
FR
O

M
 T

H
E 

A
R
CH

IV
ES

Find Similar Titles More Information

Visit the National Academies Press online and register for...

Distribution, posting, or copying of this PDF is strictly prohibited without written permission of the National 
Academies Press.  Unless otherwise indicated, all materials in this PDF are copyrighted by the National Academy 
of Sciences. 

To request permission to reprint or otherwise distribute portions of this
publication contact our Customer Service Department at  800-624-6242.

Copyright © National Academy of Sciences. All rights reserved.

Instant access to free PDF downloads of titles from the

10% off print titles

Custom notification of new releases in your field of interest

Special offers and discounts

NATIONAL ACADEMY OF SCIENCES

NATIONAL ACADEMY OF ENGINEERING

INSTITUTE OF MEDICINE

NATIONAL RESEARCH COUNCIL

This PDF is available from The National Academies Press at http://www.nap.edu/catalog.php?record_id=19574

Pages
158

Size
5 x 9

ISBN
0309033268

Quality Criteria for Water Reuse (1982) 

Panel on Quality Criteria for Water Reuse; Board on 
Toxicology and Environmental Health Hazards; 
Commission on Life Sciences; National Research 
Council 

http://www.nap.edu/catalog.php?record_id=19574
http://www.nap.edu/related.php?record_id=19574
http://www.nap.edu/catalog.php?record_id=19574
http://www.nas.edu/
http://www.nae.edu/
http://www.iom.edu/
http://www.iom.edu/


REFERENCE COPY 
FOR LIBRARY USE ONLY 

• • I 

. .  
,: I! _;:•· I 

: : ' "! ; ·• � ' 
. • '; ·' ! I , �·· I I . 

• I" t ). ". • ·  ' 

. ..  : . .. ·· .. . . .  
· ... f' . ' ·, • •  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

Q u a l i t y  C r i t e r i a  f o r  W a t e r  R e u s e
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 5 7 4

http://www.nap.edu/catalog.php?record_id=19574


QUALTIY CRITERIA 

FOR WATER REUSE 

Panel on Quality Criteria for Water Reuse 
Board on Toxicology and Environmental Health Hazards 
Commission on Life Sciences 
National Research Council 

NATIONAL ACADEMY PRESS 
Washington, D. C. 1982 

NAS-NAE 

SEP 2 7 1982 

LIBRARY 

Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


ID 
4�lJ 
.tJ"3i 
\9 "' ").  NOTICE : The project that i s  the subject of thi s  report wa s 

approved by the Governing Board of the National Research 
Council , whose member s  are drawn from the Councils of the 
National Academy of sciences , the National Academy of Eng i­
neer ing , and the Institute of Medicine . The member s  of the 
committee responsible for the report were chosen for their  
special competence& and with regard for appropr iate balance . 

c .. \ 

This report has been reviewed by a g roup other than the 
authors accord ing to procedures approved by a Report Review 
Committee consisting of member s  of the National Academy of 
Sciences , the National Academy of Eng ineer ing , and the Institute 
of Medicine . 

· The National Research Council was established by the 
National Academy of Sciences in 1916 to associate the broad 
community of science and technology with the Academy ' s  purposes 
of further ing knowledge and of advising the federal government . 
The Council operates in accordance with general policies deter­
mined by the Academy under the author ity of its congressional 
charter of 186 3 ,  which establishes the Academy as a pr ivate , 
nonprofit , self-governing member ship corporation . The Counci l  
has become the pr incipal operating agency o f  both the National 
Academy of Sciences and the National Academy of Eng ineer ing in  
the conduct of their services to  the government , the public ,  
and the scientific and engineer ing communities . I t  is admini­
stered j ointly by both Academies and the I nstitute of Medicine . 
The National Academy of Eng ineer ing and the Institute of Medi­
c ine were established in 1964 and 1970 , respectively , under the 
charter of the National Academy of Science s .  

The study o n  which this report is  based was requested and 
funded by the u . s .  Department of Agr iculture (Contract No .  
FSQS-14-W-80) , the u . s .  Environmental Protection Agency 
(Contract No . 68-01-3169 ) ,  and the u . s .  Army Corps of Eng inee r s  
(Contract No. DACW 3 1-76-C-0069 ) . 

Library of Congress Catalog Card Number 82-6143 0  

I nternational Standard Book Number 0-309-03326-8 

Available from 

NATIONAL ACADEMY PRESS 
2101 Const itution Avenue , N . W .  
Washington, D . c . 20418 

Pr inted in the United States of Amer ic a  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

Q u a l i t y  C r i t e r i a  f o r  W a t e r  R e u s e
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 5 7 4

http://www.nap.edu/catalog.php?record_id=19574


List of Participants 

Panel on Quality Cr iter ia for Water Reuse 

RUSSELL F .  CHRISTMAN , Chairman, Depar tment of Environmental Sciences 
and Enginee r ing ,  University of North Carolina , Chapel Hill , North 
Carolina 

JULIAN ANDELMAN, University of Pi ttsburgh,  Pittsburgh , 
Pennsylvani a  

JOSEPH c . ARCOS , Office of Toxic Substances , u.s. Environmental 
Protection Agency , Washington , D .C .  

JOSEPH BORZELLBCA ,  Health Sciences D ivision, Virg inia Commonwealth 
University ,  Richmond , Virginia 

THOMAS CLARKSON , Department of Radiation Biology , University of 
Rochester , Rochester , New Yor k  

ROSE DAGIRMANJIAN , Department o f  Pharmacology , University of 
Louisville , Louisville , Kentucky 

RICHARD ENGELBRECHT , Department of Civil Engineering ,  University of 
Illinois ,  Urbana , Illinois 

DAVID GAYLOR, D ivision of Biometry , National Center for TOxicological 
Research , Jefferson , Arkansas 

HAROLD KALTER, Children ' s  Hospital Research Foundation ,  Institute for 
Developmental Research , Cincinnati , Ohio 

PERRY McCARTY, Department of Civil Eng ineering ,  Stanford University ,  
Stanford , Cal ifornia 

VERNE RAY , Pf izer , Inc . , Groton , Connecticut 
CHARLES RHODE , Department of Biostatistics , The Johns Hopkins 

Un iversity ,  Baltimore , Maryland 

Consultants 

IRWIN H. SUFFET , Drexel University ,  Philadelphia , Pennsylvania 
ROBERT L. JOLLEY , Oak Ridge National Laboratory , Oak Ridge , Tennessee 

National Research Council Staff 

ROBERT J. GOLDEN , Project Director 
ROBERT G .  TARDIFF , Executive D irector of the Board on Toxicology and 

Environmental Health Hazards 
AGNES E . GASKIN ,  Secretary 

i i i  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

Q u a l i t y  C r i t e r i a  f o r  W a t e r  R e u s e
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 5 7 4

http://www.nap.edu/catalog.php?record_id=19574


P roject Officers 

BARriE WOODS , u.s. Department of Agr iculture , Washington , D . C .  
LELAND J .  McCABE, u.s. Environmental Protection Agency , Cincinnati ,  

Ohio 

Board on Toxicology and Environmental Health Hazards 

RONALD w. ESTABROOK ,  Department of Biochemistry , University of Texas 
Medical School ( Southwestern) , Dallas , Texas,  Cha irun 

PHILIP J. LANDRIGAN , National Institute for Occupational Safety and 
Health , Cinc innati , Ohio, Vice-Chai rman 

EDWARD BRESNICK , Department of Biochemistry , University of Vermont, 
Burlington , Vermont 

THEORDORE L .  CAIRNS , Greenville ,  Delaware ( r etired)  
VICTOR H .  COHN , Department of Pharmacology , George Washington Unive r­

s ity Medical Center , Washington, D .C .  
A .  MYRICK FREEMAN , Department o f  Economics , Bowdoin College , Bruns­

wick , Maine 
RONALD w .  BARr, National Center for Toxicological Research , Jeffer­

son , Arkansas 
MICHAEL w. LIEBERMAN , Department of Pathology , Washington University 

School of Medicine , St . Louis , Missour i 
RICHARD A .  MERRILL, School of Law, University of Virg inia , Char­

lottesville , Virg inia 
ROBERT A. NEAL, Cheaical Industry Institute of Toxicology , Research 

Triangle Par k ,  North Carolina 
I AN  c . NISBET , Clement Associates , Washington , D .C .  
JOHN M .  PETERS , Department o f  Family and Preventive Medicine , 

Un iversity of Southern Cal i fornia , Los Angeles , Cal i fornia 
LIANE B. RUSSELL , Biology D ivision , Oak Ridge National Laboratory , 

Oak Ridge , Tennessee 
CHARLES R. SCHUSTER, JR. , Department of Psychiatry , University of 

Chicago , Chicago , Illinoi s  

Ex-Officio Member s  

JAMES F .  CROW , Genetics Department , University o f  Wisconsin , 
Madison, Wisconsin 

ROGER o. McCLELLAN, Lovelace Biomedical and Environmental Research 
Institute , Albuquerque , New Mexico 

ROBERT E . MBNZER, Depar tment of Entomology , University of Maryland , 
College Par k ,  Maryland 

ROBERT w .  MILLER, National Cancer Institute , Bethesda , Maryland 
SHELDON D .  MURPHY, Department of Pharmacology , University of Texas , 

Houston, Texas 
NORTON NELSON, Institute of Environmental Medicine ,  New Yor k  

University Medical Center , New York ,  New Yor k  
JAMES L .  WHITTENBBRGER, School of Public Health , Harvard University ,  

Boston , Massachusetts 

iv 

Copyr ight  © Nat ional  Academy of  Sciences.  Al l  r ights reserved.

Qual i ty  Cr i ter ia for  Water  Reuse
ht tp: / /www.nap.edu/cata log.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


Contents 

1 Introduction 

2 Wastewater Reuse Systems 

3 Chemical and Microbiological Constituents 
of Reuse Systems 

4 Concentration Methods for Analysis 
and Toxicity Testing 

5 Health Effects Testing 

6 Strategies for Assessing and Monitor ing 
Water Quality for Human Exposure 

7 Assessment and Cr iter ia for Potable Water Reuse 

Append ixes 

A Concentration Methodolog ies for Preparation 
of Water Concentrates for Toxic ity Test ing 

B Further Statistical Details on Sampl ing 

v 

1 

7 

17 

5 1  

6 2  

9 4 

117 

135 

143  

Copyr ight  © Nat iona l  Academy of  Sc iences.  A l l  r ights  reserved.

Qual i ty  Cr i ter ia  for  Water  Reuse
ht tp : / /www.nap.edu/cata log.php?record_ id=19574

http://www.nap.edu/catalog.php?record_id=19574


l 
Introduction 

Worldwide interest in water reuse for potable purposes has recently 
intensified , however , no cr iter ia or standards currently exist to 
evaluate the quality of treated water produced from such •unaccept­
able • sources . Thus , the Rational Research Council ' s  Coaaittee to 
Review the Potomac Bstuary Exper imental Water Treat.ent Plant (O.s. 
Army Corps of Bngineers project at Blue Plains , Washington , D .C . ) 
charged the Panel on Quality Cr iter ia for Water Reuse w ith advising 
the committee on standards of compar ison for determining the suit­
ability of water supplies produced from unacceptable sources such as 
wastewater . The committee functioned as a technical review body for 
the demonstration and pilot treatment plant proj ect , which was 
des igned and operated to evaluate the technical parameters involved 
in the advanced treatment of a blend of Potomac estuary water and 
secondary municipal wastewater treatment effluent.  Although it asked 
the panel to provide specific guidance on health effects criter ia for 
use in evaluating whether the effluent produced by the exper imental 
treatment plant was suitable for human consumption , it was boped that 
the panel ' s  efforts would have a broader appl ication in that the 
cr iter ia would be appropr iate for water reuse for dr inking and food 
process ing . 

Th is report was also prepared for the o.s. Environmental 
Protection Agency (BPA) (charged with regulating the safety of 
dr inking water ) and the o.s. Department of Agr iculture (USDA) 
(charged with the regulation of food processing ) as a separate and 
more general statement of the areas of concern and of the panel ' s  
appr oach to the problem . The POod and Drug Administration ( PDA) aay 
also f ind this topic of interest in carrying out its regulatory 
responsibilities . The panel did not study water use and/reuse in the 
broad sense of the hydrologic cycle as affected by anthropogenic 
intervention . Nor did it analyze the current extent of , future need 
for , or desirability of categor ical water reuse . The focus ,  rather , 
was on the scientific questions concerning the quality cr iter ia that 
should be applied i f  water is to be reused in any of the senses 
isplied in the following definitions . 

1 
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2 

REUSE DEFINITIONS 

�-Productive utilization of appropr iately treated waste­
water . Recycling is a special case of reuse wherein the wastewater 
o r ig inates with the user . 

Direct Reuse--The piped connection of a wastewater e ffluent to 
the intake works of a water supply facility . 

Indirect Reuse--The abstraction of water for productive use from 
a natural sur face or underground source that is fed in part  by dis­
charge of wastewater effluent.  

Potable Reuse--The d irect or indirect utilization of wastewater 
effluent for potable purposes . 

Nonpotable Reuse--The d irect or indirect utilization of waste­
water effluent for nonpotable purposes . 

Tertiary Wastewater Treatment--Treatment atep ( a )  beyond 
conventional secondary treatment for the purpose of increas ing the 
percent removal of suspended solids and biological oxygen demand 
(BOD ) . 

Advanced Wastewater Treatment (AWT) --Tr eatment step ( s )  beyond 
conventional secondary treatment generally including phys icochemical 
methods for the removal of one or more of the following wastewater 
constituents : phosphorus , nitrogen , heavy metals , and synthetic 
organic chemicals . 

REUSE AND TREATMENT 

Wastewater reuse is a reasonable alternative for extending a water 
supply , and many reuse systems are operating today in areas where 
water is scarce . They provide water to irr igate agr icultural lands , 
golf courses , and landscapes , to f ill recreational lakes , to fulfill 
industr ial needs , and to replenish groundwaters . No systems in use 
in the United States were planned to deliver reclaimed wastewater 
directly to the consumer for potable use . 

Types of Reuse Systems 

One issue that is the subject of considerable debate is direct versus 
ind irect potable reuse . In direct reuse , recla imed wastewater is 
immediately added to the dr ink ing water supply of the commun ity , in 
indirect reuse , reclaimed water is stored in a reservoir or allowed 
to percolate through the ground . The storage and , perhaps , dilution 
that indirect reuse provides between treatment and consumption allows 
time for natural events to pur ify the water further . Mixing with 
natural waters also helps reduce the concentration of contaminants . 
Planned indirect reuse systems in operation today include the Whittier 
Narrows and San Jose plants in Loa Angeles County and Water Factory 
21 in Orange County , Calif . ,  where reclaimed waters are percolated or 
injected into groundwater suppl ies . The Manassas treatment plant in 
Virg inia discharges directly into the Occoquan Reservoir , a pr imary 
dr ink ing water supply . Such planned indirect reuse is perhaps 
similar to the unplanned indirect reuse that generally occurs when 
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one city discharges its waste into a r iver or stream used by a 
downstream community for its water supply . 

In proposing criteria for direct or indirect potable reuse , 
cons ideration should be g iven to whether the need is for a short-term 
emergency situation or for normal use over a prolonged per iod . 
However , regardless of the length of use , the major issue associated 
with reuse today concerns the chronic health problema that might 
r esult from ingesting the mixture of inorganic and organic mater ials 
that remains in water , even after subjecting it to the most advanced 
treatment methods . Potential chronic health r isks might include 
cancer , birth defects , and genetic alterations r however , these would 
l ikely be of leas importance for short-term use . For a longer per iod 
of use , the health effects would take on increased importance , and 
the aesthetic quality of the water and the possible presence of human 
pathogens would also be of concern , although the solutions to these 
problema are easier today than they were in recent decades . The much 
greater probability that adequately safe water could be provided for 
short-term emergencies than for long-term use should perhaps be con­
sidered when developing cr iter ia for potable reuse . 

Even though there are precedents that have been cited as evidence 
that indirect planned potable reuse has been accepted in some 
locations , there is inadequate information from which to j udge the 
safety of such a practice . In the panel ' s opinion , u.s. dr ink ing 
water regulations were not establ ished to j udge the suitabil ity of 
raw water suppl ies heavily contaminated with municipal and industrial 
wastewaters .  Thus , cr iter ia to j udge the relative safety of using 
heavily contaminated water supplies as par t  of the potable water 
supply--direct or indirect , planned or unplanned--need to be 
developed . 

The Efficiency of Overall Reuse Systems 

The effectiveness of a reuse system--to reduce the concentration of 
contaminants in a g iven source of water or to produce water with 
cer tain required character istics--is a function of the operation of 
the overall water system , not j ust of  the treatment portion of the 
system itself . For instance , wastewater can be segregated to exclude 
some of the more contaminated industr ial wastes , or it can be taken 
for treatment at certain times of the day when contaminant levels are 
known to be reduced , thus providing a better quality source of water 
for reuse . The source wastewater can then be treated by normal 
pr imary and secondary methods , us ing a constant f low rate to increase 
effic iency and reliability . Following this step , the reclaimed water 
can be percolated through the soil or injected d irectly into an 
aquifer for storage . Passage through soils or aquifers provides 
additional treatment , and storage provides time for slower processes 
to effect removal . The reclaimed water can also be blended with 
natural sur face or groundwater of higher quality ,  aga in to reduce the 
concentration of contaminants . In some instances , this combined 
water may undergo normal water treatment processes that provide an 
additional measure of contaminant removal and treatment reliability . 
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An additional factor is the sequence of reuse . I f  reclaiaed 
wastewater is recycled and used again, certain constituents ( such as 
dissolved salts ) can increase to undes irable concentrations with each 
cycle. Thus , when evaluating the effectiveness of contaminant 
re.aval, the overall system must be cons idered , including the initial 
wastewater character istics , the var ious blendings and treat.ents to 
which the water will be subjected , and the effect of storage on 
contaminant re110val from reclaillled water . 

QUESTI ONS OF CONCERN 

The panel recognized the existing water quality criteria for 
individual coapounds and their relevance to the categor ical reuse 
situation. Further 110re ,  it was aware of the quality cr iter ia stated 
in the Safe Dr ink ing Act ( P . L .  93-523 )  and in var ious dr ink ing water 
standards ( e . g . , those of the BPA and the Wor ld Health Organization) . 
The panel also cons idered the growing sc ientific literature (National 
Acadeay of Sciences, 197 7 ,  1980) indicating that most of the organic 
contaminants of domestic wastewater , industr ial wastewater , publ icly 
supplied dr ink ing water , and natural surface waters are not reflected 
in these standards . 

The panel also was aware of the present state of knowledge 
regard ing the deficiency of toxicolog ical data on compounds that have 
been identif ied in water . In the course of its deliberations , it was 
confronted with many important issues , including the following s 

the adequacy of present knowledge regard ing organic and 
inorganic contaminants in wastewaters and water supplies 1 

the effect of chemical isolation , concentration , and storage 
procedures on solute composition and concentration ! 

the effects of changes in quality of treat.ent plant 
effluent with time and degree of treatment! 

the applicability of conventional toxicolog ical testing 
procedures to the evaluation of complex and varying mixtures of 
chemical contaminantS !  

the adequacy of procedures for developing dr ink ing water 
standards from the results of toxicolog ical testing, 

the adequacy of existing EPA dr ink ing water standards , 
developed on the assumption that the highest quality source would be 
USed ! 

the suitability of organic compounds on BPA lists of 
pr ior ity pollutants as representative of those organic contaminants 
likely to be present in a water reuse situation, 

the suitability of surrogate chemical parameters for moni­
tor ing treated wastewater to indicate the poss ible presence of 
const ituents harmful to human health 1 

the utility of model monitor ing and biotesting protocols for 
both the pilot-plant stage and normal operation of all wastewater 
reuse systems versus the need for ad hoc protocols for each such 
system1 

- --
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• the inadequacy of current methods for the detect ion , enu­
meration , and identification of many important pathogenic micro­
organisms to permit thorough microbial character ization of con­
taminated waters and to determine their r e.aval and/or inactivation 
by var ious treatment processes r 

the efficacy of the conventional indicator systems and/or 
the development of new systems to determine the microbial 
acceptability of reclaimed water for potable purposes r 

the availability of reliable real-ti .. monitor ing techniques 
to ensure the operational integrity of treatment systeas by using 
infectious agents and/or indicator s of treatment effectiveness and to 
provide information rapidlyr  and 

the feas ibility of evaluating possible r isks to huaan health 
from use of treated wastewater by compar ison of its quality with that 
of currently used supplies of water from other sources . 

APPROACH TO TBB S'l'ODY 

Given the complex nature of the problems and the current interest in 
r euse of wastewater , the panel concentrated on preparing the best 
scientific statement possible regard ing the nature and character­
istics of specific reuse systeas , the eff icacy of current treatment 
technology , and the special monitor ing needs created by specific 
r euse situations from a chemical and microbiolog ical per epective. 
Finally , the panel attempted to offer the best practical scientific 
statement concerning health effects cr iter ia for th• evaluation of 
reused water intended for huaan consumption . 

I t  is not possible to evaluate the health effects of the many 
compounds detected in the aquatic environment r thus , the panel 
adopted the view that the qual ity of reused water could be ca.pared 
to that of conventional dr ink ing water supplies , which are assumed to 
be safe . The ph ilosophy behind the Inter im Pr imary Dr ink ing Water 
Regulations requires that water intended for human consumption should 
be taken from the h ighest quality source that is economically 
feas ible . Accordingly , in assess ing the adequacy of water being 
considered for potable reuse , compar ison should be made with the 
highest quality water that can be obtained from that locality , even 
though that source may not be in use . Thus , from a microbiolog ical 
point of view ,  the r isk of infectious disease being transmitted by 
conventionally treated water has been minimized . But using a water 
source of infer ior quality ,  such as wastewater , makes it necessary to 
reexamine the current microbiolog ical an� chemical cr iteria and 
standards and , where poss ible , to suggest alternatives . 

Th is report addresses in detail some general character istics of 
wastewater reuse systems , the chemical and microbiological 
constituents of such systems , concentration methods for analys is and 
toxicity testing , a methodology for health effects testing of reused 
water , and strategies for assessing and monitor ing water quality for 
human exposure . It concludes with an assessment and cr iter ia for 
potable water reuse . 
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2 
Wastewater Reuse Systems 

A near ly unlimited number of system alternatives are available for 
reclaiming wastewaters , and they cannot all be discussed here . Th is 
r eport is  l imited to the general efficiency and reliability of 
advanced treatment for contaminant removal , even though the effect ive­
ness of var ious segregation and blending schemes is best considered 
in the context of a g iven situation . 

ADVANCED WASTEWATER TREATMENT SYSTEMS 

Cons iderable research has been conducted in both laborator ies and in 
p i lot plants to assess the var ious processes commonly considered for 
inclusion in advanced wastewater treatment plants reclaiming wate r 
for potable reuse . However , exper ience with full-scale operation of 
the processes is limited , especially when the processes are used in 
combination in a complete system. 

Many process modif ications and overall system alternatives for 
wastewater reclamation exist , but economics and process effectiveness 
have generally reduced the treatment alternatives to j ust a few. One 
treatment alternative , representative of many systems where reuse for 
potable purposes is contemplated or where h igh levels of treatment 
are required for other uses , is that used at Water Factory 21 , a 
5 7 , 000-m3/day ( 15-million gal/day) advanced wastewater treatment 
system in Fountain Valley , Calif . , operated by the Orange County 
Water D istr ict (Cl ine , 1979 J McCarty et al. , 1980 ) . The processes 
included in th is system are shown in Figure 2- 1 .  

Water Factory 2 1 ,  wh ich became operational i n  1976 , was des igned 
to prov ide water for injection into a heavily used groundwater supply 
to prevent the intrusion of seawater in the freshwater system. Local 
author ities required an advanced level of treatment . It was also 
necessary to prevent c logging of the aquifer near the injection 
points (Cline , 1979 ) .  At Water Factory 21 ,  a portion of the injected 
water is l ikely to f low inland and become mixed with groundwater& 
be ing used elsewhere ,  thus provid ing some measure of indirect reuse .  

Normal biolog ical wastewater treatment , a s  required for municipal 
wastewater treatment in the United States , serves as pretreatment to 
most advanced treatment plants . At Water Factory 2 1 ,  the water is 
pretreated by the Orange County Sanitary Distr ict (OCSD) and includes 
pr imary settling to remove a large portion of the suspended mater ial 

7 
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PIGORB 2-1 Processes and sampling locations at Water Factory 21 in 
Fountain Valley , Calif .  Prom McCarty �!i· • 197 8 .  

a nd  secondary biological treatment with processed activated sludge to 
remove additional suspended solids and also soluble , biodegradable 
organic materials.  

Advanced wastewater treatment generally includes additional 
removal of suspended mater ial by chemical coagulation with lime , 
alua, or a ferr ic salt.  Th is process is generally quite effective in 
removing heavy metals as well as dissolved organic materials . Air 
s tr ipping is used at Water Factory 2 1  to re.ove ammonia , but it has 
also been found to be very effective for removing volatile organic 
compounds such as tr ihalomethanes , trichloroethylene , 
tetrachloroethylene , chlorinated benzenes , and lower .olecular weigh t 
hydrocarbons (McCarty� al. , 1980) , for which other processess have 
been ineffective . Water Factory 21 uses limeJ recarbonation by the 
addition of carbon dioxide is used to neutralize the resulting high 
pB. This step is followed by dis infection with chlor ine and 
f iltration to re.ove additional suspended solids that might clog the 
granular activated carbon (GAC) beds , which serve to remove 
additional soluble organic mater ials . 

At Water Factory 2 1 ,  a portion of the water stream then passe s 
t hrough reverse osmosis , which is used for demineralization so that 
(when blended back with the remaining water ) the mixture will meet 
total d issolved solids requirements spec ified for injected water . 
The reverse oaaosis process is also effective for removing 
approximately 90\ of the remaining organic mater ial . The blended 
water then receives chlor ination for final disinfection pr ior to 
injection into the groundwater . 
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Table 2-1 lists several other advanced treat.ent systems with 
capac ities of 3 , 300 m3/day (1  million gal/day) or greater , together 
with the purpose of the facility and the processes used for 
treatment . The processes are generally s imilar to those used at 
Water Factory 21 . 

One of the earliest planned wastewater reuse schemes to help 
augment a potable water supply was that used at Whittier Narrows , 
Calif.  When the plant was f irst operated , the water was treated by 
activated sludge and placed in spreading basins to percolate through 
the ground and become par t  of the groundwater aquifer used as a 
source for the local water supply . Sur face water from other sources 
was percolated in the same basins so that the reclaimed water was 
diluted .  Recently , the plant was modified to include filtration . 
Other similar plants providing indirect potable reuse bave been built 
or are planned in the Loa Angeles and Orange County areas ( Borne , 
1 979J Nellor et al . , 1979J Wassermann and Radimsky , 1979) . Reclaimed 
water in tbea;-t;; areas baa amounted to as much as 23%  of the water 
enter ing the groundwater bas in (Nellor et al . , 1979) . 

In 1968 the first large-scale plant�aing current advanced 
t reatment techniques was put into operation at South Lake Tahoe . The 
product water was not intended for potable reuaeJ it became a 
recreational lake used for f ishing and boating . Nonetheless ,  the 
operation baa provided exper ience with potable reuse technology . The 
processes used are s imilar to those at Water Factory 21 , except there 
is no demineral ization . 

In 1969 , the f irst (and , in 1981 , the only) facility to provide 
direct potable reuse of wastewater began operating at Windhoek , 
Namibia . Modifications to improve influent qual ity and to reflect 
better technology were completed in 1976 (van Vuuren � al . , 1980 ) . 
The reclaimed water is pumped directly into the water treatment 
plant ,  blended with stored sur face water , and treated by normal 
processes of coagulation and filtration . The reclamation plant was 
built to offset a ser ious water deficiency in the area , and the water 
provided at times compr ises 20% to 50% of the mun icipal supply . 

Pretreatment consists of tr ickling-f ilter biological treatment 
and storage in •maturation ponds , •  s imilar to the oxidation ponds 
with algae sometimes used in the United States . Before 1976 , the 
algae in the maturation ponds were depended on to re.ove ammonia and 
were themselves removed in advanced treatment by air flotat ion . In 
1976,  l i.e treatment and air str ipping were incorporated to replace 
the flotation units . The process stream is now similar to that at 
Water Factory 21 . 

The Stander exper imental waste reclamation plant in Daapoor t ,  
Pretor ia , South Afr ica , was des igned as a full-scale plant to 
evaluate different processes and to provide information on efficiency 
and reliability of advanced treatment for potable reuse (Pr inaloo � 
!1· • 1978) . Water is a scarce resource in this area , and situations 
similar to that at Windhoek were anticipated . Between 1970 and 1976 , 
the influent was tr ickling-filter treated municipal wastewater J since 
then , the influent baa been treated by activated sludge . Similar 
changes were used later at  the Windhoek plant.  

The reclamation plant in Palo Alto , Cali f .  (operated by the Santa 
Clara Valley Water Distr ict) was also constructed to provide a 
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TABLE 2-1 Advanced Treatment P lants for wastewater Reuse 

Pre-
Date Caljacity treat-

Location Started (m /day) Purpose ment.! 

Whittier Nar- 1962 47 ,ooo Groundwater, AS 
rows, Calif. recharge 

basins 
South Lake 1968 28,000 Recreational AS 

Tahoe, Calif. lake 

Windhoek, Namibia 1969 4,800 Direct potable TF, 
(formerly South- (mod. 1978) reuse MP 

West Africa) 
Daspoort, South 1970 4,500 Experiment<Jl AS 

Africa 

Orange County, 1976 57,000 Groundwater AS 
Calif. injection 

Palo Alto, 1977 7,600 Experimental AS 
Calif. groundwater 

injection 

Advanced 
Treatment!! 

Filt, Cl2 

Lime, Air 
C02, Filt, 
GAC, Cl2 

Lime, Air, 
CO;z, Cl2, Filt, 
Cl2, GAC, Cl2 

Lime, Air, 
CO;z, Filt, 
Cl2, GAC, Cl2 

Lime, Air, C02, 
Cl2, Filt, GAC, 
RO, Cl2 

Lime, Air, C02, 
03, Filt, GAC, 
Filt, Cl2 

References 

Horne, 1979: Parkhurst 
and Garrison, 1963 

Culp et al., 1979 

van Vuuren ll al., 1980 

Prinsloo ll al., 1978 

Cline, 1979; McCarty 
!U;_ al. , 198 o 

Fowler, 1979: 
Roberts ll al., 1979 

.... 
0 
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Tahoe-Truckee, 1978 
Calif. 

Fairfax County, 1978 
Va. 

Washington, D.C. 1981 

Denver, Colo. 1982 
(est.) 

�S = activated sludge 
TF • trickling filter 
MP • maturation ponds 

£Lime = lime treatment 
Air = air stripping 
C� • recarbonation 
Cl2 = chlorination 
03 = ozonation 

18,300 

57,000 

3,800 

3,3 00 

Cl� = chlorine dioxide disinfection 
Filt = filtration 
GAC = granular activated carbon 
RO = reverse osmosis 
Alum • alum coagulation and settling 
Ion • ion exchange 
Land = land application 

Water supply 
stream discharge 

Water supply 
reservoir 
discharge 

Experimental 
direct 
potable reuse 

Experimental 
direct 
potable reuse 

AS Lime, C02, Filt, 
GAC, Ion, Land 

AS Lime, c�. Filt, 
GAC, Ion, Cl2 

AS Air, Alum, Cl2 , 
Filt, GAC, Cl2 

AS Lime, c�. Filt, 
Ion, Cl2, GAC, 
03, RO, Cl02 

Smith, l97'J 

Robbins and Gunn, 1979 

Johnson and Aukamp, 
1979 

Rothberg � al. , 1979; 
Work et ll•, 1980 

.... .... 
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barr ier to  seawater intrusion . O..ineralization was not required at 
Palo Alto because the water was injected into an already salty 
aquifer , but ozonation was provided to evaluate the usefulness and 
coats of an alternative disinfectant and to assess the possible 
advantages for r emoval of organic �nda , as reported by the Safe 
Dr inking Water eo .. ittee (National Academy of Sciences , 1980) . 
Filtration was provided both before and after GAC treat.ent to 
prevent clogging of the GAC ayatea and to remove suspended biological 
particles produced within that ayatea . At Palo Alto , the injected 
water does not blend with a usable water supply . 

Two other advanced wastewater systems of aiailar design were 
s tarted in 1978--one near Lake Tahoe (at  the City of Truckee , calif.) 
and the other in Fairfax County , Va . Both ayat ... discharge into 
surface waters used downstream for local water auppliea r thus , the 
reclaiaed water is destined for soae measure of indirect reuse . The 
two systems include ion exchange , using clinoptilolite for selective 
ammonia removal . 

The Tahoe-Truckee effluent is percolated through the soil before 
it is allowed to enter the Truckee River ,  which is used as a water 
supply by Reno, Nev . , 56 km downstream. The stringent treat.ent 
requirements were designed to help aaintain the Truckee River as a 
pr istine r iver , as well as to protect water users in Reno (Smith , 
1979) . 

The treatment plant in Fair fax County is designed to protect 
water quality in the Occoquan Reservoir , which is the pr incipal raw 
water source for the Fairfax County Water Authority ,  serving more 
than 660 , 000 people ( Robbins and Gunn , 1979) . Dur ing extended dry 
per iods , the wastewater discharge constitutes the major ity of flow 
into the resevoir . In the drought of September 1977 , SOt of the flow 
to the reservoir came from this source r as the population increases , 
the proportion aay beco.e even greater . Thus , the quality of the 
reclaimed water destined for indirect reuse is of concern . 

Operation of the Blue Plains exper imental estuary water treatment 
plant in Washington , D .c . , began in March 1978.  The ma in purpose of 
this facility is to evaluate the feasibil ity of using the Potomac 
River estuary as a possible water source for the aetropolitan area . 
Construction and operation of the plant were author i zed by Congress 
in 1974 (Johnson and Aukamp, 1979) . However , there is concern 
regarding the quality of estuary water dur ing future droughts--when 
the estuary may contain up to SOt effluent from treatment plants 
discharg ing filtered secondary treatment municipal wastewater into 
the estuary as well as runoff water from a highly urbanized area . 
Because of the relative proximity of the wastewater discharge points 
and possible water intakes , it is not clear whether this situation 
should be cons idered as direct or indirect reuse . 

The processes to be evaluated in this facility are s imilar to the 
treatment systems already discussed , although aeration at Blue Plains 
i s  min imal and may not be as effective in r emoving volatile organic  
compounds as the aeration provided at  Water Factory 21 . In addition 
to the processes l isted in Table 2-1 ,  smaller scale studies are 
planned for the demineral i zation of sidestreams by reverse osmos is 
and also by electrodialysis . Future quality of the Potomac estuary 
(dur ing droughts ) is being simulated by blending estuary water and 
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f iltered secondary effluent from the Blue Plains Municipal Treatment 
Plant . 

Another exper imental treatment plant is scheduled to beg in 
operation in 1982 in Denver , Colo . (Rothberg et al . ,  197 9 1  Work� 
al. , 1980) . Th is plant is des igned to evaluate the feasibility of 
direct potable reuse of treated municipal wastewater to help offset 
an antic ipated water shortage . The plant will use ion exchange to 
remove ammonia and will treat sidestreams by reverse osmosis . 
Chlor ine dioxide i s  now planned for disinfection to reduce the 
quantity of chlor inated organic mater ials formed when chlor ine i s  
u sed . The extensive toxicolog ical testing program at Denver should 
add signif icantly to the knowledge of health r isks assoc iated with 
wastewater reuse for potable purposes . 

ADVANCED WASTEWATER TREATMENT COSTS 

The ser ies of processes used at the advanced wastewater treatment 
plants can remove contaminants quite effectively , but at substantial 
costs . To provide some perspective , the exper ience from Water Factory 
21 is summar ized here and compared with the costs of munic ipal water 
supplies in general . The costs of treatment at Water Factory 21 
should not , however , be cons idered directly applicable to those of 
other locations because of d i fferences in many local factors ,  
including process design and cost o f  construction , labor , land , and 
mater ial . 

Table 2-2 summar izes the construction and operating costs for 
Water Factory 2 1  for 1 year (Argo , 1980 ) . Construction costs wer e  
amortized over a 20-year per iod at 7 \  interest . Rever se osmosis i s  
h ighly effective in removing both inorganic and organic contaminants 
but , as shown in the table , costs more to operate than do all the 
other processes combined . 

As a compar ison, the average 1974 treatment cost for 12 major 
u.s. cities was $9 . 2  per 1 , 000  m3 , and the average total cost , 
i ncluding support services , pumping , and d istr ibution , was $110 per 
1 , 000 m3 (Clar k ,  1979) . These f igures i llustrate that r eclaimed 
wastewater is expens ive and likely to be economically feas ible only 
where water is scarce and not available at what might be considered a 
normal cost . 

Morever , the operating staff and monitor ing personnel need to 
have a higher level of training than is now generally found in 
f acilities of this type . Furthermore , considerably more effort must 
be made in prepar ing per sonne l for this work if it is ever to become 
part of the public water supply . Needless to say ,  this will also add 
to the overall cost.  

EFFECTIVENESS OF STORAGE 

Addit ional removal of contaminants can occur dur ing storage of re­
c laimed wastewaters in reservoirs or aquifer s .  Many of the identi­
fiable contaminants in wastewaters are volatile and lost to the air  
i n  open r eservoir s .  Others can b e  photochemically transformed by 
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TABLE 2-2  Cost of Advanced Wastewater Treatment at  Water Factory 2 1  
for l Year.!. 

Type of 
Treatment 

Lime treatment and 
r ecarbonation 

A i r  str ippin� 
Mixed-medi a  f iltration 
GAC treatment and 

regeneration 
Chlor ination 
SUBTOTAL 

Rever se osmosis 
I njection 

TOTAL£ 

.!.From Argo , 1980 . 
2with fans operating .  

Cost (Dollars/1,000 m3) 
Operat ions 

Capital and Maintenance 

$17 . 5  $35 . 7  
15 . 6  1 5 . 2  
4 . 8  2 . 9  

16 . 2  19 . 7  

1 . 2  l l . l 
$55 . 3  $84 . 6  

45 . 3  118 . 5  
4 . 5  9 . 2  

$105 . 1  $2 12.3 

£Assuming all water treated by reverse osmosi s .  

Total 

$53 . 2  
30 . 8  

7 . 6  
35 . 9  

12 . 2 
$139 . 7 

163 . 8  
13 . 7  

$317 . 2 

exposure to sunl ight . Pathogens generally decrease in number dur ing 
storage as a result of natural death and predation . All of these 
pos itive effects result from storage of r eclaimed waters in open 
reservoirs . Unfortunately , a negative effect is the growth of algae , 
which is l ikely to occur because remaining inorgan ic nutr ients 
produce soluble organic exudates . These exudates affect the color , 
taste , and odor of the water and also react with chlor ine to produce 
chlor inated organic compounds . Such negative features of storage in 
open r eservoirs may offset the water qual ity gains and must be 
cons idered dur ing the design phase . 

Ground storage can circumvent many of these problems , but it does 
not provide all of the advantage of surface storage . Because 
g roundwaters are not in contact with a i r , losses by volatil ization 
and photolysis are unl ikely . The major benefits from passage of 
r eclaimed waters through the ground , by e ither percolation or 
injection , are the adsorption , ion exchange , and opportunity for 
b iolog ical transformation afforded . Adsorption will not provide a 
long-term solution , but it can remove many hydrophobic contaminants 
quite effect ively from r eclaimed water for several years before 
breakthrough occurs .  Ground storage can also effectively reduce 
concentrations of bacteria ,  v iruses , and heavy metals .  Aqui fer 
storage of recla imed waters tends to improve the i r  qual ity ,  and thi s  
method should be cons idered . The potential blending w ith native 
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groundwater& to reduce contaminant concentrations can also be an 
advantage . However , many ( and  perhaps most)  of the reaaining 
contaminants in reclaiaed wastewaters are not effectively r emoved by 
passage through the ground , and many of the organic mater ials formed 
froa wastewater chlor ination are not sufficiently hydrophobic for 
their movement through the ground to be impeded . In addition , the 
aajor portion of the effluent of organic aater ials from advanced 
wastewater treatment systems are those that have effectively escaped 
r emoval by biological , physical , and chemical processes and , thus , 
are likely to by unaffected by similar processes operating in the 
ground . The nature and health s ignificance of these remaining 
mater ials must be consi dered . Once contaminated , groundwater is 
difficult to cleanse . Thus , added precautions must be taken when 
introducing water containing any contaminants . 
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3 
Chemical and Microbiological Constituents 
of Reuse Systems 

CHEMICALS 

In attempting to develop cr iter ia and standards for chemical 
constituents of treated wastewater intended for potable reuse , it is 
not sufficient to consider only the • s imple• question of whether 
specific chemicals will or will not exceed health-related maximum 
contaminant levels (MCL's) . On the contrary , a broad data base i s  
needed in order to determine whether the adverse effects o f  treated 
wastewater on human health are greater than those presented by 
•natural• ( and even anthropogenically contaminated) waters used as 
sources for our domestic suppl ies . This  data base might include 
information on the nature of chemicals in the (domestic) wastewater 
to be treated and measurements of their  concentrations over time r the 
e f ficacy of the treatment of these constituents ; and , ultimately , the 
concentrations of these chemicals that will be present in the treated 
wastewater eventually delivered to the consumer for potable use . The 
treatment steps themselves are important in that they , in effec t ,  
r eplace what would otherwise b e  natural processes , e . g . , dilution , 
prec ipitation , and sorption . 

With respect to the municipal wastewater being treated , it i s  
useful t o  characterize the poss ible sources of chemicals in the f i r s t  
water use (domestic and possible industr ial and r unoff inputs) , the 
impact of conventional (usually secondary) wastewater treatment ,  and 
the typical concentrat ions of the inorganic chemicals and their  
var iability in the secondary effluent to be used as a source . The 
poss ible buildup of • macro• i norganic& ( such as sulfate , calc ium, and 
magnesium) , although they may not have adverse health implications, 
may be esthetically undesirable . In addition , many trace inorganics 
( such as nitrate , mercury,  and lead) can affect health adversely .  
Analyses o f  the sources o f  var ious constituents and possible increases 
in their  concentration may show that it is necessary to limit 
i ndustr ial inputs str ictly to the wastewater system or perhaps to 
reuse only wastewater that rece ives very few or no substantial 
i ndustr ial effluent . 

S everal questions ar ise r egarding the presence and possible build­
up of chemical constituents in wastewater to be used for a potable 
water supply . 

17 
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Which chemicals are likely t o  occur i n  treated wastewater at 
concentrations substantially higher than those currently found in 
acceptable public water supplies? 

Is existing information on the composition and effects of 
constituents in treated domestic wastewater and actual or pilot plant 
wastewater treatment systems sufficient to provide criteria on pota­
bility of reused wastewater? 

Are domestic wastewater and wastewater treatment systems 
sufficiently alike to permit a confident assessment of reuse, based 
on studies of only a few systems? 

What is the extent of the variabilities in the quality of 
treated municipal effluents over time, as well as in the outputs of 
the treatment systems? 

Answers to these questions provide a useful and necessary per­
spective to assessment of any unusual or high exposures to chemicals 
from the ingestion of treated wastewaters and their possible adverse 
effects on human health. 

Inorganic Substances 

Public water supplies accumulate a variety of inorganic substances as 
a result of different domestic uses. Table 3-1 shows the typical 
ranges of added concentrations for some minerals, but not for the 
wide variety of trace inorganic chemicals (typically those at concen­
tration of <1 mg/liter) that may also enter public water supplies 

TABLE 3-1 Some Minerals That Enter Public Supplies During 
Domestic UseA 

Constituent 

Boron 
Sodium 
Potassium 
Magnesium 
Calcium 
Phosphate (PQi3) 
Sulfate (S042> 
Chloride (Cl-) 
Total dissolved solids 
Alkalinity (as CaCO]) 
Total nitrogen (nitrate, ammonia, organic) 

!From Chang and Page, 1980 . 

Ranges of 
Increases 
(mg/liter) 

0 . 1-0 . 4  
40-7 0  

7-15 
4-10 
6-16 

20-40 
15-30 
20-50 

100-30 0 
100-150 

20-40 
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after domestic and industrial uses. Thus, in analyzing municipal 
wastewater for possible reuse, a comprehensive study should include 
not only an assessment of possible health effects from reusing 
domestic wastewater, but also a measurement of the amount and quality 
of industrial waste in the system and (if the system receives storm 
water) runoff constituents. 

A number of potentially toxic elements may be present in municipal 
wastewater and sewager these include arsenic, cadmium, chromium, 
copper, lead, mercury, selenium, and silver. Evaluation of the 
potential health consequences from such elements is complicated by 
the possibility that each might exist in a number of different 
chemical states, differing in solubility, reactivity, and toxicity. 
Thus, a metal cation may have more than one oxidation state, form a 
number of complexes and chelates with organic ligands, or form organic 
metallic compounds. Furthermore, interaction between two or more 
metal cations may modify toxicity in one direction or another. 

All the processes involved in wastewater treatment can affect the 
bioavailability and toxicity of metals. Many metal cations such as 
thos� of cadmium (Cd+2) ,  copper (cu+2) ,  lead (Pb+2) ,  mercury 
(Bg+ �, and monomethyl mercury (CBJBg+) form tight bonds with 

organic ligands present in most particulate matter. Microorganisms 
tend to assimilate metals from water, which can lead to their removal. 
The production of hydrogen sulfide by certain microorganisms can 
cause precipitations of cadmium sulfide, mercuric sulfide, and lead 
sulfider in addition, some microorganisms can change the oxidation 
state of the metal. Thus, Bg+2 can be reduced to the metallic 
agO, which can volatilize from the system. 

A few potentially toxic metals, e.g., arsenic, lead, mercury, and 
tin, can form stable organometallic compounds, which can be produced 
anthropogenically (mainly from industrial sources) or by microorgan­
isms. Microorganisms can both synthesize and break down organic 
metallic compounds. The best are the organic mercury compounds, 
which are u�ed as fungicides� released into the environment, and are 
broken down to inorganic ag+� When this cation is present in 
sediment in water, it becomes the substrate for certain methanogenic 
bacteria and is converted to monomethyl (CBJBg+) or dimethyl 
(CBJBgCBJ) mercury. Methyl mercury has been shown to be toxic to 
the human nervous system (National Academy of Sciences, 1977) . 

The outcome of bacterial synthesis and degradation of organic 
metallic compounds will be affected by the type of metal, the type of 
bacteria, and ambient conditions such as oxygen tension and pH. 
Although methyl mercury is highly toxic to humans, it is unlikely to 
attain hazardous concentrations in potable water because of its low 
solubility in water and because it adsorbs on particulates. Dimethyl 
mercury, preferentially produced under alkaline conditions, should 
vaporize into the atmosphere. 

A number of studies have shown that secondary or biologically 
treated municipal wastewater can contain a wide range of trace 
element concentrations, as shown in Table 3-2. For many of the 
constituents, the range concentrations may differ by as much as a 
factor of 100,  presumably reflecting the variation both among and 
within secondary effluents. It is thus unlikely that one can define 
a •typical• municipal secondary effluent with respect to its 
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TABLE 3-2 Concentrations of Trace Elements Found in Treated 
Wastewater and Water Quality Cr iter ia for Public Water Supplies 
and Irr igation WaterA 

Water Quality Cr iter ia 
'!!I!U)iter! 

Wastewater I((igltion watt' 
E ffluent Public Short-
l1119/liter ) Water Continuous Tera 

Element Range Median Supplies usee Us� 

Ar senic o . oo5-0 . 02 3  0 . 005  0 . 1  0 . 1  2 . 0  

Boron 0 . 3  -2.5 0 . 7  0 . 7 5  2 . 0  

CadmiWII o . oo5-0 . 2 2  0 . 005 0 . 01  o . o1 0 . 05 

Chroaium 0 . 001-0 . l  0 . 00 1  0 . 05 0 . 1  1.0 

Copper 0 . 006-0 . 053 0 . 0 18 1 . 0  0 . 2  5 . 0  

Lead 0 . 003-0 . 35 0 . 008 0 . 0 5 5.0 10 .0 

MolybdenUJII 0 . 001-0 . 0 18 0 . 007 o . o 1  0 .05  

Mercury 0 . 0002-0 . 00 1  0 . 0002 0 . 002 

N ickel 0 . 003-0 . 60 0 . 004 0 . 20  2 . 0 

Selenium 0 . 2  0 . 0 2 

Z inc 0 . 004-0 . 3 5  0 . 04 0 . 05 2 . 0  10 . 0  

�rom Chang and Page , 1980 . 
2Por water used continuously on all soils . 
£For use up to 2 0  years on f ine-textured soils of pH 6 . 0  to 8 . 5 . 

inorganic constituents , nor can one predict their concentrations in a 

specific systea being considered for reuse . In this regard , the 
variability and mean concentrations of inorganic chemicals in a 
secondary effluent are also of concern . 

Table 3-3 presents such data for the secondary e ffluent used as 
the source water at Water Factory 21 (Mccarty � al . , 1980) . The 
constituents l isted are those specified in the National Inter ia 
Pr imary Dr inking Water Regulations (Environmental Protection Agency ,  
1 976) . The geometr ic mean concentrations for many of the inorganic 
constituents vary substantially between the two per iods studied , 
dur ing which different sources of wastewater were used. For example , 
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TABLE 3-3 Comparison Between the Maximum Contaminants Levels (MCL ' s) 
Recommended in the National Interim Primary Drinking Water (NIPDW) 
Regulations and Levels Found in Influent Water at Factory 2 1A 

Influent Water 
Fi rst Pe r iod Stud ied 
Geometr ic 98\ of Time 

Contaminant K::L Mean Less Than : 

mgLliter : 
Arsenic o . o s  o .o os  o .oos!! 
Bar ium 1 . 0  0 . 0 8  0 . 14 
Cadmium 0 . 0 1  0 . 0 26£ 0 . 0 7  
Chromium o . o s  .!hl!. 0 . 3 1  
Lead o . o s  0 . 0 2  0 . 0 51 
Mercury 0 . 00 2 0 . 0016 0 .0 25 
N i trate ( as N ) 10 0 . 2 3 1 . 2  
Selenium 0 . 01 0 . 0025  0 . 0025!! 
S i lver o . o s  0. 0 03 0 . 0 07 
Fluor ide 1 . �  1 . 4  b.Q 
1!9Ll iter : 
Endr in 0 . 2  0 . 0 1  0 . 0 1  
Lindane 4 0 . 2  0 . 9  
Toxaphene 5 0 . 0 1  0 . 0 1  
2 ,4-D 100 0 . 0 1  0 . 01 
2 , 4 , 5-TP 10 0 . 0 1  0 . 0 1  
Methoxychlor 100 0 . 1 0 . 1  

MP�lOO  ml : 
Co l i  forms l 89  38,000  

TUL: 
Turbidity l 4 2  7 9  

!Fr om McCa rty et al. , 1980 • 

.l:!sased on less�han l in 20 samples analyzed . 
£underlined values represent those exceed ing MCL ' s .  
�Temperature • 26. 3 °C . 
!MPN • Most probable number . 
LTU • Turbid ity units . 
!!Not known. 

Second Per iod Studied 
Geometr ic 9 8\ of Time 
Mean Less Than : 

o . o os  o . o o s!! 
0 . 0 3  0 . 0 6  
0 . 0 3 3  0 . 15 
o:ii4i 0 . 1 1  
0 . 0 07 0 . 0 17 
0 . 0 0 1  NK.!l 
2 . 8  49  
0 .002 5  N K9.  
0 . 0 0 1  0 . 0 06 
1 . 3  hl 

0 . 0 1  0 . 0 1  
0 . 14 0 . 2 2  
0 . 0 1  0 . 0 1  
0 . 0 1  0 . 0 1  
0 . 0 1  0 . 0 1  
0 . 0 1  0 . 0 1  

.1.:! ill 

l 54 
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the two mean values for lead are 0 . 0 2 and 0 . 007 mg/liter . Another 
impor tant measure in the table is the h ighest concentration--which is 
not exceeded 98t of the time . Por some of the constituents , this 
concentration is much higher than that of the geometr ic mean dur ing 
the same time period .  lbr example , the concentrations for mercury 
dur ing the f irst per iod were 0 . 0 25 and 0 . 0 016 �g/l iter , respec­
tively--a factor of approximately 15.  Prom such data , it is clear 
that the var iabil ity of a secondary sewage effluent over time may 
a ffect the qual ity of the renovated water product.  

The removal efficiencies of advanced wastewater treatment 
processes can be highly var iable , with respect to both the process 
and the inorganic constituents it removes . Bnglande and Reimer s 
( 1979) have reviewed the technical l iterature and the results from 

specific advanced wastewater treatment systems . Their findings for 
several trace elements and other constituents are summar ized in Table 
3-4 . Not only the specific processes affect var ious elements differ ­
ently , but also other water quality var iables and influent concentra­
tions play roles as well . Clearly , no single process (at least among 
those summarized) readily stands out as the clear choice for •general• 
trace element removal . Even reverse osmosis ( RO) ,  which would be 
expected to be highly efficient in removing inorgan ic constituents , 
was found to be much leas effective for moat trace elements than for 
•macro• inorganic& (Hrubec et al. , 1979) . 

When Water Factory 21 began-operation in October 1976 , the 
influent to this advanced wastewater treatment (ANT) plant was 
tr ickling-filter treated municipal wastewater from the Orange County 
Sanitary Distr ict . In March 1978,  the influent water was upgraded to 
activated sludge-treated municipal wastewater , which was then segre­
gated to reduce the contamination with industr ial wastes pr ior to 
ANT .  This procedure reduced concentrations of aromatic hydrocarbons , 
phthalate& , and chemical oxygen demand (COD) . 

Tables 3-5 and 3-6 compare the influent and effluent concentra­
t ions of some heavy metals and other contaminants generally present 
in sufficient quantities to be measured with reasonable precision . 
The AWT effluent concentrations are those measured after treatment by 
all removals processes except RO. The values for ANT plus RO 
r epresent the effect of all processes except f inal chlor ination . 

The constituents listed in these tables are commonly found in 
wastewater and contaminated sur face water supplies , although the 
percentage removals obtained differ for each contaminant .  The tables 
also l ist the particular process or processes that were moat effective 
in obtaining this level of removal . Chemical precipitation with lime 
(ppt) , granular activated carbon (GAC) , and RO treatment were par tic­

ularly effective for removing the collective organic parameters of 
COD and total organic carbon (Table 3-5 ) . In general , heavy metals 
were removed moat effectively by chemical precipitation ,  although 
several were also removed by GAC and RO treatment.  Air str ipping was 
effective in ammonia removal and also in the removal of many of the 
chlor inated compoundsJ in fact,  str ipping tended to be more effective 
for moat individual compounds . The results indicate that a combina­
t ion of processes is required to achieve good overall removal of the 
many different contaminants in municipal wastewaters . 
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The variability for trace inorganic& over time has also been 
considered in some detail in the Water Factory 21 study by McCarty et 
al. (1980) , in terms of both variability in influent concentration -­

and removal efficiency. The results of that study (for eight heavy 
metals) are shown in Figure 3-1. The results are plotted as log 
d istributions, which are often encountered and which were found to be 
a useful way to consider the variabilities over time. However, 
confidence limits or uncertainties are associated with the log normal 
distribution lines. Parallel distributions for the influent and 
effluent concentrations are consistent with the f ractional removal 
and are independent of concentration ' however, the lines for the 
metals typically are not parallel. 

The results for these elements and a few others are shown in 
Table 3-7, which presents not only the average percent removals but 
also the 95' confidence interval for the average. The interval can 
be quite great for some elements, such as copper, lead, and silver. 
This scale offers a conservative way to predict average maximum 
concentrations in the effluent, based on the minimum average per­
centage of removal. Thus for cadmium, 47' average removal should be 
used rather than the 84' (the two extremes of the 9 5' confidence 
band) . 

Clearly many variabilities are encountered in effluents from 
secondary and advanced waste treatment processes, and it is difficult 
to predict removals A priori for a given treatment system. Thus, as 
in the Water Factory 21 study, it may be necessary to evaluate the 
full range of variabilities over an extended period. 

Radionuclides 

As a result of discharges, radionuclides can appear in increased 
concentrations in treated wastewater, as compared to their presence 
in potable water at first use. Regulated events include discharges 
of the radiochemical& used in research and then discharged into 
municipal water systems J unregulated discharges are typified by the 
substantial and largely unknown amounts of radioisotopes given to 
patients for medical diagnostic and therapeutic purposes and then 
discharged into sewers. At one large sewage treatment plant, such 
medical radioactive wastes were shown to contribute concentrations of 
iodine-131 and technetium-99m amounting to a total activity of 13 to 
15 pCi/liter in the treated effluent (Moss, 1973) . 

Wastewater treatment processes can be expected to remove radio­
nuclides at least partially (Environmental Protection Agency, 1977) . 
This study noted that RO removed more than 99' of the radioactivity 
f rom a low-level radioactive laundry waste. Because many of the 
manmade and natural radionuclides in sewage are likely to exist in a 
simple inorganic ion form in domestic sewage, some of the wastewater 
processes that remove inorganic ions should be effective for them as 
well, including RO and ion exchange. Nevertheless, because concentra­
tions could build up to potentially harmful levels in treated waste­
waters, radioactivity should be monitored in such systems. 

Monitoring requirements and maximum contaminant levels (MCL ' s) 
a r e  specified in the u.s. National Interim Primary Drinking water 
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TABLE 3-4 Pollutant Removal by Wastewater Treatment Processe� 

Chelllical Prec i2itat ion Residual 
Secondary Act ivated Ca.enta on Concentration Genera l  
Treabrlent Fer r ic Car: bon Act ivated Level Comaents 

Const i tutent ( B iolog ica l )  Lime Ch lor ide Alua Adsorption Ca r bon ( " 9/ l i ter ) on Removal 

To tal Generally i nc r eased 
d issolved tot a l  d i s solved 
sol id s  solids w i th 

treatJDen t; reve r s e  
osmo s i s  e f f ect ive 
i n  reiiOVa l 

Aaloni a  VG p p B iolog ica l 
n i trogen n i t r i f icat ion moat 

ef fec t i v e �  brea k po i n t  
chlor i nat ion and 
str ipp i ng tove r a  F 

...., to VG .. 

N i t r ate VG p P to G Depends on B iolog ica l 
n i trogen anaerobic deni t r i f icat ion 11ost 

bioact ivity feasible 

Phenol L i m i ted by d r iv ing > l Treat��ent method s 
force to a bout e f f ec t ive in 
1 mq/ l i t e r  r educing phenol t o  

l "g/ l i te r  l i Ji i t  

Tr ace organics G G G Re110val depends on 5 , 0 00 Chlor inated organics 
spec i f ic or9anics ( tota l or9anic may be i nc reased 

carbon and with breakpoint 
chemical oxy9en chlor inat ion; 
demand} a111110n i a  str ippin9 

e f f ec t ive in remov in9 
volat i l e  ref ractor y 
or9anics 

Arsenic P to F P to G G p Reac t s  w i t h  Depends on inf luent 
s u l f ide leve l ,  pH, and redox 

poten t i a l  

Ba r i um F P to G G P to G Due to h i9 h ly > 3 0  Enhanced 
soluble nature prec ipitat ion a s  

sulfate conce n-
trat ion i ncrease s 
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Boron p p p >290  Generally n89l ig ible 

CadlliUII P to G F to VG r p to VG O ld carbon better H igh re110vals due to 
prec ipitat ion of 
a u l f ide and 
hydroxide forMS 

ChrOiliua f' to G G VG G (C r+6! P to G (C r+ 3 1 Reduct ion 2 0 Depends on inf luent level 
VG (Cr+ I VG (cr+6 1 with b ioactivity and oxidation s tate 

cr+l lese 
soluble than c r+ 6  

Copper P to G P to G G G to VG Enhanced sorpt ion 7 0  Influenced b y  inf luen t 
better w i t h  new concentrat ion 
carbon 

I ron P to P F to G VG P to G Sulf ide complexes >40 Depends on influent 
ppt , bu t  anaerobic leve l ,  pH , and redox 
bioac t i v i ty causes potentia l 
reduc t ion to soluble 
Pe• 2  

Lead r to G P to G VG P to G >5 Enhanced prec ipitation 
w i th h igher s u lfate 
leve l s  

Manganese p G to VG -- p p Bioac t iv i ty on the Depends on pH and redox 
carbon reduce a Mn +4 potent i a l  N 
to Mn+ 2  Ul 

Mercury P to G P to G VG G P to G Variab i l ity due to Removal is a f u nc t ion o f  
biological activity pH ,  i n i t ial concentra-

t ion , and degree of 
COJIPlexation 

Selen iull F P to G G F P to G Varab i l i ty due to Depends on influent 
h ig h ly soluble concentrat ion 
character i s t ic a  

S i lver P to G P to VG VG VG P to G High aff i n i ty for Depends on influent 
sulfhydryl g roups level 

Z i nc P to G P to P F P to G Z i nc sulf ide >60 Depends on influent and 
precipitate s u l fate levels 

.!..Fron Englande and Re imer s ,  1979. 

NOTE :  P • Poor (< 30\ ) ; F • Fa i r  ( 3 0\- 60\ ) ; G • Good (60\-90\ 1 ;  VG • Very Good (>90\ ) . 
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TABLE 3-S Selected Contaminant Concentrations and Effectiveness of Treatment at Water Factory 
21 in Removing The� 

Contaminant or Other Factor Measured 

Chemical oxygen demand (COD) , mg/ l iter 
Total organic carbon (TOC) , mg/l iter 
Total d issolved solids (TDS) , mg/liter 

Electroconductivity (EC) , 11S/cm 
N i trogen, mg N/l i ter : 

Organic 
Ammonia 
N itrate 

Boron , mg/ liter 
Fluor ide , mg/ l iter 
Col iforms , MPN!VlOO m l  

Total 
Fecal 

Phenol , llg/l iter 
Cyanide , 11 g/ l i ter 
Color , units 
Methylene blue active substance 

( MBAS) , mg/ l iter 

Concentration as Noted 
AWT AWT 
P lan� P lan� 
Influent Effluent 

4 7  12 
12  6 

9 0 0  850  

1 , 50 0  1 , 3 2 0  

2 . 0  1 . 1  
4 . 0  0 . 8  
2 . 8  7 . 7  
0 . 74 0 . 53 
1 . 3  0 . 8 1 

1 . 6  X 106 o . o s 
0 .  55 X 106 <1 

4 . 9  
2 5 6 . 9  
3 7  0 . 8  

0 . 2 5 0 . 0 8  

Rd<. 
Effluent 

1 . 3  
2 . 6  

7 7  

156 

3 . 3 

Percent Removal 
AW'i'& 

AWT� 

7 4  
so 

5 

12 

4 5  
8 0  

-175 
28 
3 8  

100 
100 

72 
9 8  

6 8  

and RO 

97 
7 8  
9 1  

9 0  

-18 

!From McCarty et al. , 1980 . 
�WT refers to-;l�advanced wastewater treatment processes except reverse osmosis (RO) . 
£Ro • Rever se osmosi s .  
�pt • Chemical precipitat ion with l ime . 

GAC • Granular act ivated carbon . 
Strip • Air  str ipping . 

!MPN • Most probable number . 

Dominant 
Removal 
Processe s!! 

ppt ,  GAC , RO 
ppt , GAC , RO 
RO 

RO 

ppt 
str ip , C l2 

ppt , C l2 
ppt ,  Cl2 
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TABLE 3-6 Concentrations of Heavy Metals and Effectiveness of 
Treatment at Water Factory 21 in Removing Them! 

Concentration at AWT Percent Dominant 
Plant �Hglliterl Removal Removal 

Contaminants Influent Eff luent AW'l'R Processes£ 

Arsenic < s  < s  
Barium 30 7.4 7 5  ppt, RO 
Cadmium 3 3  9.5 7 l  ppt, RO 
Chromium 4 8  3.1 94 ppt, GAC, 
Copper 72  16  7 8  ppt, GAC, 
Lead 7.1 1.0 86  ppt, GAC 
Iron 98  4 2  5 7  ppt, RO 
Mercury < l  < l  
Manganese 29 1.7 9 4 ppt 
Silver 1.2 0.7 4 2  ppt 
Selenium < s  < s  
Zinc 127 100 21 ppt, GAC 

!Prom McCarty et al., 1980. 
RAWT refers to-advanced wastewater treatment processes except 
reverse osmosis {RO) . 
2ppt • chemical precipitation with lime. 
GAC • granular activated carbon. 

RO 
RO 

Regulations for rad ium-226, rad ium-228, gross alpha particle rad io­
activity, and beta particle and photon radioactivity from manmade 
radionuclides {Environmental Protection Agency, 1976) . Thus, it is 
reasonable to require p ilot-demonstration plants and potable 
wastewater treatment systems to have similar monitoring systems for 
radionuclides to ensure that the MCL ' s  specified in the regulations 
are not exceeded. The regulations require at least quarterly 
monitoring of community water systems, which use waters contaminated 
by effluents from nuclear facilities. Depend ing on the quantities 
f ound, gross betas, strontium-89, strontium- 90, cesium-1 3 4, iodine-
1 3 1, and tr itium must be monitored. Since there is a greater than 
normal likelihood that humans will be exposed to these isotopes, more 
frequent and more varied analyses are stipulated in the regulations. 

Based on actual experience and on the potentially higher concen­
trat ions that can occur in reuse systems, there is a need for even 
more frequent monitoring than that specified, w ith a determinat ion of 
specif ic isotopes {such as technetium-99m) likely to be found or to 
occur in high quantities. Unacceptably h igh quantities of rad io­
activ ity in otherw ise acceptable treated water may be reduced to 
acceptable levels by the rad ioactive decay that occurs during a 
holding period before reuse. However, even more frequent monitoring 
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H EAVY M ETALS 
1 0,000 

1 ,000 

1 00  

1 0  

0. 1 L--L--.L--.L-..----J 
1 1 0  

1 0,000 

1 ,000 

1 00  

1 0  

50 90 99 1 1 0  50 

PERCENT OF TIME LESS THAN 

HEAVY M ETALS 

Effluent 

0. 1 L----L---L---1.-.....J 

1 1 0  50 90 99 1 1 0  50 
PE RCENT OF T I M E  LESS THAN 

90 99 

90 99 

FIGURE 3-1 Distribution of heavy aetal concentrations in 
the influent and effluent of Water Factory 21 from March 
197 8 to January 197 9 .  From McCarty � �., 1980 , 
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TABLE 3-7 Summary of Heavy Metal Concentrations and Removals by AWT 
Dur ing One Operating Per iod! 

Heavy 
Metal 

Ar senic 
Barium 
Cadmium 
Chromium 
Coppe r  
I ron 
Lead 
Manganese 
Mercury 
Selenium 
S ilver 
Z inc 

Geometric Mean 
Concentration (Hq/liter) 

Influent Effluent 

< s  < s  
30  7 . 4  
3 3  9 . 5  
48  3 . 1  
7 2  16 
98 42 

7 . 1  1 . 0  
2 . 9  1 . 7  
1 1 
s s 
1 . 2  0 . 7  

127 < 100 

.!Prom McCarty et al. , 1980 . 

Percent Removal 

Average 

7 5  
7 1  
9 4  
7 8  
5 7  
86 
94 

4 2  
> 2 1  

9 5\ Conf idence 
Interval for 
the Average 

4 1  to 84 
47 to 8 4  
90 to 9 6 
16 to 9 4 
4 0  to 7 0  

-164 to 9 9  
86 to 97 

-24 to 7 3  

of the system should then be required to ensure compliance with 
s tandards and the protection of human health . 

Organics 

Al though quantitative information about the var iability of major and 
trace inorganic constituents of wastewater to be treated , as well as 
the product , has often been well documented , s imilar data on organic 
compounds are scarce . However , there is a considerable amount of 
information about specific organ ic compounds detected in var ious 
waters with potential for potable reuse , but only l imited data on 
such compounds in actual reclaimed waters . Most of the information 
on organ ic compounds has been reported only within the last decade , 
when important developments in analytical techn iques and instrumen­
tation provided data on specif ic compounds from water samples . In 
the early 1970 ' s  much qualitative ( and very l ittle quantitative) data 
were obta ined . 

There are l ists of organ ic compounds present in var ious waters 
( e . g . , municipal wastewaters , groundwater , sur face waters ,  and 
d r ink ing water ) , as well as the number of times the compounds were 
detected , and their concentrations , if  known (Shackelford an�Xeith , 
1976 ) . Fr equency-of-occurrence information often i s  inherently 
skewed because many studies have been des igned to detect only a 
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specific group of selected compounds . Even studies designed to detect 
and identify a broad range of organic compounds in a par ticular water 
sample produce incomplete frequency-of-occurrence data s ince analyti­
cal techniques used for most studies provide information only about 
compounds that can be tested by gas chromatography . Information 
about nonvolatile compounds is rarer . 

Because of the large volume of current information , a compre­
hensive computer ized data base to develop a list of organic compounds 
detected in var ious types of water is needed7 the WATERDROP system 
(Gar r ison et al . , 1979 )  is a positive step in this direction . 

Of pr imary-concern is whether identif ication has been confirmed 
or is only tentative . Quantitative data need to be evaluated with 
r espect to recovery informat ion and quantitation techniques . Quali­
tative informat ion about occurrence of organic compounds known to 
affect health is useful because it may indicate a potential problem 
area . 

Some of the best information about spec ific organic components in 
reclaimed water with potential for reuse was produced by the stud ies 
conducted at Water Factory 21 (McCarty et al. , 1980 ) .  Other studies 
currently under way will provide additiona�information within the 
next 2 years (Battelle Columbus Laboratory , 1980 7 Environmental 
Protection Agency , 1980) . Table 3-8 lists the organic compounds 
identi f ied in the influent and effluent from Water Factory 2 1 .  More 
than 25 trace organic mater ials were identif ied in concentrations 
suff ic ient to allow quantif ication and estimates of removal effi­
c iency . The average removal levels for some of these compounds are 
summar ized in Table 3-9 for one time per iod . As shown, only the 
phthalate& and some of the synthetic chlor inated organic compounds 
generally reached concentrations g reater than 1 �g/l iter , even in 
the influent . Air str ipping was effective for most of these chemi­
cals , except for the nonvolatile and hydrophobic organic mater ials 
such as l indane and polychlor inated biphenyls . The latter were 
removed to some degree by prec ipitation and granular activated 
carbon. Generally , removal of aromatic hydrocarbons was not great , 
but the results are uncertain because the concentrations were very 
low and and near detection l imits . Before the changeover to activated 
sludge treatment , the aromatic compounds were found at higher concen­
trations and were then effect ively removed by air str ipping .  As with 
removing inorganic compounds , a combination of processe s is required 
to achieve effective removal of the aromatics .  

In  the var ious studies o f  wastewater treatment for potable reuse 
in South Afr ica , data have been reported on the presence of a number 
of trace organic chemicals in the f inished water , and on the effi­
c iency of removal . In a study conducted at the Stander Water Recla­
mation Plant , Stander ( 1980 ) observed that 10 different polynuclear 
aromatic hydrocarbons were detected in the ng/l iter concentration 
range in the influent , and only 2 (pyrene and fluoranthene) in 
the f inal water . He noted that • the reclaimed water contains leas 
organic substances and at lower concentrations than water pur if ied by 
convent ional treatment of raw surface waters receiving pollutants 
from non-point sources and from discharges of pur if ied sewage and 
industr ial effluent . •  

Va n Renaburg � �· ( 1980)  reported the ir results from monitor ing 
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17 organic micropollutants injected into a scaled-down version of the 
Stander Water Reclamation Plant . The study was designed to determine 
the ability of the plant and its unit processes to remove a var iety 
of tox ic pollutants of poss ible industr ial , agr icultural , and domestic 
or igin.  Some of the ir results are shown in Table 3-10. Por each of 
the coapounds , the overall removal was greater than 99t .  The author s 
concluded that the r eclamation plants studied were •capable of 
effectively removing organic industr ial and other pollutants in 
' shock load ' quantities . •  

MICROBIOLOGICAL CONSTITUENTS 

Because of the potential for widespread waterborne disease , public 
off ic ials have been concerned about biolog ical contaminants in public 
water supplies for more than 100 years .  Heretofor e ,  it  baa been 
common practice to develop a public water supply using the highest 
quality r aw water source available . Por the moat par t ,  such sources 
have tended to minimize the r isk of transmitting infectious 
d iseases . Before using domestic wastewater , such as that in d irect 
potable water reuse , or raw water significantly contaminated with 
wastewater for a public water supply , the potential for the spread of 
infectious diseases should be reexamined . 

Acute microbial d iseases are occasionally transmitted to broad 
segments of the population via the water supply . However , the 
a ssessment of or hazard assoc iated with the transmission of infectious 
agents through water supplies is difficult . The presence of micro­
organisms in or on l iving things does not necessar ily mean that the 
host will develop disease . Likewise , a waterborne d isease usually 
occurs in a population without concomitant recovery of the organism 
from the water because of technical problems associated with the 
r ecovery of spec i f ic pathogens in s itu . However ,  in outbreaks where 
an etiolog ical agent is  not recovered , an epidemiolog ical investiga­
t ion may still implicate water as the vehicle of transmission .  
Whether o r  not a n  individual becomes ill depends o n  a ser ies o f  com­
plex interrelationships between the host and the infectious agent . 
Spec i f ic var iables include ( 1 )  numbers of the invad ing microorganism 
( infectious dose) , ( 2) the organism ' s ability to cause d i sease (patho­

genicity) , ( 3 )  the degree to which the microorganism can cause disease 
( v irulence) , and ( 4 ) the relative susceptibility of the host.  In  

general terms , infectious microorganisms have the potential to cause 
d isease only J! the organism i s  suff ic iently v irulent to overcome the 
host ' s  defenses . 

Infectious Agents in Raw Domestic wastewater 

Any attempt to catalog the infectious agents or microbial pathogens 
that could conceivably be present in r aw domestic wastewater would 
result in a surpr isingly long l ist . The tremendous var iety of 
i nfectious agents that might be present is der ived pr inc ipally from 
the feces and other body discharges of infected human and animal 
hosts . The occurrence and relative density of these agents in a 
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TABLE 3-8 Compounds Identif ied in Water Factory 2 1  Influent and EffluentA •� 

Aromatic Hydrocarbons 

Benzene 
Toluene£ 
Ethyl benzene£ 
£"Xylene£ 

!!!:"'"Xylene.£ 

2:'"Xylene.£ 
1-Ethyl-4-methylbenzene.£ 
1-Ethyl-3-methylbenzene.£ 
1 , 3 , 5-Tr imethylbenzene£ 

1-Ethyl-2-methylbenzene£ 

1 , 2 , 4-Tr imethylbenzene.£ 
1 , 2 , 3-Tr imethylbenzene£ 
C 4-Benzenes 
L indane 
Methylindanes 
Naphthalene£ 
1-Methylnaphthalen� 
2 -Methylnaphthalen� 
C z-Naphthalenes 
C3-Naphthalenes 
S tyrene 
Biphenyl 
Phenanthrene/anthracene 
Methylphenanthrene ( four 
Phenylnonane i somers 
Phenylundecane isomer s 
C3-Biphenyl i somers 
C6-Biphenyl i somers 
Pyrene/fluoranthene 

synthetic Chlor inated Compounds 

Methylene chlor ide£ 

Tr ichloroethylene£ 
1,1, 1-TetrachloroethvleneC 
1,1, 1-Tr ichloroethane£ 
1,1,2-Tr ichloroethane£ 

Hexachloroethane£ 
Chlorobenzene£ 
1,2-Dichlorobenzene£ 

1,3-Dichlorobenzene£ 
1,4-Dichlorobenzene£ 

1, 3 , 5-Tr ichlorobenzene£ 

1,2 ,4-Tr ichlorobenzene£ 
PCB (Aroclor 1242)£ 
Pentachlorophenylmethylether 
Tetrachlorophenylmethylether 

isomers 
T r ichlorophenylmethylether 
D ichlorophenylmethylether 
Carbon tetrachlor idec 

L indane 
Tetrachlorobenzene i somer 

isomers ) £ 

Chlor ination P roducts 

Chlorofor a& 

D ichlorobromomethane£ 
Chlorodibromomethane£ 
Bromoform£ 
Dichloroiodomethane.£ 

1 , 1 , 2 , 2 ,-Tetrachloroethane£ 
a-chlorostyrene isome rs£ 
Chlorobromoiodomethane£ 
1 , 1 , 1-Tr ichloroacetone£ 
Chloroxylene£ 
Chlorobromopentanone£ 
Bromoketone£ 
Methylchlorobenzene£ 
a , II-Dichloroethylbenzene 

w 
N 
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Natural Products 

Terpenes 
Terpene alcohols 
Fenchone 
Fenchyl alcohol 
trans- S-Farnesane 
HePtaldehyde 
Lauric acid methyl ester.! 
Myristic acid methyl ester.! 
Peritadecanoic acid methyl 

ester isomers2 
Heptadecanoic acid methyl 

ester_g 
Stearic acid methyl ester 
Palmitic acid methyl ester 

Phthalate Esters 

Dimethvlphthalate£ 
Diethylphthalate 
Di-n-butylphthalate£ 
Diisobutylphthalatec 
Bis (2-ethylhexyl)phthalateC 

Miscellaneous Compounds 

Camphor 
Isophorone 
��-Amylphenol 
Octylcyanide 
Hexylcyanide 
Other alkyl cyanides 
Methyl-2- (R;chlorophenoxy) -

2-methyl-propionate£ 
2eisomer clofibrate metabolite 
Methylbenzoate 
Tolualdehyde isomers£ 
Ethylphenol 
2-chloropyridine 
Benzaldehyde£ 
Pentadecane£ 
Octadecane£ 
Acetophenone£ 

AFrom McCarty et al. , 1980. Priority pollutants are underlined. 
Boctober 1977-oece-mber 1978 study where activated sludge effluents 
were split, treated by chlorination, and RO. 
£Found in effluents. 
�Identified after methylation. 
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TABLE 3-9 Concentrations of Organic Contaminants and Effectiveness of Treatment at Water 
Factory 21 in The i r  RemovalA 

Concentration ��glliterl 

Percent Removal 
Awor2 Awr.!! Dominant 
Plant Plant RO AWT� Remova l w 

Contaminant Influent Effluent Effluent AWT� ' RO Processess9. .. 

Aromatic h�drocarbons 
Ethylbenzene 0 . 04 3  0 . 0 14 0 . 0 19 67 56 NRS 
m-Xylene 0 . 03 5  0 . 020 0 . 024 43 3 1  NR 
E;-Xylene 0 . 015 0 . 0 12 0 . 014 2 0  7 NR 
Naphthalene 0 . 033 0 . 0 10 0 . 028  7 0  15  NR 
1-Methylnaphthalene o . oo8  0 . 009 o . oo  -12 88 NR 
2-Methylnaphthalene 0 . 0 10 0 . 02 o . oo8 20  NR 
Styrene 0 . 048  0 . 00 3 9 4  N R  

S�nthetic chlorinated 
compounds 

Carbon tetrachloride 0 . 033 0 . 16 o . oo8  -380  7 6 Str ip 
1 , 1 , 1-Tr ichloroethane 3 . 25 0 . 20 0 . 08 3  9 4  9 7  Str ip 
Tr ichlorDethylene 0 . 74 0 . 10 0 . 1 8 6  86 Str ip 
Tetrachloroethylene 1 . 67 0 . 83 0 . 2 0 50 88  Strip 
Chlorobenzene 0 . 14 0 . 049 0 . 034 65 76 Str ip,  GAC 
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1 , 2-Dich1orobenzene 0 . 64 0 . 02 0 . 00 1  9 7  99 . 9  Str ip, GAC 
1 , 3-Dichlorobenzene 0 . 16 0 . 02  0 . 004 88 9 7 . 5  Str ip, GAC 
1 , 4-Dichlorobenzene 1 . 8 5 0 . 0 12 0 . 0 15 99  99 Str ip , GAC 
1 , 2 , 4-Trichlorbenzene 0 . 11 0 . 02  0 . 02 8 2  8 2 Str ip ,  GAC 
Lindane 0 . 14 0 . 05  0 . 0 5  6 4  6 4  ppt , GAC 
PCB (Aroclor 124 2 )  0 . 47  0 . 3 0 . 3 3 6  3 6  ppt ,  GAC 

Chlor inat ion eroducts 
Chloroform 3 . 1  8 . 6 0 . 97  -177 6 9  Str ip, GAC 
Dichlorobromomethane 0 . 53 2 . 7 0 . 24 -410 5 5  str ip , GAC 
Chlorodibromomethane 0 . 69 1 . 3 0 . 13 -88 8 1 Str ip ,  GAC 
Braaoform 0 . 4 0  0 . 3 8  0 . 007  5 9 8  Str ip , GAC 

Phthalate esters 
D imethylphthalate 4 . 8  0 . 47 1 . 0  9 0  79  ppt , GAC 
Diethylphthalate 0 . 097 0 . 3 0 . 3  
D i-n-butylphthalate 0 . 79  0 . 33 1 . 1  58 -39 ppt ,  GAC 
Di isobutylphthalate 4 . 7 0 . 27  0 . 23 9 4  9 5  ppt , GAC 
Bis- ( 2-ethylhexyl)  11 . 0  3 . 1  2 . 9 7 2  7 4  ppt w 

Ul 
phthalate 

.!From McCarty et al . , 1980 . 
�WT refers to-;l�advanced wastewater treatment processes except RO . 
£s trip • chemical prec ipitation with time 
GAC • granular activated carbon gpt • chemical precipitation with l ime 
�R • not reported . 
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TABLE 3-10 Eff icacy of a Pilot Plant to Remove Tox ic Organic Compound&! 

Percentage Re�val b:z: Unit Proceaa !Bl and Percentage Overall Re110val IC! 
Concentration secondary Act ive Carbon 

Ccapound in Feedwater High Lim! Trfatment Cl1£if is;at ion s1od Filt(at!on CblO[ination T[eatllent 
(� 9/ liter)  B c B c B c B c B c 

Lindanl! 20 0 0 0 0 0 0 80 8 0  9 8 . 3  99 . 5  

Dieldr in 40  12 . 5  12 . 5  0 12 22  30 4 3 3  99  99 . 3  

Chlordane 300 18 18  2 20 13 30 32 52 9 9  >99 . 5  

Deaeton-s-methyl 3 , 000 67 67 0 67  2 1  7 4  9 9 . 6  >100 

Parathion 4 , 000  19 19 0 19 18 33 99 . 9  100 

Fenitrothion 4 , 000 22  22  0 22 2 1  3 8  99 . 9  100 
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Fenthion 4 ,000  22  2 2  0 22 19 37 58  7 4 100 100 

Phenol 600 5 5 3 0  3 3  0 3 3  8 2  8 8  9 8  99 . 7  

Hexachlorobutadiene 100 72 72 97 >99  

Acenaphthene 600 27 2 7  9 5  9 7  13 98 75 100 

Pluoranthene 500 7 9  7 9  8 0  96 3 3  98 2 2  9 8  

Pyrene 500 85 85 86 98 20 99  50 100 

Dibutylphthalate 400  8 7  8 7  0 5 l!a 0 3 5� 2 8 53  9 9 100 

_2-Nitrotoluene 400 2 4  24 7 3  8 0  1 0  8 2 l8 85  9 3  100 

Tetradecane 200  9 6  9 6  8 9  100 

AFrom Van Rensburg et al. , 1980 . 
�ncrease in d ibutylphthalate probably due to plastic piping used in pilot plant . 

w 
..... 
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g iven raw domestic wastewater depends on a number of complex factor s J 
therefore , it is impossible to def ine the general characteristics of 
a particular wastewater with respect to infectious agents . 

The pr incipal infectious agents in raw domestic wastewater can be 
classif ied within four broad groups : bacter ia , viruses , protozoa , and 
helminths . Table 3-11 l i sts some of the infectious agents , along 
with the ir associated diseases . This list is representative--not 
a ll-inclusive J furthermore , the infectious agents l isted have not 
been detected with the same deqree of frequency in all raw domestic 
wastewaters.  Although the absolute density cannot be g iven with any 
deqree of accuracy , the var iation and/or the order of magnitude of 
the dens ity of certain infectious agents that might be encountered i n  
ral domestic wastewater can b e  i llustrated , e . g . , Salmonella , u p  to 
10 /l�ter J protozoa (cysts) , up to 10 5/liter J helminths (ova) , up 
to 10 /l iter J enter ic virus plaque-forming units ( pfu) , up to 
105/liter . Such information should be considered with respect to 
the inadequacies of the detection and enumeration methods used for 
some infectious agents . For example , the observed density of enteric 
viruses may be 1 to 2 logs lower than the actual density due to the 
l imitations of the current virus recovery and cultivation procedures . 
Notwithstanding these limitations , it is accepted that these 
i nfectious agents can be found in raw domestic wastewater and , on 
occasion , in a water supply . 

Bacter ia 

The most common infectious agents in raw domestic wastewater are 
perhaps the enteric bacter ia J of these , member s of the genus 2!1-
monella apparently occur most frequently. Salmonella have frequently 
been isolated from feces , wastewater , rece iving water , and occasion­
a lly from f inished water supplies.  Shigella organisms are among the 
chief etiolog ical agents of bacillary dysentery . There are few 
r eports of Shigella being detected in wastewater , even though !!!­
monella may be routinely isolated . Survival of Shigella in waste­
water is relatively short.  The possible presence of enteropathogenic 
Escher ichia coli in raw domestic wastewater i s  also of concern . 
Th ese agents-were f irst assoc iated with outbreaks of diarrhea in 
nurser ies (Craun , 1978) . The prevalence of enteropathogenic !· col i  
i nfections in the United States i s  uncertain , but this i nfective 
agent can be involved in waterborne outbreaks of gastroenter itis . 
Ce rtain strains of E .  coli can also cause gastroenteritis through the 
production of enterotox in in the small intestine . In addition to 
these three genera of pathogenic bacter ia , others may occur , but less 
frequently ,  in raw domestic wastewater . Among these are spec ies of 
Vi br io,  Clostr idium, Leptospira,  Mycobacter ium, Campylobacter , and 
Yersinia . 

Viruses 

More than 100 d istinct serotype& of viruses have been ident if ied in 
raw domestic wastewater (Table 3-12) , and the dens ity in the United 
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TABLE 3-ll I nfect ious Agents Potent ially Present in Raw Domest i c  
Wastewater 

Organism 

BACTERIA 
S h igella (4 spp. ) 

Salmonella � 
S a lmonella ( 1 , 700 spp . )  
V ibr io cholerae 
E scher ich ia col i 
Yersinia enterocolitica 
Leptospira { spp. ) 
Campvlobacter 

VIRUSES 
Enteroviruses ( 7 1  types) 

Hepati t i s  A virus 
Adenovirus (31 types ) 
Rotavirus 
Reovirus 
Gastroenter itis virus (Norwalk-type ) 

PROTOZOA 
Endamoeba h istolyt ica 

G i ardia lamblia 
Balantid ium col i  

HELMINTHS 
Ascar is lumbr icoides 
Ancylostoma duodenale 
Necator amer icanus 
Ancylostoma ( spp . ) 
S trongyloides s tereoral is 
Tr ichur i s  tr ich iura 
Taenia { spp. ) 
Enterobius vermicular is 
Echinoccoccus granules is 
Sch istosoma mansoni i  

Disease 

Sh igellos is 
( bac illary dysentery )  

Typhoid feve r  
Salmonellosis 
Cholera 
Gastroenteritis 
Yer s inos is 
Leptospirosis 
Gastroenter it i s  

Gastroenteritis , hear t  
anomalies , mening it i s  

I nfect ious hepat it i s  
Respi ratory d isease 
Gastroenter itis 
Not c lear ly established 
Gastroenteritis  

Amebias is  ( amoebic 
dysentery )  

G iard iasis 
Balant idias i s  

( balant id ial dysentery) 

Ascar iasis 
Ancylostomias i s  
Necator ias is 
Hookworm 
Strongyloidiasis 
Tr ichur ias i s  
Taeniasis 
Enterobiasi s 
Hydat idos is 
Sch istosomias i s  
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TABLE 3-12 Enter ic Viruses Potentially Present in WaterA 

V irus G roup 

Enteroviruses 
Poliovirus 
Echovirus 

Coxsack ievirus A 

Coxsack ievirus B 

New enteroviruses 

Hepat itis type A 

Ga stroenter itis virus 

Rota v irus 

Reovirus 

Adenovirus 

No . of 
Types 

3 
3 4  

24  

6 

4 

1 

? 

? 

3 

3 0  

Disease Caused 

Paralys i s ,  mening itis,  fever 
Mening itis , respiratory disease , 

rash ,  d iarrhea , fever 
Herpang ina , respiratory disease , 

mening it is ,  fever 
Myocarditis , congenital hear t 

mening itis , anomalies , rash ,  
fever , respiratory disease , 
pleurodyn i a  

Mening itis , encephalitis , 
respiratory d isease , acute 
hemor rhag ic conjunctivitis , 
feve r 

I nfect ious hepatiti s 

Epidemic vomiting and d iarrhea , 
fever 

Epidemic vomiting and d iarrhea , 
chiefly of children 

Not clear ly established 

Respiratory disease , eye 
infections 

!Adapted from Wor ld Health Organization , 1979 . 

States may be on the order of 10 4 viral units/l iter (WOrld Health 
Organization , 1979) . Bnte r ic viruses are those that multiply in the 
intestinal tract and are shed in the feces of infected persons .  Of 
the many enter ic v iruses detected in wastewater ,  those associated 
with infectious hepatitis and gastroenteritis (Norwalk-type ) war rant 
special attention because of the existing epidemiolog ical evidence 
that they can be spread via the water route . Unfor tunately , these 
v iral agents have yet to be cultivated in the laboratory , thus , no 
recovery method is yet available to determine thei r  density in 
wastewater and water suppl ies . Although recently improved techniques 
have increased the sensitivity of virus recovery , resulting in h igher 
numbers in water than those previously r eported , there is still a 
need for a better understanding of the reliabil ity , l imits of 
detection , and precis ion of the methodology for recovery and culture 
of enteric viruses . Also , today ' s  procedures require a 2-week per iod 
before a water s ample can be recorded as negative for enteric 
viruses . There is also the problem of detecting and enumerating 
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waterborne viruses that are attached o r  embedded in part icu late 
matter . The s ignif icance of virus clumping or aggregation with 
respect to virus recovery and enumeration in water , and the 
interpretat ion of such informat ion in terms of infect ious unit or 
dose , also need fur ther examinat ion . 

P rotozoa 

The protozoa of greatest concern because of d isease transmiss ion 
through water are Endamoeba histolytica , Giard ia lambl i a ,  and , to a 
lesser extent , Balantid ium col i .  The reservoir of infection for E .  
h istolytica is in humans . Although amebias is is rare in the United 
S tates , car r ier-type infect ions can be found among the population .  
These car r iers may shed a large quant ity of cysts , e . g . , 107/day 
( Jukubowsk i  and Er icksen , 1979) , suff ic ient for the ir detect ion in 
r aw domestic wastewater .  I n  recent years ,  the protozoan of greatest 
health concern has been the f lagellate G. lambl ia. Giard ias is 
appear s to be endemic in the United States as Giardia is frequently 
ident if ied in stool samples ' as many as 10 8 cysts may be excreted 
daily by infected individuals . The potential ex ists , therefore,  for 
the d isease to be spread through water contaminated with fecal matter . 

He lminths 

Th ere are some two dozen helminths , be long ing to e i ther of two 
phyla--Platyhelminthes ( flatworms ) or Nematoda (roundworms) --which 
may cause infect ions in humans by tr ansmiss ion through water . 
Improved sanitary cond it ions have greatly reduced the prevalence of  
helminth infect ions among human populat ions . However ,  water trans­
miss ion of such helminth ic infections as ascar ias is and tr ichur ias is 
is still poss ible when the infective stage of the helminth i s  ingested 

with water . Other helminths gain entr ance to humans by way of skin 
penetration,  e . g . , hookworms (Necator and Ancylostoma) and sch isto­
some& (Schistosoma) I the pr esence of these helminths in contaminated 
water can be transmitted to humans dur ing bathing . With some hel­
m inths , the infect ive stage occur s dur ing e ither the adult or a 
larval form of the organism! with the others ( and more commonly) , the 
ova are impor tant in the spread of the infect ion through water . The 
ova of intest inal parasitic worms are excreted in the feces of in­
fected ind iv iduals ! consequently , they may be found in raw domestic 
wastewater .  Indeed , the ova o f  Ascar is lumbr icoides, the wh ipworm 
Tr ichuris  tr ich iura , the tapeworm Taenia saginata , and others have 
been observed in wastewater .  

In addit ion to these , a var iety o f  other infect ious agents may be 
present in raw domestic wastewater , e . g . , infect ious yeasts and 
molds , v iroids , and r ickettsia. Evaluat ion of the presence of these 
and perhaps others of health s ignif icance appear s to have been 
neg lected . The presence and s ignif icance of ant ibiotic-resistant 
bacteria in the water env ironment also need fur ther attent ion . Th i s  
phenomenon is associated with nucle ic acid elements o r  resistance ( R) 
factor s capable of rapid transfe r by conjugation between 
g r am-negative bacter ia.  
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Among the substances o f  phys iolog ical concern that might be pres­
ent in wastewater are microbial tox ins that can produce a phys io­
log ical response after ingest ion . They have been associated with 
spec ies of Escher ichia , Vibr io , Clostr id ium , and Staphylococcus , 
among other s .  The product ion o f  exotox in& may be associated with the 
carryover of excess ive amounts of organic suspended sol ids from bio­
log ical wastewater treatment processes and the subsequent decomposi­
tion of these mater ials by anaerobic bacter i a  in water storage tanks . 

Removal and/or Inact ivat ion of Infect ious Agents 

The initial treatment of raw domestic wastewater for water r euse will 
probably continue to involve those processes normally included in 
conventional wastewater treatment , i . e . ,  pr imary treatment or sed i­
mentat ion and biolog ical secondary treatment with f inal c lar if ication . 
I n  add ition to prepar ing the wastewater for dis infect ion , it is gen­
erally recognized that pr imary and secondary treatment of raw domestic 
wastewater removes such infect ious agents as  bacter ia,  viruses , proto­
zoan cysts , and helminth ova , but that the success of the removal is  
var iable at best (Table 3-13) , depending in par t on the natur e of the 
i nfect ious agents (Engelbrecht and Lund , 1975) . Pr imary sed imentat ion 
may remove up to 50' of the bacter ial populat ion , includ ing pathogenic 
bacteria , in raw domestic wastewater . Although there is insuff ic ient 
informat ion , it appear s that , because of a higher spec i f ic grav ity , 
helminth ova are more effectively removed by sedimentat ion than are 
amoebic cysts . Only a small percentage of the enter ic v iruses present 
in raw domestic wastewater appear to be removed by pr imary treatment .  
However , viruses a r e  known t o  adsorb t o  part iculate matter and prob­
ably occur as indiv idual part icles only on rare occas ions . Viruses 
may also be embedded in part iculate matter . These factor s lead one 

TABLE 3-13 Removal of Representat ive I nfectious Agents by 
Convent ional Wastewater Treatment! 

I n fect ious 
Agents 

Salmonella 
Mycobacter i um 
Shigella 
Amoebic cysts 
He lminth ova 
Viruses 

Pr imary 
Treatment 
< •  Removed) 

15 
40-6 0 

15 
Limited 

70-95 
Limited 

�rom Engelbrecht and Lund , 197 5 .  

Secondary 
Treatment 
Activated 
S ludge 

90-99 
5-90 

80-90 
L imited 
L imited 

75-99 

<• Removed) 
T r ickling 
Filter 

90-99 . 9  
70-9 9 
8 5-99 
10-99 . 9  
60-75 
0-86 
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t o  suspect that virus removal by sed imentation has not been accurately 
measured and that more viruses are actually removed than the data 
i nd icate . The same may be true of other infec tious agents . 

As with pr imary treatment , the removal of infectious agents by 
s econdary treatment , i . e . , activated sludge or tr ickling-filter 
followed by f inal clar i f ication , is var iable (Table 3-13 ) .  Bacter i a  
r emoval may b e  a s  h igh as 90% .  Amoebic cysts and helminth ova appear 
to be much mor e effectively removed by tr ickl ing-f ilter treatment 
than by act ivated sludge . Of these two secondary biolog ical pro­
cesses , activated sludge appears to ach ieve the greatest and mos t 
cons istent removal of v i ruse s .  Of cour se , numerous microorganisms , 
includ ing bacter ia , fung i ,  and algae , grow in biolog ical wastewate r 
t reatment processes , and some of these may be present in the effluent . 
Little is known about the health s ignif icance of these microorganisms 
o r  of thei r  products , or of the ir fate in subsequent treatment 
processes directed toward the potable reuse of water . 

Fr om Table 3-13 and this br ief discussion , i t  is apparent that 
conventional wastewater treatment ,  consisting of pr imary and 
s econdary treatment ,  r educes the dens ity of infectious agents i n  
wastewater , but does not produce a n  effluent free o f  infectious 
agents . On the contrary , a s ignif icant number of viable i nfectious 
agents may be present in secondary effluent . The microbiolog ical 
quality of a secondary effluent can be fur ther improved , however , 
through dis infection . The enter ic bacter ial infectious agents may be 
effect ively inactivated by d i sinfection us ing chlor ine . Although 
data are lack ing , protozoan cysts and helminth ova , because of the i r  
g eneral resistance t o  d i s infection , might b e  ineffectively inactivated 
by chlor ination of a secondary effluent as currently practiced . 
Fu rthermore,  certain enter ic viruses appear to be more resistant to 
chlor ine than are coliforms and , perhaps , other bacteria . Ozonat ion 
of a secondary effluent can also be effective in deactivating 
i nfectious agents , g iving results equal to or better than those 
p roduced by chlor ination . In designing any d isinfection system , 
however , it is important to consider the inadvertent formation of 
t oxic by-products . 

Th e  treatment of secondary effluent by processes more commonly 
associated with water pur i f icat ion can further reduce the density of 
i nfectious agents . These processes might i nclude chemical coag­
u lation , f i ltration , act ivated carbon adsorption , and dis infection . 
Chemical coagulation-flocculation , par ticular ly with l ime at h igh pH 
(>11) , followed by clar i f ication appears to be highly effective in 
r emoving enter ic bacter ia and v iruses (Engelbrecht , 1976) .  Although 
there seem to be no data on high pH treatment , it is reasonable to 
assume that protozoan cysts and helminth ova and other stages in the 
life cycle of these parasites would also be removed from wate r by 
such treatment followed by c lar ificat ion . 

By itself , rapid sand f iltration is not effect ive in removing 
v iruses and ,  perhaps , bacter ia. However ,  if preceded by chemical 
coagulation and by clar if icat ion , rapid sand f iltration is effective 
( Engelbrecht , 1976) . Porous med ia f iltrat ion , following coagulat ion 

and/or the add ition of polymer , also appear s to be effect ive in 
r emoving protozoan cysts ( includ ing Giard ia) and helminth ova . In 
addition to removing infectious agents , f iltration reduces tur­
b idity--a step that is essential for effect ive d isinfection . 
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The final stage of treatment in any water reclamation scheae i s  
terainal d is infection . Based o n  existing information , exper ience , 
and other considerations , the disinfectants of choice are either 
chlor ine and/or ozone r another possibility i s  chlor ine d ioxide . 
Given the proper cond itions , breakpoint or free residual chlor ination 
( 0 . 5 mg/l iter for 60 min contact)  has been reported to achieve a 

s ignif icant virus reduction (Hattingh , 1978) . The reduction of 
colifora organisms , and presumably the pathogenic bacter ia ,  would be 
s imilar under the same conditions . Although information is l iaited , 
protozoan cysts and helminth ova have been shown to be aore r esistant 
to chlor ine than are bacter ia and viruses . The effectiveness of 
ozone in deactivating bacteria and v iruses is equal to or perhaps 
better than that of chlor ine . There appears to be no information on 
the inactivation of helainths by ozone r that on protozoan cysts is  
l iaited . Data indicate that chlor ine dioxide may be just  as effective 
in inactivating enter ic bacter ia and viruses as is chlor ine , but 
there is a lack of information on the efficacy of chlor ine dioxide 
for the inactivation of protozoan cysts and helminths . 

Anticipating areas of future acute water shortage in South 
Afr ica , the National Institute for Water Research of South Afr ica 
initiated an aggressive water reclamation research program in the 
early 1960 ' s . Th is program included laboratory studies , as well as  
pilot and full-scale treatment plant investigations of var ious 
reclamation unit processes . As a result, a vast aaount of infor­
mation has been collected on the removal and/or inactivation of 
infectious agents in secondary wastewater effluent by chemical 
coagulation-flocculation , filtration , activated carbon adsorption , 
d is infection , and other treatment processes . Th is information has 
been summar ized by the National Institute for Water Research and i s  
included i n  Table 3-1 4  (Hattingh , 1978) . Per formance of these 
treatment plants ind icates that , from a microbiological point of 
v iew , major attention has been g iven to the removal and/or 
inactivation of enter ic bacteria and viruses r in most cases , the 
protozoan cysts and helminths have not been considered to any g reat 
exten t .  

Th e  exper imental water reclamation plants at Windhoek , Namibia , 
( formerly South-West Afr ica ) , and at Pretor ia (Stander Water Recla­
mation Plant) , South Afr ica (described in Chapter 2 ) , have provided a 
substantial amount of information on the removal and/or inactivation 
o f  infectious agents after var ious degrees of treatment as well as of 
the f inal product water ,  particularly with respect to enter ic viruses 
and bacteria ( Grabow et a l . , 1978 J Nupen et al. , 1974) . No enter ic 
viruses were detected-rusing two differen�concentration procedures ) 
in 286 samples representing a volume of 1 , 788 l iters ( 152  10-l iter 
samples and 134  2-liter samples ) taken after the f inal four treatment 
s tages of the Windhoek plant and 4 61 samples r epresent ing a voluae of 
4 , 610  liter s  (461 10-liter samples )  obtained following the last three 
treatment units in the Stander plant (Grabow et al . , 1978) . Many more 
samples were taken for density of total bacteria , total col iforma , 
fecal coliform& , enterococci ,  Clostr idium perfr ingens , Pseudomonas 
aeruginosa , Staphylococcus aureus , and Escher ichia col i B coliphage . 
Dur ing normal operation , the f inal product water at both the Windhoek 
and Stander plants was reported to meet the following l imits s total 
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TABLE 3- 14 Reduction of Fecal Coliform and Viruses by Var iou s 
Reclamation Unit Processe� 

Unit Processes 

Coagulation--a luminum sulfate 
or ferr ic chlor ide 

Lime treatment , pH 1 1 . 2  
Lime treatment , pH 11 . 5  
Act ivated carbon adsorption 
Rapid sand f i ltration 
Chlor ination , < breakpoint 
Chlor ination , > breakpoint , 

low turbid ity , and nitrogen 

Log Reduction-2 
Fecal Coliforma 

1-2 
2 
5 
0 . 5  
1-2 
11 
7 

Viru s 

1- 2  
3-4 
4-5 
5 
1- 2 

7 

!From Hattingh , 1978 . 
�esults ach ievable under favorable operating conditions . 

bacterial plate count ,  100/1 al l other bacter ia , 0/10 0 ml J enter ic 
v iruses , 0/10 l i ter 1 and col iphage , 0/10 ml . 

The use of acid-fast bacteria as an indicator group for assessing 
t he microbiological quality of recla imed wastewater has also been 
evaluated {Grabow � �· • 1981) . These bacteria were found to be 
exceptionally r esistant to aost treatment processes . The authors 
concluded that their  absence after chlor ination ensured the absence 
o f  vegetative bacter ia and ente r ic viruses . The total plate count 
was found to be a highly sens itive indicator of any microbiolog ical 
contamination , and the coliphage proved found to be a rapid , economi­
cal , and s imple method for screening removal and/or inactivation of 
v iruses . Mon itor ing for parasitic ova has also been per formed at 
both the Windhoek and the Stander reclamation plants by direct micro­
s copic examination of 10 l iters of membrane-f iltered concentrate 
(Grabow and Isaacson , 1978) . No parasitic ova were detected in the 
f inal product water . 

The Environmental Protection Agency per formed an 18-month 
advanced wastewater treatment study at ita Blue Plains pilot plant in 
Washington , D . C . , to obta in data on the effluent discharged upstream 
of dr ink ing water intakes in order to determine its safety for 
potential domestic reuse purposes {Warner et a l . , 1978) . Samples for 
detecting enteric viruses were processed dur ing three different 
per iods of operation . The density of v iruses in the raw wastewater 
r anged from 1 , 850 to 18 , 000 pfu/100 litera dur ing the three sampling 
per iods . Viruses could not be detected following f iltration dur ing 
the first sampling period ,  in the effluent from the biolog ical 
n itr i f ication uni t  dur ing the second sampling per iod , or following 
chlor ination in the samples taken dur ing all three sampling per iods . 
Dur ing the entire 18-month study per iod , the average concentration of 
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free available chlor ine in the f inal effluent was 2 . 2 3 mg/l iter 
(ar ithMtic mean of 57 determinations ) .  The ar ithmetic mean 

dens ities of total col i foras (114 saaples ) ,  fecal col iforas (119 
samples ) ,  Pseudomonas aeruqinosa ( 3 6  samples ) , Salmonella ( 40 
samples ) ,  and total bacter ia plate count ( 4 4  samples ) following 
terminal chlor ination were 0 . 11 ,  0 . 17,  0 . 8 1 ,  O , and 6 6 . 8/100 al , 
respectively (Warner et al . ,  1978) . 

Water Factory 21 (descr ibed in Chapter 2 )  was des igned to reclaia 
unchlor inated secondary wastewater effluent (McCar ty � !i· •  1978 , 
1980) . Dur ing one per iod of operation , unchlor inated tr ickling­
filter effluent was treated by l ime clar ification (pH 11 . 3 ) , ammon ia 
s tr ipping , r ecarbonation , aixed-aedia filtration , activated carbon 
adsorption , and postchlor ination . Breakpoint chlor ination for 
n itrogen control was also evaluated at different locations in the 
treatment sequence . Dur ing this per iod of operation , the geometr ic 
aean dens ity of total coli foras and fecal coli foras in the unchlor i­
nated tr ickl ing-filter effluent was 89 x 106 and 25 x 1 06 mos t 
probable number (MPN) per 100 al , respectively . The reduction in 
total and fecal col i form bacteria by the l ime clar if ication stage 
r esulted in a 98\ to 9 9 . 9\ reduction in v iruses , depending on the 
detec·tion procedure used . Based on unconf iraed virus analys is , 48 of 
7 7  tr ickling-filter effluent samples were found to be pos itive for 
viruses , the density ,  calculated as the geometr ic mean of the 
positive samples , was 1 . 1  pfu/l iter . More than 2 5  d i f ferent enter ic 
virus types were identif ied in the tr ickl ing-filter effluent . Of 77 
chlor inated , f inal effluent samples a ssayed , 2 samples were pos itive 
for viruses . Both pos itive samples were believed to be due to the 
presence of a high concentration of activated carbon f ines in the 
samples , which aay have inter fered with proper postdisinfection . 

In a subsequent pe r iod of operation , a high-quality activated 
sludge effluent was used as the influent to the advanced wastewater 
plant . The geometr ic mean density of total coliforas , fecal 
col iforas , and viruses in the activated sludge effluent dur ing this 
period was 1 . 6  x 10 6 MPN/100 ml , 0 . 55 x 10 6 MPN/100 ml ,  and 0 . 1 3  
most probable number o f  cytopathogen ic units (MPNCU) /l iter , 
respectively . The virus detection procedure used was j udged to be 
about 3 t imes more sensitive than that used in the ear l ier study with 
tr ickling-f ilter effluent . Aga in , l ime clar i fication removed .ore 
than 5 logs of the total col iform and fecal col i form bacteria . 
Following postchlor ination , the geometr ic mean density of total 
col iforms and fecal coliforms was 0 . 0 5  and < 1  MPN/100 ml , 
respectively , no viruses were detected in the f inal effluent , i . e . , 
following postchlor ination . 

SUMMARY AND CONCLUSIONS 

The relatively l imited exper ience with actual wastewater treatmen t 
and pilot plant systems designed to g ive additional treatment to 
secondary munic ipal effluent for potable reuse has shown that the 
concentrations of chemical constituents in the f inal product do not 
usually occur at levels that are considered unacceptable in terms of  
current dr ink ing water standards . Also , there is evidence that the 
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sequence of treatment processes used o r  contemplated i n  such systems 
c an r emove a broad var iety of types of inorganic and organic chemi­
cals , some more effectively than others . However , a combination of 
processes is  usually requ ired to ensure effective treatment . 

Although a few wastewater treatment systems are being studied 
extens ively to determine the composition of the trace inorganic and 
organic constituents in their f inished water , there is insufficient 
information to compare the ir water to a broad range of cur rently used 
potable water supplies and to j udge whether either the latter or the 
treated waters are generally lower in trace chemicals content . Th is 
lack of data i s  espec ially true for organic chemicals , which have not 
been thoroughly characterized for most potable water . 

Thus , although i t  aay be argued that there is no evidence to rule 
out the direct use of treated wastewater for potable purposes ( baaed 
on the l imited data on trace chemical composition) , it is also clear 
t hat the toxicolog ical s ignif icance to huaan health of these and 
other , as yet unidentified chemicals has yet to be determined . 

Although not unexpected , there is growing evidence of a wide 
var iation in the eff icacy with which the different chemical con­
stituents are removed in such treatment systems and in the c� 
pos ition of the f inal treated water , depending on the wastewater 
source and the system treating i t .  In addition , within a g iven 
system there can be substantial var iabilities among the chemical 
const ituents over t ime . Because of such var iabilit ies , and of 
differences among secondary wastewater effluents and wastewate r  
treatment systems , it may b e  necessary to evaluate each potential 
treatment system individually with respect to its ability to remove 
chemical constituents effectively . At the same t ime , the consti­
tuents that vary most extens ively over time may require more atten­
t ion f rom both a toxicolog ical point of v iew and from the design and 
monitor ing effor t .  

A wide r ange o f  infectious agents may be found in raw domest ic 
wastewater . The more usual infectious agents can be classif ied 
within four broad groups 1 bacteria,  viruses , protozoa , and hel­
minths . They are der ived pr incipally from infected persona and can 
be spread to other s via the water . Other agents of concern include 
tox ins , antibiotic-res istant bacter ia , and fung i .  Although some 
i nfectious agents cannot survive outside their host for any great 
length of time , the ir environmental transmission is noraally con­
t rolled through wastewater and water treatment . 

Today ' s technology appear s capable of providing the degree of 
w ater treatment required to meet any microbiolog ical cr iter ia asso­
c iated with us ing a severely contaainated raw water source such as 
domestic wastewater . Conventional wastewater treatment ( consisting 
of pr iaary and biolog ical secondary treatment) may signif icantly 
r educe the density of infectious agents in r aw domestic waste­
water , but i t  does not produce an eff luent free of infectious 
agents . Disinfection may improve the microbiolog ical quality of a 
secondary effluent , particularly with respect to its bacterial 
population , but i t  i s  unlikely that the protozoan cysts , helminth 
ova , and enteric viruses poss ibly present in such effluent would be 
e f fect ively inactivated by disinfection as practiced today . The 
density of infectious agents in secondary eff luent can be reduced by 
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the treat.en t processes mo r e  commonly associated with water pur if ica­
t ion ,  these include chemical coagulation-flocculation {particular ly 
with l ime at a pH >11) , f iltration , activated carbon adsorption , 
and terminal d isinfection ( e . g . , breakpoint chlor ination ) . When 
properly sequenced in a treatment train and under optimum operating 
conditions , these processes can produce a f inal product of acceptable 
microbiolog ical qual ity . However ,  this observation does not el iminate 
the need for add itional con f irmatory data on the removal and/or 
inactivation of infectious agents by the var ious treatment processes , 
nor of the need to ensure the operational integr ity of treatment 
systems . In th i s  respect , rel iable mon itor ing techn iques must be 
developed for r igorous applications in any potable reuse scheme .  

Battelle COlumbus 
Dr ink ing Water , 
COncentration . 
COlumbus ,  Ohio . 
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4 
Concentration Methods for Analysis and 
Toxicity Testing! 

Before trace amounts of constituents in aqueous solutions as complex 
mixtures can be chemically analyzed , the solutions must be concen­
t rated . This step is necessary so that a suff ic ient mass of cheaicala 
can be obtained for separation and subsequent ident if ication . An 
analogous s ituation exists for determining the toxicity of such 
unknown or mostly unknown trace constituents in water s of environ­
mental or public health concern .  

The choice o f  aethod or combination of methods for concentration 
depends on such factors as volati lity of the constituent to be 
tested ,  the degree of concentrat ion required , and the toxicolog ical 
test system to be used . 

As reported by Jolley ( 1980) , Kopfler ( 1980)  d ivides concentra­
tion 11ethods into two basic categories :  

1 .  Concentration 1 That i s ,  those processes i n  which 
water is re.oved and the dissolved substances are lef t 
behind. Exaaples are freeze concentration, lyophiliza­
tion ( freeze drying ) , vacuum distillat ion , and membrane 
processes such as reverse osmos is and ultrafiltration. 
A common d isadvantage to these aethoda i s  tha t 
inorganic spec ies are concentrated along with the 
organic const ituents . 

2 .  Iaolation 1 That i s ,  those processes in  which the 
chemicals are removed froa the water . Examples are 
solvent extraction and adsorption on resina . 

Thi s  chapter focuses primar ily on trace organic cheaicala , a 
major concern in wastewater treatment systems . However , many of the 
principles and concerns apply to inorganic constituents as well . The 
utility of concentration techniques for subsequent bioassay and toxic­
ity testing is also discuaaedJ many of these same cons iderations are 
al.o relevant to analyzing and monitoring reuse systems . 

Although a var iety of methods have been reported for concentrating 
organic ( and inorganic) solutes in water , the following sections are 
conf ined to reverse osmosi s  and macroreticular resins . At present , 
these procedures hold the moat promise for concentrating the g reatest 

lsee Appendix A for further details . 
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fraction of the total organic carbon ( TOC )  i n  water and wastewate r 
samples,  i . e . , the nonvolatile , relatively polar , and/or large 
molecular weight fractions . 

REVERSE OSMOSIS 

Hindin et al . ( 1969)  used reverse osmosis (RO) with a cellulose 
acetate!Dembrane for concentrating more than 30 organic coapounda in 
water . Rej ection by the membrane was found to depend on particle 
s ize , ionization , and volatility in aqueous solution . Compounds with 
a high vapor pressure in water may permeate the membrane . Degree of 
hydration was also important for amino acids . When aixtures of com­
pounds were tested , rej ection increased for some species and de­
c reased for other s .  

At tempts have been made to predict rejection o f  a particular 
solute by a g iven membrane from solubi lity parameters (Deinzer � 
A!· • 1975 J  Klein � al. , 1975) .  In some cases,  pred iction was poor 
because of adsorption of the solute or obvious interaction with the 
membrane . Klein et al. , ( 1975)  suggested us ing complementary mem­
branes (baaed on the i r  solubility coord inates) , which would retain 
d ifferent types of solutes . Because ionizable solutes and poly­
hydroxy compounds are rejected by cellulose triacetate aembranes ,  and 
a romatic compounds are expected to be rejected with greater effi­
ciency by a nylon membrane , a combination of membranes should 
i ncrease r ecovery for a mixture of organic constituents . 

Kopfler et al . ( 1977 ) used such a two-step RO system with a 
cellulose acetate membrane and a nylon membrane for concentrating 
organic compounds in dr ink ing water samples . In addition , a Donnan 
softening loop was used to reduce calcium and aagnea ium concentra­
tions for ion exchange with sodium .  The use of the softening unit 
d id not reduce the yield of organic compounds recovered , but it d id 
extend the l ife of the membrane by retarding scal ing and aembrane 
fouling . The concentrates obta ined f rom the RO procedure were 
further concentrated by solvent extraction and adsorption on XAD-2 
r esin.  Approx imately 2 0t of each fract ion was used for chemical 
analysis , and the remaining BOt was dr ied at room temperature for 
later toxicity studies. Recovery efficiency was h igh for the 
cellulose acetate membrane ,  but could not be calculated for the nylon 
membrane because the TOC in the influent was too low. The average 
est imated recovery for the entire process was 35 . 89t . A control 
exper iment with d istilled water indicated the presence of a number of 
organic compounds , 28 of which were identif ied by gas chromatography 
(GC) and mass spectrometry (MS) . It was not determined i f  the 

contaminants came f rom the distilled water or from the membranes . 
Pang and Chian ( 1976) examined 12 RO membranes for concentrating 

13 polar , low molecular weight organic compounds in water , sepa­
r ately and mixed . The compounds contained a var iety of functional 
groups . The cross-linked polyethylenimine membranes provided better 
separation (> 7 5\ TOC) of the low molecular weight , polar organic 
compounds tested than did the other membranes , includ ing the cellulose 
acetate membranes .  No quantitative relationship was found between 
solute separation and solubility parameters .  Sewage effluent con-
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c entrated with a n  aromatic polyamide membrane yielded better recovery 
than that observed with the test compounds , an expected result be­
c ause of h igher molecular we ight compounds in the sewage effluent . 
Also , membrane separation of TOC increased with the degree of treat­
ment of the sewage effluent . 

MACRORETICULAR RESINS 

Most of the adsorbants used are e ither polystyrenedivinylbenzene 
(DVB ) copolymers or polymethacrylate mater ials cross-l inked with a 
suitable nonaromatic mater ial (Gustafson and Paleos , 1971) . 

The important adsorptive properties of the res ins include van de r 
Waals ' forces , d ipole interactions , and hydrogen bond ing (Thurman � 
al . , 197 8) . I n  general , adsorption increases as the water solubility 
Of the organic compound decreases . And , in a ser ies of related com­
pounds , adsorption via hydrophobic bonding increases as the length of 
a hydrocarbon chain increases , as the number of hydrocarbon substitu­
ent& increases , or as the number of aromatic r ing s increases 
( Gustafson and Paleos , 1971) . 

A study using macroreticular resins XAD-2 and XAD-7 to concen­
trate model mixtures of organic compounds and contaminated well water 
s howed that many nonionic organic compounds were extracted with about 
100 \ eff iciency , even at concentrations in the parts per billion 
r ange (Burnham et al. , 1972) . Common inorganic ions , such as Na+ 

a nd Cl- , as wel�a;-strongly ionic compounds ( benzenesulfonic acid , 
�toluenesulfonic acid , and 4-naphtholsulfonic ac id) were not 
r etained . The weakly acidic or basic organic compounds (carboxylic 
ac ids , phenols , and amines) were sorbed to varying degrees , depend ing 
on the pH of the solution . 

Th e  r esults of another extens ive survey (Junk et al. , 1974 ) 
i nd icated that sorption on XAD resins with an efficiency of extraction 
between 80\ and 100\ applies to a large number of compounds added to 
water . 

There has been an effor t to develop a model to determine which 
solutes adsorb and to ascertain the ir respective capac ity factor s 
( Thurman et a l . , 1978) . The logar ithm of the capac ity f actor k '  was 

found to �rrelate inversely with the logar ithm of the aqueous molar 
solubil ity s. D ifferences among k '  measurements ( 20 solutes) con­
formed to the ear l ier results J that is , XAD-8 favored aliphatic over 
a romatic over al icyclic carbon systems ( inverse solubility trend) . 
Likewise ,  the following funct ional groups were preferred ! 
-CH3 > -C02 > -CHO > -OR > NH2 • Also , the solubility factor was 
empir ically related to bed volume (Y , cm3) and sample size  
(X ,  ml)  in  the following way : X • l/6 k ' y .  Thus , i t  is  poss ible to 

match column and sample s ize in the preconcentrat ion for eff ic ient 
r emoval of organ ic solutes f rom water . Another consequence i s  that,  
given the amount of resin and sample used , the k '  or solubility of 
solutes completely reta ined by the resin can be est imated . 

For res ins of similar chemical compos it ion , the extent of adsorp­
t ion has been repor ted to increase with increas ing sur face area 
(Gustafson and Paleos , l97l) J however ,  in some cases no signif icant 

d ifferences have been found between two low polar ity res ins (Junk et 
&· · 1974) . 

-
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A var iety o f  adsorbent& have been studied for thei r  ability to 
adsorb polychlor inated b iphenyls ( PCB ' s ) from synthetic aqueous 
solutions and raw sewage (Lawrence and !Ca ine , 19 7 6 ) . Amberl ite 
XAD-2 was found to strongly adsorb the PCB ' s  from aqueous solutions , 
but it was much less effective when used with raw sewage (efficiency 
approximately 2 3\ ) . Amberl ite XAD-4 was , after polyvinyl chlor ide 
{PVC) , the second most effective adsorbent in raw sewage (about 60\  
and 7 3\ ,  respectively) . 

BVP (poly [!-benzyl-4-vinylpyr idiniua) ) resin ( in bromide form) 
has been found to have a greater capacity for removing sodium 
dodecylbenzenesulfonate (DBS ) from aqueous solutions , aa opposed to 
commercial anion exchange res ins ( I RA-400 and IR-45 )  and porous 
a tyrenedivinylbenzene resins with no ion exchange functional groups 
(XAD-2 and XAD-4 ) (Kawabata and Mor igak i ,  1980 ) . 

In the isolation of organ ic impurities from water , there are 
several cr itical steps : 

1 .  Resin pur i fication and handling: The porous polymer resina 
are beat cleaned by Soxhlet solvent extraction , and they must be kept 
in a continuously wetted condition to ensure a very low blank (Junk 
� al . , 1974) . Pur i ty of resins var ies (Pan � al . , 197 8 ) . 

2 .  Preparation of standard samples : I f  proper techn iques are 
not used when adding organic impurities to water , er rors in recovery 
a re most probable whenever the concentration level exceeds the 
solubility of the organic compound in the water , the compound is less 
dense than the water and , thus , r ises to the sur face , and the 
volatility of the compound is apprec iable (Junk � !l· •  1974 ) . 

3 .  Suppress ion of ionization : For organ ic acids , the 
preconcentration must be done at a pH two units below pKa and for 
organic baaea at a pH two un its above pKb (Thurman � !l· •  197 8 ) . 

4 .  Concentration : Vessel shape baa been proved cr itical , and 
f ree evaporation a ided by a stream of n itrogen or other gas 
detr imental (Junk � al . , 1974 ) . 

In addition , it has been shown that some of the compounds in the 
f inal concentrates are der ived from the metal and plastic compr ising 
the plumbing , membranes , etc . , r equired by the process ( Smith , 1978) . 

CONCENTRATION METHODS AND TOXICITY TESTING 

Kopfler ( 1980)  indicated several areas of concern in prepar ing 
representative concentrates for biolog ical testing . Por example , 
organ ic res idues can change dur ing storage of concentrates between 
preparation and biolog ical testing or chemical analys is . In 
addition , humic mater ial can b ind lower molecular we ight organ ic 
substances .  Consequently , the i r  recovery is necessary to ensure the 
integrity of the sample for such bound constituents . 

Because of the large var iety of chemical compounds present
-
e i the r 

n aturally or aa industr ial contaminants in water samples , no s ingle 
concentration method cur rently available i s  adequate for concen­
trating all organ ic constituents in the water sample . Consequently , 
in an attempt to concentrate or isolate as much of the organ ic matter 

Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


55  

as possible , most r esearchers use several methods . The combinations 
can become qui te coaplex and are technically d ifficult to achieve . 
Table 4-1 summar izes most of the practical methods used to achieve 
concentration of organic compounds from water samples and ind icate s 
the utility of each method , along with the major advantages and 
d isadvantages .  

Several of the methods have been used to prepare concentrates for 
biolog ical testing . Table 4- 2 presents selected examples of these 
methods , along with the pr inc ipal biological test used and the refer­
ence c i tation . Although the ability of the method to concentrate all 
o rganic matter may be l imited , s ignificant pos i tive r esults were 
ach ieved in most of the stud ies . There i s ,  thus , a question as to 
whether a s ingle concentration method or a combination of methods can 
be developed to achieve concentration of all organic matter in a 
water sample or even i f  a s ingle method is necessary . That i s ,  it 
may be s impler and more economical to use several d ifferent concen­
t ration methods to concentrate and isolate organic matter for 
biolog ical testing .  This procedure , however , raises the possibility 
that a h ighly toxic substance may be omitted because the concentration 
methods used are not adequate to isolate a spec ific compound . 

The selection of the concentration method must be based on the 
tox icity test to be conducted . For example , a long-term feeding 
s tudy using mice could require organic mater ial from many .thousands 
of l iter s  of water 1 a study with rats would require even more . I n  
add ition , the concentration method must b e  chosen o n  the bas is o f  the 
chemical and phys ical properties of the organic constituents to be 
tested . Because of technical d ifficulties in the toxicological 
testing of h ighly volatile constituents , these have generally bee n 
t ested as specific chemical compounds rather than as concentrates.  
Moderately volatile and less volatile constituents may be tested a s  
c oncentrates . Concentration of volatile constituents by solvent 
extr action now seems appropr iate for the preparation of concentrate s 
for b iolog ical testing . Apparently , reverse osmos i s ,  in combination 
with other methods as used by Kopfler � al . ( 1977) , is currently the 
most useful method for prepar ing large quantities of nonvolatile 
organic concentrates . However , i f  thousands of liters per day mus t 
be processed , a s impler method should be developed . Thus , XAD resin 
or o the·r sorption systems may be preferred . For toxicolog ical 
testing ,  the concentration method can be tailored to i solate spec ific 
classes or ind ividual compounds . Por example , humic mater ials can be 
s eparated f rom water samples by alkaline extraction and acid 
prec ipitation . 

The usefulness of toxicolog ical tests of organic concentrates to 
estimate the hazards associated with wate r depends on the degree to 
wh ich the concentrate r epresents the organic mater ials actually 
present in the wate r 1  that is , to est imate the total hazard , the 
o rganic concentrate should be representative of all the organic 
substances present in the water . 
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TABLE 4- 1 Advantages and D isadvantages of Current Testing Method&! 

Method 

Concentration Technique : 

Freeze concentrat ion 

Lyophilization 

Vacuum d i st illation 

Reverse osmosi s  

Ultrafiltration 

I solat ion Technigue : 

Solvent extraction 

Activated carbon 

Type of Organic 
Compound Concentrated 

Polar and nonpolar 

Nonvolatile 

Nonvolati le 

Molecular weight > 200 

Molecular weight > 1 , 000 

Nonpolar , volatile 

Nonpolar , volat ile , 
nonvolatile 

Advantage 

Low temperature 

Low temperature ,  
high concentration , 
low contamination 

Ambient or near 
ambient temperature , 
high concentration , 
low contamination 

Ambient temperature , 
100-l iter volumes 

Ambient temperature 

Ambient temperature , 
large volumes , 
low salt concentration 

Ambient temperature , 
1 , 000-liter volumes 

D isadvantage 

Liter volumes , 
limited concentration , 
salt concentration 

1 to 100 liter volu.es , 
salt concentration 

1 to 100 liter volumes , 
salt concentrat ion 

Salt concentration , 
contamination 

Salt concentration , 
liter volUIIes 

Solvent contamination , 
spec ific i ty , 
concentrate storag e 

L imited recovery o f  
adsorbed organics , 
concentrate storage , 
art ifac t •  
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Ion exchange Polar nonpolar Large volumes , Res in preparat ion and 
organic recovery elution 
70\-9 0 \  

XAD resin Nonpolar to polar , Convenient , Contamination , 
volatile , ambient temperature , l imited recovery of 
nonvolati le large volume s  adsorbed organics , 

resin preparation 
Prec ipitation Humic mater ials , Not stated Spec ific ity 

specific chemicals 
Centr ifugation Macr01110leculea Not stated Specificity ,  i . e . , 

large molecules , 
low volume s 

Gas str ipping Volat ile Small &aJIPles Low volume s 

�rom Jolley , 1980.  
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TABLE 4-2 Concentrat ion Methods for Biolog ical Testing 

Water 

Dr inking water 

Dr ink ing water 

Dr inking water 
Dr ink ing water 
Dr inking water 
Paper plant effluents 
Dr inking water 

D r inking water 

Wastewater ef fluents 

Wastewater effluents 

Wastewater efflents 

Dr inking water 

Dr ink ing water 

Concentrat ion Method 

Rever se osmos i s  

XAD 

Rever se osmos i s  
Reverse osmos is 
XAD 
XAD 
Solvent extract ion 

(combination) 
Solvent extraction 

Lyophilizat ion and 
vacuum d istillat ion 

Ion exchange 
(combination) 

I on exchange and 
d istillat ion 

Reverse osmosis 

Rever se osmos i s  

Reference 

Neal , 1980 

Neal , 1980 

Neal , 1980 
Loper , 1980 
Cheh ll al . , 198 0  
Douglas � al. , 1980 
Hemon ll .!!_. ,  197 8  

Cabr idenc and 
Sd ika , 197 9  

Cumming ll .!!_. , 1979  

Ba ird ll al . , 1980  

Johnston and 
Verdeyen , 1981 

Tardiff et al. , 1978  
Kopfler ll .!!_. , 197 7 
Tabor ll .!!_. , 198 0  
Loper � al. , 1978  

B iolog ical Testing 

Initiation-promot ion 
study ( SENCAR mice ) 

Initiation-promotion 
study ( SENCAR mice ) 

Ames test 
BALB/3T3 f ibroblasts 
Ames test 
Ames test 
Cytotoxic ity , promot ion 

Ames test , cytotoxicity ,  
promotion 

Ames tes t 

Ames tes t 

Ames test 

Ames test 

Ames tes t 

Ul 
CD 
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RECOMMENDATIONS 

Efforts should be continued to develop s imple but eff ic ient methods 
for concentrat ing all the organic mater ials actually present in water 
s amples. However , meeting this goal may not be technically poss ible 
at present . 

Methods to evaluate and compare d ifferent concentration techniques 
should be developed and applied . This  effor t will require increased 
emphasis on chemical analysis to ident ify much of the organic mater ial 
in the concentrates . Measurements of general parameter s ,  such as 
TOC , cannot be used reliably to compare concentrat ion techniques . 
All concentrat ions techniques should be compared by determining the 
r ecovery of a ser ies of compounds of var ious solubilities , selected 
to include a range of chemical classes , funct ional groups , and 
molecular we ights , includ ing aquatic humic substances , and these same 
mater ials should be measured before and after  reaction with chlor ine . 
Contaminants unique to the concentration process should be identif ied 
and analyzed to determine the effect of the contaminants on the 
toxicity test and to permit proper evaluation of that test of the 
concentrate itself . Possible artifact production by the concentration 
methods should be evaluatedJ for example , peroxide in ether used to 
elute adsorption columns may create artifacts . The stabil ity of 
c oncentrates dur ing storage should also be evaluated . 

More spec ific recommendations on concentration methodolog ies for 
t oxic ity testing are g iven in Append ix A .  
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Health Effects Testing 

The adequacy of a water treatment facility rests on its abil ity to 
produce water that , according to cheaical and toxicolog ical pro­
cedures , is at least as free of adverse health effects or r isks to 
humans as are conventional water sources . Currently , potable 
supplies must meet a var iety of pr imary and secondary standards and 
also or iginate from a relatively nonpolluted source , either surface 
or ground . Although present dr inking water standards (Bnvironaental 
Protection Agency , 1979a ,b)  undoubtedly apply as a minimum to a 
r.eused water , a problem ar ises when evaluating reused water because 
it does not or ig inate from an •acceptable • source as defined by 
current regulations . Clearly , prudence demands that if  reused water 
is to be considered for human consumption it must be shown beyond a 
reasonable doubt that i t  poses no greater r isk than water from 
conventional , less contaminated sources . 

Th is chapter reviews the information on health e ffects testing of 
effluents from existing water reuse facilities and epidemiological 
s tudies . Then a scheme is presented for identifying potential adverse 
health effects of reused water using conventional water supplies for 
compar isions . 

The Safe Dr inking Water Act of 1974 was passed in par t  because of 
an increasing awareness that dr inking water in the United States 
contained a wide var iety of potentially harmful substances . PUblica­
tions from the National Academy of Sciences ( l977a , 1980a , 1982 ) 
elucidated health effects from exposure to a large number of individ­
ual inorganic , organic , and microbiological contaminants . By con­
trast , s imultaneous exposure to complex mixtures of these and other 
chemicals continues to be more difficult to assess . 

In classic toxicological procedures , the effects of a relatively 
pure chemical substance are measured in groups of living organisms 
against a control group , which is subj ected to the same procedure but 
without exposure to the test chemical . If wastewater or treated 
wastewater were to contain only one chemical , toxicity testing would 
be straightforward , but dr inking water , conventional or reused , 
contains complex mixtures of chemicals that greatly complicate health 
effects testing and r isk assessment . People who dr ink water are 
consequently exposed to a wide var iety of chemicals . Even if they 
could be identified , testing all the chemicals present in such 
mixtures is a practical imposs ibil ity .  Therefore , for practical 
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reasons it  becomes necessary to conduct toxicolog ical tests on 
complex mixtures . 

Although it may be possible to make j udgments about the absolute 
safety of an individual chemical ,  it is doubtful that this can 
reasonably be done for exposures to complex mixtures . I f  it is 
assumed that the r isks from conventionally treated water are gen­
erally acceptable , then it may be poss ible to make compar isons 
between two supplies based on the results of comparative chemical , 
m icrobiological , and toxic ity testing .  Consequently , the Panel on 
Quality Cr iteria for Water Reuse believes the issue of comparative 
r isk to be central to any meaningful decision regarding acceptability 
of reused supplies . 

Options for water reuse often include wastewater as one of several 
potential sources for potable water . The f inal selection of source 
is based on cost ,  if no excess adverse health r isks are known to be 
associated with the less expensive source . For such situations , it  
may be practical to compare adverse health effect differences between 
potable water prepared froa conventional sources and water prepared 
f rom treatment of wastewater effluent blended with source water . Of 
course ,  the conventional source used for such compar ison may be sub­
j ect to water quality degradation and may contain health r isks at any 
time , even if  the source is presumed to be • safe . •  A comparative 
approach , therefore , may not produce an easily interpreted outcome i f  
toxicity tests o f  the conventional source produce positive results . 
An additional problem i s  presented by the need to make public invest­
ment decisions for future water supplies and treatment systems , based 
on present quality estimates . Therefore , comparative testing must be 
reasonably frequent and the results closely scrut inized by well­
qualified professionals . 

Risk evaluation rests on a ser ies of toxicolog ical procedures , 
which rely , in large measure , on responses in whole animals . 
Tr aditionally , only s ingle chemicals are evaluated in such tests . 
However , reused water and conventionally treated waters contain an 
extensive mixture of complex and largely unidentif ied chemicals , and , 
therefore , the toxicolog ical testing recommended here involves 
evaluating the effects of exposure to mixtures in several systems , 
including whole animals . The panel realizes that thi s  approach 
r epresents a departure from traditional tox icolog ical procedures , but 
such test cond itions more closely represent actual human exposures . 
Furthemore , the panel recognizes the generality of this need with 
respect to the testing of health effects of samples from any 
environmental medium. 

REVIEW OF HEALTH EFFECTS FROM AND TESTING OF REUSED WATER 

Evaluation of Ex isting Reuse Facilities 

Ha tt ingh ( 1978) and Van Rensburg et al.  ( 1977)  reported on the opera­
tion and tox ic ity testing of the 1Unconcentrated ) reclaimed water 
f rom the Stander plant in South Afr ica . Their measurements and tests 
covered an operational per iod of 2 year s and included an extens ive 
battery of microbiolog ical , chemical , and toxicolog ical tests . 
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Microbiological testa included aeasurementa of  total bacter ial 
plate count , total coliform count , fecal coliform count , fecal strep­
tococc i ,  Clostr id ium perfr ingena, Staphylococcus aureua , Pseudomonas 
aeruginoaa, and counts of v iruses and parasitic ova . Cheaical tests 
included measurements of heavy aetala and all of the usual chemical 
parameters that are measured as indicators of water quality ,  in 
add ition to determinations of organochloro and organophosphorus 
compounds , polynuclear aromatic hydrocarbons (PAR ' s) , and organic 
substances concentrated on XAD resin . Toxicity testa were per formed 
on rats exposed subcutaneously and orally for 30 months . Different 
water s were evaluated , including humus tank effluent ( settled 
biolog ical f ilter effluent) , reclaimed water , tap water (potable) , 
and distilled water . Aliquots were fed to rats as their sole source 
of l iquid . In addition, spent activated carbon and virgin activated 
carbon were mixed into the feed of other teat groups . Purtheraore ,  
the rata were bred and observed for alterations i n  reproductive 
performance . 

The results of these tests indicated that the treatment processes 
used in this  facility were very effective in reducing potential 
m icrobiological and cheaical toxic ity .  Depend ing on the degree of 
treatment , microbiolog ical and viral activity was reduced froa 1 to 7 
logs and was comparable in quality to that of other potable waters in 
the Pretor ia area . The quantities of heavy metals and other cheaical 
indices were reduced to within the numer ical levels of prevailing 
dr ink ing water standards .  Concentrations of the classes of organic 
compounds listed above were reduced by 84\ .  

The only water fraction that had a harmful effect on the rats was 
the humus tank effluentr rata ingesting this fraction had an increased 
inc idence of gastrointestinal infection due to viruses . Some rata 
that received activated carbon in their feed and drank tap water 
developed adrenal medullary hyperplasia.  Breed ing performance and 
estrous cycle activity were normal in all groups . Hattingh ( 1978) 
concluded ,  •The results obtained indicate that the reclaimed water 
was of h igh quality and conformed to all known potable water quality 
standards . Bioassay results indicate that reclaimed water had no 
deleter ious effects on rats or f ish . •  

The microbiological and chemical quality of reclaimed water from 
Water Pactory 21 has been critically evaluated (McCarty � al. , 
1980a , b) , but , to date , there has been no toxicity testing . All 
inorganic and organic chemicals monitored in the reclaimed water were 
below existing standards or guidelines for at least 98\ of the time 
dur ing a 15-month per iod. In addition , var ious aromatic hydrocarbons, 
synthetic chlor inated compounds , chlor ination products , natural 
products , phthalate ester s ,  and miscellaneous compounds were 
monitored . Viruses were found in the effluent water only twice J in  
each instance their presence was attr ibuted to the operation of  the 
activated carbon towers in an upflow mode . None was detected when 
the towers were operated in a downflow mode . Results of other 
standard microbiolog ical tests ( for total col iforms and fecal 
coliform&) indicated that the treatment process was successful in 
producing water that met existing microbiolog ical cr iter ia.  

The Exper imental Estuary Water Treatment Plant (BBWTP) at Blue 
Plains in Washington , D.C . ,  has recently become operational . Plans 
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for this facility include a nuaber of che•ical , microbiological , and 
toxicological tests . Che•ical tests include measurements of heavy 
metals , standard water quality indices , and organic pr ior ity pollut­
ants (Aray Corps of Eng ineers , 1 981) . Microbiological tests will 
include aeasureaents of fecal coliforu , total coliforu , parasites , 
endotoxin& , and viruses . The toxicity tests are l imited to two 
abort-term in :l!.!.!:£.2. assays : Aaes/Sal.aonella and a ..-alian cell 
transformation assay with the C3B/l0Tl/2 mouse embryo f ibroblast 
syste• . These in vitro tests will be per foraed on water SaliPles 
concentrated on , and eluted from, XAD macroreticular resins (Aray 
Corps of Engineers , 1981) . Gruener (1978 , 1979 ) has already per ­
foraed extensive toxicological tests o n  concentrated effluent froa 
the Blue Plains plant . His results are reviewed later in this 
chapter . 

Results of Epidemiolog ical Studies 

The effects on human health (e .g . , cancer and cardiovascular disease ) 
that may be associated even with conventional water ingestion are 
extremely difficult to measure .  Studies i n  animals in which high 
doses of organic conpounds were used have suggested that some of 
those found at trace levels in dr inking water may have carcinogenic 
potential (National Academy of Sciences , 1977a , 198Gb) . The only way 
to assess the effects of these organic coapounds in human populations 
i s  to conduct epidemiolog ical studies . Such studies are d ifficult,  
expens ive , and subject to a high degree of uncertainty . A cr itical 
perspective on the util ity of epidemiology to elucidate the potential 
effects froa the k inds of studies cited below is offered in a recent 
publication from Doll and Peto ( 1981) . In their discuss ion of the 
l imitations of epidemiology , they stated : 

Trustworthy epidemiological evidence , it should be noted , 
always requires the demonstration that a relationship holds 
for individuals (or perhaps small groups ) within a large 
population as well as between large population groups . 
Correlation between the incidence of cancer in whole towns 
or whole countr ies and , for example , the consumption of 
particular items of food can , at the most ,  provide 
hypotheses for investigation by other means . Attempts to 
separate the role of causative and confounding factors by 
the statistical techniques of multiple regression analys is  
have been made often , but evidence obtained in this way is , 
at best , of only marginal value . 

With respect to human population studies in which positive correla­
tions between the amounts of certain contaminants and mortality from 
certain cancers have been reported , Doll and Peto concluded : 

• • • the interpretation of the correlation studies is at 
present open to question . S imilar studies have been 
carr ied out over the years in many other fields , but have 
rarely been regarded as constituting anything more than 
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hypotheses to be tested by more spec ific work , because of 
the difficulty of obtaining truly relevant data ( relating 
to long-past exposure of the actual individual concerned ) 
and of el iminating the effects of concoaitant var iation . 
Analyses that took account of other important var iables and 
were consistent froa one region to another in pointing to 
specific effects on one or other specific type of cancer 
would carry aoae weight , but moat of the analyses have not 
met these cr iter ia . 

The Safe Dr inking Water Committee (National Academy of Sciences , 
1980a ) reviewed 12 such studies (moat of which were the ecolog ical 
type ) and concluded that they 1 

failed e ither to support or to refute the results of 
pos itive animal bioaaaaya suggesting that certain tr ihalo­
methanea (TBM ' a ) , e . g . , chloroform , may cause cancer in 
humans . Any association between TBM ' a  and bladder cancer 
•was small and had a large margin of error •--not only 
because of statistical var iances but also , much more 
importantly , because of the very nature of the studies . 
All of the epidemiological studies were handicapped by the 
extreme difficulty of identifying a very small effect in a 
population . The methodolog ical complexities inherent in 
epidemiological studies of human populations exposed to 
multiple contaminants at low concentrations (ppb ) in 
dr inking water make it  virtually impossible to establish a 
causal link between TBM' a and an increase in cancer of the 
bladder or of any other site .  Small d i fferences in 
cigarette consumption between two population groups could 
account for the observed associations . Any causal relation­
ships between TBM' a and bladder cancer are weakened by 
imprecise exposure data . In most of the studies , TBM 
concentrations in different water sources were only 
inferred , rather than actually measured . In addition there 
are difficulties in controlling for a multitude of factors 
that are known to affect cancer incidence ' c igarette 
smok ing , diet , occupation , use of alcohol and drugs , 
socioeconomic status , ethnicity , and nonaqueous sources of 
TBM' s .  

Slightly different conclusions were reached by Crump and Guess 
(1980 ) in a subsequent review prepared for the Council on Environ­
mental Qual ity .  In this report , the authors r eviewed more case­
control studies than did the Safe Dr ink ing Water Committee . These 
s tudies r epresent a degree of refinement over earl ier ecolog ical 
studies , but are still limited in several major ways , i . e . , indirec t  
measure o f  water quality (chlor inated versus unchlor inated , or 
surface versus ground) , and use of death certificate data (no 
information on dietary or smoking habits , occupational history) . 
Crump and Guess concluded ' 
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1 .  The recently completed case control studies have 
strengthened the evidence for an assoc iation between 
rectal , colon and bladder cancer and dr ink ing water 
quality provided by the earl ier epidemiolog ical studies 
reviewed by the National Academy of Sciences 
comaittee . While the epidemiolog ical studies ccapleted 
to date are not sufficient to establish a causal 
r elationship between chlor inated organic contaminants 
in dr inking water and cancer , they do contain evidence 
which supports such a relationship for rectal cancer 
and , to a lesser extent , for bladder and colon cancer .  

2 . Putative increases in cancer r isks associated w ith 
organic contaainanta in dr inking water appear to lie 
near the low l imit of what can be rel iably detected by 
epidemiolog ical methods . 

3 .  No clear trend o f  increasing cancer r isk w ith 
increasing exposure to organic contaminants in dr inking 
water has been deaonatrated by the studies conducted to 
date although evidence suggestive of such trends has 
been obtained for rectal cancer in one study and for 
colon cancer in another study . 

4 .  Concentrates o f  chlor inated nonvolatile organic 
ccapounda in dr ink ing water have been found to be 
mutagenic in mamaalian cella and to be capable of 
transforming human cella into cella which exhibit some 
b iochemical properties assoc iated with tuaor cella . 
These results support the hypothesis that chlor inated 
nonvolatile organic compounds in dr inking water may be 
carcinogenic in humans . Most of the nonvolatile 
organic content of dr ink ing water has not yet been 
identified . 

To date ,  few epidemiolog ical studies have been conducted on 
persona dr inking reused water . In one study , Grabow and Isaacson 
( 1 978)  investigated the microbiolog ical qual ity and waterborne 

diseases assoc iated with reclaimed water from a treatment plant at 
W indhoek , Namibia . They studied the occurrence of communicable 
diseases froa organisms such as Salmonella , Shigella , enteropathic 
Escher ichia coli ,  Vibr io, enterovirusea , and Schistosoma, as well as 
diseases sue� viral hepatitis , meningitis encephal itis , and 
nonbacter ial enter itis . The epidemiolog ical studies d id not reveal 
any differences in disease rates among people consuming water from 
e ither reused or conventional supplies . 

More recently , Mellor !!_ al . ( 1981 ) and Frer ichs !!_ al . ( 1981 ) 
r eported prel t.inary results of an epidemiolog ical study of 
populations in the Montebello Porebay region of Loa Angeles , which 
r eceived aa.e reused water as part of the dr ink ing water supply. 
These people received reused water as a result of ongoing programs to 
r echarge groundwater supplies and also to provide a freshwater 
barrier against the intrusion of seawater . Populations in four 
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geographic reg ions were compared with controls (no exposure) J two 
g roups with low exposure received water containing less than 5' 
reclaimed water for at least 1 year pr ior to 1970 and two groups with 
h igh exposure received water containing more than 5' reclai-.d water 
for at least 1 year pr ior to 1970 . 

Twenty possible adverse health effects were ex .. ined : death from 
cancer at var ious sites and other causes , birth and fertility data , 
i nfant mortality ,  and morbidity including potential waterborne 
diseases . Of the 20 indices examined , 5 showed statistically 
s ignif icant differences among the four geographic areas . However , 
none of the differences was consistent with the biolog ical hypothesis 
that ingestion of reused water would cause adverse health effects . 
Only for rectal cancer was there an increased inc idence of death in 
the h igh-exposure area as compared with the low-exposure area . Th is 
difference was of a low order and could have been attr ibutable to 
chance (! • 0 . 0 8) .  The authors concluded that , as of 1969-1971,  
there were no grossly apparent adverse health effects associated with 
the consumption of reused water . 

The same investigators are continuing thei r  study in three 
modes:  analyzing the def ined populations for the years 1972-1978 to 
determine i f  continuing exposure to reused water aay result in a 
change in the 20 measured adverse health effectsr conducting an 
intensive health survey of 1 , 250 adult wo.en resid ing in a reused 
water area and compar ing results with a study of 1 , 2 50 adult women in 
a control area to measure more sensitive health indices that cannot 
be g leaned from vital statistics dataJ and refining the aatheaatical 
model . The model atteapta to relate such factor s as low-dose 
expoaure J  long latency per iod& J s ignif icance of positive as well as 
negative findings , and the size , aa.poaition ,  and .ability of the 
study populations . I t  is anticipated that this study will be c� 
pleted sometime in 1982 . 

Although it would be useful either to prove or to d isprove the 
alleged association between contaminated dr ink ing water and cancer , 
none of the studies mentioned above has sufficient statistical 
sensitivity to meet this end . Unless epidemiolog ical methodology i s  
improved , it is  doubtful whether it can be used t o  evaluate the 
potential carcinogenic r isk of dr ink ing reused water . On the other 
hand ,  it does seem reasonable to monitor for var ious waterborne 
infectious diseases , because such acute effects are more easily 
detected and capable of be ing assoc iated with their causative agents 
and sources of exposure .  

To date , the limited toxicity testa perfor-.d o n  reused water and 
ep�demiolog ical stud ies of exposed populations have not shown that 
consumption of reused water represents any greater or lesser r isk 
than does consumption of water from other conventional sources . 

Results from the Toxicity Testing of Mixtures 

In Vitro Studies 

The general concept of testing and evaluating the potential health 
effects of mixtures is difficult and complex . I t  has long been 
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recognized that humans are both acutely and chronically exposed to a 
large number of chemicals , but scientific atteapta to measure poten­
t ial effects have been meager . Log istics and econoaica , as well as 
the toxicolog ical ca.munity ' s  perception of a proper evaluation of 
toxicity ,  have prevented a systeaatic study of the health consequences 
f rom exposure to complex mixtures.  In general , there is little infor­
mation identifying the chemicals present in environ.ental mixtures . 
The subject of testing mixtures has been reviewed (National Academy 
of Sciences , 1980 a , b) , but the data have pr imar ily dealt with 
m ixtures of only two or three components.  

There are several studies of the mutagenic potential of uncon­
c entrated dr ink ing water supplies . Pelon et al.  ( 1980) used both raw 
and f inished dr ink ing water collected between:l974 and 1976 from the 
Mississippi River in southeastern Louis iana . They measured the 
transforming ability of these samples on the mouse clonal cell line 
R8 46-DP8. Transformation was seen in 7 of 118 ( 6' )  Miss issippi River 
water samples , 7 of 70 ( 10' ) raw water samples , and 5 of 115 ( 4' )  
f inished water samples . Th e  authors concluded that limitations in 
methodology or their  criter ia for transformation aay have precluded a 
h igher proportion of positive results . 

Grabow et al . ( 1981) measured the mutagenic activity of uncon­
c entrated raw and treated water from the Vaal River in South Afr ica. 
Their  results indicated that there was more mutagenic activity in the 
t reated water than in the raw r iver water , most mutagenicity was 
expressed without metabolic activation . The authors attr ibuted the 
i ncreased mutagenicity to the volatile and nonvolatile organic com­
pounds formed dur ing water treatment . Furthermore , they suggested 
that , under certain c ircumstances , total organic carbon (TOC) may 
serve as a useful indicator of potential mutagenic precursors .  
Correlations o f  this kind should be investigated further , because 
they aay be useful for routine monitor ing . (See Chapter 4 . )  

Loper ( 1980) reviewed the subject of testing concentrated water 
samples and the defic iencies of us ing unconcentrated samples . Be 
d iscussed the var iability of test results , depending on which 
concentration method is used and the lack of information about 
specific compounds in the dr inking water residues . Be concluded a 

The future identification of even a few of the actual 
mutagens involved will permit a systeaatic analysis for 
answers to such questions as the contr ibution of point 
sources to the orig in of the mutagens and the effects 
of alternate disinfection treatments , seasonal effects , 
the optimal concentration and identif ication procedures 
for monitor ing purposes , possible hazards to health , and 
procedures for avoidance or el imination of the mutagens . 

Recently , Loper (personal communication , 1981) tentatively iden­
t if ied a particular compound responsible for some of the mutagenicity 
o f  a dr ink ing water concentrate . Using h igh-pressure liquid chroma­
tography (HPLC) , he isolated the compound 1 , 3-d ichloro- 2-propenyl-
2-chloroethyl ether from a complex mixture . Although the source of 
this compound is not known , its identif ication may , for the f irst 
time ,  permit an attempt to locate point sources or treatment tech­
n iques responsible for its presence . 
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Mellor et al . ( 1981)  atte�ted to fractionate and identify 
mutagenic activity from concentrated well water in the Montebello 
Forebay region of Los Angeles County .  These wells , recharged over 
the past 1 8  years with secondary and tertiary effluent , supply a 
substantial quantity of groundwater for distr ibution by domestic 
suppliers . In addition to testing concentrates for mutagenicity 
using Salmonella typhimur iua strains TA98 and TAlOO , the authors also 
separated up to 60 fractions and measured their autagenic activity . 
Nellor � al .  suggest that most of the mutagenicity was due to the 
additive effects of rather low molecular weight compounds .  They 
identified �--nitrosomorpholine , �--n itrosopiper idine , �--nitroso­
�-methylethaneamine , and benzo [�] pyrene , but not in concentrations 
that , individually , would account for the mutagenicity observed . 
Tentatively identified were var ious plasticizers such as phthalic 
acid , diethyl phthalate , dibutyl phthalate , tr ibutyl phosphor ic acid , 
and isopropyl myr istic acid and var ious petroleum byproduct& such as 
alkyl benzenes , alkyl naphthalenes , alkyl phenols ,  alkyl phenan­
threne& , aldehydes , glycol ethers , and al iphatic amines . Several 
unknown compounds , at least two of which were brominated , were 
observed in apparently high concentrations in the mutagenic fractions 
of well water samples . This work is being continued in an attempt to 
characterize these compounds more fully .  

Tabor e t  al . ( 1980 ) reported that disinfection (ozonation or 
chlor ination) frequently increased the autagenic activity of dr inking 
water concentrates when aeasured by Salmonella tester strains TA1535 , 
TA1538,  TA98,  and TAlOO. Most of the mutagens were direct acting , 
and the addition of a aicrosomal-activating system (S9 ) decreased 
mutagenic activity . Both base-pair-substitution and frameshift 
mutagens were found in wastewater , the former more frequently . 
Following fractionation with BPLC , the mutagenic activity of the 
sample often increased , which may be indicative of interactions 
between components in these complex mixtures . 

Similar observations were aade by de Greef et al . ( 1980 ) , who 
noted that disinfection by either chlor ine or chlor ine d ioxide 
increased the mutagenic activity of XAD water concentrates as 
measured by the Salaonella/aicrosome assay . Addition of S9 s ignifi­
cantly increased mutagenic activity of raw water concentrates , but 
had little or no effect on treated water concentrates . The authors 
postulated that chlor ine dioxide oxidation •mimicked• the action of 
S9 mixed-function oxidase& . 

McCarty � al . ( 1980a) also reported an increase in mutagenic 
activity after disinfection with chlor ine . They studied wastewater 
concentrates (on XAD resins ) from the Palo Alto Reclamation Plant on 
Salmonella strains TA98 , TAlOO , TA1535 , TA1537 , and TA1538 with and 
w i thout S9 activation . Mutagenic activity was usually found in the 
influent water , especially to strains TA98 and TA1535 with S9 
activation . The only treatment process that removed this activity 
was adsorption us ing activated carbon . Chlor ination of the treated 
e ffluent resulted in an increase in mutagen ic activity , especially to 
strain TA1535 r chlor ine dioxide did not appear to increase mutagenic 
activity . 

Most of the initial screening of dr ink ing water concentrates has 
been done in the Salmonella/microsome assay . Although this test has 
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r elatively g ood  correlation with carcinogenic ity ,  the use o f  a battery 
of short-term tests is believed to enhance the predictabil ity of 
potential carcinogenic ity (McCann et al. , 1975) . To this end , Lang 
� al . ( 1980) invest igated the transformation of BALB/3T3 cells by 
d r ink ing water concentrates from f ive u.s. c ities . The authors 
reported var ious degrees of pos it ive results , i . e . , transformation of 
3T3 cells , from all f ive c ities . Virtually all of the positive 
transformation data came from samples concentrated by reverse osmos is 
( RO) , rather than by XAD resins . 

Lang !1 al. confirmed that the tra�aformed cells were malignant 
by injecting them into athymic nude mice and evaluating their 
potential for tumor formation . All transformed cells were able to 
induce tumors within an average latency per iod of 28 days . Although 
the interpretat ion of such exper iments is difficult due to concentra­
tion effects ( artifacts) and overt cellular toxicity ,  these studies 
do extend the ability to assess the potential health consequences 
from dr ink ing water concentrates .  

I n  mutagenicity tests us ing water concentrates containing up to 
1 , 000  times the expected exposure of humans to TOC ,  Gruener ( 1979) 
r eported no s ignif icant effect on Salmonella strains TA1535,  TA1537 , 
TA98 , and TAlOO  and a clearly mutagenic S9-dependent effect on V7 9  
hamster cells . In addition , he deaonstrated that human lung f ibro­
blasts (WI 38)  were sensitive to the effects of water concentrates . 
Ranges in protein levels were used to demonstrate toxicity in this 
assay . The presence of the S9-activation system increased the toxic 
effect of the water concentrates . 

In another short-term assay, Gruener and Lockwood ( 1980 ) found 
freeze-dr ied concentrates to · be mutagenic in a mammal ian tissue 
culture assay us ing Chinese. hamster embryonic lung cells (V79) . 
Increased rates of mutagenes is occurred only after activation with a 
l iver microsomal system. A preliminary test with a concentrate 
containing only 140 mg/liter of TOC showed no activity.  

Aside from the quest ion of the s ignif icance of the var ious in 
v itro testa , one important caution should be taken concerning the 
m ethodology of prepar ing samples of chlor inated water supplies . Such 
samples are often dechlor inated with reducing agents pr ior to chemi­
c al analysis and/or toxic ity testing . Recently , Cheh et al. ( 1980 ) 
showed that dechlor ination ( such as by sulfate) can reduce-mutagen­
i city in a model water treatment system. Thus , in the development of 
protocols for testing treated wastewater supplies , it is impor tant to 
e nsure that chlor inated compounds or other mutagens or toxicants 
actually present are not inadvertently modified in sample preparation . 

In Vivo Stud ies 

Ta rdiff and Deinzer ( 1973) reported some preliainary in vivo acute 
toxicity studies in which they determined LDso values-rn mice from 
RO concentrates . The LDso values var ied from 32  mg/kg to 290 
mg/kg , depending on the f inal extraction procedure used . Th is range 
makes compar isons and data interpretation difficult .  
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A battery of i n  vivo tests was used by Robinson � al .  ( in press ) 
to evaluate RO and XAD concentrates froa the dr ink ing water of f ive 
cities . They measured the initiating activity of the concentrates 
following subcutaneous injection into SBNCAR (sensitive-to-carcinoaa) 
aice . The res idues were injected six ti .. s over a 2-week per iod , 
followed by topical appl ication of phorbol ayr istate acetate (PMA) 
three ti .. s weekly for 20 weeks .  The pos itive control was d iaethyl­
benzanthracene (DMBA) plus the PMA. After 50 weeks ,  there were 
s ignificantly more papillomas per mouse in the animals treated with 
the RO and XAD concentrate samples from several c ities . Tumor­
promoting potential was tested by initiating with topical DMBA ,  
followed by 20  weeks of promoting with the RO and XAD concentrates , 
the positive control was DMBA followed by PMA. After 38 weeks ,  there 
were no tumors in the test groups and a total of 319 papillomas in 
the 20 mice used as positive controls . Neither the RO nor the XAD 
concentrates had any effect after 38  weeks when tested alone (applied 
to the skin ) to measure their potential as complete carcinogens . 

Another short-tera in vivo test proposed to aeasure the potential 
carcinogenicity of dr inking water concentrates is the rat l iver foci 
assay .  This test , as descr ibed by Pord and Pereira ( 1980) , uses 
nitrosodiethylamine (NDBA) as the initiator , with phenobarbital and 
partial hepatectomy as promotors .  In itiation was determined as the 
induction of hepatic foc i of y -glutamyl transpeptidase (GGTase ) 
activity . GGTase-positive foci have been associated w ith a h igh 
percentage of phenotypically altered foci .  Por the purpose of this 
assay , it is assumed that such foci progress to nodules and , 
ultimately , to cancer and are therefore molecular markers for the 
initiation of cancer . However , the monoclonal nature of cells needs 
to be demonstrated , as well as the irreversible nature of such foci 
a fter admin istration of the test substance is d iscontinued . This 
test showed good dose dependency and sensitivity down to 0 . 00 3  
mmol/kg of NDBA. Th is assay is currently being evaluated for use in 
a matr ix of short-term tests for evaluating the potential carcino­
genic hazard of dr inking water concentrates (R.  Bull , personal 
commun ication , 1981 ) . 

Gruener ( 1979 ) perfor .. d subchron ic toxicity evaluations of water 
concentrates containing up to 1 , 000 times the expected human exposure 
to TOC. Be exposed f ive groups of CPl mice in the following aanner 1 
exposure for 14 days (50  males , 100 females ) J  exposure for 90 days 
( 200 males , 200 females) J exposure dur ing gestation , lactation , and 

another 90 days (100 males , 100 females ) ,  exposure dur ing gestation , 
lactation , and another 150 days ( 5 0  aales , 50  females ) J and exposure 
for 90 days followed by another 90 days on regular diet ( 5 0  males) . 
The results of the many d ifferent tests performed dur ing the var ious 
studies showed no s ignificant differences in hematological values , 
motor activity ,  body weight , or mixed-function oxidase activity . 
Also , no differences were noted in any of the reproduction tests . 

Studies of the poss ible harmful effects of water constituents on 
mammalian reproduction and embryonic growth and development have been 
few and inadequate . To date , only f ive such studies have been 
per formed , three in which the effects of a aunicipal tap water were 
compared with those of purified water (Chernoff et al . , 1979 1 
McKinney et al . ,  1976 , Staples � !i· •  1979 ) andltwo-others in which 
water concentrates were tested (Gruener , 1978 J Kavlock � Ai· • 1979) . 
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In the study by McKinney � al. , a n  increased frequency o f  pre­
natal mortality and certain malformations was attr ibuted to con­
au.ption of tap water dur ing 1 month of the study per iod .  Th is 
result prompted later repeat studies of the same water source by 
Staples et  al . ( 1979 ) and Chernoff et al . ( 1979) , who failed to con­
f irm thatthe water had any untowardeffecta on reproduction and 
fetal health . Gruener ( 1978) conducted aale and female reproduction 
testa (dominant lethal) , but no teratolog ical studies , with several 
d ilutions of a water concentrate incorporated into the diet . Be 
found inconsistent effects , and no dose-r esponse relationships , on 
litter size or offspr ing weight . Amounts of concentrate administered 
were calculated to be 100 to 1 , 000 t imes the expected human exposure 
levels . In a teratology exper iaent , Jtavlock � al . ( 1979 )  adain­
i atered concentrates f rom dr ink ing waters of f ive u . s . c ities and a 
synthetic mixture of volatile substances by gavage to mice at 300 to 
3 , 0 00 times the expected human exposure level.  The results were 
negative . 

None of the studies cited above has yielded def initive information 
on the potential effects of substances in water on prenatal develop­
ment . Only one of the studies used concentrates to test for terato­
log ical effects , and this did not extend the teat dosages to the end 
point of frank toxicity.  Th is lack was probably due to  the limited 
supplies of concentrates . Another shortcoming of the f ive studies 
was that they all used only one species (aice) and all but one used 
the same outbred stock . Conventional protocols recoaaend that at 
least two spec ies be used for teratolog ical testing .  

The ult imate evaluation of the potential adverse health effects 
f roa reused water must come f rom chronic bioassay& in whole animals . 
Lifetime feed ing studies to detect carc inogenic ity us ing a maximum 
tolerated dose (MTD) with even a single chemical are often d iff icult 
to interpret with regard to anticipated r isks in humans . These 
problema can be greatly magnif ied when the test aater ial is a com­
plex ,  undef ined mixture .  

Th e  microbiological i n  vitro studies using dr inking water con­
centrates cited here have-a�monstrated a positive autagenic 
e f fect .  Although a battery of abort-term tests has demonstrated good 
correlat ion with carcinogenicity ,  this  result has been val idated only 
for ind ividual chemicals .  Because o f  the complex nature o f  water con­
centrates ,  the assumption that positive results in shor t-term tests 
are predictive of carc inogenicity may or may � be valid . Ar tifact 
formation in the concentrate or interactions such aa synerg ism may 
produce effects in in v itro systems that would not be seen in whole 
an imal studies . 

- ---

Dose-r esponse models used to extrapolate the carc inogenic effects 
of high doses to low doses in animals are all baaed on exposure to a 
s ingle colllpoUnd . The use of such models is controversial , and apply­
ing them to mixtures increases the degree of complexity .  However , 
they still represent the best available tools for estimating chronic 
r isks to human health (National Academy of Sciences , 1977a ,  1980b) . 
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�xioological Asaesaaent 

The panel considers it a practical impossibility to evaluate 
thoroughly and compare the different health effects of reused water 
w ith those of conventional water , baaed on analysis of individual 
compounds alone . Such data cannot predict health effects responses 
to actual combinations of cheaicala . Moreover , there are no data on 
the health effects of .aat chemicals known to be present in water . 
The number of compounds already identified in dr ink ing water 
supplies , although large (> 1 , 000) , has been estimated to represent 
only 1 01 to 1 5' of the TOC known to be present . Therefore , i t  is not 
possible to prepare complete , synthetic mixtures for use in whole 
animal studies , and the only means available to obtain genuinely 
representative mixtures is through the preparation of concentrates . 
Results from the testing of mixtures in animals are difficult to use 
for r isk evaluation because the mathematical quantitative r isk 
extrapolation models are designed to assess exposure only to s ingle 
chemicals .  The fo.llowing factors assume exper imental importance. 
because of the complex and essentially unver ifiable nature of the 
mixtures involved : 

The changing consistency of samples may effect the 
reproducibility of results . 

Additive , synergistic , or antagonistic effects of mixture 
components could vary with individual samples and change with t ime . 

Concentration procedures may influence the chemical or 
physical composition of samples . 

Chemical and physical stability of concentrates may vary 
over t ime . 

Mechanics of sample preparation for administration to 
animals may also exert an influence . 

�xicolog ical evaluations are normally conducted on mater ials of 
known ( adequately character ized )  composition and stability .  The test 
substance should be the same as that to which the publ ic will be 
exposed . If the source of the water , the treatment process , or both 
change , the end product must be subjected to appropr iate toxico­
log ical testing to determine i f  toxicity differs from that of the 
or ig inal test  mater ial . 

It i s  essential that the r isks associated with the treated 
wastewater be compared with those of the conventional supplies . To 
achieve this obj ective , the panel recommends a tiered testing 
approach , which is descr ibed later in this chapter . Such an approach 
w ill provide a rapid indication of relative toxicity and an oppor­
tunity for comparative r isk assessment in a cost-effective manner . 
Because of the relative insensitivity of the classical models for 
toxicological assessment , the water must f irst be concentrated before 
undertak ing the t iered tes t .  Dur ing the evaluation o f  a pilot plant 
effluent , concentrates must be prepared from samples obtained on a 
continuing basis so that they will contain representative quantities 
of constituents to which humans will be typically exposed . If  
preliminary in v itro and in v ivo studies indicate adverse toxicity 
and additional testing is indicated , an adequate sample of the same 
water must be available for that testing . 
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Sample Collection and Preparation 

If the treatment process is var ied after the initial saaple was 
prepared , a concentrate prepared at a later date may not have the 
saae chemical characteristics as the or ig inal . Th is var iance 
underscores the necessity of establishing some means by which such 
coaplex aixtures may be compared grossly , if not in detail .  Current 
aethodology would allow at least a partial •chemical fingerpr int• to 
be established using advanced gas chromatography-mass spectrometry 
(GC-MS ) techniques . There may be site-specific chemical tracers 
identified with this technique . These • sentinel chemicals• would 
constitute a .. asure of sample var iance . Although the var ious GC-MS 
peaks need not be identified initially , their presence could provide 
a qualitative index for compar ison with subsequent samples .  

I f  GC-MS fingerpr ints of individual compounds i n  the concentrates 
are establ ished for reused and conventional water supplies , it may be 
possible to compare the relative toxicities and potential r isks of 
the supplies on an individual compound basis recognizing that the 
available l ists of coapounds are l ikely to be l imited . The Safe 
Dr inking Water Committee (National Academy of Sciences , 1977a , 1980b ) 
and , more recently ,  the u . s .  Department of Health and Human Services 
(DBBS) (Helms � �. ,  1981) have published lists of potentially 
haraful chemicals found in dr ink ing water . The DHBS publication 
classifies 767 organic cheaicals as recognized carcinogens , suspected 
carcinogens ,  tumor proaoters ,  cocarcinogens , or autagens . In a 
�rative analysis , water that contains twice as many recognized 
carcinogens as another aight be j udged more hazardous , assuming equal 
concentrations of the compounds present in both supplies and that 
identified potential effects are additive .  Compar isons based on the 
presence of tumor proaoters or mutagens would not be as strong , 
because less is known about the consequences from exposure to such 
cheaicals .  Thus , this approach could be used only within the context 
of another , more coaprehensive analysis . Theoretical models to test 
for the joint actions of two or more agents have been reviewed by the 
Safe Dr inking Water eo .. ittee (National Academy of Sciences , 1980a) , 
which concluded : 

The models of joint toxic action could be of benefit in 
the r isk assessment of low exposures , however , none has 
been ad8Quately studied for this purpose . Their 
theoretical and practical implications need to be studied 
further before their utility can be assessed . High dose 
to low dose extrapolations for individual agents is an 
unresolved problem filled w ith many unknowns , and 
extrapolation of the actions of joint agents contains 
an additional major source of uncertainty . 

Given the above uncertainties with respect to predicting inter­
actions from information about s ingle agents , it  would be desirable 
to have in vitro and in vivo systems that are adequately sensitive to 
detect unconcentrated contaainants in wastewater treated for human 
consumption , however , none is available . Until such methods are 
developed , one must concentrate the water and use toxicolog ical 
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syateaa that are only moderately sensitive and not completely 
validated for this use to assess the potential health effects froa 
exposure to complex mixtures of chemicals .  

Th e  amount o f  material to be used for toxicolog ical evaluation 
should be adequate to conduct the Phase 1 studies descr ibed in the 
following text . In the event that Phase 2 and Phase 3 studies are 
also to be conducted , considerable quantities ( i . e . , gram quantities ) 
of the concentrate are l ikely to be needed . I f  the treatment modality 
and the source of water have not changed , obtaining a.-plea poses no 
r eal problea. However , the stability of the aater ial over time aust 
also be determined . If the composition of the concentrate deter i­
orates or changes with t ime ,  then the probleaa are further ca.pounded 
(see Chapter 4 ) . POr tbe research (pilot-plant)  phase of a study , 
f ingerpr int cheaical analyses should be conducted on each batch of 
water concentrate to obtain· a aeaaure of the constituents . Because 
it will not be possible to conduct all the bioasaaya at the same time 
and because samples will be taken on a continuing basis , it is 
important to know how the concentrates differ in cheaical composition 
from test to teat . 

Several log istical problema will ar ise when a toxicity testing 
scheme is undertaken . Studies in animals are likely to require 
s izable quantities ( i . e . , grama) of water concentrates . Either a 
large sample can be obtained at one tiae and used throughout the 
s tudy , or samples can be prepared on a continuing bas is . The latter 
sampling procedure has the advantage of being representative of 
chronic human water consumption patterns . Por concentrates with 
demonstrated stability over time , concentrates taken on several 
occasions could be combined and the entire sample subjected to 
toxicolog ical testing . This method will reduce the poss ibility that 
water samples taken at any one t i  .. are unrepresentative . The length 
of the interval between samplings will depend on the chang ing nature 
of the chemical composition and the degree of certainty desired . 
Whenever there is a major change in the supply of raw water or the 
treatment process , then a sample should be taken and concentrated for 
toxicolog ical evaluation . 

Central to the toxicity testing sequence is consideration of the 
extent to which the sample should be concentrated . The goal is to 
obtain sufficient concentration to be able to measure toxic effects 
while minimizing artifact formation . The potential for artifact 
formation from the concentration technique should be evaluated pr ior 
to dose-response testing . This may be accomplished with short-term 
tests ( e .g . , the Ames/Salmonella assay)  at a constant dose for 
different concentration multiples or by aeaaur ing cytotoxicity in 
cell cultures . Dose-r esponse testing would then be conducted at a 
concentration multiple for which no evidence of artifact formation 
can be shown . Because of the uncertainty in this area , the panel 
recommends preparation of concentrates by at least two coaplementary 
procedures and the testing of each for artifact formation . ( See 
Chapter 4 . ) 

Dose selection for animal testing is also of concern . It is 
important that the doses used be reasonable multiples ( e . g . , 100 to 
1 , 000 times) of anticipated human exposure . They should be sufficient 
to establ ish an effect level , and any resultant dose-response 
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relationship should be used to determine the comparative r isks . Such 
studies should be performed on a comparative basis with equivalent 
multiples from conventional water sources . The panel considers this 
approach more relevant than a maximum tolerated dose (MTD) (National 
cancer Institute , 1976 )  approach and more consistent with the real ity 
of testing complex mixtures present at very large dilutions in the 
or ig inal water . 

The panel recommends three phases of tiers of toxicity testing . 
In the following scheme for toxicological evaluation , Phase 1 
includes (1 )  in � assessments of mutagenic and carcinogenic 
potential by .eans of microbial and mammal ian cell mutation and ( 2 )  
in v ivo evaluations of acute and aubchronic toxicity ,  teratogenicity ,  
and clastogenicity .  Phase 2 includes a 90-day subchronic study and a 
test for reproductive toxicity .  Phase 3 is  a chronic l ifetime 
feeding study . The proposed tests are outlined in Table 5-l . Thei r  
interpretations a r e  discussed further i n  Chapter 7 .  It should be 
.-phasized that the proposed testing hierarchy is exploratory in 
nature and needs vigorous val idation to ensure i ts overall usefulnes s .  

TABLE 5-l Toxicolog ical Testa 

Conventional Water 

I n Vitro : 
Mutagenicity 
!n. vitro transformation 

!D. !.!!2: 
Acute toxicity 
Teratogenicity 
Short-term, repeated dose 

studies--14-day ( includes 
cytogenetics assay) 

Subchronic 90-day study 

Reused Water 

PHASE 1 

Mutagenic ity 
!n. ili.£2. transformation 

Acute toxicity 
Teratogenicity 
Short-term, repeated dose 

PHASE 2 

studies--14-day ( includes 
cytogenetics assay) 

Subchronic 90-day study 
in at least one rodent species , 
preferably in two spec ies 

Reproductive toxicity 

in at least one rodent species , 
preferably in two species 

Reproductive toxicity 

Chronic lifetime feed ing study 
in one species of rodent 

PHASE 3 

Chronic lifetime feeding study 
in one spec ies of rodent 
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Phase I Testing 

In Vitro Tests 

Short-term tests , including mutagenicity and in vitro transformation 
models , have been used to identify mutagenic activity and to predict 
carcinogenic potential of chemicals from diverse environmental 
sources . The correlation between these tests and whole animal 
s tudies has been sufficiently high to make these valuable in 
screening large numbers  of chemicals to indicate the need for further 
toxicological evaluations . The preliminary evaluation of reused 
water for possible health effects is expected to require testing of a 
r elatively large number of water concentrates from pilot treatment 
plants because treatment processes are anticipated to be highly 
var iable . This requireaent necessitates the use of short-term testa 
as a part of the initial biological testing scheme . 

Short-term testa can be grouped according to the specific utility 
of the information required . One such grouping was recommended at a 
workshop in San Antonio ,  Texas , by the Toxic Substances COntrol 
Act-Interagency Testing Committee (1979 ) :  

point mutation in Salmonella typhimur ium (Ames assay) 
gene mutation in mammalian cells such as mouse lymphoma or 

Chinese hamster ovary models 
in vitro transformation 

These three types of assays , used as a battery , were recommended 
because of their correlation with rodent cancer bioassays and the 
h igh degree of confidence in a negative result . 

The panel recommends that four Salmonella tester strains , ( i . e , 
TA1535,  TA1537,  TA98 , and TAlOO)  be used in the Ames assay . 
Base-pair substitution mutations are detected with TA1535 and TAlOO ,  
and frameshift mutations with TA1537 and TA98. Water concentrates 
should be tested directly on these strains , both with and without 
metabolic activation provided by rat l iver microsomal enzyme 
preparations (e . g . , S9) . 

To gain perspective on positive results in a prokaryotic system 
such as Salmonella and to detect mutagens that do not affect this  
system, a mammalian cell gene mutation assay is  included in  the 
battery . The mouse lymphoma model , using the thymidine kinase locus 
(TK+/- ,  TK-/-) , or the Chinese hamster ovary cell model , us ing the 

hypoxanthine guanine phosphor ibosyl transferase locus (HGPRT+/- , 
HGPRT-/-) is commonly used for this purpose . 

An in vitro cell transformation assay is included as a more 
d irect mea�of carcinogenic potential and to detect compounds that 
do not appear to be genotoxic carcinogens . Substances that are 
presumed to be nongenotoxic carcinogens would not be detected in the 
Ames/Salmonella or mammalian cell gene mutation assays , which have a 
purely genetic end point.  Several in vitro transformation models may 
be used . The BALB/3T3 and C3H/10Tl/2 models are continuous cell 
l ines der ived from mice . The Syr ian hamster clonal assay uses 
pr imary embryonic tissue as a cell source . Having investigator s with 
considerable exper ience with such assays is  more important to the 
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successful application of these tests than the selection of one model 
over another . 

Th is Phase 1 battery i s  proposed for the initial evaluation of 
reused water concentrates . However , th is grouping of tests does not 
evaluate the potential of reused water to produce chromosome-level 
effects , such as breaks or translocation& . For thi s  reason , an in 
!1!2 cytogenetics analysis is proposed as part of the 14-day rodent 
study . Metaphase analys is  of bone marrow cells would be per formed 
following 7 days of dosing with administration of var ious levels of 
reused water concentrates.  

The coabined use of  these four assays provides information on  the 
potential of water concentrates to produce both gene or point 
mutations , chromosa.e aberrations in v ivo, and in vitro transfor­
aation . Such information , evaluated in the contix�other toxico­
log ical data , can provide a good initial indicator of mutagenic and 
carc inogenic potential of reused water . However , these tests , with 
the exception of the in v ivo cytogenetic study , provide data that 
aust be further evaluated in whole animal systems in order to 
extrapolate them to possible effects on human health . The whole 
animal testing required includes studies for oncogenicity and 
her itable effects on germ cells in rodent models . Information 
available at this  time indicates that the vast major ity of chemicals 
producing positive results in chromosome-level germ cell assays and 
in an in vivo cytogenetics assay also produces pos itive results us ing 
somatic bone marrow cells.  Thus , results in this  assay would be a 
good predictor of anticipated germ cell effects . 

In Vivo Tests 

The use of laboratory animals for toxicological testing is essential 
for the ultimate assessment of the possible health effects of reused 
water . I f one is to determine the r isks or the possible health 
hazards of repeated or continuous exposure of humans to reused water , 
the data obtained from s imi lar exposures of animals should be 
evaluated in conj unct ion with the data obtained from shor t-term in  
� and in � test ing for potential mutagenic and carcinogenic 
effects . Unlike the in vitro assays with bacterial or mammalian 
t issue or cell culture; in which effects on single systems can be 
tested ,  toxicological testing in exper imental animals can identify 
the integrated effects of the test mater ial on complex biolog ical 
systems . Whole aniaal tests measure the onset and duration of 
action--which are dependent on such factors as absorption , distr i­
but ion to cr itical sites , biotransformation , and excretion--dur ing 
acute , subchronic , and chronic exposures (National Academy of 
Sciences , 1975) . 

The initial 1g v ivo test is the determinat ion of acute toxicity.  
This test i s  essential to provide a basis  to determine acute r isk and 
i s  conducted for the following reasons : to develop a prof i le of ef­
fects ( toxicolog ical profile) , to establish a relationship between 
dose and observed effects,  to identify target organ toxicity ,  to pro­
vide insight into possible mechanisms of acute toxicity ,  to provide 
adequate data to permit comparisons with other compounds evaluated 
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acutely ,  and to provide data to permi t determination of the LDso • 
if needed . Although the numer ical Lo50 i s  often used in toxicity 
compar isons of compounds , this practice is not reca..ended unless a 
number of other factors are simultaneously considered . These include 
the potential for huaan exposure at high concentrations , the design 
and implementation of the study , method of determination of the LDso r 
and the slope of the dose-effect relationship . Arguaents offered for 
not conducting an LDso test include ( 1) the large quantities of 
mater ial that are necessary if the acute toxic ity is low , ( 2 )  the in­
ability of acute tests to predict cumulative effects , ( 3 )  the limited 
value of an LDso •  and ( 4 )  the uncertainty of interpreting an LDs o 
o f  a complex ,  uncharacter ized mixture . Acute toxicity testing i s  not 
equivalent to an LDso determination , and an evaluation of acute ef=-­
fects need not involve determination of an LDso ·  

The acute toxicity test should be conducted i n  healthy young 
adult male and female rodents ( rats and/or mice) (National Academy of 
Sc iences , 1977b) . There should be at least three doses (one dose per 
experimental group of f ive males and f ive females) selected for their  
ability to produce a range of  effects and mortality , and they should 
be administered by gavage . I f  a dose of 5 , 000 mg/kg body weight (bw) 
fails to produce compound-related mortality , add itional testing i s  
not warranted. A control group, receiving only the vehicle (distilled 
water , if  possible) , should also be included . All animals should be 
observed frequently during the 14 days following gavage . Onset , 
duration , and detailed descr iptions of effects and time of death must  
be  carefully noted . All animals that succumb dur ing the 14-day 
per iod should be necropsied .  All survivor s should be killed on the 
14th day and necropsied . The observation period may be lengthened , 
depending on the effects produced . 

The LDso analysis ,  i f  performed , should be determined by an 
accepted method ( e . g . , Bl iss , 1935 J Litchfield and Wilcoxon , 1949 ) . 

Short-Term , Repeated-Dose Studies 

These studies are usually conducted after acute testing . Whereas 
acute testing involves effects ( immediate or delayed) following 
s ingle-dose exposure , short-term,  repeated-dose studies involve 
repeated administration of the test substance and observation of 
effects ( usually delayed) due to accumulation of mater ial in tissues 
or cumulative effects over a limited time . In addition ,  short-term, 
r epeated-dose studies should provide evidence of target organ toxi­
city ,  the nature and development of toxicological effects , and the 
dose-response relationship between extent of exposure and effects 
produced . The data should also be used as the basis  for the 
selection of doses for the subchronic (90-day) study in Phase 2 
test ing . 

Shor t-term, repeated-dose studies should be conducted in 
acclimated , healthy young adult male and female (nulliparous and 
nonpregnant) rats or mice . There should be at least 10 males and 10 
females per group , at least three dose levels per concentrate , and a 
control group . The control group should rece ive unconcentrated 
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conventional water , three groups should receive concentrate from 
conventional water , and three should rece ive concentrate from reused 
water . The number of doses can be increased if results are equivocal 
( i . e . , not dose-dependent) .  The limiting dose is  1 , 000 mg/kg bw. 
The test aater ial should be administered by gavage for 14 or 28  
days . Other routes of exposure (dietary , dr ink ing water) should also 
be considered . The size of the doses used should be based on a 
nuaber of considerations , including anticipated human exposure 
levels . The highest dose should produce adverse effects , but not a 
s ignif icant number of fatalities J the lowest dose should not produce 
evidence of toxicity .  The mater ial should be administered daily for 
14 or 28 days.  Observations , including changes in general appear­
ance , behavior ,  and physiological functions ( e . g . ,  cardiovascular , 
r espiratory, and gastrointestinal functions) , should be made at least 
twice dai ly for the duration of the study . Body we ight and food 
consumption should be determined weekly.  

Clinical observations should be  made at  the end of the exposure 
per iod.  These include hematolog ical , biochemical , and cytogenetic 
analyses (metaphase) of femur mar row cells and ur inalyses.  Hemato­
log ical studies include hematocrit analysis , hemoglobin count , 
erythrocyte count , total and differential leucocyte count , and 
c lotting potential (clotting time ,  prothrombin or thrombroplastin 
time , or platelet count) . Clinical biochemical determinations 
i nclude analyses of e lectrolytes , proteins ( total , A/G ratio) , 
fasting glucose , serum glutamic pyruvic transaminase (SGPT) , serum 
g lutamic oxaloacetic transaminase (SGOT) , ornithine decarboxylase , 
urea nitrogen , creatinine , and bilirubin . Ur inalyses should include 
measures of specific gravity ,  reduc ing substances , pH ,  and protein 
and microscopic (crystals ,  cells) studies . 

All animals that die dur ing the study or are k illed at the end of 
the observation per iod should be necrops ied . The following organs 
s hould be weighed and organ/body weight and organ/brain weight ratios 
deter•ined s adrenals , brain , gonads , heart ,  liver , kidneys , and 
spleen. Histopatholog ical examinations should be conducted on all 
t issues with gross lesions or changes in size (because they are like­
ly to be target organs) and on the adrenals ,  brain , gonads , heart ,  
l iver , kidneys , and spleen o f  the animals receiving the highest dose 
level and the control group . I f  differences are observed , the exami­
nat ions should be extended to the appropr iate tissues in the remaining 
t reated groups . 

Cytogenetic Study 

A small g roup of male mice or rats ( 5  to 10 animals) should be 
i ncluded in each test and control group to evaluate the clastogenic 
activity of the concentrate . At the end of a 7-day dosing per iod , 
colcemid should be administered 2 hours before killing the animals , 
femur bone marrow cells collected , and metaphase analysis per formed . 
Testing results to date indicate that few,  if any , substances that 
produce chromosome-level effects in germ cells would provide negative 
results in in vivo cytogenetics analyses .  
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Teratological Testing 

Teratology is the study of the causes and development of congenital 
malformations . Congenital malformations are generally defined as 
anatomical abnormalities present at birth that are lethal or that 
ser iously interfere with normal functions . Abnormalities of thi s  
sort a r e  the usual end points i n  testing for the teratogenic potential 
of environmental agents . At present,  in � teratological testing 
in  which such end points are scored is accepted as the choice for the 
greatest relevance . Other procedures for assessing embryologic 
toxicity ,  such as var ious in vitro methods or the use of functional 
end points or minor structural deviations , are considered leas depend­
able than the standard in v ivo methods r their general reliabil ity 
rests on at least 2 0  years of use . 

Because mice , r ata , and rabbits are well characterized phys io­
logically , economical , and convenient to use , most routine terato­
log ical testing is per for .. d with these species . At least two species 
should be used to teat reused water concentrates . Because of their  
genetic composition , random-bred (outbred ) animals are  usually 
preferred over inbred (genetically homogeneous ) strains . The reasons 
c ited for using such stocks are their greater v igor and fertility and 
their genetic heterogene ity--hence , their resemblance to human popula­
t ions . The vigor and fertility are not compelling , and heterogeneity 
i s probably incorrect . On the other hand , using genetically homo­
geneous l inea of an imals presents some clear advantages ( Festing ,  
1979 r Kalter , 1978 ) . 

It  has usually been found that,  among a small number of inbred 
strains randomly chosen for teratolog ical testing , there exists a 
r ange of susceptibilities . Thus , by the concurrent use of a rela­
tively small nuaber of unrelated strains , two important ends can 
often be achieved . First,  information can be obtained about the 
range of sensitivities to environmental agents (not only the average 
sensitiv ity) that can be present in a spec ies r and , second , sens itive 
indicators will usually be observed , enabling investigators to make 
more real istic r isk assessments (Kalter , 1 981 ) . 

A recommended schedule of dos ing (National Academy of Sciences , 
1 977b) is to administer the test mater ial daily f rom the 6th through 
the 15th days of pregnancy in rodents and through the 18th day in 
r abbits , or even later (Collins 1978) , so as to include the entire 
per iod of organogenesis . This reg imen may be reasonable for agents 
that human beings are exposed to chron ically , but an extended per iod 
of administration may interfere with evaluation of teratogenic poten­
t ial , e .g . , by caus ing nonspecific maternal or conceptual toxicity or 
by promoting or inhibiting metabol ism of the test substance . 

For these reasons , and also because the concentrates of substances 
in reused water may be in shor t supply , the panel recommends that the 
test mater ial be administered from the 9th through the 1 3th days of 
pregnancy in rodents and from the lOth through the 14th days in 
r abbits because indications of potential for caus ing major congenital 
malformations may be obtained by treating the an imals for relatively 
short intervals dur ing the t ime of maximal teratological sens itivity . 
The test mater ial should be administered orally , because that is the 
route by which humans are exposed . 

Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


83  

More than 30  years of  studies in exper imental mammalian teratology 
have established two general facts regarding the pattern of the dose­
response relationship in fetuses a ( 1) Almost without exception , all 
chemicals , if administered at sufficient levels , will have embryotoxic 
effects . ( 2 )  Conversely , embryotoxic substances have operational 
threshold dosages below which adverse effects are not observed in 
conventional stud ies (Kalter , 1968 J Wilson , 1973 ) .  

The pr imary purpose of teratolog ical testing , therefore , is not 
to discover whether or not an agent is embryotoxic , but to determine 
the dose-response curve that can be used to make dec is ions about 
tolerable levels of r isk to human health . The usual means of 
achieving this goal is to determine those dosages that are signifi­
cantly embryotoxic and then, by serially reducing these amounts , to 
arr ive at doses that produce no observable effects . 

In instances where quantities of the test mater ials are limited , 
as is the case with concentrates of substances in reused water , i t  
may b e  necessary t o  proceed otherwise . A n  alternative procedure 
might be to base the dosing schedule on expected levels of human 
exposure and to administer multiples of these levels . Th is reg imen 
was used in the only teratolog ical study of dr ink ing water concen­
trates that appears to have been conducted to date (Kavlock � al. , 
1979 ) . With this procedure , realistic estimates of environmental 
concentrations must be made , with due recognition of variations in 
water compos ition and water consumption . 

The induction of malformations in a test species is evidence of 
potential teratogenicity of the test mater ial in humans . In the 
absence of malformations , other embryotoxic effects ( increased 
frequency of fetal death , growth retardation , minor defects , ana­
tomical var iants) present diff iculties of interpretation , because 
they can result from nonspecific maternal and/or fetal toxicity or 
perturbation of fetal homeostatic processes . Such occurrences must 
be evaluated individually (Kalter , 1981 J Kimmel and Wilson , 1973 ) . 

Phase 2 Testing 

Subchronic Toxicity Study ( 90 days) 

Th is study is conducted to evaluate adverse effects of the test con­
centrate administered daily to exper iaental animals for approximately 
lOt of their life span . Such stud ies are meant to identify target 
organs , to determine the lowest observed adverse effect level and the 
h ighest no observed adverse effect level , and to provide information 
on cumulation (of effects and of levels in tissues) J to evaluate ef­
f ects on reproductive performance includ ing gonadal function , estrous 
cycles , mating behavior , conception , partur it ion , lactat ion , weaning , 
and developmentJ and to provide information on neonatal and adult 
morbidity and mortality.  

For this  study , the f irst generation (Pla> of parents (Po) 
exposed to the test mater ials is used . The parents are exposed from 
weaning until 80-100 days of age , when they are mated , and the 
exposure continues throughout gestation and lactation . Rats or mice 
a r e  generally used . The duration of exposure for the Pla genera-
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t ion is continuous from conception until 90 days past weaning . Non­
rodents should be exposed for 1 year . There is  SOlie exper t.ental 
evidence that toxicity observed in a 90-day toxicity test aay 
correlate well with the results (with the exception of cancer ) of a 
l ifetiae ( i . e . , chronic) study in rata and dogs (Weil and McCollister , 
1963 ) . At least 20 aales and 20 feaale rodents per group should be 
used. A control g roup should receive unconcentrated , conventional 
water r at least three dose groups should receive concentrates of 
conventional water r and at least three dose g roups should receive 
concentrates of reused water . The group receiving the highest dose 
should exhibit adverse effects , but a low incidence of .artality.  
Ideally , the group receiving the lowest dose should show no evidence 
of an adverse effect. The test materials should be a&.iniatered 
daily by gavage for 90 consecutive days (or 1 year for nonrodents) .  
Alternatives to gavage ( e .g . , d ietary or dr inking water exposures)  
should be cons idered . 

Aniaals should be observed at least twice daily for general 
appearance , behavior , and physiological functions (e.g . , cardio­
vascular , respiratory , and gastrointestinal functions) . The t iae of 
onset , the duration , and the extent of effects should be carefully 
noted . Food consUIIIPtion ( and water consUIIIPtion when indicated) , body 
weights , and detailed physical f indings should be determined weekly . 
Cl inical observations should include s ophthal.alogical ( at onset and 
termination of the study) , heaatological , biocheaical , and ur inary 
exaainations. Hematological studies include heaatocrit analysi s ,  
heaoglobin and erythrocyte counts , total and differential leucocyte 
counts,  and aeasures of clotting potential (clotting tiae , prothroabin 
or thromboplastin tiae , platelet count) . Clinical biochemical deter­
m inations should include assess .. nt of electrolyte balance , carbo­
hydrate metabolism ,  liver and kidney function , and other tests as 
deterained by the observations made . These should include analyses 
of electrolytes , fasting glucose , SGPT , SGOT , serum alkaline 
phosphatase ( SAP) , bilirubin, proteins ( total and A/G ratio) , blood 
urea nitrogen . (BUN) , creatinine , and ornithine decarboxylase . 
Ur inalyses should include measures of specific gravity ,  reducing 
substances , pH, and protein and microscopic studies (crystals , 
cells) . Hematological , biochemical , and ur inary evaluations should 
be conducted at 28 and 90 days . All animals that die dur ing the 
treat .. nt period or are sacr if iced at the end should be necropsied. 
The following organs should be weighed and organ/body weight and 
organ/brain weight ratios determined t adrenals , brain , gonads , 
heart ,  liver , kidneys , and spleen . The following should be removed 
and preserved for h istopathological exaaination s all gross lesions J 
brain ( three major areas) , spinal cord (three levels) , and per ipheral 
nervesr  pituitary , thyroid , parathyroid, and adrenal glands r thyaus 
and pancreas r gonads , or uterus r trachea and lunga r salivary glands r 
stomach , duodenua, j ejunua, ileUJD, cecua, colon, rectwa, liver , 
bladder , and spleen J mammary glands r skeletal muscles r sternua, 
femur , and marrowJ and eye and lachrymal g lands . 

Histopathological exaainations should be conducted on all tissues 
f rom control animals on all gross lesions and on target organs ( if  
identif ied from aniaals )  receiving the highest dose . The histopatho-
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log ical examination should be extended to include appropr iate tissues 
in other treated groups if  s ignif icant f indings are observed in the 
group receiving the highest dose . 

Phase 3 Testing 

Phase 3 consists of a coabination chronic toxicity and carcinogenicity 
s tudy , which may be needed after the 90-day study if  it becomes neces­
sary to evaluate potential human health hazards , par ticularly the car­
c inogenic potential and other effects associated with l ifetime expo­
sure . Long-term chronic tests should be conducted , pr imar ily on the 
premise that effects of l ifetime ingestion by humans cannot be pre­
dicted from tests conducted in a short-lived animal for per iods con­
s iderably less than a lifetime . In conventional toxicological test­
ing , 24 to 30 months has been cons idered the average lifespan for the 
r at and 18 to 24 months for the mouse . 

For testing the health hazards of reused water , the pr imary con­
cerns are the effects of exposure to small amounts over a long per iod . 
Even if  the results are similar to those of the subchronic tests , i t  
i s  a t  times necessary to determine if  these tests would show increased 
morbidity or mortal ity by the end of a lifetime . Ult imately , the 
l i fetime study could be used to estimate the r isk to human health 
presented by chronic ingestion of reused water . 

For this study , the F1a generation of parents exposed to the 
test mater ials should be used. The duration of exposure of the Fla 
generation should be continuous from conception until  24 to 30 months 
o f  age . The protocol described for the 90-day study should also be 
used for this study . The ophthalmolog ical examinations should be 
conducted at the beg inning of the study and at 6 ,  1 2 ,  and 24 months . 
The hematolog ical , biochemical ,  and ur inary evaluations should be 
conducted at 3 ,  6 ,  12 , 18 ,  and 24 months . The test mater ial can be 
administered by gavage , in the diet , or in dr ink ing water (preferred) . 
At least SO males and SO females per dose level should be used . There 
should be a control group and at least three test groups . The doses 
to be used should be based on data obtained in the 90-day study on an 
appropr iate aultiple of the maximum antic ipated human consumption 
( e . g . , 100 or 1 , 000 t imes greater) . 

Practical Cons iderations for Chronic Testing 

Th e  lifetime feeding study should provide the definitive test of 
oncogenicity and other chronic effects of renovated water . A number 
of practical requirements limit the scope of the test with regard to 
dose and concentration multiples . To illustrate these limitations , 
s ome  hypothetical assumptions concerning the concentrates are out­
lined in Table S-2 . The amounts of solutes in the unconcentrated 
water must be considered pr ior to concentration so approximately equi­
molar concentrates may be prepared . A discuss ion of these assumpt ions 
and limitations follows . 
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TABLE S-2 Assumed Solute Concentrations of Conventional and 
Renovated Water Concentrate 

Concentration (!g/liter) 
Sample Total Organics Total Solid s 

Conventional Water 
Unconcentrated 
Concentrated ( 10 0  times)  

Renovated Water 
Unconcentrated 
Concentrated (SO  t imes )  

3 
300  

6 
300  

Choice of Maximum Dose to  Test Animals 

300 
30 , 00 0  

600  
30 , 00 0 

I f  g iven as dr inking water , the maximum average volume i s  2 5  
ml/rat/day . Table S-3 lists the daily doses f o r  rats . Thus , the 
r elative daily dose ratio i s :  

Human equivalent to maximum dose to rat • 2 , 6 25 mg/kq • 437 
Current human intake 6 mg/kg 

or approximately 450 t imes average human daily intake . 

TABLE S-3 Suggested Daily Dose of Dr inking Water to Rats 

Substance 

Total organics 
Total solids 

Dose 
(mg/rat.!.) 

7 . 5  
750 

(mg/kg.2} 

3 7 . 5  
3 , 7 50 

Equivalent 
Human 
Dose£ 

(mg/70 kg ) 

2 , 6 25 
2 6 2 ,500  

.!.2 5 ml x 0 .3  mg/m l .  
�7 . 5  x 1,0 00  • 37. 5 ;  assumes 200  g body weight . 

2 0 0  
� 7 . 5  X 70  • 2 , 6 25.  
2As sumes 2 l iter/day of conventional water per 70-kg adult . 

Current 
Human 
Intak � 

(mg/70 kg ) 

6 
6 0 0  
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TABLB S-4 Minimua Water Requirements for Concentrate s 

Total Volume Minimum Volume 
Dose per per 100 of Or ig inal 
Rat Rats Water Needed 

Test Solution (al ) (al ) ( liters)  

Conventional water 
c oncentrate 2 5  2 , 500 2 50 

Reused water 
concentrate 2 5  2 , 500 125 

The minimum volume of water required for tests in animals using 
three groups of 50 males and 50 females plus a control group gavaged 
with conventional water concentrate and reused water concentrate at a 
volume of 25  ml/rat i s  summar ized in Table S-4 . 

Re.aval of Electrolytes Before Testing 

Inorganic elements normally found in dr ink ing water are listed in 
Table s-s , along with the average daily intake for the adult rat and 
the minimal or optimal daily intake . 

The actual dose of total solids after concentration is expected 
to be 750 mg/rat , as compared to 466 mg/rat for the sum of the ions 
listed . A factor of less than twice the daily average intake of 
total inorganic compounds in water should not place an excessive 
phys iological stress on the animal . Potassium is the most toxic 
e lement. However , it  appears unlikely that the additional intake of 
th is element would constitute a large fraction of total inorganic 
solids in water . 

There may be reasons to remove the inorganic solidS J for example , 
to avoid precipitates that might remove some of the organic 
constituents by adsorption . 

Sensitivity of the Chronic Toxic ity Test--Statistical Cons iderations 

Because of costs involved , relatively small numbers of rodents are 
used for each dose level in 2-year chronic studies . Typically , only 
50 animals per dose are used . This limits the s ize of differences in 
tumor rates that can be detected . D ifferences in tumor rates that 
can be detected with high probability (approximately 90\ )  are listed 
in the Table S-6 for animals fed either reused or conventional water 
concentrates . Differences that can be detected with 100 animals per 
dose g roup are included to show the gain from increas ing the number 
of animals . For example , with 50 animals per group , if the tumor 
i nc idence of animals administered concentrate from conventional water 
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TABLE 5-5 Average Daily Intake by Rata of Inorganic Ble .. nta in Water 

Average Daily 
Batiaated Optiaa� Intake per 

Adult RatA or Minima l  
I norganic Element (J119 ) Require .. nt 

Calcium 121 4 5  
Chlor ide 63  5 
I ron 2 . 4  0 . 2 5  
Magnesium 28 o . 8  
Manganese 0 . 85 0 . 8  
Phosphorus 94 40 
Potassium 116 15 male 

8 female 
Sodium 40  40  
Z inc 0 . 7  0 . 04  

TOTAL 466 14 3 

!Ralston Pur ina Co . , 1980 . The average intake of solid food is 
assumed to be 13 . 5  g/adult rat . 
RParria and Gr iffith ,  196 7 .  

(Jig) 

i s  5, , then the true tumor rate resulting from renovated water would 
have to be about 25' or more in order to have a h igh probability 
( approximately 90' )  of detecting a stat istically s ignif icant increase 
in tumor incidence for animals exposed to renovated water . If  the 
d ifference in tumor rates between the two types of water is leas , 
then there will be a lower probability of detecting this difference . 

TABLE 5-6 Differences in Tumor Rates Detectable with 
Approximately a 90' Probability Using a One-Sided Teat with 
Type I Brror • 0 . 05 

Differences in Tumor Rates ( ' )  
50 Animals/Dose 
Conventional Reused 
Water Water 

5 25 

10 35 

20 50 

100 Animals/Dose 
Conventional Reused 
Water Water 

5 20  

10  25  

20  40 
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TABLE 5-7 Approximate 95t  Conf idence Limits on Relative RiskA 

Animals with 
Tumors in 
Both Water 
Types ( t )  

10 

30  

50  

50 Animals/Group 
Lower Upper 
Limit L imit 

0 . 2  4 . 0  

o . s 2 . 0 

0 . 6  1 . 6  

!From Thomas and Gart ,  1977 . 

100 Animals/Group 
Lower Upper 
L imit L imit 

0 . 4  2 . 6  

0 . 6  1 . 6  

0 . 7  1 . 3  

For the g iven dose levels , the proportions of animals with tumor s 
will be described for exposures to concentrate from both renovated 
and conventional water . Table 5-7 g ives approximate 9 5t conf idence 
l imits on the relat ive r isk (ratio of tumor incidence with renovated 
water to the tumor inc idence with conventional water ) when the 
observed tumor incidence is the same in both exper imental groups . 
For example , if lOt ( 5  out of 50 animals ) of the animals develop 
tumors with both the renovated and conventional water , the observed 
r isk is the same . The estimated relative r isk is 1 1  the true rela­
t ive r isk may vary from 0 . 2  to 4 . 0 . That is ,  with 95t conf idence , 
the true tumor rate from renovated water may vary from 20t  of the 
tumor rate with conventional water up to 4 times greater when 5 of 50 
animals in each group have observable tumors .  

I f  there are no differences i n  responses between male and female 
animals , it may be possible to pool the data from both sexes to in­
crease the statistical sensitivity .  However , it is doubtful that 
even a pooled analysis could reliably distinguish between , for 
example , a St response f requency f rom concentrates of convent ionally 
treated water and a lOt response frequency from concentrates of 
r eused water .  The above l imitations , as well as others ,  need to  be 
recognized in the des ign of chronic tests . Append ix B provides 
f urther statist ical details on sampling .  
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Strategies for Assessing and Monitoring 
Water Quality for Human Exposure 

Low-r isk dr ink ing water from high-quality water sources i s  not guar­
anteed by (current) dr ink ing water standards . As scientific knowl­
edge increases , these standards are subj ec t to fur ther review 1  they 
should never be interpreted as inclus ive of all r isk f rom all com­
pounds present in tap water . For th is reason , existing standards as­
sume that the h ighest quality source will be used for water for human 
consumpt ion . 

The panel recommends demands that even treated wastewater be ini­
tially regarded as contaminated and that pr ior to human consumption 
every effort be expended to establ ish its comparat ive safety .  Greatly 
increased impor tance is , therefore , attached to the recognit ion of all 
chemical and b iolog ical agents present and to the identif icat ion of 
those that may be particular ly hazardous to public health . Th is  task 
presents a cons iderable challenge for the following r easons : 

Our present measurement techn iques are not capable of com­
plete chemical identif icat ion . 

He alth effects test ing i s  based on r esponses in nonhuman sys­
temS 7 in wastewater treatment systems th is type of testing is incom­
plete and largely untr ied . 

In th is context ,  the panel has d irected i ts efforts toward ana­
lyz ing those assessment and monitor ing strateg ies that exper ience sug­
g ests have the greatest pred ict ive value for determining potability. 
The issues of reliability of wastewater treatment systems , of chemical 
and b iolog ical mon itor ing ( including the use of surrogate tests) , and 
of tox icity will  be addressed separately .  

RELIABILITY OF WASTEWATER TREATMENT SYSTEMS 

Much of the publ ished data regard ing wastewate r treatment comes from 
a relatively small number of advanced wastewater treatment plants . 
Stud ies of these systems suggest that metals can be removed with 
varying eff ic iencies ,  although cons iderable var iabil ity ex ists in the 
quality of eff luent from plant to plan t .  

With r egard t o  inorganic compounds ,  especially metals , several 
issues are of particular concer n :  

9 4  
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Some potentially tox ic metals are known to be present , 
including arsenic , cadmium,  chromium, copper , lead , mercury , 
selenium, and silver . 

The oxidat ion state , the nature of organometallic inter­
actions , and the degree to which these are affected by var ious 
advanced waste treatment processes are not completely understood . 

Results of studies have suggested that it is not poss ible to 
pred ict accurately the inorganic compos ition of influent& and 
effluents . Var iations at spec if ic sites over time must be evaluated 
on a case-by-case basis .  

Therefore,  great emphasis is  placed on  monitor ing frequency and 
in-plant quality control . Har t ( 1978) noted that treatment 
reliabil ity can be regarded as the capacity of a plant to remove 
contaminants continuously and to meet standards set for the f inal 
water . He suggests the following to ach ieve rel iabil ity : 

determination of the occurrence , concentration , and types of 
tox ic inorganic chemical compounds , pathogenic microorganisms , and 
hazardous organic chemical compounds to be expected in the raw water 
supply, 

identification of critical parameters associated with each 
of these compounds and determination of the correlation between each 
para.eter and the substance or organism' 

development of a control strategy to maintain plant 
performance ' 

establishment of a minimum of two contaminant barr iers for 
each of the substances or organisms ' 

establ ishment of a monitor ing system whereby all parameter s 
are monitored with a frequency that is truly representative of the 
product quality ,  and 

maintenance of permanent r ecords to evaluate plant 
reliability and product qual ity .  

Contaminant barr iers must b e  established i n  the context o f  the 
specific substances and the ind ividual processes that will remove 
them effectively . The bar r iers for the Stander Plant at Windhoek are 
li sted in Table 6-1 . Har t noted that in this system var ious treat­
ment processes , including lime treatment , chlor ination, and act ivated 
carbon adsorption , serve as barr iers against different concentrat ions 
of organic contaminants .  The overall removal efficiency is  99\ , 
except for volatile organohalogen compounds . 

At Water Factory 2 1 ,  treatment plant reliability is enhanced by 
the ability to treat water at constant flow rates and to shut down 
operation whenever influent wastewater character istics are poor or an 
equipment failure occurs .  This plant is also shut down at var ious 
per iods for routine maintenance. Even so, the wastewater character­
istics vary considerably from day to day . 
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TABLE 6-1 Contaminant Barriers in the Stander Plant:A 

Inorganic Compound s 
(11g/dm3 ) 

Sampling N03 
Point Ba (as N)  CN Zn As Cd 
Biofilter 

humus tan k 
e ffluent < 2 50 62 <10 <10 

Lime 
treatment 

Quality 
equalization 

Ammonia 
str ipping 

Bicarbonation 
Sand 

f iltrat ion 
Chlor ine 

d isinfection 
Active carbon 

adsorption 
Final 

treatment <250 < 2 5  <10 < 10 

Standards for d r ink i!!SI water 

South 
Afr ican 
Bureau of 
S tandards Ns2 10 , 0 00 10 5 , 0 00 50 50 

World 
Health 
Organi-
zation NS 10 ,000  50 5 , 0 00 50 10 

u . s . 
Enviro� 
mental 
P rotection 
Agency 1 , 000 10 , 0 00 NS NS 50 10 

Federal 
Republic of 
Germany 
(1975) NS 2 0 , 0 00 50 2 , 0 00 4 0 6 

AProm Ha rt,  1978. 
BNS • not specif ied . 
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TABLE 6-1 Continued 

I norg�ic Compounds 
(ll g/dm ) 

Sampling 

Point C r  P b  Hg Se Ag 
Biofi lter 

humus tank 
eff luent < s o  < 1 0 0  1 . 5  < 2 S  

Lime 
treatment 

Qual ity 
equal i zat ion 

Ammoni a 
stripping 

Bicarbonation 
Sand 

f iltrat ion 
Chlor ine 

d is infection 
Act ive carbon 

adsorption 
Final 

t reatment < S O  < 1 00 < 1  < 2 5  

S tandards for dr ink ing water 

South 
Afr ican 
Bureau of  
Standard s s o  150 NS NS NS 

World 
Health 
Organi-
zation NS 10 0 1 10  NS 

u . s .  
Envi ron-
menta l 
Protection 
Agency so 50  2 10 so 

Federal 
Republ ic o f  
Germany 
( 1975 ) so  40  4 8 NS 
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TABLE 6- 1 Cont inued 

Sampling 

Po int 
Biofilter 

humus tank 
effluent 

L ime 
treatment 

Qual ity 
equali zation 

Ammonia 
str ipping 

Bicarbonation 
Sand 

f iltrat ion 
Chlor ine 

d is infection 
Active carbon 

adsorption 
Final 

treatment 

9 8  

Organic Compounds 

PAH£ (Avg .  No. o f  Peaks) 

>2 0  ng/dm3 2 to 20 ng/dm3 

4 . 2  2 . 6  

0 . 6  0 . 8  

1 . 0  1 . 4  

0 . 4  0 . 8  

S tandards for dr inking water 

South 
Afr ica n 
Bureau of 
Standards 

World 
Health 
Organi­
zation 

u . s .  
Environ­
menta l 
P rotection 
Agency 

Federal 
Republ ic of 
Germany 
( 197 5 ) 

NS 

NS 

NS 

250 ng/dm3 as c 

1 . 07 43 . 2  23 . 9  

1 . 18 90 . 0  2 3 . 2 

0 . 4 5  1 . 8  5 . 6  

0 . 4 4 10 . 7  7 . 1 

1 , 0 92 

22AB--Polynuclear aromatic hydrocarbons; CH--chlor inated 
hydrocarbons ; VOH--Volatile organic hydrocarbonBJ TOH--Tota l 
organic hydrocarbons . 
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TABLE 6-1 Continued 

Geometr ic Mean of Microorganisms 
Total 
Count 

Sampling Plate 

Point per cml 

Biof i lter 
humus tank 
effluent 65 , 000  

Lime 
t reatment 940  

Quality 
equali zat ion 94 0 

Ammonia 
str ipping 

Bicarbonation 
Sand 

f i ltration 2 , 50 0  
Chlor ine 

d isinfection 6 
Active carbon 

adsorption 
Final 

treatment 4 

S tandards for dr inking water 

South 
Afr ica n 
Bureau of 
Standards 

Wor ld 
Health 
Organi­
zat ion 

u . s .  
Environ­
mental 
Protect ion 
Agency 

Federal 
Republic o f 
Germany 
( 19 7 5 ) 

NS 

£Ar ithmetic mean ( 100/cm3 ) .  

Total Clostr idium 
Coli forms �er f r ingens 

per 100  cml per 100 cnf 

15 0 , 000  2 , 000 

200  

200  

250  

0 . 1� o . u£ 

0 . 0 92 o . o 5£ 

1 NS 

Enter ic 
Viruses 

per 100 dm3 

600  

0 

0 

0 
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*>NI'l'ORING AND ASSESSING EXPOSURES 

In evaluating the possible exposure of humans to chemicals in treated 
wastewater to be used for potable purposes , several questions aust be 
considered . First , what constituents can be expected to be present,  
and at approximately what concentrations? Second , are any of these 
l ikely to be present at concentrations that could be haraful? And ,  
finally , what analytical measurements should be undertaken , both 
before instituting reuse and dur ing actual reuse? In the latter case , 
this procedure would , in effect , constitute a aonitor ing strategy .  

One framework for deciding on those constituents that are of 
publ ic health concern was developed by Englande and Reiaers (1979 ) . 
They defined an •exceedance• ratio (BR) as the nuaber of saaples 
surpassing potable water quality ,  divided by the total nuaber of 
samples evaluated . They then applied this foraula to several 
constituents analyzed in effluents from five advanced wastewater 
treatment systeas . Table 6-2 presents the data for those constituents 
with pos itive BR values . As shown there ,  ammonia (not covered by 
u . s .  dr ink ing water standards ) generally had a high value , chro.iua,  
arsenic , and iron also appear frequently in the table . The facilities 
that employed l ime treatment reported the highest and most consistent 
reductions in heavy aetal concentrations . Although these BR ' s  do not 
in themselves constitute a decis ionaak ing tool for monitor ing , they 
do point out some of the consistent probleas and aay help focus on 
those that should receive high pr ior ity in developing such schemes . 
That is , exper ience from the var ious studies of advanced wastewater 
treatment systems and their collective results should be examined 
when similar systems are being planned . 

Many constituents will follow a log-normal tiae distr ibution , as 
discussed in Chapter 3 regarding Water Factory 21 . Thus , based on 
actual exper ience , soae constituents will show wide d istr ibutions of 
concentrations ' others ,  aore nar row ones . I f  the distr ibution of a 
g iven contaminant is l ikely to be wide or i f  the concentrations on 
occas ion approach levels of concern to health , then the constituent 
becomes a logical candidate for monitor ing . 

The next question that ar ises is , what action should be taken 
when specific ,  high concentrations are reached? Action may be 
required when a level related to a potentially adverse health effect 
is attained . A constituent of concern--pr iaar ily fro. the effect of 
chron ic (e . g . , l i fetime ) exposure--might be peraitted by the 
r esponsible agency occasionally to exceed the existing standard ,  if  
any .  In  such a case , the actual time distr ibution for the constituent 
should be used to predict the fraction of tiae (and its uncertainty 
range ) that the concentration is likely to exceed soae predetermined 
value . Reaching that time l imit should s ignal the need for additional 
sampling , and judgments must be made as to whether concentrations have 
increased to the point that human exposure has become unacceptably 
high . 

The f inal question i s ,  which ar� the aost useful and cost­
effective set of chemical constituents that should be aonitored 
r egularly , and how frequently should they be monitored? For example , 
should one monitor simply those chemicals for which aaximua contami­
nant levels (MCL ' s ) are specified in the Environmental Protection 
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Agency ' s  (EPA ' s) National Inter im Pr imary Dr inking Water Regulations? 
I f a pilot plant shows that the renovated product is h ighly unlikely 
to have any such constituents at concentrations that are unusual in 
relation to the exper ience of currently acceptable publ ic water sup­
plies us ing • natural• sources , then there may be no reason to monitor 
these constituents more str ingently in the renovation system. 
Th is conclus ion may not be acceptable , however , i f  there is a j udgment 
that there is a greater likel ihood of failure of the treatment chain . 

I f ,  on the contrary , prel iminary stud ies show the presence of 
unusually h igher concentrat ions of chemicals of health s ignif icance 
( in compar ison with those normally encountered in public water sup­

plies) , then prope r  monitor ing strateg ies must be developed and 
implemented . Such an approach i s  predicated on the assumption that a 
renovated wastewater supply for potable use need not intr ins ically 
constitute an unusual hazard . Therefore , in prel iminary stud ies , a 
prel iminary survey of all urban and industr ial inputs to the waste­
water collection system is necessary . 

INDICATORS AND CHEMICAL CONTAMINATION 

The complexity of the chemical and b iolog ical compos ition of waste­
water presents two d istinctly different analyt ical problems that must 
be considered in  the des ign of monitor ing programs . First ,  there is 
a need to measure rout inely those collect ive parameters ,  e . g . , total 
organic carbon (TOC) and total organic halogen (TOX) , that are indic­
ative of concentrations of groups of substances . However , total con­
centrat ion value s ,  such as TOC , may not ind icate important concentra­
tion changes , part icularly those of hazardous organic constituents . 
Indeed , only a small fraction of TOC has ever been assoc iated with 
spec i f ic chemical structures , even though identif ied compounds number 
in the thousands . Another problem i s  related to the r elative soph is­
tication of modern gas chromatography and mass spectrometry (GC/MS ) 
techniques , the data from which are subject to misinterpretation . 
Each of these problems is discussed below . 

Nonspec ific Analysis  

Nonspec ific analyses compr ise a class of measurements , ind icat ive 
usually of more than one and often many constituents being measured 
in the system . Examples of such measurements used in water or waste­
water analysis are shown in Table 6-3 . These measurements can be use­
ful in monitor ing wastewater renovation systems for the same reasons 
that they are currently used in water and wastewater analys i s :  

Many of them are readily automated , rapid , o r  capable o f  
being used in on-l ine monitor ing . 

They may be cons idered as contamination indices . 
Technicians may r equire less training and expertise than do 

those performing analyses for many spec ific chemicals , espec ially 
organic compounds . 
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TABLE 6-2 Potable Water Quality Ratios (BR) for Advanced Wastewate r 
Treatment Plant Spot SurveyA 

LAKE TABOER BLUE PLAIN� 

sxstem 1 
Substance Median ER Substance Median BR 

(f!r lite r )  �2!r l iter� 

NH3-N 15 119 13/13 TDS 524 1119 3/3 
Se 16  ll g 13/13 CCB 1 , 300 ll g 2/2 
Phenol 5 ll g 7/12 NH3-N 0 . 65 1119 2/3 
CCE!. 650 ll g 3/8 Phenol < 5 ll g 1/2 
Pe 140 ll g 3/13 Cr 19 llg 1/3 
As <10 llg 2/13 Pb 19 llg 1/3 
Cd <1 llg 1/13 
TDs! 4 14 1119 1/13 

DALLA£ POMONAh 

sxstem 1 
Substance Median ER Substance Med ian BR 

(per l iter )  (2!r l iter� 

Phenol 7 . 2 ll g 6/8 TDS 5 13 1119 7/9 
Se 3 5  ll g 5/8 NH3-N 2 . 0  119 5/9 
TDS 478  1119 3/8 Se <10 llg 5/ 9  
As 2 1  ll g  2/7 CCE 650  llg  4/8 
NH TN o . o 8 1119 2/8 Phenol <5 llg 3/9 
CCE 200  ll g 1/7 C r  3 0 ll g 2/9 
Cr 4 llg  1/8 NO) -N 4 . 5  1119 2/9 
Pe 93 llg l/8 Pe 7 . 9 llg 2/ 9 

Hg 0 . 3 1 llg 2/9 
Mn o . o ll g l/9 

!From Englande and Reimers ,  1979 . 
2Lake Tahoe--tr ickling f ilter ('l'P) , nitr ifying activated sludge 
(NAS) , high l iae coagulation (HLC) and clar if ication (C) , f i ltration 
( P ) , carbon adsorption (CA) . 

£slue Plains & System 1--Low l ime clar ification ( LLC ) , breakpoint 
chlor ination ( BC ) , CA, dual media f iltration . System 2--LLC , 
d ispersed growth n it r i f ication , denitr ification , CA ,  mixed med ia 
f i ltration . 
9orange County--'l'P , HLC , and c .  Ammonia str ipping , P ,  act ivated 
car bon (AC )  • 

!CCE • carbon chloroform extract . 
!Tos • total d issolved solids . 
9Dallas--Activated sludge (AS ) , HLC and c ,  P ,  CA . 
hPomona : System l--AS , AC . System 2--AS , AC , chlor ination , AC . 
System 3--AS , AC ,  ozonation , AC . 
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ORANGE COUNTY.9. 

SJ�:stem 2 
Substance Median ER Substance Median ER 

!J2!r l i terl !E!r literl 

Se 10 119 l/6 NHrN 14 . 2  m9 6/6 

NOrN o . s  m9 l/6 TDS 937  mg 6/ 6 
Phenol < 5 11 9  l/6 Cr 57  119 5/6 

N� -N 1 1 . 3  1119 5/6 
Phenol <5 119 l/ 6 

S;tstem 2 SJ�:stem 3 
Substance Median ER Substance Med ian ER 

<e!r l iter� (E!r l iter� 

NH3 -N 7 . 0 1119 8/9 NH3 -N 4 . 7 1119 9/9 
TDS 538 mg 6/9 TDS 582 mg 8/9 

Phenol <5 119 3/9 Cr 5 5 ll9 5/9 
N� -N 2 . 7 mg 3/9 NO] -N 8 . 0  mg 4/9 
As < 10 ll 9 2/9 Phenol 5 ll 9  3/9 
CCE 3 4 0  ll 9 1/8 CCE 4 0 0  ll9 3/9 
Fe 4 0  11 9  l/9 A9 4 1  ll9 2/9 
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TABLE 6-3 Examples of Nonspecific Measurements of Chemicals 

Measur e  Substance o r  Property Measured 

Elemental parameters 

Collective organic parameters 

Spectroscopic response , e . g . , 
double bond s ,  aromatic 
organic compounds , or 
unshared electrons 

Analysis of chemical classes 
( functional group analysis)  

Precursor analysis 

Collective inorganic content 

Heavy metals , 
organic carbon , 
organic haloge n 

Biochemical oxygen demand , 
chemical oxygen demand , 
total oxygen demand 

UV, fluorescenc e 

Cholinesterase inhibitors 
(organophosphorous and 
carbamate pesticides) ,  amines,  
carbohydrates , acids 

Tr ihalomethane foraation 
potential 

Conductivity 

These nonspecific analyses , however ,  cannot replace analyses for 
specific inorganic or organic chemicals in wastewater r enovation 
systems . Rather , they can serve as either surrogate measures for 
groups of specific chemicals that may be of health concern or , 
alternatively , as indications that ( 1 )  a process is not operating at 
specified levels , or ( 2 )  a predetermined l iait has been exceeded , 
thus indicating a need for further analysi s  of the water for the 
presence of specific chemicals . 

One well-studied example of a nonspecific parameter i s  TOC and 
its var ious subcategor ies . Dissolved organic carbon (DOC) is usually 
defined as the total value for a sample measurement after passage 
through a 0 . 45 �m filter . Purgeable organic carbon (POC) can be 
str ipped from an aqueous solution at ambient teaperatures in 10 
minutes , nonvolatile TOC (NVTOC) is the organic carbon remaining 
a fter purging . 

Known specific organic compounds of health concern have been 
estimated to be less than lOt of the organic content of dr inking 
water (National Academy of Sciences , 1977) . Thus , TOC measurements 
are not likely to be valuable surrogate measures for specific 
compounds .  Nevertheless ,  surrogates are often useful in the design 
and routine monitor ing of treatment systems . 

Ha logenated organic compounds are prevalent in water , and many 
chlor inated organic compounds are known to be of health concern 
( National Academy of Sciences , 1 977 ) . Thus , more useful nonspecific 

measurement ,  for s ignif icance to health , i s  that for organohalide 
( OX) , which measures the quantity of chlor ine , bromine , fluor ine , and 
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iodine in organic compounds . O X  can b e  measured a s  total organohal ide 
( TOX) , purgeable organohal ide ( POX) , and usually (by difference) 

nonpurgeable organohal ide (NPOX) .  Measurements of these indices in 
water and wastewater have now advanced to the point that they can be 
perforaed by commercial instrumentation (Dressaan � al . , 197 9 J  
Takahask i ,  1979)  and they have been s tudied i n  wastewater reclamation 
systems (Jekel and Roberts , in press , McCarty � �. ,  1980 ) . 

Ste igletz � a l .  ( 1976)  reported that only about 10' by weight of 
the DOX in Rhine River water was identified by GC/MS analys is . It 
has been shown that both the DOX and the tr ihalomethanes (THM' s )  
increase following the chlor ination of natural waters (Kuhn and 
Fuchs , 1975 J Oliver , 1978 J Sander et a l . , 1977) . However , TBM' s  
account for no more than 25' o f  th;-OX:in dr ink ing water (Yohe � 
a l . , 1980) . 

Or ganohal ide and organ ic carbon are examples of nonspeci f ic 
measurements that have a d iverse utility for monitor ing wastewater 
r enovation systems . The closer such measures come to being 
ind icator s of , or surrogates for , chemicals of health s ignif icance , 
the greater the l ikelihood of their  being incorporated into useful 
cr iter ia for reused wastewater . In any event , they are useful for 
monitor ing such systems because of their  often greater practicality 
and s impl icity ,  as compared to analyses for specific chemicals . 

Specific Organ ic Analys is 

The obj ective of efforts to analyze the organic content of water and 
wastewater samples comprehensively i s  to identi fy unequivocally as 
many organic components as possible . GC/MS is presently the 
analytical method of choice for this purpose . Popular awareness of 
this procedur e  has been increased markedly through a growing number 
of r esearch r eports and EPA ' s  publ ication of standard procedures 
using GC/MS for analysis  of • Pr ior ity Pollutants • (Environmental 
Protection Agency , 1979) . 

Exper ience suggests that the Pr ior ity Pollutant compounds coapr ise 
a small fraction of the TOC present in water and wastewater samples . 
Therefor e ,  even good GC/MS techn iques for detecting such pollutants 
might miss the vast aajor ity of organic mater ials in the water , at 
least some of which may be at least as important toxicologically as 
the Pr ior ity Pollutants . Thus , concentration of efforts on the 
identification of Pr ior ity Pollutants alone may not be sufficient for 
j udg ing the potential health r isks associated with treated wastewater . 

Standard identification procedures usually involve quadrupole-type 
sass spectrometer s ,  and comparative identifications are based on com­
puter ized matching of mass spectra with those of r eference compounds . 
This process is often insufficient to establ ish the identity of 
substances , i . e . , s imple matching of spectra can be misleading 
because of the occurrence of isomers ,  chemically s imilar compounds , 
and unresolved GC components . 

Other problems exist with s imple matching procedures . I t  is well 
documented (Budzik iewicz et al . , 1967 ) that a g iven compound can 
often exhibit qualitatively d ifferent spectra on different mass 
spectrometers . Current data bases for identifications wer e  compiled 
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almost entirely using magnetic sector-type instruments , wh ich can 
among themselves exhibit considerable var iation in the spectra 
produced . Yet , since most current GC/MS work is  done on quadrupole 
i nstruments , false pos itives and false negatives can occur in  the 
matching process . Therefore , the results of s imple matching pro­
c edures , even those done by computer , should be used cautiously . 

These l imitations are best avoided by compar ing spectra of samples 
and reference compounds on the same model mass spectrometer and com­
plement ing these data with a compilation of retention index data of 
proposed structures on at least two different columns . Th is procedure 
const itutes a minimally acceptable set of cr iter ia for structure iden­
t if ications . 

I f , as i s  frequently the case , no match for a g iven mass spectrum 
can be found in the l ibrary or there is doubt in the match ing process 
( e . g . , i f  retention indices do not f i t  or spectra do not appear rea­
sonable g iven the relative retention time) , manual interpretation 
procedures must be applied , and further information will usually be 
required to postulate molecular structures . This add itional informa­
t ion can be obtained by us ing current MS techniques . Successful iden­
tif ication depends heavily on the determination of molecular we ight 
and molecular formula . Chemical ionization (CI ) is a standard tech­
nique for obtaining and/or confirming molecular weight . Many commer­
c ial instruments can operate on  both the electron impact (EI)  and CI  
modes . Yet , this step is  not currently par t of  any standard 
procedure . 

The most important datum MS can provide is the elemental com­
pos ition of an unknown compound . This  technique requires the 
measurement of the mass of the molecular ion to the order of 10-15  
ppm . Thi s  accuracy can be  routinely ach ieved with some commercial 
i nstruments of the double-focusing type , but is  well out of the range 
of most quadrupole instruments .  

Because many o f  the compounds i n  wastewater samples have no (or 
doubtful ) matches ,  it is important that these efforts be made at a 
suitable facil ity .  Although provis ion o f  such data will not neces­
sar ily lead to lOOt ident if ication of all components , it will inevit­
ably increase conf idence in all structural assignments reached through 
computer match ing and may make identif ication poss ible where matching 
fails .  

W ith careful adoption o f  MS techniques , it  i s  poss ible to inves­
t igate a large fraction of at least the chromatographable portion of 
the TOC in wastewater samples . An analys is  that goes beyond Pr ior ity 
Pollutants ,  and perhaps well  beyond the scope of many routine GC/MS 
analytical services , will be required . 

Pr ior ity Pollutants 

In 1979 , EPA ' s Off ice of Waste Management published a repor t ,  Water­
Related Environmental � of 129 Pr ior ity Pollutants . The pollutants 
l isted in this report i nclude the following classes : metals and inor­
ganics l pestic ides 1 polychlor inated biphenyls 1  halogenated al iphatic 
hydrocarbons 1 halogenated ethers 1  monocycl ic aromatics 1 phthalate 
ester s 1  polycyclic aromatic hydrocarbons 1 nitrosamines 1 and miscel-
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laneous compounds (Table 6-4 ) .  In attempting to develop cr iteria and 
standards for inorganic and organic chemical constituents in the reuse 
of renovated wastewater for potable purposes , reedited and abbreviated 
pr ior ity l istings for waterborne pollutants have been compiled (Andel­
aan , in pre&B J Environmental Protection Agency , 1977 J Lichtenberg , in 
press J Suffet,  in press) . With no exceptions , all the l isted chemical 
classes contain agents that have been shown to be carcinogenic in ani­
mal b ioassays , and some c lasses contain chemicals that are carcino­
genic in humans , according to epidemiolog ical evidence . Moreover , all 
the classes contain mutagenic substances , a property that i s  closely 
correlated with carcinogenic activity . 

Because of the human health hazards assoc iated with these Pr ior ity 
Pollutant mater ials and the existence of relatively standard methods 
of analysis , it i s  r easonable to include these compounds in monitor ing 
programs and preliminary testing stud ies at a frequency dictated by 
the level of positive f inding s .  

• sentinel Chemicals• 

The term • sentinel chemicals• embodies the concept that a l imited set 
of chemical compounds , wh ich are typical representat ives of major 
categor ies of substances believed to be hazardous to human health , 
can be used to provide a cr iter ion against wh ich the safety of 
dr ink ing water may be determined . Sentinel chemicals ultimately 
selected for routine analys is could be based on its possession of the 
following characteristics : 

typical representative of its chemical structural class , 
frequent occurrence in f inished drink ing water , 
high stability against biodegradation , 
by-product of large-volume chemical manufactur ing 

process (es) J 
h ighly tox ic ( including carcinogenic or mutugenic) in some 

mammalian species or cell lines or produces chromosome abnormalities , 
or 

chlor ination (or other halogenation) would probably increase 
the chemical ' s  toxicity .  

Th e  chemicals constituting the sentinel set a r e  likely t o  be 
uniqu� to each reuse s ite and would be identi fied only after detailed 
preliminary testing .  These sentinels would then be subj ected to con­
tinued monitor ing . This procedure provides for analyses of chemicals 
that may not appear on the l ist of Pr ior ity Pollutants , but that might 
contr ibute adverse health effects . 

Infect ious Agents and Their  Ind icators 

I t  might seem that the best approach for determining the presence of 
infectious agents in  water is to test for them d irectly . However , 
consider ing the different types of infectious agents that can be 
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TABLE 6-4 Groups of Pr ior ity Pollutant� 

Metals 
Antimony 
Arsenic 
BerylliWB 
Cadmium 
ChromiWB 
Copper 
Lead 
Mercury 
Nicke l 
SeleniWB 
S i lver 
ThalliWB 
Z inc 

Halogenated methanes (1 carbon) 
Methyl bromide 
Methyl chlor ide 
Methylene chlor ide 

(d ichloromethane ) 
Bromoform ( t r ibromomethane) 
Chloroform ( tr ichloromethane ) 
Bromodichloromethane 
D ibromochloromethane 
Dichlorodifluoromethane 
Tr ichlorofluoromethane 
Carbon tetrachlor ide 

( tetrachloromethane) 

Chlor inated (2 carbon) 
Chloroethane (ethyl chlor id e 
Chloroethylene (vinyl chlor ide) 
1 , 2-Dichloroethane (ethylene 

d ichlor ide) 
1 , 1-Dichloroethane 
1 , 2-trans-Dichloroethylene 
1 , 1-Dichloroethylene ( vinylidene 

chlor ide) 
1 , 1 , 2-Tr ichloroethane 
1 , 1-Tr ichloroethane (methyl 

chloroform) 
Tr ichloroethylene 
Tetrachloroethylene 
1 , 1 , 2 , 2-Tetrachloroethane 
Hexachloroethane 

Chlor inated (3 carbon) 
1 , 2-Dichloropropane 
1 , 3-Dichloropropylene 

Chlor inated (4 carbon) 
Hexachlorobutadiene 

Chlor inated (5 carbon) 
Hexachlorocyclopentadiene 

Chloroalkyl ethers 
Bis (chloromethyl) ethe r 
Bis ( 2-chloroethyl) ether 
Bis ( 2-chloroisopropyl) ethe r 
2-chloroethylvinyl ether 
Bis ( 2-chloroethoxy) methane 

Pest ic ides 
Aldr i n  
Dieldr i n  
Chlordane 
a -Endosulfan 
Endr in 
Endr in aldehyde 
Heptachlor 
Heptachlor epoxide 
a -BHC 
8 -BHC 
y-BHC ( l indane )  
6 -BHC 
4 , 4 ' -DDT 
4 , 4 ' -DDE (E•E ' -DDX) 
4 , 4 1 -DDD (21 2' -TDE ) 
Toxaphene 

Nitrosamine& 
�Nitrosodimethylamine 
!-Nitrosodiphenylamine 
�-Nitrosodi-�-propylaaine 

Miscellaneous 
Acrole i n  
Acrylonitr ile 
I sophorone 
Cyanide 

Aromat ics 
Benzene 
Toluene 
Ethyl benzene 
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Table 6-4 Continued 

Polyaromatics 
Naphthalene 
Acenaphthene 
Acenaphthylene 
Anthracene 
Benzo [!) anthracene ( l , 2-

benzanthracene) 
Benzo [!,) pyrene ( 3 ,  4-

benzopyrene 
3 , 4-Benzofluoranthene 
Benzo (�) fluoranthene ( l l , l2-

benzofluoranthene ) 
Benzo �) perylene ( l , l2-

benzoperylene) 
Chrysene 
D ibenzo (a,h) anthracene ( l , 2 , 5 , 6-

dibenzanthracene ) 
Fluorene 
Fluoranthene 
Indeno ( l , 2 , 3-£9) pyrene ( 2 , 3-� 

phenylene pyrene) 
Phenanthrene 
Pyrene 

Chloroaromatics 
Chlorobenzene 
a-Dichlorobenzene 
2-Dichlorobenzene 
m-Dichlorobenzene 
1 , 2 , 4-Tr ichlorobenzene 
Hexachlorobenzene 

Chlor inated polyaromatic 
2-Chloronaphthalene 

Polychlor inated biphenyls 
Seven l isted 

109  

Phthalate esters 
Bis ( 2-ethylhexyl) phthalate 
Butylbenzyl phthalate 
Di-�-butyl phthalate 
Di-�-octyl phthalate 
Diethyl phthalate 
D imethyl phthalate 

Nitroaromatics 
Nitrobenzene 
2 , 4-Dinitrotoluene 
2 , 6-Dinitrotoluene 

Benz id ine& 
Benz idine 
3 , 3 ' -Dichlorobenzidine 
1 , 2-Diphenylhydraz ine 

Phenols 
Pheno l 
2 , 4-Dimethylphenol 

Nitrophenols 
2-Nitropheno l 
4-Nitrophenol 
2 , 4-Dinitrophenol 
4 , 6-Dinitro-�creso l  

Chlorophenol& 
2-Chlorophenol 
4-Chloro-m-cresol 
2 , 4-Dichlorophenol 
2 , 4 , 6-Tr ichlorophenol 
Pentachlorophenol 
TCDD ( 2 , 3 , 7 , 8-tetrachlorod ibenzo-

�dioxin)  

Haloaryl ethers 
4-chlorophenylphenyl ethe r 
4-Bromophenylphenyl ethe r 

!prom Environmental Protection Agency , 1979 . 
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present in a raw domestic wastewater , treated effluent , receiving 
water , or the public water supply , this approach would require a vast 
number of tests , some of which involve coaplex , ti .. -consuaing , and 
often insensitive procedures . Furthermore , the density of d ifferent 
infectious agents var ies in different waters ,  including wastewater . 
Th is var iability ,  which makes the detection of infectious agents 
difficult and somewhat unreliable , is a function of the number of 
intestinal infections that can occur at d ifferent times in the 
contr ibuting wara-blooded population . In recognition of these 
constraints , it  has been common practice to use aicrobial indicators 
or surrogates to indicate fecal contamination of water . Because the 
source of most infectious agents is the feces of humans and other 
animals , the focus has been on the use of organisms ( indicators ) that 
occur naturally in the feces of warm-blooded animals . Such indicators 
suggest the presence or absence of fecal contamination in water and , 
at  the same ti .. , imply the presence or absence of infectious agents . 

To be a satisfactory indicator , an organisa or group of organisms 
should be present in the feces of warm-blooded animals at a density 
greater than that for any infectious agent 80 as to be easily and 
unambiguously detectable . There should be a positive correlation 
between the indicator and fecal contamination . There should also be 
soae correlation between the response of the indicator and the 
var ious infectious agents to different environaental conditions and 
treatment processes ( e . g . , d isinfection ) . 

Although there are other require .. nts for an acceptable indicator , 
these are perhaps the aost important . OVer the years ,  a number of 
d ifferent aicrobial indicator s have been proposed . Some used more 
coaaonly than others are d iscussed below . 

Total Coliforas 

S ince it was proposed soae 70 years ago, the most widely used 
aicrobial indicator group for deteraining the presence and intensity 
of fecal contamination in water has been the coliform bacter ia . The 
density of total coliforas in raw domestic wastewater may be as high 
as 1091100 ml , but in the United States the density most commonly 
r anges from 1 06 to 108/100 ml (Geldreich , l978 J World Health 
Organization , 1975) . 

over the years , the total coliform test has becoae an accepted 
indicator of fecal contamination , and there is ample evidence to 
j ustify this acceptance (National Academy of Sciences , 1980) . The 
occurrence of any coliform bacter ia in water should signal possible 
fecal contamination and the l ikel ihood that infectious agents aay be 
present.  

Because of i ts general acceptance , even with respect to 
monitor ing the adequacy of water treatment , the total coliform 
indicator system is  used as the basis for the EPA ' s  National Pr imary 
Dr inking Water Regulations for microbial agents . In practice , the 
absence of total coliforms in a potable water supply has been 
considered adequate evidence of a microbiolog ically safe supply J 
however , there have been instances where the total coliform test has 
not signaled the presence of waterborne Salmonella and Giardia 
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(McPeters  et al . ,  1978) . Purther.are , the coliform group of bacter i a  
is  leas resiatint t o  chlor ination,  the moat widely used means o f  water 
disinfection , than are ao.e other infectious agents , such as protozoan 
cysts and enteric v iruses . 

Fecal Coliforaa 

The use of the total coli form as an indicator of fecal contamination 
has been criticized because some strains of coliforma are widely di s­
tr ibuted throughout the environment . These strains , therefore ,  are 
not d i rectly associated with fecal matter , but may be present in 
wastewater . To overcome this d isadvantage , the fecal coliform teat 
has been used as perhaps a more exact measure of fecal contamination 
of water . Fecal coliforma constitute more than 90\ of the total coli­
foraa normally found in the feces of wara-blooded animals (Geldreich , 
1978) . The density of fecal coliform& in raw domestic wastewater 
r anges f rom 105 to 1061100 ml . Although fecal coliform• may be 
aore directly related to fecal contamination and their  measure may 
have certain other advantages over the total coliform indicator system 
(e . g . , leas regrowth in contaminated water ) , there rema ins the need to 
cor relate the occurrence of fecal coliform• in water with the presence 
of waterborne infectious agents . The total coliform indicator system 
has a demonstrated value in assessing the occurrence of infectious 
agents in water , but ita results may be conservative because i t  
offers a margin o f  safety not associated with the fecal coliform teat 
(Geldreich , 1978) . 

Fecal Streptococci 

The fecal streptococc i group of bacteria has been used as a measure 
of fecal contamination for appriximately 50 years .  Raw domestic 
wastewater may contain up to 10 fecal atreptococci/100 ml (Geldreich , 
1978) . As a group , the fecal streptococci include strains having 
var iable survival r ates and others having little s ignif icance as indi­
cator s of fecal contamination because of thei r  occurrence and repro­
duct ion outside of the intestinal tract of warm-blooded animals . 
Fecal streptococci can exist for extended per iods of time in certain 
waters .  

Clostr idium perfr ingena 

Th is anaerobic bacterium is commonly found in the feces of warm­
blooded animals , and ita use as an indicator of fecal contamination 
has been r igorously suppor ted in certain areas of Europe . However ,  
the organism i s  also regarded as being ubiquitous in nature (McPeter s 
� al. , 1978) .  Because i t  forma spores , Clostr idium per fringena per­
sists longer in water than do non-spore-forming bacter ia such as 
coli forms . 
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Standard Plate Count 

Th is technique , as currently used , measures the number of hetero­
troph ic bacteria in water . These microorganisas can grow at 3s•c . 
The standard plate can be as high as 10 10/100 al in raw wastewater 
and appears to provide additional valuable information relative to 
the presence of infectious agents in water . 

Other Indicators 

A number of other ind icators have been proposed , and some of them 
have been used to a limited extent . For the most par t ,  there is not 
enough information to determine the ir suitability or utility as indi­
cators of fecal contamination . The use of Pseudomonas spp . as an 
i ndicator group has been proposed , but they are ubiquitous in nature 
and actively reproduce in potable water and even in distilled water J 
thus , th is indicator has not generated much attention (McPeters � 
al . ,  1978) .  Fur thermore , because Pseudomonas can persist for an ex­
tended per iod in water , it has been observed in the absence of coli­
form bacter i a .  

Lactobacillus, B i fidobacter i um, and Bacteroides have also been 
proposed as indicator s (Geldreich , 1978) . These non-spore-forming 
anaerobic bacter ia occur generally at h igher dens ities in feces than 
do aerobic bacteria and frequently outnumber the coli foras . Unfor­
tunately ,  not all humans shed a detectable number of Lactobacillus 
and Bif idobacter ium in fecal matter . This observation , plus the i r  
poor survival in the aquatic environment , l imit thei r  utility a s  
indicator s of fecal contamination . Enumeration methodology is also a 
problem with these anaerobic bacter ia,  part icular ly in the case of 
the Bacteroides ,  which are obl igate anaerobes . 

The use of species of Aeromonas as an indicator of fecal contami­
nation of water has also been suggested . Member s  of thi s  genus of 
bacter ia are widely d istr ibuted in nature . Some of them are infec­
tious to aquatic animals (McPeters et al . , 1978)  and many are capable 
of long survival in the aquatic environment . For these and other 
reasons , Aeromonas has not generated much attention as an ind icator . 

I t  has also been proposed r ecently that acid-fast bacteria  aight 
be attractive as an indicator of disinfection eff icacy because their  
sensitivity to chlor ine i s  s imi lar to  that of several enteric v iruses 
that have been observed to have a resistance greater than that of the 
coliforms (Engelbrecht et al. , 1979) . Acid-fast bacter ia appear to 
be common inhabitants of raw domestic wastewater .  

The bacter iophage , par ticularly the coliphage,  has also been 
suggested as a suitable indicator of enter ic viruses and , perhaps , 
other infectious agents in water . Depend ing on the host culture , raw 
domestic wastewater may contain up to 106 coliphage/100 ml (Scarpino , 
1978) . Although l imited data indicate that there may be a correlation 
between the col iphage and enter ic viruses in water , other data indi­
c ate that the coliphage i s  an inadequate indicator . Noncoliphage 
organisms , such as Serratia marcescens and the staphylococcal bac­
ter iophage , have also been proposed as indicators of enteric viruses 
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(Scarpino ,  1978) . The bacter iophage may be par t icularly usefu l in 
evaluating removal or inactivation of v iruses by wastewater and water 
treatment processes . I t  appear s ,  however ,  that much remains to be 
learned about the bacter iophage in water , inc luding wastewater . 

Finally , the measurement of fecal sterols , adenos ine tr iphosphate 
( ATP) , and bacter ial endotoxins i n  water have been stud ied as r apid 
ind icator s of fecal contaminat ion or as providing poss ible supple­
mentary informat ion . For example , the Limulus endotox in assay has 
been invest igated for correlation with convent ional bacter ial indi­
cator tests (Jorgensen � a l . , 1 9 7 9 ) . When this  assay has  been used 
on environmental samples , the signif icance and interpretat ion of the 
results have been quest ionable . Thus , the utility of this test needs 
additional evaluat ion . 

Ideally , a microbiolog ical i nd icator should be selected that , when 
present in concentrat ions above an establ ished l imit , impl ies that the 
ingest ion of the water poses an unacceptable r isk of infecting its 
consumers . The results of the tests should be avai lable before f inal 
d istr ibution ( real-time ind icator ) J if the l imit i s  exceeded , the 
water should rece ive add itional treatment or another source of dr ink­
ing water should be obtained . 

MONITORING STRATEGIES 

In v iew of the many uncertainties regard ing chemical and biolog ical 
compos ition of wastewater inf luents to water renovation plants , both 
extens ive prel iminary and routine analyses should be performed . The 
cost of thi s  activity for reuse will be cons iderably greater than for 
ordinary water supply development .  Spec ial emphas is should be placed 
on analytical efforts before a renovation fac i l ity is actually oper­
ated . Benefits f rom such investments will include fewer uncer tainties 
about the var iabi lity in  qual ity of the wastewater to be renovated . 
Several months of sampling may be required to determine the day-to-day 
var iation in water quality to be expected at each s i te and to ident ify 
maj or i ndustr ial and urban contr ibutors to the wastewater f low 
streams . 

Monitor ing Fr equenc ies 

Determin ing the frequency for monitor ing i s  complicated . Among the 
f actors that must be considered are the d iurnal var iability ,  spatial 
var iability , seasonal var iability ,  and des irable detection levels . 
Co ns ideration of these f actors implies that s i te-spec i f ic monitor ing 
programs need to be implemented . In-depth pre l iminary studies should 
be conducted to determine ambient cond itions and the ir s tability .  
Subsequent monitor ing i s  then needed to detect shifts in  the qual ity 
of input . The treatment process ( at c r i t ical points) and the eff luent 
should be mon itored in �ccordance with predetermined detect ion levels . 
A f ter preliminary stud ies , the monitor ing frequency might reasonably 
sh i f t  pr imar i ly to the renovation plant operation itself , i . e . , in­
f luent , major treatment units , and e f f luent,  a long with any prereno-
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vation plant system inputs determined in the preliminary study to be 
particularly heavy industr ial contr ibutor s .  

Ideally , detection l imits for cheaical parameters should be de­
termined by maximum allowable concentrations established for the pro­
tection of public health . The limits can then be used to determine 
the necessary sample volume . Information gathered in the preliminary 
s tudy and aonitored at the influent can be used to spec ify frequency 
of sampl ing . Biological parameter s will be siailarly aonitored , but 
the amount of sampling should be determined by a d ifferent stat istical 
model . Unless preliminary data indicate otherwise , a log-normal model 
seems appropr iate for the chemical concentrations and the Poisson 
model for the biolog ical paraaeters . Continual check ing using •good­
ness-of-fit• procedures should be performed to detect model inade­
quacies . 

Sampling for and monitor ing of v iruses pose a spec ial problem. 
Unl ike analyses for spec ific chemicals , current methods for recovery 
and detection of viruses from large voluaes of water are subject to a 
h igh degree of uncertainty . 

In sampling for vi ruses , let A • virus density ( number per unit 
volume) , p • proportion counted ( recovery rate) , and V • volume. The 
expected number of viruses in volume V is pAV. The probabil ity of 
observing no viruses in volume V is exp [-pAV) . The upper 9 5t confi­
dence limi t on virus density is given by 

A u • -l n o .  0 5/pV • 3/pV. 

Th us ,  i f  the recovery r ate of viruses is 25t and i f  no viruses are 
discovered in 1 , 00 0  gallons of water , the upper 95t conf idence l imit 
is 3/0 . 2 5  x 1 , 000 • 0 . 0 12 or 1 virus per 8 3  gallons . 

Additional mathematical details on sampling and monitor ing ar e 
p resented in Appendix B .  
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Assessment and Criteria for Potable Water 
Reuse 

The Panel on Qual ity Cr iter ia for Water Reuse strong ly endorses the 
generally accepted concept that dr ink ing water should be obtained 
from the best quality source available . Because the costs of waste­
water treatment for potable use are h igh , it is antic ipated that reuse 
would be contemplated only in the few locations where alternatives are 
nonexistent or even more costly . In such events , cr iter ia to j udge 
the relative safety of the treated wastewater for human consumption 
are needed . Although it was for such a sett ing that the cr iter i a  
suggested in this  chapter were developed , i t  is  anticipated that they 
may also be useful for locat ions faced with signif icant ind irect 
potable reuse . 

When the r isk of treated wastewater is to be evaluated , an 
exper imental fac i l ity is required to evaluate process per formance and 
qual ity of treated wastewater under normal cond itions and with the 
var iat ions expected from operation of a full-scale system . To 
improve the poss ibility of the wastewater ' s  meeting acceptable 
cr iter ia , it should be a domestic wastewater selected f rom a source 
containing as l ittle industr ial and agr icultural waste and urban 
runoff as possible . The treatment systems selected should use a 
ser ies of processes that offer some redundancy in the i r  capability 
for removing the chemicals present . Operation of the plant i s  best 
with a constant f low , and added safety i s  generally provided by 
allowing production to be stopped in response to mechanical or 
i nfluent wastewater qual ity problems . Good monitor ing and control 
features are also necessary to provide adequate per formance 
rel iabil i ty .  

F i nally ,  provis ion o f  storage for the treated water would allow 
time for further natural decay processes to occur and to permit 
routine quality testing for mak ing dec isions about acceptability of 
the effluent for use by humans . A reuse treatment system must be 
monitored and controlled with full recognition of the potential 
hazards to the public that could result from operational failures . 
With these l imitations and considerations in mind ,  the panel 
developed the following criter ia for evaluating data descr ibing the 
r isks presented by consumption of treated wastewater relative to 
those from consumption of conventionally treated tap water . 

1 17 
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RECOMMENDED ANALYSES AND TESTS FOR QUALITY EVALUATION 

Th e  panel ' s  approach to establ ishing quality cr iter ia for water reuse 
relies heav ily on the bel ief that the relative degree of potential 
hazard to human health from treated wastewater can be estimated by 
comparative biolog ical testing and toxicolog ical testing of concen­
trates from treated wastewater and conventional water supplies . The 
sc ient ific considerat ions connected with thi s  estimation are the 
subject of the balance of this repor t .  

The thrust o f  the panel ' s  effor t was directed toward estimat ing 
r elative r isk from the consumption of treated wastewater 7 the c r i­
ter ia , therefore ,  involve comparative toxicological testing procedures 
and the ir interpretat ion. The panel d id not address other criteria,  
such as determining the degree of acceptabil ity associated with any 
r elative potential hazard , e . g . , economic cons iderations , availability 
of alternatives , and selected indices of publ ic preference . 

There has been l i ttle exper ience with or understanding of the 
potential or actual adverse health effects associated with the use of 
t reated wastewater for human consumption e ither through dr ink ing or 
its use in food processing . Therefore , the emphas is of this panel ' s  
r ecommendations is  that there be extensive analytical monitor ing and 
toxicity studies at the pilot-plant stage of a planned reuse system. 
At this t ime ,  such stud ies cannot be considered routine and certainly 
are not standardized or spec i f ied in advance as a r ig id , predetermined 
testing scheme . Indeed , in many ways the tests may have to be con­
s idered as research efforts , the results of which will  be used not 
only to provide a basis to assess the desirability to proceed with 
actual reuse but also to provide the information required to develop 
a monitor ing scheme for reused water should it become the option of 
choice . However , it is also reasonable to ant icipate that , with the 
successful development and operation of such systems , more standard­
ized testing protocols and evaluation methodolog ies wi ll  be generated 
in the future . Thus , the following sections propose testing schemes 
for pre-reuse (pilot ) studies to provide a data base to which would 
be applied the cr iteria  set forth in this  chapter . The panel recom­
mends that three types of data be initially monitored : dr ink ing wate r 
standards , i ndividual chemicals and microbiolog ical organisms , and 
the chemica l f ingerpr int of the concentrated mixtures . 

Dr ink ing Water Standards 

The analytical and monitor ing requirements of the Safe Dr inking Wate r 
Act ( PL 9 3-523)  apply to any reuse effort where the effluent from the 
renovat ion facil ity is directly connected to the water supply distr i­
bution system. In cases result ing i n  indirect reuse , these require­
ments must be met by the intake treatment process . In either case , 
i t  is assumed that the pr imary and secondary dr ink ing water standards 
(Environmental Protection Agency , 1975 , 1977 ) will be met along with 
the monitor ing and quality assurance requirements stipulated in the 
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Safe Drinking Water Act .  Furthermor e ,  it  i s  assumed that there will 
be compliance with all add itions and revis ions to these standards . 

Chemical Analysis 

I t i s  extremely important that every effor t be expended to establish 
the inorganic and organic compos ition of the inf luent and effluent of 
the pilot or treatment facility .  Th i s  analys is will involve surveys 
of all major domestic and industrial inputs to the wastewater col­
lection system , and of the influent to the treatment fac i l ity ,  to 
establish source and t ime var iations . Efforts should be made to 
character ize the removal eff iciencies of major unit operations in the 
treat .. nt train with regard to trace metals and specific organic 
contaminants . Concentration ranges for toxic trace elements such as 
arsenic , cadmium, chromium, copper , lead , mercury , selenium, and 
silver must be known or predicted . 

S imi lar ly , the compos ition and concentrat ions of major organic 
contaminants must be established . The effor t will unquest ionably 
involve the appl ication of relatively soph isticated gas chromato­
graphic/mass spectrometr ic (GC/MS) techniques . Useful guidelines for 
organic analyses have been suggested by McCar ty � a l .  ( 1980) . All 
organic constituents present in detectable concentrations (at least 1 
�g/l iter) should be identifiedJ spec ial attention should be paid to 
aromatic hydrocarbons , synthetic chlor inated compounds , chlor ination 
products , natural products , phthalate ester s ,  and miscellaneous 
compounds ident if ied in similar large-scale treatment projects . In 
addition to screening and analyzing detectable organic constituents , 
i t  i s  also recommended that a wide r ange of general and spec ific 
chemical parameters be targeted for analysis . Along with the poten­
t ially toxic inorganic substances mentioned above , monitor ing should 
be conducted to include the Environmental Protection Agency ' s  (EPA )  
Pr ior i ty Pollutants for which health cr iter ia documents have been 
developed , as well as other spec i f ic chemicals likely to be present 
and about which there is  information on adverse health effects . Stan­
dardized methodologies have been developed for identif ication and 
measurement of the Pr ior ity Pollutants . 

Although the util ity of surrogate chemical monitor ing is subjec t  
to question for the reasons discussed i n  earl ier chapters , preliminary 
and pilot-scale testing should involve analys is of surrogates (e . g . , 
total organic carbon and total organic halogens) to uncover relation­
ships , if any , that may have predictive value for changes in the 
effluent or i ts concentrates at the r euse s i te under development . 
These tests are relatively inexpensive and rapid 7 they provide a data 
base for correlations that may become evident only in the future . 

A special analytical problem i s  presented by the need to develop 
concentrates for tox icolog ical testing . It is necessary to determine 
the inorganic and organic compos it ion (chemical • f ingerpr int• ) of the 
concentrate . Th is  procedure involves extremely careful and extensive 
GC/MS analytical work , which , when compared with the inorganic and 
s ur rogate chemical data , will provide the only chemical indication of 
artifact formation or constituent loss as a result of the 
concentrat ion process . 
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Microbiolog ical Analys i s  

Acceptance o f  dr ink ing water for human consumption requ ires the 
development and implementation of limits based on the protection of 
public health from waterborne microbiolog ical d iseases . The federal 
standards for convent ionally treated water are listed in the Inter im 
Pr imary Dr ink ing Standards Water ( Environmental Protection Agency , 
1975) . For water reclaimed for potable use , the guidelines can be 
based on spec ific infectious agents , appropr iate indicator system ( s) , 
and/or requi red treatment . A guidel ine based on each spec i f ic 
infect ious agent i s  l i kely to be impractical because of the d ifferent 
types and dens ities that might be present , which in turn would 
necessitate a large number of d i fferent tests . Furthermor e ,  the 
current detect ion and enumeration methods for viruses , protozoa , 
helminths , and some bacteria are inadequate . The use of an indicator 
organism is more practical and is cur rently being used for coliform 
organisms J in fact , the maximum contaminant level (MCL) for the 
microbiolog ical quality of dr ink ing water is cur rently based solely 
on coliform bacter ia (Environmental Protection Agency , 1975) . In 
view of the avai lable data base , the col iform test is  adequate as an  
i ndicator of the infect ious enteric bacteria,  and perhaps other 
infectious agents , when a h igh qual ity raw water source i s  used for a 
water supply . However ,  for water reclaimed for potable use , the 
cur rent col iform test does not assess viral quality of the water , and 
i ts adequacy for indicat ing the presence or absence of some pathogenic 
bacter i a ,  infectious protozoa , and helminths is  uncertain . Studies 
on the reliability of the coliform bacter ia as an acceptable ind icator 
are needed , par ticular ly with respect to assess ing the microbiolog ica l 
quality of water reclaimed for potable use . Until the adequacy of the 
coliform test as an ind icator of the above pathogens is  established , 
specific tests for v iruses , infectious protozoa , helminths , and Sal­
monella should be conducted on any reclaimed water intended for 
potable use . Furthermore , other indicator systems , such as coliphage , 
ac id-fast bacter ia , and the standard plate count , should be stud ied 
as potential indicator s of the different infectious agents that m ight 
be found in reused water . I n  thi s  respect , no single ind icator system 
may be adequate 1 thus , several ind icators must be used for reliable 
assessment of the microbiolog ical qual ity of a reclaimed water . 

Tox ic ity Testing of Concentrated Mixtures 

The pane l proposes that reused water concentrates of organic sub­
s tances be tox icolog ically evaluated on a comparat ive bas is with 
conventional water concentrates from the same geograph ical location . 
Te sting should progress through three phases of evaluation . In Phase 
1 ,  short-term in vitro and in v ivo assays have been identif ied to 
a ssess mutagenic ,-cirCinogenic , and teratogenic potent ial J target 
organ toxicity ;  and clastogenic activity . Phases 2 and 3 should 
evaluate subchronic and chronic effects that would not become evident 
within the time frame of the Phase 1 assays . Progress ion of testing 
i nto Phases 2 and 3 should be dependent on the nature of the results 
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in Phase 1 or a determination of the relative r isk from reused water 
compared to a conventional water . The Phase 2 study is a 90-day 
subchronic evaluation of possible cumulative adverse effects such as 
targe t  organ toxicity ,  aberrant behavioral and physiolog ical func­
tions , and h istolog ical evidence of t issue alteration. Adverse 
reproductive effects should also be evaluated in Phase 2 . Phase 3 i s  
a combination chronic toxicity and carc inogenicity study . 

The tests identif ied for the Phase 1 evaluation can be performed 
in a relatively short t ime ,  permit evaluation of multiple samples 
from a reused water pur if ication process , and character ize some forms 
of i r r eversible toxic i ty ,  if any , that are generally of the greatest 
concern . Table 5-l ( in Chapter 5 ) outlines the several phases of 
toxicolog ical evaluation . 

CRITERIA FOR WATER REUSE EVALUATION 
SELECTION OF CONVENTIONAL WATERS FOR COMPARISON WITH REUSED WATER 

There appears to be no sc ient i f ic or soc ietal consensus as to what 
const i tutes an • ideal• potable water . Potability is determined by 
acceptability of taste and odor and the presumed absence of unaccept­
able adverse health effects . In the absence of an absolute , ideal 
water standard , the performance of a wastewater treatment fac i l i ty to 
produce potable water should be judged in compar ison with conventional 
dr i nk i� waters . The philosophy behind the Inter im Pr imary Dr ink ing 
water Regulations requ ires that water intended for human consumption 
should be taken from the h ighest quality source that is economically 
feasible . Accord ingly , in assess ing the adequacy of water being 
considered for potable r euse , compar ision should be made with the 
highest qual ity of water that can be obtained from that locality even 
though that source may not be in use . 

The qual ity of conventional water sources var ies from location to 
locat ion. W ith increased industr ialization and urban ization , it  
seems reasonable to  assume that the quality of the sources of some 
conventional potable water supplies will gradually change and possibly 
deter iorate . Because the panel recommends that the qual ity of reused 
water should be determined by compar ision to conventional waters , it 
would be useful to establish a reg istry of the compos ition of conven­
t ional water in all areas where potable reuse i s  contemplated or in 
prac t ice . Thi s  r egistry would represent a compilation of the known 
chemical and microbiolog ical compos itions of reg istered conventional 
water s ,  determined by standard testing procedures . Comparat ive 
tox ic ity testing (as  described in the r eport) should also be per formed 
per iod ically for waters l isted in the registry to serve as a baseline 
for future comparative testing . 

The reg istry would have two important benefits . First , it could 
be used to provide a wider-than-local comparative perspect ive by 
mak ing i t  poss ible to compare the toxicolog ical proper ties of treated 
was tewater at any location with those from any other source selected 
f rom the r eg i stry. Second , the existence of such a r eg istry would 
permi t the prel iminary evaluation of a proposed treated wastewater 
s upply with other local optional sources , i f  any exist.  
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Assessment of Results o f  Comparative Studies 

An objective of p ilot-plant stud ies i s  to evaluate the performance 
and reliability of a g iven treatment system or of alternative treat­
ment systems for the reclamation of a g iven source of wastewater . 
The operation under a selected mode should be of suff ic iently long 
duration to encompass seasonal changes in wastewater quality .  Data 
for both chemical and microbiolog ical analyses and toxicity testing 
should be representative of at least 1 full year of operation . 
Sufficient data must  be collected to provide an adequate data base 
for statistical analys is . The quality of the reclaimed water should 
then be compared with that of conventional sources available to the 
community in a comparative r isk assessment and , wherever appropr iate , 
with other sources such as those included in the suggested reg i stry 
descr ibed previously . Two phases of compar ison are proposed : one in 
relation to results of analyses of speci f ic constituents or group 
parameters and the other as related to results of toxicity testing of 
concentrates . 

M icrobiolog ical Cr iter ia 

Some criter ia have to be appl ied to ensure the microbiolog ical 
acceptability of a water suppiy .  Heretofore , i t  has been common 
practice to develop a public water supply from the h ighest quality 
water source available , for the most par t ,  this  practice has tended 
to minimize the r isk of transmitting infectious d isease . Currently , 
for a water to be potable , it must meet a maximum contaminant level 
(MCL) for coliform bacter ia , regardless of whether or not the source 

water has been indirectly affected by wastewater discharges . Even 
w i th source waters of reasonably good qual ity ,  there have been 
instances where the existing MCL has not been lOOt effective in 
protecting the public against waterborne d isease . Where a source 
water of poor microbiological quality is to be used , such as with 
potable r euse , more r igorous qual ity cr iter ia are required . It is  
generally agreed that there should be  no  detectable pat�ogenic agents 
in  water intended for human consumption . 

Guidel ines need to be related to particular sites in the overal l 
system, and monitor ing of these s i tes i s  necessary to ensure that the 
guidelines are maintained . The obvious s ites to mon itor for a direct 
potable water r euse system are ( 1 }  the wastewater treatment plant 
influent and effluent , ( 2 )  treated water , and ( 3 )  the water distr i­
bution system. The need for real-time monitor ing of the treated 
water before it is pumped into the water distr ibution system should 
be evaluated in detail . Monitor ing of the water d istr ibution system 
should cover all areas of the system and should be suf f ic iently 
frequent to provide a reasonable probability of determining the 
presence of infectious agents .  

In the case o f  potable reuse , there does not appear to be any 
major advantage ga ined by substituting the fecal coli form test for 
the total coli form test as an indicator system. That total coliforms 
exist in greater number than do fecal col iforms in wastewater provides 
an additional marg in of safety . Because raw water sources directly 
affected by wastewater clearly possess a greater health r isk than do 
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conventional waters ,  the current MC L  for potable water (based o n  the 
total col iform test)  is not adequate for reclaimed water , because the 
surrogates do not cover all forms of microbial agents . With potable 
reuse , the ideal would be a complete absence of total coliform 
bacter ia in samples of at least 1 l iter r however , this  may not be 
possible . 

Coliform bacter ia may be an adequate indicator for Salmonella and 
Shigella but perhaps not for all bacter ia and other infectious agents 
that might be present in domestic wastewater . The poss ible presence 
of other infectious agents must be considered with potable reuse and , 
in this case , perhaps a new indicator system ( s )  identified .  The 
standard plate count , for example , might be useful as a supplement to 
the total col iform test when mon itor ing the general bacter ial qual ity 
of the product water and assessing of disinfection efficiency . 

In consider ing a virus standard for reclaimed dr inking water , a 
WOr ld Health Organization (1979 ) sc ientific group concluded that •no 
v i ruses should be detectable in samples of between 100 and 1 , 00 0  
liters . •  Because there remains a need for a better understanding o f  
the reliabi l ity ,  l imit of  detection , and prec is ion of the current 
methods used for virus enumeration , there does not seem to be any way 
at present to establ ish a mean ingful guidel ine for viruses . I f  such 
a virus guidel ine could be established , based on current detection 
methods ,  there would still be problems in applying the methods to 
routine , real-time monitor ing . That is , when tested for enter ic 
v iruses , a min imum 2-week per iod i s  r equ ired before the results from 
a sample of water can be reported . It would seem reasonable , 
therefore ,  to identify a suitable indicator system for assessing the 
viral quality of a potable water . 

Currently , there is no standard procedure for the detection and 
enumeration of intestinal protozoan cysts or helminths in water 1 
consequently , i t  i s  not now feasible to cons ider establishing a 
guideline for their presence . A reliable procedure to detect them 
d irectly in water i s  needed . The relationship between coliform 
bacter ia and the presence or absence of infectious parasites in water 
i s  also currently unknown . 

It seems desirable to consider the development of MCL values , 
together with the establ ishment of cr iter ia regard ing the removal 
and/or inactivation of infectious agents and indicators of infectious 
agents achieved through water treatment . Included in this  approach 
i s  the need to have appropr iate indicator systems that r apidly , 
reliably , and (with an acceptable degree of sens itivity )  continuously 
monitor the microb iolog ical qual ity of the product water . 

Until such time that adequate detection methods and more infor ­
mation are available regarding var ious indicator systems , it is  
recommended that , based on  the total col iform test , a practical l imi t 
of less than 1 col iform/1 , 000  ml at least 9 0\ of the t ime and less 
than 1/100 ml at least 98\ of the time be establ ished for comparison 
w ith conventional waters r sampl ing frequency should be at least daily .  
For v iruses , there should be less than 1/1 , 000  liter . Testing for 
v iruses , as well as for protozoan cysts and helminth ova , should be 
per formed weekly us ing the best available detection methods . It i s  
further recommended that , based o n  daily sampl ing , the standard plate 
count bacter ia not exceed 100/ml . These recommendations are judged 
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to be reasonable in l ight of existing information . Although not par t 
of the spec ific r ecoa.endations , i t  is suggested that inforaation on 
the applicabil ity and su itability of other indicator systems ( e . g . , 
col iphage and ac id-fast bacter ia) be obtained at the same t i.e as the 
above recommended test ing . 

Constituent Chemical Analyses 

The compar ison of const ituent analyses for the r ec laimed and conven­
tional water s includes f irst an evaluation to see if both meet 
ex isting local water quality standards such as the EPA pr iaary and 
secondary dr inking water regulations . I f  the reclaimed water does 
not meet such standards , then it should be cons idered as carrying a 
greater r isk for dr ink ing water and for use in food process ing and , 
at a minimum , should be subjec ted to fur ther testing .  

Next , a compar ison o f  the microbial constituents and ind icators ,  
i nc lud ing v iral analys is,  should be performed . Compar i sons of con­
stituent analyses should follow for a nu.oer of other (unregulated ) 
specific inorganic and organic coapounds for which there currently 
are no standards , but whose concentrations are readily measured and 
which are believed to be potentially hazardous.  The presence of such 
chemicals , e . g . , EPA Pr ior ity Pollutants or sentinel chemicals ( see 
Chapter 6 ) , would constitute some degree of potential health r isk , 
the magnitude of which would be influenced by the nature ( i . e . , 
concentration and duration) of exposure .  

I f  the results o f  pilot-plant test ing ind icate that recla iaed 
water meets current dr ink ing water standards , and if all measures of 
biological contaminat ion and other ind ividual constituents indicate 
that the qual ity of reclaimed water is at least as good as that of 
water representative of •conventional• sources , then it can be con­
c luded that no greater health r isk has been demonstrated for the 
reclaimed water , with respect to these measured parameters only, than 
for the water from the conventional source . One bas is for such a 
compar ison i s  provided in the Safe Dr ink ing Water Committee ' s  repor t s  
entitled Dr ink ing Water and Health (National Acade.y of Sciences , 
1977 , 1980 , 1982 ) . Such a compar ison would ind icate i f  the reclai.ad 
water presents a larger , smaller , or essentially the same health r isk 
as does the conventional water . If the compar ison of results from 
constituent analyses ind icates that the r eclaimed water compares 
favorably in quality with that from conventional sources , then the 
next step would be to compare the r esults from toxicity testing of 
concentrates . 

S ince it is unl ikely that such a favorable compar ison would exist 
for all measures of water quality ,  further evaluation would be re­
quired for the constituents found in  h igher concentrations in the 
treated wastewater . One alternative then would be to alter the pilot 
treatment system or the wastewater source to improve the quality of 
the reclaimed water in an attempt to lower the levels of the con­
stituents in question. The conventional source may impose more r isk 
with respect to some const ituents , and the reclaimed source with 
r espect to others.  An evaluation of existing tox icolog ical data for 
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each of the constituents of concern would be necessary in mak ing such 
a comparative assessment . 

TOxicolog ical Evaluation of Mixtures of Uncharacter ized Substances 

Since there are many more compounds present in dr ink ing water sources 
than the few that could be considered individually and s ince the 
health concern is from exposure to mixtures , it is therefore necessary 
that r elevant m ixtures be tested and evaluated . The toxicolog ical 
assessment of treated wastewater is concelved as an evaluative 
process , progressing through three phases of testing . In each phase , 
the mixtures from concentrated treated wastewater are compared with 
concentrated mixtures from potable water obtained from a conventional 
source in order to aake a relative or comparative assessment of 
potential health hazards and r isks .  Although the conventional water 
may be regarded as • safe • by virture of its compliance with current 
dr ink ing water standards , developments in toxicity testing method­
ology aay demonstrate that the health r isks from the conventional 
water need to be reassessed . 

Phase 1 TOxicity Testing 

Phase 1 testing is designed to detect mutagenic and teratogen ic 
activity and carcinogenic potential , as well as to g ive an indication 
of acute target organ toxicity .  Th i s  initial comparative assessment 
of toxicity results in the character ization of treated wastewater as 
having a hazard equal to , greater than , or less than the hazard 
potential presented by convent ional water . Cer tain positive results 
in this phase of testing would lead to the conclusion that there is  
an  increased hazard potential for the reused water . In such cases , 
further testing would be unnecessary . I f both the conventional and 
reused water gave reproducibly negative results in th is phase , a more 
complete evaluation should be conducted in Phase 2 ( and possibly 
Phase 3 ) . Phase 2 is designed to detect subchronic ( 90-day) toxicity 
and reproductive toxicity .  Phase 3 is intended to detect carcino­
genicity as well as any other chronic adverse effects . Table 7-1 
l ists the proposed test ing phases and provides analyses of and 
comments on potential outcomes . 

For in v itro tests and in v ivo cytogenetics assays , duplicate 
analyses are needed for all samples . However , because of the natur e 
o f  the teratogenicity tests and 1 4-day , repeated-dose tox icity assays 
and the time required to per form them , duplicate analyses on the same 
sample are not requ i red .  

Th e  i n  v itro assays and i n  v ivo cytogenetics analyses should be 
per formed on water concentrates on a monthly schedule . The tera­
togen ic ity and the 1 4-day , repeated-dose toxicity determinations need 
to be per formed 3 times per year on three different samples . If , 
a fter 2 or 3 months of testing , reproducibly pos itive results are 
obtained in Phase 1 test ing , evaluation of water concentrates need 
not proceed to Phases 2 and 3 J  further testing in these models need 
not continue until  some alternative is implemented , e .g . , alteration 
of process treatmen t .  
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TABLE 7 - 1  Toxic ity Tests 

PHASE 1 

Conventional Water Reused Water 

In Vitro Tests 

Mutagenicity 
!n v itro transformation 

Acute toxic ity 
Teratogenicity 
Short-term , repeated dose 
studies--

14-day ( includes 
in � cytogenetic assay) 

Comparative Analysis  

Mutagenic ity 
!n �  transformation 

In Vivo Tests 

Acute toxicity 
Teratogenic ity 
Short-term, repeated dose 
stud ies--

14-day ( includes in � 
cytogenetic assay) 

1 .  Negative results ( no detectable tox ic ity)  in all assays on bOth 
water sources :  Proceed to Phase 2 .  

2 .  Pos itive results! in Phase 1 assays on reused water and 
negative results on conventional water indicate health r isks are  
g reater for  reused than for conventionally treated water . Options 
include the following : 

a .  Review treataent process and make improvements ' 
b . do not use water for human consumption ' or 
c .  use reused water for human consumption dur ing 

emergenc ies only . 

3 .  Positive result&! on conventional water and negative results on 
reused water indicate health r isks are less for reused water and 
testing should proceed to Phase 2 .  The assumption i s  made that use 
of conventional water represents an acceptable risk  by local and 
f ederal author ities. 

4 .  Positive result&! on both types o f  water : Quantitatively 
determine the levels of potency , and ascertain i f reused wate r 
r epresents a g reater or lesser health r isk . I f  the response i s  less 
with reused water and conventional water is believed to represent an 
acceptable r isk , proceed to Phase 2 testing . I f  health r isks are 
greater for reused water , then options under 2 (above ) should be 
considered . 
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TABLE 7-1 Continued 

5 .  Pos it ive results i n  bacter ial mutagenic ity tests , but negative 
results in mammalian cell gene mutation , in vivo cytogenetics tests , 
and in v itro transformat ion should be properly noted , but need not 
stop progression of test ing into Phase 2 .  This analysis recognizes 
the cur rent inability to draw conclusions about potent ial health 
r isks based on a single positive result in a prokaryot ic system . 

6 . A positive teratogenic ity test ind icates that the water contains 
compounds that are potentially teratogenic in humans . Opt ions 
include the following : 

Comments 

a .  Review treatment process and make improvements; 
b .  d o  not use the water for human consumption; 
c .  determine an est imate of r isk by compar ing the reused 

water with conventional water , which is assumed to 
r epresent an acceptable r iskJ  or 

d .  use reused water for human consumption dur ing 
emergenc ies only . 

1 .  The effect that any s ingle positive result or group of positive 
results will have on progression through the several phases of 
test ing should be determined by ind ividuals qual if ied in the 
appropr iate tox icolog ical sc iences . 

' 

2 .  Pos itive results showing either genotoxic ity or transformat ion 
activity ind icate that the water contains compounds that have 
potent ial genotoxic or carcinogenic r isk for humans . 

3 .  Pos itive resultsl i n  the 14-day , repeated-dose study ind icate 
the water i s  potentially toxic in humans . Inconclus ive results in  
that study may have to be resolved by a longer per iod of test ing such 
as the subchron ic 90-day Phase 2 study . Options include the 
following : 

a . Review treatment process and effect improvements , or 
b.  proceed to Phase 2 .  
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Conventional Water 

1. Subchronic 90-day study 
in at least one rodent species , 

preferably in two species 

2 .  Reproductive toxicity 

Comparative Analysi s  

128  

PHASE 2 

Reused Water 

1. Subchronic 9 0-day study 
in at least one rodent species , 
preferably in two species 

2 .  Reproductive toxic ity 

1 . Negative results ( no detectable toxic ity)  in both water sources :  
Proceed to Phase 3 .  

2 .  Positive results! on reused water concentrates;  no detectable 
toxicity or less severe effects with concentrates from conventional 
water : Reused water represents a greater health r isk than does 
conventional water . Options include the following : 

a .  Review treatment process and effect improvements , 
if possible ; 

b .  do not use water for human consumption; or 
c . use reused water for human consumption dur ing 

emergenc ies only . 

3 . Pos itive results! on conventional water and negative results on 
reused water : Health r isks are less for reused water and testing 
should proceed to Phase 3 .  The assumption i s  made that use of 
conventional water represents an acceptable r isk by local and federal 
author ities . 

4 .  Pos itive results! on both types of water : Quantitatively 
determine the levels of potency and ascertain i f  reused wate r 
represents a greater or lesser health r isk . I f  the response is less 
with reused water and conventional water is believed to represent an 
acceptable r isk,  proceed to Phase 3 testing . I f  health r isks are 
greater for reused water , then opt ions under 2 ( above ) should be 
considered . 
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TABLE 7- 1  Continued 

PHASE 3 

Conventional Water 

1 . Chronic lifetime feeding study 
in one spec ies of rodent 

Comparat ive Analys i s  

Reused water 

1 . Chronic l ifetime feeding 
study in one spec ies of rodent 

1 . Pos itive resultSl on reused water and negative results on 
conventional water indicate health r isks are greater for reused than 
for conventionally treated water . Options include the following : 

a .  Review treatment process and make improvements ; 
b . do not use water for human consumptions; or 
c .  use reused water for human consumption dur ing 

emergenc ies only . 

2 .  Pos itive results! on conventional water and negative results on 
reused water ind icate health risk  are less  for reused water . The 
assumpt ion is made that the use of conventional water represents an 
acceptable r isk by local and federal author ities . 

3 .  Negative results in both sources ind icate that the r isk is no 
d ifferent within l imitations of methods . 

!Posit ive results should be interpreted by individuals with 
expertise in the var ious aspects of toxicology represented by the 
tests . The following factors must be considered when positive 
results are obtained : 

types and locations of les ions and thei r  d ifferential 
importance 
sever ity of lesions in same organs 
response potency ( number of animals responding/dose ) 
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Evaluations of pos itive or negative results in any individual 
assay are dependent on the demonstration of dose-r esponse relation­
ships , statistically sign ificant increases over those of controls , or 
both . Compar isons between conventional and reused water must also be 
made on the basis of statistically signif icant and reproducible dif­
ferences der ived from test results on equal weight of total solutes . 

Phases 2 and 3 Toxicity Testing 

These two phases of evaluation deal with cumulative toxicity .  Phase 
2 consists of a subchronic , 90-day study in a rodent species (prefer ­
ably i n  two spec ies , one a nonrodent) and includes a n  assessment o f  
reproductive toxicity .  Phase 3 is a combination chron ic toxic i ty 
( including carcinogenicity )  study . These two phases of testing are 
especially important for substances for which there is  long-term 
r epeated exposure . An inherent d i f f iculty in these evaluations , as 
well as in other phases of test ing reused water , is a consequence o f  
u sing concentrates . Caution should b e  exercised in interpreting 
these data to ensure that the effects observed are not a phenomenon 
of the h igh doses necessary to elicit a response . These mixtures may 
produce effects that would not be real i zed if such solutes were 
present in an unconcentrated form. Recogn ition of this poss ibility 
makes i t  all the more important that qualif ied toxicolog ists evaluate 
r esults of all three phases of testing . Dose-response relationships 
and types of lesions that can result from testing concentrated mix­
tures need careful interpretation in order to reach r easoned j udgments 
on potential health effects for humans . Depending on geographic 
location and consequent solute compos ition , consumption by humans may 
not entail undue increased r isk , whereas other geographic areas may 
introduce contaminants that pose greater r isk to human health . 

Monitor ing and Testing in Actual Reuse 

For the most part ,  the extensive mon itor ing and toxicolog ical testing 
descr ibed in this  chapter are recommended pr imarily for the pilot­
plant studies of systems being considered for mun icipal wastewater 
reuse where product water will be used for human consumption and food 
processing . Because of the h igh cost of moni tor ing and toxicolog ical 
testing , it would be impractical to require these procedures at a 
f requency in which the costs far exceed the value of the information 
acquired in wastewater treatment systems regularly used to produce 
potable water . Nevertheless , to provide a reasonable assurance that 
undesirable constituents are not present at concentrations that pose 
a health r isk greater than that of conventionally treated water , it 
would be advisable to require more extensive monitor ing of reused 
water than is cur rently speci f ied , e .g . ,  in the Inter im Pr imary 
Dr ink ing Water Regulations (Environmental Protection Agency , 1975) , 
for conventionally treated publ ic water supplies . 

As d iscussed in Chapter 6 ,  speci f ic chemical and biolog ical 
constituents as well as surrogate or indicator parameters should be 
mon itored . Subject selection should be related in par t to the 
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results of the pilot-plant stud ies , wh ich may reveal some constituents 
whose concentrations may be j udged to pose unacceptable r isks to human 
health . Such constituents should be considered for routine monitor ­
ing .  Also , some o f  the nonspeci f ic chemical parameters (Chapter 6 , 
Table 6-3 ) should be selected , especially i f  they can be consistently 
correlated in the pilot-plant studies with the presence of high 
concentrations of spec i f ic chemicals or higher-than-normal hazards as 
indicated by the toxicolog ical tests . 

Similar considerations should apply to b iological pathogens and 
indicator organ isms . At this stage of l imited exper ience with 
treated wastewater , there i s  no clearly discernible set of parameter s  
that c an b e  specified for the routine monitor ing o r  MCL ' s for potable 
reuse supplies . As understanding of these systems develops and also 
as the scientific and technical commun ities become better able to 
assess the adverse health effects of trace concentrations  of spec i f i c  
chemicals or mixtures , it  may become poss ible t o  speci fy a pr ior i 
more prec ise monitor ing requirements for treated wastewater gen­
er ically , rather than to depend solely on j udgments related to the 
outcome of pilot plant studies at spec i f ic s ites . 

Finally , in those commun ities where reuse is practical , consid­
eration should be g iven to an occasional update of the full-scale 
analytical and toxicolog ical evaluations as recommended for the 
pilot-plant stud ies . There are two pr incipal reasons why these 
evaluations should be made . First,  until we have more exper ience 
with such testing and evaluation systems , it will be valuable to 
conf irm that there are no long-term adverse health effects as measured 
by the test systems currently in use . Second , it is likely that the 
sc ience of toxicolog ical testing and the technology of trace chemical 
measurement will continue to improve . Because the pr incipal concern 
with treated wastewater i s  the poss ible adverse health effects of 
trace chemicals , any methodolog ies that can ass ist in the assessment 
of their health consequences should be used as they are developed and 
val idated . 

The pr inc ipal focus and ultimate concern of th is study i s  to 
reduce the poss ible r isks to human health from the use of treated 
wastewater (both for direct consumption and in processed foods ) . 
Thus , an obvious question is the adv isability of epidemiolog ical 
investigations and of monitor ing of human health indices for popula­
tions using such water . Although some cons ideration might be g iven 
to undertak ing such assessments ( such as comparision of groups of 
humans before and after star t-up) , it is unl ikely that any low levels 
of incremental r isk would be identified in these communities if the 
previously stated cr iter ia for instituting wastewater reuse for human 
consumption are met . 

Summary 

The Panel on Qual ity Cr iter ia for Water Reuse believes that there is 
a cr itical need to evaluate reused water chemically , microb iolog ically 
and toxicolog ically . The panel has concluded that the most practical 
way to make j udgments about the potential health hazards of reused 
water i s  to compare i t  with conventional suppl ies which have r isks , 
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i f  any , that a r e  presumed t o  b e  acceptable . Th e  initial compar isons 
of conventional with reused water should be done on the basis  of 
identifiable individual compounds and microbiological organisas .  
Dr inking Water Standards , Pr ior ity Pollutants , other selected 
•sentinal• cheaicals ,  and additional aicrobiological indicators would 
first be deterained . The results of these tests would influence the 
need to proceed with additional testing s ince a reused water that 
failed such a compar ison would be rejected as not being •as safe as • 
a generally accepted conventional supply . 

Because of the practical impossibility of identifying and testing 
all of the individual coapounds present in reused water , it  is 
ultimately necessary to test mixtures of cheaicals . Since the 
available toxicological tests are relatively insensitive , it  is also 
necessary that the mixtures be concentrated to increase the 
sensitivity of the tests . 

The f inal compar ison between reused and conventional water is 
based on the outcomes of a series of tiered tests designed to give 
information on the relative toxicities of the concentrates froa the 
two water supplies . Phase 1 tests include in vitro assessaents of 
mutagenic and carcinogenic potential by aeans of microbial and 
mammalian cell autation and in vivo evaluations of acute and 
short-tera subchronic toxicity ,�atogenicity ,  and clastogenicity .  
Phase 2 includes a longer term ( 90-day) subchron ic study and a test  
for reproductive toxicity .  Phase 3 is a chron ic l ifetiae feeding 
study . I t is essential that the results of all the tests be 
validated and evaluated by well-qualified professionals in order to 
enhance the util ity of the comparative nature of thi s  assessment . 

Depending on the results of the var ious comparative test phases a 
judgment will be reached that reused water is as safe as , more safe 
than , or less safe than a conventional water supply which is presumed 
to be safe . The final decision to use treated wastewater for potable 
purposes or for food process ing can only be aade after a careful 
evaluation of potential health effects , treatment reliability ,  cost , 
necessity and public acceptance . 

REFERENCES 

Environaental Protection Agency . 1975.  Inter ia Pr imary Dr ink ing 
Water Standards . Fed . Reg . 40 1 11990-11998 .  

Environmental Protection Agency . 1977.  National Secondary Dr ink ing 
Water Regulations . Fed . Reg . 4 2 1 17143-17147 .  

McCarty ,  P . L . , J .  Kis sel , T .  Everhart ,  R .  Cooper , and c .  Leong . 
1980 . Mutagenic activity and chemical character ization for the 
Palo Alto Wastewater Reclamation and Groundwater Injection 
Facility .  Tech . Rep . No .  250 . Health Effects Research Laboratory , 
u . s .  Environmental Protection Agency , Cincinnati ,  Ohio . 6 5  pp. 

National Academy of Sciences . 1977 . Dr inking Water and Health . 
Safe Dr ink ing Water Committee , Advisory Center on Toxicology , 
Assembly of Life Sciences , National Research Council . National 
Academy Qf Sciences , Washington , D . C .  939  pp. 

National Academy of Sciences . 1980 . Dr inking Water and Health , 
Vol .  3 .  Safe Dr ink ing Water Committee , Board on Toxicology and 

Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


133  

Environmental Health Hazards , Assembly of Life Sciences , National 
Research Council . National Academy Pres s ,  Washington , D . C .  4 1 5  pp .  

National Academy o f  Sciences . 1982 . Dr inking Water and Health , 
Vol .  4 .  Safe Dr ink ing Water Committee , Board on Toxicology and 
Environmental Health Hazards , Assembly of Life Sciences , National 
Research Council . National Academy Press , washington , D . C .  2 9 9  pp . 

World Health Organization . 1979 . Human Viruses in Water , 
Wastewater and Soil . Tech . Rep. Ser . No . 639.  world Health 
Organ ization , Geneva , Switzerland . 50 pp . 

Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


Appendix A 

Concentration Methodologies for Preparation 
of Water Concentrates for Toxicity Testing 

Chapters 5 and 7 discuss a toxicity testing program that could be 
undertaken to assess the health s ignificance of wastewater reuse for 
potable water supplies . The suggested testing program includes a 
battery of in v ivo and in v itro tests to be conducted on concentrates 
of advanced wastewater treatment plant effluents that are candidates 
for potable water r euse , with a conventional dr inking water supply 
system to act as a control . Ideally , toxicity testing should be 
conducted on concentrates of water samples that are statistically 
(� < 0 . 05 )  representative of these two water systems . 

No s ingle concentration method for biolog ical testing and chem­
ical analys is is adequate for isolating all the organ ic constituents 
from the inorgan ic constituents and water in the sample matr ix . This 
methodolog ical def ic iency is particularly important when large volumes 
of water must be concentrated . Each concentration method has cer tain 
advantages and disadvantages ,  but all have the potential to alter 
organic constituents and suffer from differences in speci f ic ity 
( i . e . , different chemical classes or groups may not be concentrated 
or isolated to the same degree ) (Jolley , 1981) . Thus , the procedures 
recommended in this appendix to prepare concentrates represent 
practical choices w ithin stated l imitations . Two initial criter ia 
are (1) it is not expected or planned that volatile organ ics will be 
concentrated (but these would be evaluated by chemical analys is ) , and 
( 2 }  the salt concentrations in the concentrates should be kept below 
1% to min imize poss ible adverse e ffects on the b iolog ical systems 
used in the toxicolog ical evaluations . 

Por the toxicity testing proposed , i t  is not practical to 
effic iently isolate volatile organ ics with a boil ing point below 
1 0 0°C .  However , these chemicals may be analyzed by the purge and 
trap method (Bellar and Lichtenberg , 1974 r Environmental Protection 
Agency , 1979 J u.s. Geolog ical Survey , 1981 ) . If des ired , volatile 
organ ics can be reconstituted just before tox ic ity testing . 

Outl ines of the suggested testing protocols descr ibed in Chapter 
5 are shown in Tables A-1 and A-2 for the in vitro and in vivo 
systems , respectively . The purpose here is not to set forth a r ig id 
scheme , but rather to indicate the extent and nature of the water 
requirements and concentration factors that might be requ ired for 
toxicolog ical testing of wastewater renovation systems . It is  
apparent that the volumes of water to  be  concentrated are  much 
smaller for the in vitro as compared to the in vivo systems . In 
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TABLE A-1 !!l Vitro !!,!ll 

Test 

Ames/Salmonella 

Mammalian cell 

!!l vitro 
transformation 

No .  of P lates 

36  
{ 4  strains , 3 doses , 

each in tr iplicate ) 

9 
{ 1  cell type , 3 doses , 

each in tr iplicate ) 

15 
{ 1  cell type , 3 dose s ,  
5 plates/dose ) 

Doses 
{mg TOC.!./ 
plate) 

10 , 1 , 0 . 1  

1 ,  0 . 1 , 0 . 0 1 

1 ,  0 . 1 , 0 . 0 1  

Assuming water to be concentrated contains : 
�OC • total organic carbon.  
� mg TOC/liter { and 300  mg total dissolved solids/l iter ) .  
£6 mg 'l'OC/liter { and 600  mg total d issolved sol ids/liter) . 

Total TOC.!. 
Required 
{mg)  

133 

10 

17 

Volume Required 
to Concentrate 
{ l iters )  

u.e o r  2 2£ 

Concen­
tration 
Factor 

To dryness 

To drynes s 

To dryness 

NOTE : Each test i s  to be performed monthly and separately in both the renovated water and the conven­
t ional water . The l isted requirements are those of each month ' s  teats for each type of water being 
tested . 
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TABLE A-2 .!!! .Y!!2 � 

Exposure 
Test Frequency Per iod 

Teratogen ic i ty 3/yr 5 day s 
with two spec ies 5 days 

Tox ic i ty ( acute ) 1/yr l day 

Short- term 3/yr 14 days 
repeated dose 
( 14-day )  

S ubchronic 1/yr 75 days 

Reproduct ive l/yr 75 days 
phase , F 1a 
( follows subchron i c  
test ) 

Reproduc t ive l/yr 75 days 
phase , F2 a1 
( follows reproduc-
t ive phase F1a l 

Chronic Once 24- 3 0  .0 
l i fetiae 

Assuae s that the unconcentrated water contains : 
.!3 89 TOC/ l i ter • 

.26 89 TOC/ l i ter . 

Number of 
Ani11111ls/Dose 

Mouse ( 2 5 )  
Ra t  ( 2 5 )  

Rat 
( 10 :  SM , S F )  

Rat 
( 2 0 : 10M , lOF ) 

Rat 
( 4 0 : 2 0M ,  20F )  
Rat 
( 4 0 : 20M ,  20F )  

Rat 
( 4 0 : 20M ,  20F) 

Rat 
( 100 : SOM, SOF) 

£Baaed on a water intake of 3 ml/day/mouse J 2 5  al/day/ r a t .  

Volume of Water 
to be Concentrated/ 

Number Exposu r e  
of Dose Concentrat ion Per iod/Te s t  
Levels Factor ( l iters ) £  

3 4 0 0  - 1 , 7 0 0  7 00.2 - 1 , 4 0 0.! 
3 650 - 2 , 7 0 0  9 , 300.2 - 19 , 000.! 

3 100 , soo , 1 , 000 4 00 

3 100 , 200 , 4 00 4 , 90 0  

3 100 , 2 0 0 , 4 0 0  5 2 , 500 

3 100 , 2 00 ,  4 0 0  5 2 , 500 

3 1 0 0 , 200 ,  4 0 0  5 2 , 500 

3 100 , 2 0 0 , 4 0 0  1 . 3  - 1 . 6  X 10 6 

NOTB :  Each test is to be per foraed separately on both the renovated water and conventional water .  The l i sted 
r equ i r e  .. nts are those for each type of water and each test1 the f r equency i s also ind icated . 

..... 
w 
...., 
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fact , the latter require substantial amounts of water . For the 
chronic l i fetime s tudy alone , 1 , 750 l i ters of water per day would 
have to be concentrated down to a volume of 2 . 5  l iters  to provide 
test dosages for administration to 100 rats for each water type being 
tested . Within this requirement ,  three different aliquots of the 
1 , 750  l iters would requ ire separate concentration factors of 100 ,  
200 , and 400 , respectively , a s  indicated i n  Table A-2 .  It  is  thus 
apparent that preparation of the water concentrates for toxicity 
testing requires both a substantial and complex effor t .  Also ,  i f  
archival samples and/or samples for chemical analysis are needed or 
requ ired , then the water sample size must be increased accordingly . 

Before beg inning the toxicity testing program, each of the con­
centration procedures recommended must  first be tested at the water 
t reatment s ite ( sample collection s ite) to ensure adequacy of the 
concentration method , e . g . , solubil ity of the components , minimization 
of artifacts , and development of a qual ity assurance program. A 
useful approach would be to perform a mass balance , based on total 
and purgeable organ ic carbon dur ing th is initial testing per iod . 

RECOMMENDED CONCENTRATION PROCEDURES 

Sample Volumes < 1 0 0  Liters , High Concentration Factor 

Lyophilization ( freeze drying ) is a feas ible process for concen­
trating l imited numbers  of so- to 100-l iter samples to relatively 
h igh degrees of concentration ( e . g . , 3 , 000-fold to dryness ) .  Thus , 
lyophilization is one method of choice for prepar ing samples for the 
in v ivo tests . 

Bacter ial mutagenes is tests have been conducted using d istilled 
water solutions of the freeze-dr ied res idues (wastewater effluents 
concentrated up to 3 , 000-fold) (CUmming et  a l . , 1979 ) and partially 
freeze-dr ied samples (wastewater effluents concentrated 10-fold ) 
( POster and Wilson , 1981) . H igh salt concentrations in such con­

centrates may cause toxic ity problems in the bacter ial tests . The 
use of d imethylsulfoxide (DMSO) or methanol to extract the organic 
constituents from the freeze-dr ied res idues for mutagenicity tests 
should be investigated . 

D ialys is of concentrated solutions of the freeze-dr ied res idues 
to remove the high salt concentration can result in unacceptable 
losses of low molecular weight (MW) organic compounds . Ultrafiltra­
tion with 1 , 000-MW cutoff membranes will remove essentially all 
inorganic salts (F. Lightly , Osmonics , Inc . , personal commun ication , 
1982) , but will result in unacceptable loss of low MW organ ic 
compounds . The 2 00-MW cutoff ultrafiltration membranes rej ect only 
5% of the inorgan ic salts , consequently , the concentrates would have 
to be d iluted more than 20-fold with d istilled water dur ing the 
ultrafiltration process (diafiltration ) to desalt the concentrate . 
Th is use of large volumes of d istilled or deion ized water to • r inse• 
the concentrate may be unacceptable because of poss ible introduction 
of artifacts or toxic mater ials (Cheh et a l . , 1981) . 

A second method of choice is adsorption on solid adsorbents . 
Adsorption on XAD resins (Junk et �· · 1976)  and extraction of the 

Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


139  

adsorbed organ ics with methanol or acetone ( Flanagan and Allen , 1981 1 
McCar ty � !l· • 1980 1 Neal � al . , 1980 ) may be used conveniently 
w i th s o- to 100-l iter sample volumes . In addition to such solvents , 
some investigators use dilute acid and base washes to facilitate 
removal of adsorbed organ ics from XAD resins , followed by neutraliza­
tion of the washes and ether extraction (Kopperman et al . ,  1978 ) .  
However , recovery of organ ic constituents from water-samples by XAD 
adsorption i s  l imited (e . g . , only s'-20' of the total organ ic carbon 
is recovered , although this recovery included 6 0,-80' of the neutral 
organic compounds ) (Poster and Wilson , 1981 ) . 

The resin bed used should have sufficient capacity for the sample 
to be concentrated . If capacity is not carefully determined for a 
particular source water , the sample collected will contain only the 
well-adsorbed species because of competitive adsorption (Suffet � 
a l . , 1982 ) . The dechlor ination of a sample by sulf ite before the 
application of the water to a res in column has been shown . to decrease 
the mutagenic activity of a sample (Cheh � a l . , 1980 ) . Therefor e ,  
the use of a dechlor ination agent before applying the water t o  a 
res in bed must be evaluated against the artifact formation in a resin 
bed from the reaction of chlor ine with the resin matr ix . 

Use of solvent extraction is also a potentially feas ible process . 
This is an engineer ing uni t  operation that is well-adapted to con­
t inuous process ing . I t  has been successfully used to isolate 
nonpolar compounds of boiling point >100°C  (Yohe et al . ,  1979) . 
Solvent extraction may be a useful process for routinely concen­
trating SO to 100 l iters of water . Its major drawback is evaporation 
and recovery for reuse of large volumes of the organic solvent .  
Other problem areas that must b e  considered are pur if ication o f  
sufficient solvent and minimization of artifact formation by heat . 

Sample Volumes > 100  Liters ,  Medium Concentration Factor 

Long-term daily concentration of large-volume samples ( e .g . , for 
l ifetime in vivo tests ) requ ires that the concentration procedure be 
rel iable , relatively easy to maintain , and capable of being operated 
continuously for long per iods . Thus , because of proven utility in  
industr ial applications , ultrafiltration i s  one method of choice for 
concentrating large-volume samples , particularly if the toxicity 
tests can be conducted on concentrates of < 1 , 000  MW-organic 
constituents . Ultraf iltration with 1 , 000-MW cutoff membranes and 
essentially complete salt rejection can be used rouitinely to process 
large volumes of water for preparation of essentially • salt-free•  
concentrates ( F .  Lightly , Osmonics , Inc . , personal communication , 
1982) . 

Use of ultrafiltration membranes w i th increas ingly lower MW 
cutoffs produces concentrates with increas ingly h igher salt con­
centrates . For example , 200-MW cutoff membranes reject only S' 
salt . Consequently , the concentrates mus t  be diluted with distilled 
water and ultraf iltered again . The d iaf iltration process is con­
ducted continuously , but may require large-scale dilution or r insing 
of the concentrate . However ,  use of very large volumes of d ilution 
water may be unacceptable . 
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Reverse oa.osis (RO) is essentially the aaae process as ultra­
f iltration with l imited salt rejection. Kopfler and coworkers ( 1977 ) 
used RO in caabination with solvent extraction and XAD adsorption . 

· Solvent extraction with pentane and methylene chloride was used to 
reaove organics from the RO retentate , i . e . , for desalting , and XAD 
was used for adsorption of the intractable& f rom the extracted r eten­
tate . Although liaited in recovery of organics ( 30\ to 40\) , this 
coabination procedure bas been used successfully to concentrate large 
voluaes of water . 

Use of solid adsorbent& ( e . g . , XAD) and solvent extraction repre­
sent feasible eng ineering processes for concentrating large volumes 
of water . However , scaleup, cleaning , and prepar ing large quantities 
of solid adsorbent may be technically diff icult to accomplish . As an 
engineer ing process , solvent extraction should be readily applicable 
to continuous processing of large-volume saaples . However , the cave­
ats mentioned previously are applicable , particularly to large-volume 
processing . More work is needed in this area . 

GENERAL CONSIDBRA'fiONS 

Sampling 

Composite or continuous sampling provides water saaples more repre­
sentative of renovated water effluents . I f  possible , such saaples 
should be processed innediately to avoid changes dur ing storage . 
However , collection of small-volume samples may be more easily 
obtained by batch sampling . 

Storage 

If  samples must be stored for short per iods before concentration, 
they should be kept just above 0 °C . Concentrates or dried organic 
residues from extraction or lyophilization processes should be stored 
at -40°C or lower . 'fhere is l ittle information regarding the stab i l­
i ty of samples stored cryogenically . Long-term storage of large 
samples should be avoided because of the considerable length of time 
r equired to thaw samples of SO to 100 l iters . 'fhus , research is 
needed to determine the best method for storage of such samples to 
prevent the ir degradation and the development of artifacts .  

SUMMARY 

A var iety of techniques can be used to concentrate water for toxic i ty 
testing , all have some limitations . 'fhus , a combination of procedures 
is recommended to improve the recoverability of the wide range of com­
pounds likely to be encountered . For example , if the sample volumes 
are less than 100 l i ters and if h igh concentrations are r equired ,  lyo­
philization and ultraf iltration can be used . In contrast , i f  saaple 
volumes are g reater than 100 l i ters and if medium concentration i s  
des ired , ultraf iltration followed by dialys is might be appropr iate . 
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Reverse osmos is  is another alternative . I n  any event , the procedures 
or the ir combination should be evaluated for the speci f ic water being 
tested in teras of recoverability of either spec i f ic organic 
constituents or gross organic parameters such as total organic carbon .  
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Appendix B 

Further Statistical Details on Sampling 

The mean , variance , and coe fficient of variation for a composite sample 
are developed within this section . Given n independent sample values 

. h 
. 

d . 2 x
1

, x
2

, • • •  , X
n 

w� t expectat�ons � 1
, � 2

, • • . , �n
an var�ances o

1 
, 

o
2

2 , • • . , o
n

2 ' the expectation and vari ance o f  the compos ite of x
1

, 

x
2

, • • .  , x
n 

represented by 

n 
where I: a

. i=l � 

* ( Z  ) 
n 

and 

z 
n 

1 ,  can be calculated as 

n 
* ( I: a .  

i=l � 

n 2 I: ( 0 
i=l a 

2 2 
o

i 
) + 

+ � 
2

) 0 . 
a � 

2 

n 
var ( I: 

i=l 

n 
+ I: 

i= l 

a .  �i
) 

� 

n 
I: cov ( a . , a . ) �i � j

, 
i= j � J 

where a =  ( a
1

, a
2

, • • .  , a
n

) and � a
' o

a
2

, and cov ( a
i

, a
j

) are the me an ,  

variance , and covari ances o f  the a ' s ,  respe ctive ly . 

143 

Copyr ight  © Nat ional  Academy of  Sciences.  Al l  r ights reserved.

Qual i ty  Cr i ter ia for  Water  Reuse
ht tp: / /www.nap.edu/cata log.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


144 

is  perfect ( a
l 

1 
then If compositing = a2 a n-> · n 

* 1 n 
( Z ) I: 

n n i=l 

Then , the coe fficient 

cv (Z ) 
n 

I f  
2 2 

0
1 

02 C1 

1 n 2 
lli \In 

and var ( Z
n

) il! i:l 
a .  

� 

of variation ( CV) for the composite 

(
1 £ 0 . 2 ) ; n 

0 . 2 ) ; ( I: � i=l � i=l � 

lli n n I: I: lli i=l n i=l 

2 
= 

n 
2 

then , C1 , 

rn a 
n 
I: \1 .  

i= l � 

C1 

rn �  
n 

is  
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factor o f  --1-. This seems to be in keeping with the res ults from Water 
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Factory 2 1 .  
I t  has frequently been noted that measurements o f  water constituents 

are described by a log-normal distribution . That is , y
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are nor-

mally distributed . Then the confidence interval for the average of the 
logari thms is 
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where s
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= s/x = c ,  the coe fficient of vari ation . Confidence limi ts 

on the untrans formed scale are obtained by taking the anti- logarithms . 

This results in the con fidence limits being determined wi thin a factor 
F = exp ( tcj /:0) of  the mean . The values of t for 95\ con fidence limi ts 
range from 2 . 78 for 5 samples down to 1 . 96 for an infini te number o f  
samples . I f  we use t = 3 to cover the case for a small number o f  sam­
ples , the me an generally would be es timated wi thin a factor o f  
F = exp ( 3c//n) . Solving for n gives an estimate o f  the number o f  sam­
ples required to estimate the mean within a fac tor o f  F ,  

n = (__]£_) 2 
lnF • 

Copyright © National Academy of Sciences. All rights reserved.

Quality Criteria for Water Reuse
http://www.nap.edu/catalog.php?record_id=19574

http://www.nap.edu/catalog.php?record_id=19574


145  

For example , suppose the coe fficient o f  vari ation were 0 . 5  and one de­
sires  to estimate the mean within a factor o f  2 , then n = ( 3  x 0 . 5/ln2 ) 2 

4 . 6 8 or 5 s amples would be required . I f  the calculated value of n were 
much di fferent than 5 , then the value o f  3 should be replaced by the ap­
propri ate value of t and n recalculated . 

Wate r consti tuents are moni tored by s ampling . Water samples may 
be a grab sample at some point , a composite o f  several grab samples over 
a period of time , or a continuous s ample over a period of time . The ques­
tion being addressed is how representative is  a sample over some longer 
pe riod? Let x . represent the measurement of a wate r consti tuent from the 

th 
� 

i sample , where i = 1 , 2 , . . .  , n s amples . I f  the x
i

' s  are identically 

independent , normally distributed measurements , then the confidence 
limi ts for the true average value of the consti tuent is 

X ± 
ts 

rn 

where x is the mean value o f  the x
i

' s ,  the value is selected for the 

desired level of confidence with ( n  - 1 ) degrees of freedom , and the 
standard devi ation is given by 
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It is desirable to restrict the width of the con fidence interval to 
±w ; then the expected number o f  samples requi red is 

n ( ts/w )
2

. 
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