve e縦cient virus removal or inactivation in tertiary wastewater treat-

ment, twO m袖vr operating criteria rmst be met: (1) the e餌uent rmst be low in

suspended solids狐d血血idity prior to disinfection to reduce shielding of viruses

and chlorine demand and (2) su縦ciint disinfectant dose and contact time must be

PrOVided for wastewater. To satisfy the紐st criterion, tertiary鮒tration with

ade叫ate Chemical coagulation nomally follows secondary treatment・

The lack of practical information on the optimization of these process trains has,

however, hampered the establishment of more cost-e鮪ective wastewater reclama-

tion methods for tertiary treatment. The puxpose of this paper lS, therefore, tO

rewiew the recent studies conducted in Califor血a on the performance of tertiary

億eatme調systems for wastewater reclamation and reuse・ Followlng the Pomona

Virus Study [6, 7, 8], three recently completed studies: the Health E批畑S Study [9],

the has Virgenes Filtration-Disinfection Study [15], and the Monterey Wastewater

Reclamation Stundy for Agrioulture [10, 14] are examined・

Introduction

There are a rmmber of factors which a餓畑the implementation of mmnicipal

wastewater reclamation and reuse pr句ects. Generally, the impetus for water reuse

in industrialized countries has resulted紅om four motivating factors:
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1) Increasing costs o旺eshwater development.

2) Desirability of establishing compreheusive water resource planning, including

Water COuservation and wastewater reuse.

3) Availal)ildy of high quality e組uents.

4) Avoidance of more stringent water pollution control requirements such as needs

for advanced wastewater treatment facilities.

珊e general factors a鯖ecting wastewater reuse decisious include: (1) local and

regional water sxpply conditious, (2) water quality requirements for intended water

reus? apPlications, (3) existing or proposed wastewater treatment facilities, (4)

requlrementS for degree of treatment and process reliability, (5) potential health

risks mitigation・ (6) public acceptance, and (7)血ancing reuse facilities including

Sale of reclaimed water.

珊e recent trend toward the use of reclaimed rmicipal wastewater for puxposes

SuCh as landscape and food crop irrigation, grOundwater recharge, and recreational

impoundment often requlreS tertiary or advanced wastewater treatment. These

Water reuSe apPlications often result in exposure to recla血ed wastewater; thus

assurance of血crobioIogical and, Particularly, Virological safety is of utmost

importance・ Principal treatment processes and operations for ter血y treatment of

mnicipal wastewater for reuse and treatment of surfate water for drinking water

are s亜Iar; both nomally include chemical coagulation followed by組ocoulation,

Sedimentation,餌ration, and disinfection・ Aitematively, direct鮒tration with.lower

Che血cal doses and without sedimentation is also used. It is known that both

bacterial pathogens and viruses are removed in these processes in varylng degrees・

The high degree of pathogen removal achieved by a properly operated treatment

SyStem enSureS the safety of the reclaimed wastewater.

In many instances, however, OPt址zation of the chemical coagulation一

組occulation and鮒tration of secondary e組uent has been di組cult to achieve in

PraCtice. hack of infomation on the optimization of these processes in wastewater
reclamation and reuse has hampered the establishment of more cost-e飯知ive

WaSteWater reClamation methods for tertiary treatment. Therefore, the puxpose of

this paper i§ tO review the recent studies conducted in Califomia on the

Performance of tertiary treatment systems for producing reclaimed water that has an

extremely low probal)ilrty of bacterial and viral contamination.

Virus Concentrations in Mun量C量Pa量V研astewater

Authough viru§ COnCentratious have been reported to be lower in mnicipal

WaSteWater紅om U.S・ SOurCeS than紅om many other countries, OVer lOO types of

enteric vrfuses can be present in untreated municipal wastewater [1, 2]. Many of the

enteroviral diseases reported have not been associated directly with water route

transnrission・ However, Hepatitis type A’the virus causing infedtious hepatitis, and

dooumented to be transmitted by contaminated water, is the virus reported most

紅equently・ Diseases associated with Rotavirus and Norwalk agent are becomlng Of

increaslng COnCem tO Public health o綿cials. There are undoubtedly incidents of

Waterbome transnrission of viruses that are not recognized, investigated, Or rePOrted

[3].
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’The actual viral concentration in untreated rmmicipal wastewater varies

COnSideraldy in di飯井ent locations and seasons. In the United States, rePOrted virus

fOnCentrations range from a low of atut 200 plaqueforming unit§ Per liter (PFU/l)
m COld climate to 7,000 PFU/l in warm months [4, 5]. However, rePOrted virus

COnCentratio雌mst be viewed with care. There is no universal procedure for the

oultivation of all viruses・ Each procedure is selective with respect to the viruses

ermmerated and is aifected by the method of concentrating the viruses in the

SamPle, Selection of a host cell, and the type of oulture techni叩eS uSed [4]. In

addition, because low concentratious of na調rally ocoumng viruses are expected in

the tertiary treatment e鮒uents (e.g., less than O.5 PFU/l), OVerall concentration

factors of 15,000 to 75,000 are often necessary when 379 l samples are processed・

冊e average overall recQVery e縦cieney was reported to be about 20 percent in this

Circumstance [6, 7, 8]. However, in the recently completed Health E飾ects Study [9],

a newly developed portal〕le vims concentrator was capわle of concentrating up to

3,790 l of well water and l,137 l of wastewater with average virus recoveries of 83

PerCent and 42 percent, reSPeCtively, as detem血ed with seeded poliovirus.

In unchlo血ated secondary e組uent, viruses were detected in 27 samples out of

60 samples in the Pomona Virus Study [6] in Califomia. The geometric mean of the

natural virus concentration that yielded plaques was about 5 PFU/l. Polio-, Reo一,

Echo-, and Adenoviruses were ident脆ed. Animal viruses were also isolated from

unchlorinated activated sludge e組uent紅om the Castroville Wastewater Treatment

Plant in Califomia where the Monterey Wastewater Reclamation Study for

Agrioul調re (MWRSA) was conducted・ The i血uent to the two pilot tertiary

treatment plants (unchlorinated activated sludge e組uent) contained measurable

viruses 80 percent of the time sampled, averaging 22 PFU/l ranging紅om l to 734

PFU/l and the highest virus c?nCentrations were found in October and Noveinber,

the warmest months in this reglOn [10].

At the Orange County Water Factory 21 in Califomia, a tOtal of 35 unchlorin-

ated secondary e鮒uent samples were analyzed for enteric viruses and 27 samples

Were found to be positive during the s血dy period. The geometric means of virus

COnCentration were O俄5 to O.015 most probわle調mber of eytopathic u血ts

(MPNCU) per liter for the Bu捌Io Green Mohkey随dney (BGM) and RD cell

lines, reSPeCtively, When activated sludge e組uent was tested. It was also reported

that the activated sludge e組uent contained l.5 log orders of magnitude less viruses

than the trickling鮒ter e鮒uent [11].

Viruse§ Were also isolated routinely紅om unchlorinated secondary e鮒uent

SamPles conected for the Health Effects Study [9]; they ranged紅om O.1 to 17

PFU/l・ With improved virus concentration and assay methods, detection of viruses

in treated e組uents is expected to increase.

Treatment Processes Capable of Producing Essential賞y

Virus"free E鮒uent

Becanse vi鵬SeS have been detected in unchlorinated secondary e鮒uents and even

in chlorinated secondary e組uents, it is prudent to remove them where a high degree

Of public exposure to the reclaimed water is expected. Viruses are associated with
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SuSPended and colloidal solids and also may be embedded in organic solids and

human excrement [12, 13]. ThuS, remOVal or inactivation of viruses紅om wastewater

depends on the level of wastewater treatment, reSidual solids concentration, and

dis infe cti on.

To achieve e縦cient virus removal or inactivation in tertiary treatment, twO

m袖vr criteria mst be met: (1) the e組uent mmst be low in suspended solids and

血rbidity prior to disinfection to reduce shielding of viruses and chlorine demand,

and (2) su縦cient disinfectant dose and contact time must be provided for

WaSteWater.

Ⅵrus removal or血activation during rmmicipal wastewater treatment has been

Studied in field-SCale operatious and even more inteusely in laboratory bench-SCale

units・ There are potential problems in the extrapolation of virus data derived at one

treatment plant to other similar treatment plants・ The non一§PeCificity ofみ高i如virus

emmeration is an important canse of the di縦culty. Di餓鵜nces in virus removal

data from one plant to another may be a re餌ection of the types of viruses present in

a glVen WaSteWater, and also a reflection or virus species resistance to the treatment

PrOCeSSeS. In laboratory or in large scale seeding s血dies, a SPeC脆c type of virus

(usually vaccine strains of poliovirus) is used. The extrapolation of these data is

Subject to the aforementioned problem. The most important aspect of virus seeding

experiments is that non-ZerO Virus concentrations can be achieved even in highly

treated e鮒uents alloⅧng Caloulations of virus removal e縦cieney・ It should be

POinted out, however, that the virus concentrations used were far in excess (usually

血a range of lO4 to lOll pFU/l) of the indigenous vrfus concentrations coTmPn in

皿micipal wastewater, thus the sinrilitude of virus removal and/or inactivation lS nOt

穣aC叫血oom [5, 16寒.

Importance of High Qua萱ity Secondary E鮒uent

In the evaluation of virus removal capわilities in the coagulation一触tration aystem,

the County Sa正tation Districts of Les Angeles County conducted a series of tests

related to the determination of optimal alum and polymer dosages and their

relation to the headloss buildup ip the鮒ter. The investigation known as the

Pomona Virus Study [6, 7, 8] provided useful information on the performance of

tertiary treatment systems related to virus removal e鮒cieney and reliわility. The

Performance of the chemical coagulation,皿ocoulation, Sedimentation, and批ration

SyStem (T-22 fystem) operated at various alum doses ranging紅om 55 `tO 255 mg/l

Was rePOrted. Each series of headloss data for the dual-media創ter represented the

observed headloss at the end of the髄rst 7.5 hours of a鱒Iter run. A鮒ter e鮒uent

turbidity of O・2 - 0.4 FrU wa誓hieved at an alum dosage ofかut 155 mg/l and a

POlymer (Calgon WT-3000 amonic polymer) dose of O.2 mg/l.
The performance of the dual-media　創ter with direct　鮒tration mode

(coagulation and批ration without sedimentation, Fe Process) indicated that the

鮒ter e組uent turbidity of O.2 FTU or less could not be achieved at any of the alum

and polymer doses evaluated. In theわsence of alum, however,鮒ter e組uent

turbidities ranging from O.2 to O.8 FTU were observed [6]. In other words, the

OPtimization of coagulation-floc側Iation and触tration processes in a direct鮒tration
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SyStem WaS nOt readily estわlished・ It appears that flocoulation time pnor to the

dual-media帥ration was not long enough for e節ective turbidity removal, although

Short組occulation time-批ration processe§ have been designed and operated

SuCCeSSfully in water treatment.

A similar di縦oulty in process optinrization was experienced in the Monterey

Wastewater Reclamation Study for Agriou血re (MWRSA). To improve血rbidity

and virus removal e縦cieney with direct鮒tration, it was necessary to add a

mechanical tu血ine rapid mixer and組ocoulation chamber prlOr tO the dual-media

批er. A series of tests were conducted to determine an optimal combination of

OPerational parameters including alum/polymer dosages, energy inputs, and

皿occulation time [10, 14].

To produce essentially virus-free e組uent uslng the direct批ration aystem, the

SeCOndary e組uent rmst be of a high quality. To meet a批ered e組uent巾血idity of

less than l NTU, the water叩a坤y of secondary e組uent, based on the available

data, rmSt be in the neighborhood of: SuSPended solids lO - 15 mg/l, turbidity 3 - 6

NTU, and total COD 40 - 80 mg/l. In full - SCale operating plants, a SeCOndary

e組uent tu心iddy ofわout 5 NTU or less is recommended to meet consistently an

average operating turbidity of 2 NTU血the鮒tered e組uent using the direct

鮒tration system・ It appears that the secondary e組uent tu血idity of lO NTU is an

economic dividing line in this case above which improved operation of secondary

treatment is more cost-e飯畑ive and warranted [16].

If secondary e組uents do not meet the water quality ranges cited above, mOre

COStly complete treatment, the T-22 aystem, muSt be empIoyed. The tertiary

treatment system required would be high- dose chemical coagulation,組ocoulation,

Sedimentation, and批ration followed by chlorination, and costs can be excessive for

most reuse applications.

Tわle l su皿marizes the concentrations of BOD, TSS, and tu血idity of the

SeCOndary e組uent,触tered e組uent (FE system), and T22 e鮒uent in the MWRSA.

A cousistent ratio of al)Out 2 to I can be observed in the performance of the two

tertiary treatment sequences (FE and T-22) in terms of their respective total

SuSPended solids and tu血idity.

With regard to the 2:1 ratio observed with turbidity and TSS between the two

treatment traius, it is believed that this di餓打enCe is due to the high dose of

chemicals and the sedimentation process in the T-22 scheme, and the resultant

di飯井enCe血鮒terわility.

Virus Remova量in Tertiary Treatment and Di§infection

In the Pomona Virus Study [6, 7, 8], a Series of experiments were conducted to

determine the virus removal e縦cieney of the tertiary treatment systems・ The overall

virus removal e縦ciencies for both the complete treatment (T-22) and the direct

鮒tration (FE-PrOCeSS) were virtually the same when residual chlorine doses of

わout lO mg/l and a two-hour chlorine contact time were used. Approximately, 5.O

to 5・2 log removal of seeded poliovirus was observed in these pilot-SCale

exper血ents・ When an average combined chlorine residual of 5.O mg/l and a two-
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鴫bIe l. Leg-nOrmal probal)ifty distribution of treatment data in the Monterey Wastewater Reclamation
‘Study for Agriculture [10, 14]

Parameter �No.samples �Percentchanceofparametervaluebeinglessthanorequaltothat 

耽tedbelow 

50 �80 �00 �96 �98 �99 �Maximumvalue 

BOD5[mg/l] SE Totalsuspended SOlids【mg/l] SE �74 302 �14.3 13.4 �22.3 19.5 �28.0 23.7 �35.9 妙・2 �42.1 33.4 �48.6 37.7 �53 38 

FE �益賂 �1.6 �3.1 �4.3 �6.3 �8.0 �10.0 �17 

FC �275 �4.4 �7・6 �10.1 �13.8 �16.8 �20.2 �59 

T-22 Turbidity【NTU] SE �273 286 �0.8 3.8 �1.5 5.5 �2.1 6.7 �3.0 8.2 �3.8 9.3 �4.7 10.5 �12 12.0 

FE �二聡2 �1.1 �1.7 �2.2 �2.9 �3.4 �4.0 �9.4 

T-22 �262 �0.6 �0.9 �1.1 �1.5 �1.7 �2.0 �3.4 

Key:　NIU NephelometricTuめidityUnits

SE secondary e鮒uent

FE filtered e鮒uent with flocculator installed

FC flocculatorLClarifier e鮒uent

T22　Title-22 effluent (with 50-200 mg/l alum + 0.2 mgA polymer followed by偶occulation, §edimentation, and部tration )

hour contact time were used, di飯井enCeS in the virus removal e縦ciences between

two di飯井e珊treatment systems became apparent.

The average removal of poliovirus l in the coagulation-flocoulation and

Sedime加ation system (complete treatment) was in the range of l.3 to l.5 log

removal or about 95 percent・ The direct鮒tration removed about l log of virus

removal or 90 percent. The seeded secondary e組uent (unchlorinated) had viral

COuntS in the range of l.3 x lO5 pFU/l whereas the geometric mean of血e back-

ground level of naturally ocouring viruses was 5 PFU/l [6].

The Monterey Wastewater Reclamation Study for Agrioulture (MWRSA)

COnducted extensive virus monitoring with re㍗Ct tO: (1) pilot plant i血ent and

e組uent for the presen竿Of animal enteric viruSeS, (2) poliovirus seeding studies

designed to e§timate vlruS remOVal e縦cieney in the tertiary treatment systems

including complete treatment and direct鮒tration, (3) a study of poliovirus survival

On k高初u crops at Castroville, Califomia [10].

Both the complete treatment system (T-22 ftystem) and the direct鮒tration

SyStem (FE System) were seeded with vaccine-Strain poliovirus to determine their

Virus removal and inactivation e縦ciencies. It was found that the direct組tration

SyStem WaS SOmeWhat less e組cient with an average of 6・1 log removal compared to

the complete treatment train which removed about 7・5 logs・ It was suspected that

the di鯖erence in vims removal e縦ciency was due to the improper組ocoulation time

i血erent to the direct鮒tration design used in MWRSA. In addition, the low

Chlorine residuals (atout 5 mg/l) used in the disinfection step with 90 minute

theoretical contact time appear, On the average, tO be less effective (6.1 to 3.2 log

reduction)・ With optinrization of the組ocoulation process and/or higher chlorine

residuals (ねout lO mg/l), it is expected that the viruS remOVal capわilities of the
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tertiary treatment syste皿at MWRSA will improve and become comparatle to those

Of the Pomona Virus Study・

Ancillay to the perfemance and reliatilrty study of餌l-SCale advanced

WaSteWater treatment SyStem at the Orange County Water Factory 21, mOnitoring

fdr viruses and parasites was conducted and the e節ectiveness of their removal by the

advanced wastewater treatment processes was detem血ed. From the data obtained

in亜s s血dy it appears that a very low virus level (approximately 2 viruses per day in

57,000証of water) may pass through the last treatment barriers, the reverse

OSmOSis unit and chlorination process・ Enteric viruses were detected in the advanced

WaSte treatment e組uents o血y once during the three- year Study [11].

The Las Virgenes Filtration-Disinfection Study is being conducted to detemrine

the optimum批ration and disinfection criteria for the Tapia Water Reclamation

Facility in Califomia that would meet the State of Califomia Wastewater

Reclamation Criteria shown in Tal)le 2. The most restrictive wastewater reclamation

Criteria specify a tertia重y PrOCeSS train that result§ in an e組uent that is essentially

free of viruses. At the Tapia Facility’the ter血y process consisted of coagulation

with 4 mg/l chlorine and l mg/l alum,批ration with single-medium deep bed

批ers,狐d disinfection [15]. The results of the microbioIogical irvestigatious will be

used for detem皿ng the組tration and disinfection requlrementS Which invoIve

血ensive virus monitoring・皿e target operating conditions for the tertiary processes

are:批ration rate 167-224 1/min/垂alum addition l mg/l; Chlorine residua1

5.5 - 11.O皿g/1.

For all combinatious of conditions studied, the data, SO far, indicated that at least

99.9% of the total co鮒bms entering the tertia重y PrOCeSS Were remOVed during

COagulation’Pre-disinfection, and批ration・ After additional chlorine was added,

following帥ration, tO maintain a target residual chlorine of ll.O mg/l in the contact

basin’an additiona1 94.2 to 95.9% removal was achieved after one hour in the

COntaCt basin・ When the target residual chlo血e level was 5.5 mg/l, 89.4% of the

total coliforms were removed after one hour of contact time.

Enteric viruses were detected in al1 12 unchlorinated secondary e組uent samples

analyzed. Aul samples were positive for enteric viruses, with a geometric mean

COnCentration of O.03 MPNCU/l [15].

Wdter Qua量ity Criteria for Irrigation

The health signi鯖cance of an extremely small probal)ility of virus contamination and

few orders of magnitude di飯井enCe in virus removal e縦cieney has not been

estab亜shed・ It is highly uncertain, however, that additional epidemioIogical and

laboratory studies would yield signi鯖cant new infomation on the relationship

between viruses in reclaimed municipal wastewater ahd disease. The long-term

health e徽加S Of ingesting or being exposed to such reclaimed wastewater are

u血mown, but will always be of concem regardless of the鯖nal water quality.

A basic o切ective of the State of Califomia regulatious, entitled αWastewater

Reclamation Criteria’’(issueq by the Department of Health Services, 1978), is to

assure health protection without umecessarily discouraglng WaSteWater reClamation.

The regulatious specify wastewater reuse standards for uses involving agrioultural
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and landscape iI五gation, impoundments, and groundwater recharge. The regula-

tious indude water quality standards, treatment PrOCeSS requirements, SamPling and

analysis requirements, OPerational requirements, and treatment relial)ility require-

ments. The required degree of treatment increases as the likelihood of human

exposure to the wastewater increases. The treatment and quality requirements for

the irrigation uses covered by the Wastewater Reclama缶on Criteria are summarized

in Tal)le 2. The reclamation criteria are intented to assure an adequate degree of

heal血protection from disease trausmission狐d do not spec脆cally address the

POtential e餓x費s of reclaimed water on the crops or soil in agrioultural and l狐d-

SCape irrigation.

TabIe 2. Wastewater treatment and water quality criteria for irrigation章

Treatment �TotalColiform �Typeofuse 

1evel �(MedianMPN/100ml) 

P重i皿狐y Oridationand �≦鑓/100皿l ≦2.2/100皿l ≦2.2/100皿l �Surfaceirrigationoforchards 

andvineyards,fodder,fiber, 

andseedcrops 

Pastureformilkinganimals 

disinfection 0遥datio櫨, ��Landscapeimpoundments 

Landscapeirrigation(golf 

COurSeS,Cementeries,etC.) 

Surfaceirrigationoffood 

CrOPS(nocontactbetween 

Waterandedibleportionof 

CrOp) 

● Spraylrrgationoffood 

COagulation, �max.=23/100皿l �C重OpS 

Clarification, ��Landscapeirrisation 

帥ration軍事,and disinfection ��(parks,Playgrounds,etC.) 

章　軍xcerpted from ’`Wastewater Reelamation Criteria’’, Califomia Administrative Code, Title 22,

Division 4, Environmental Health (1978)
軍事　The tuめidity of輔ered e鮒uent cannot exceed an ave重age Of 2 turbidity units (NrU)

du血g any 24-hour period.

In the most stringent requlrementS, SuCh as for spray i正gation of food crops and

landscape irrigation of parks and playgrounds, tertiary e縦uent血at is αpathogen-

紅ee,’is re(叫ired (as shown in less than 2.2 total colifom, MPN/100 ml on seven-

day average and the mnfoer of coliforms does not ex誓d 23 MPN/100血, in any

SamPle). It is assuned, in this case, that essentially vlruS血ee e組uent is obtained

t血ough various combinatious of tertiary treatment and disinfection.

The u血t cost of tertiary treatment trains which produced reclaimed water of

essentially virus血ee quality was estimated in the MWRSA. The ful1 1.3 m3/s (30

mgd) capacity of the wastewater reclamation facilities is expected to be required for

irrigation du血g an average of 250 days per year. The costs of producing鮒tered

e鮒uent (FE system) is estimated to be $0.06/m3, and $0.09/Irf for the T-22 System

[10].
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Summary and Conc賞us王ons

Because of uncertainties associated with risk assessment of viruses in reclaimed

WasteWater, improvements in wastewater treatment technoIogy and operation of

both corIVentional and tertiary wastewater treatment plants are warranted・ By

OPtinrizing wastewater treatment and the coagulation-批ration processes coupled

with effective chlorination, it is reasonal}le to expect that essentially virus血ee

reclaimed water can be produced in a cost-e旗畑ive mamer・ The preferred methods

Of achieving.essentially virus一節ee reclaimed wastowater are (1) to foous more

attention on lmPrOVing the quality of secondary e鮒uent and operational reliabilfty

and (2) to optinrize chenrical coagul舶on一皿ocoulation in direct批ration aysteTS.

Both of these measures would allow for the use of lower chlorine dosnges ln

disirfection without jeopardizing virus removal and/or inactivation e縦cieney.
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