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8.1 Introduction 
Freshwater is a finite resource, and readily accessible supplies are becom 
ing less abundant. With water scarcity a reality in many parts of the world, 
increases in population and income along with the impacts of climate 
change are expected to further exacerbate this issue. Achieving sustainable 
solutions is compounded by the energy demands of obtaining, storing, 
and producing a safe water supply. Approximately 1.4 kWh of energy are 
needed to collect and treat 1,000 gallons of surface water, and 1.8 kWh are 
needed to collect and treat a similar volume of groundwater (Burton, 1996; 
Elliot et al., 2003). For water treatment, most of this requirement is from 
pumping either raw or treated water or some concentrated waste stream. 
There is, of course, energy associated with manufacturing and delivering 
materials and chemicals used during pumping and treatment. Therefore, 
the distances to a water source and its quality could have a large energy 
unplication from a life cycle perspective (Mo et al., 2011). 
And as society develops less desirable sources of water to meet 

increasing demand, the amount of embodied energy in our water supply 
is expected to increase. Consequently, there is a need to develop an 
integrated systems approach to water management strategies (for exam 
ple, sustainable watershed management, water conservation, and water 
reuse practices) to meet the global demand for safe drinking water. In 
terms of reuse, approximately 12 billion gallons of municipal effluent is 
discharged daily to an ocean or estuary (out of 32 billion gallons dis 
charged every day in the United States). Much of this discharge still 
contains nutrients that harm coastal ecosystems. If society would only 
reuse these coastal discharges, we could augment 6 percent of the 
estimated total water use in the United States, which is equivalent to 
27 percent of public water supply (NRC, 2012). 

The purpose of water treatment is to provide potable water that is 
palatable. Potable water refers to water that is healthy for human 
consumption and free of harmful microorganisms and organic and 
inorganic compounds that either cause adverse physiological effects or 
do not taste good. Palatable describes water that is aesthetically accept 
able to drink or free from turbidity, color, odor, and objectionable taste. 
Water that is palatable may not be safe. 

In developed countries, water is treated to be both potable and 
atable. However, some people do not like the palatability of munic- 
1 waters, and this has given rise to the increaseduse of household 
int-of-use treatment systems and bottled water. Bottled water has 
ded an additional layer of embodied energy to water, because petro 

is used to produce the water container, and there are recycling or 
P0sal costs for the bottles during their end-of-life life stage. 
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Global Definitions of Improved Water Supplies 

Global Definitions of Improved and Unimproved 
Water Supplies 

Improved Water Supplies Unimproved Water Supplies 

Household connections Unprotected well 

Public standpipes Unprotected spring 

Boreholes Vendor-provided water 

Protected dug wells Bottled water 

Protected springs Tanker truck-provided 
Rainwater collection water 

For those working on engineering projects in the devel 
oping world, a water supply can be improved with 
many types of projects and appropriate technology, 
from protecting a water source to building a distribu 
tion system. Table 8.1 describes how the World Health 
Organization (WHO) defines unimproved and improved 
water supplies. Bottled water is considered unimproved 
because of possible problems of sufficient quantity, not 

quality). ,-- 200 , 
~ 150 
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General Classification 

Major inorganic 
constituents 

Minor inorganic 
constituents 

Naturally occurring 
organic compounds 

Anthropogenic 
organic constituents 

Characteristics of Untreated Water 

zinc, arsenic 

Most consumers expect drinking water to be clear, colorless, odorless, 100 

and free of harmful chemicals and pathogenic microorganisms. Naiu 50 

ral waters usually contain some degree of dissolved, particulate, and 
microbiological constituents, which are obtained from the surroundini 
environment. Table 8.2 summarizes many of the important chemical 
and biological constituents found in water. Chapter 7 discussed how 
precipitation and land use impact the quantity and quality of runoff important water lit . 
that enters a watershed. Figure 8.1 shows specifically how several change over the s qua i Yb constituents (specifically TOC and col ) eason ecause of sea 1 h . or 

. . Natural geologic weathering r sona c ange~ m precipitation. 
i .' inorganic ions into water and th p ocesses can impart dissolved 

color, hardness, taste, od~r and hes~t~an ~ause problems related to 
water, which is derived from d ea .. Dissolved organic matter in 
yellowish or brownish color t th ecaymg vegetation, can impart a 
~vironment can cause small o~ co~:;t~\ The su:rounding terrestrial 
~he water, which impart a turbid or :10:J particles to be suspended 
turally occurring microor . y appearance of the water 

protozoa can make their ga~isms such as bacteria, viruses and 
es s way mto natural t d ' Vi . ynthetic organic chemicals (SOC ) wa ers an cause health 
ronment and cause chr . s can be released into the 

. a~uatic life. Consequ:;t o: a:ute ~ealth P:oblems to humans 
ob1ological characteristics ~ d tat~ s ph~sical, chemical, and 
operation of a supply d t ee o e considered in the design 

an reatment system. 

,] 

Concentration of Major Constituents Found in Water 

Specific Constituents 
Calcium (Ca2+), chloride (Cl"), fluoride (F-), iron (Fe

2
+), 

manganese (Mn2+), nitrate (NO3-), sodium (Na+), 
sulfur (SOl-, HS-) 
Cadmium, chromium, copper, lead, mercury, nickel, 

Naturally occurring organic matter (NOM) that is measured 
as total organic carbon (TOC) 
Synthetic organic chemicals (SOCs) and emerging chemicals 
of concern used in industry, households, and agriculture 
(e.g., benzene, methyl tert-butyl ether, tetrachloroethylene, 
trichloroethylene, vinyl chloride, alachlor) 

1-1,000 mg/L 

0.1-10 µ,g/L 

0.1-20 mg/L 

Below 1 µ,g/L and up t 
tens of mg/L 

Millions 
Living organisms Bacteria, algae, viruses 
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PHYSICAL CHARACTERISTICS 
I aggregate physical characteristi f or untreated water) are used to ics oifynatural water (also referred to 
~ter. These parameters, d!~::ed !~e ;r:iearance or aest~e~cs 
nd type of particles, color, taste and odor ean8d.3t, are turbidity, , emperature. 

~g~e I 8.1 Seasonal Differences in 
R and Color of Hillsborough River 
aw Water That Serves the City of 

Tampa (FL) Water Treatment Plant 
(2009-2011) The water quality 
fluctu_ates largely over the course of the 
year, impacting the treatment process in 
m~ny ~ays. The river's source water is 
primarily the Green Swamp located . 
Central Florida. During the t m (J we season 
une-Sept_ember), TOC and color 

concentrations spike from the large , 
amount of organic matter flushed out of 
the swamp and river tributaries by 
heavy rains. 
(Courtesy of Dustin Bales 2012· ith .. ' , WI permission]. 

..... 

Te~t Your Knowledge of Water 
Us,~g Behaviors and Water 
Savmg Opportunities 
http://epa.gov/watersense/ 
test_your _watersense.html 

Drinking Water at the World 
Health Organization 
http:/ /www.who.int/topics/ 
drinking_water/en/ ,. 
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Turbidity 

Particles 

Color 

Taste and 
odor 

Temperature 

removal of Giardia and Cry t 'd. and Norton 1995) Ac Pd?spolrz tum cysts from water (LeChevallier 
. , . cor mg y many tre t t f ·1· . 

online particle counters to e 1 , t a men aci ities employ 
in process-control d . . va ua e process performance and to aid 

Turbidity measures the optical clarity of water. It is caused by the scattering and absorbance of light by S d d . ecisions. 

d 
d ti 1 · th t uspen e particles such as 1 · . • suspen e par c es m e wa er. and silt can be removed b a gae,_ orgamc ~ebns, protozoa cysts, 

A turbidimeter is used to measure the interference of the light passage through the water. Turbidity is I filtration methods. CoagulaJo~oa:'J~tiona11 s_ed1mentation and depth 
reported in terms of nephelometric turbidity units (NTU). colloidal particles However _occu atien-processes can remove 
The World Health Organization reports that a turbidity of <5 NTU is usually acceptable but may vary in solution s h · th 1 'many dissolv~d constituents will remain 
depen<fing upon the availability and resou,ces for treatment. In the United States, many water utilities (NOM) (f ' uc as I e ewer-molecular-weight natural organic matter 
aim to treat the water to <0.1 NTU. ~r ~ahmp e, humic and fulvic acids) and synthetic organ· compoun s. t er treatment methods, such as activated IC 

Particles in natural waters are solids larger than molecules but genernlly not distinguishable by the Uon and reverne osmosis, may be used t carbo~ adsorp- 
unaided eye. They may adsorb toxic metal? or synthetic organic chemicals. Color is categorized as appa t 

O 

remove 
th
ese constituents. ren or true color Appare t l . 

Water treatment considers particles in the size range 0.00HOO f'ID· Particles larger than 1 em are called oeasur:d on unfiltered samples, so it in 1 d th ". co or 
15 

suspended solids, while particles between about 0.001 and 1 f',ID can be considered colloidal particles by turbidity. True color is measured on ~ u es e color imparted 
(though some resea,chers go as low as 0.0001 f',ID). Constituents smalle, than 0.001 em are called a 40 µm filter, so it is a measure f t: w\ er ~ample passed through 
dissolved particles. constituents. While color is t 

O 

1 e co or imparted by dissolved . no a regu ated health con ·t b 
Natural organic_ matter (NOM) comprises colloidal particles and d;,.solved .organic carbon _(000. The aesth~hc problem for some individuals and com c~r.n, ' can e an 
DOC ,s the portion of NOM that can be filtered through a 0.45 "'° filter. It ,s not classil,ed m terms of si,c ,ent ,s usually provided. mum hes, and treat- 

Color is imparted to water by dissolved organic matter, natural metallic ions such as iron and Taste a
nd 

odor threshold concentrations h b manganese, and turbidity. guidelines for determining when constituen~v; ";',n ~tablished as 

Most people can detect color at more than 15 true color units for water in a glass. roost prevalent natural odor-causing compounds · e e;ected. The come from the decay of algae (for exam le s m _sur ace waters 
isoborneal, which im art a must P ' geosm~n and methyl 
0000005 mg/L) w p . Y odor at concentrations as low as 
~or, which ca~ bea~:~::;:!e:s :~: :;c0e~;~hlor~~e ;m have a chlorine 
have a low redox otential m · . mg . · roundwaters that 
hydrogen sulfide .Jhich sm a.Y_ contam a dissolved gas such as 
dissolved inorga~ic compoun~~ s~~~ :ti:eonn e!~s. Waters containing 

;:i~ct~v=t ~ ~~~a~~c taste. The taste of reduce;~:;;s~F:t~~ ~:~p~; 
can b d t . d . mg/Land the taste of reduced manganese (Mn2+) 

e e ecte at 0 4-30 mg/L s 1 
::~::~:~ew~~~mp~rt_ an objec~io~:~e ~::;ato 

0

::re~~h::~cm;i!:n!~ 
W t P ol, W:hich can be detected at a concentration of 1 mg/L 
a er temperature 1s ver · b · cal and ch . 1 y important ecause it affects many physi- 

erruca parameters of water such d . . 
pressure, surface tension solubilit , d as_ ensity, viscosity, vapor 

the desi n d ' . 11 y, an reaction rates, which are used 
veyance ~ys:~. operation of a treatment plant and associated 

Physical Characteristics of Natural Water 

Taste and odor can originate from dissolved natural organic or inorganic constituents and biological 
sources present in raw waters. They can also be an outcome of the water treatment process. 

Surface water temperatures may vary from 0.5°C to 3°C in the winter and 23°C to 27°C in the summer. 
Groundwater can vary from 2.0°C to 25°C depending upon location and well depth. 
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Turbidity measurements of natural waters vary depending upon 
the water source. Low turbidity measurements (less than 1 NTU) are 
typical for most groundwater sources, while surface water turbidi~ 
varies depending upon the source. In lakes and reservoirs, turbidityis 
usually stable and ranges from 1 to 20 NTU, but some waters can vary 
seasonally due to turnover, storms, and algal activity. Turbidity in 
rivers is highly dependent on precipitation events and can range frolll 
less than 10 NTU to more than 4,000 NTU. Because climate changejj 
expected to change weather events in some parts of the world (includ: 
ing the United States), the resulting runoff and erosion may resul~ 
decreased or increased seasonal turbidity of some raw-water suppli 
We also discussed in the previous chapter how land use impacts 
quality of surface runoff. . 

Turbidity measurements are primarily .used for process con 
regulatory compliance, and comparison of different water 

5
~ 

They are also used as an indicator of increased concentration 
microbial water constituents, such as bacteria, Cryptosporidiurn °0 
and Giardia cysts. f 

Particles found in natural waters can be measured in terrns 
0 

numbers and size. Particle counters can measure the number; 
pended particles in size ranges generally from 1.0 to 60 fl:'~- a 
removal is important because it has been suggested as an in ic 

2.2 MAJOR AND MINOR INORGANIC CONSTITUENTS 
le 8.4 summarizes th · d · . ater. Calci . e maJor issolved morganic constituents found 
is the :1m is on~ of the most abundant cations found in water 
). Ca!c~aJor constitue~t of water hardness (along with ma ne- 
ed ~m concentrations greater than about 60 m /L g 

a nuisance b Chl . _ g are con- 
rs Vary from 1 tr ;~;e. onde (C~ ) concentrations in terrestrial 
ce Wate . mg/L dependmg on the location, and typical 
db r 1s usually less than 10 mg/L c1- H Y salt t · . · owever, waters 
lb.ay hav wa er ~ntrus10n and groundwater that contains tra ed 
in natu e ~hlonde co1:cen~rations similar to the ocean. Flu~~de 

ra waters pnmanly as the anion p- but can also be 

.. ~ 
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constituent 

Calcium 
and 
magnesium 

Chloride 

Fluoride 

Iron and 
manganese 

Nitrate 

Sulfur 

-

------------~----------------------1;athroom fixtures. At concentrations around 0.2--0.4 mg/L, manganese 
an impart an unpleasant taste to the water and stain laundry and fixtures. 
Surface water can contain high concentrations of nitrate (and other 

orms of nitrogen) from urban and agricultural runoff. Groundwater 
Range in Natural Waters an also contain high concentrations of nitrate, especially in agricul- 
For calcium, less than 1 mg/L to ural areas, where ammonia fertilizers are biochemically converted to 
more than 500 mg/L. itrate in the soil or areas impacted by on-site treatment such as faulty 
Surface water concentrations eptic tanks. Nitrate is regulated because high concentrations may 
of magnesium are less than roduce infant methernoglobinemia. 
10 m /L up to 20 mg/L. Sulfur can occur as sulfates (CaSO4, Na2SO4, MgSO4) and reduced 
Grou~dwater concentrations are ulfides (H2S, HS-). Sulfides can be found in water where there is 
less than 30 mg/L up to 40 mg/L 1gnificant organic decomposition that results in anoxic conditions. 

round water low in dissolved oxygen can contain reduced sulfur that 
imparts objectionable odors. Sulfates are also corrosive in concrete 
structures and pipes. 
Several minor inorganic constituents are sometimes a significant 

health concern or diminish water quality. Examples include copper, 
chromium, nickel, mercury, strontium, and zinc. Some of these constit 
uents are the result of the surrounding natural environment, while 
others are present due to human activities. For example, some indus 
trial sites that use arsenic as a wood preservative have contaminated 
water supplies, while naturally occurring arsenic is widespread 
throughout much of the world. In this latter case, arsenic is found 
mostly as a solid in the mineral form. However, it can be found 
dissolved in groundwater in the form of Jrsenite (H3AsO3) and arse- 
nate (H2AsO4 - , HAsol-) species. In contrast, lead contamination is 
usually associated with human activities that even include leaching 
lrom old distribution systems. 

Major Dissolved Constituents Found in Water 

Source 

Surface water and groundwater 

Surface water and 
groundwater; saltwater 
intrusion 
Surface water and groundwater 
Some water utilities add flu~ride 
in the form of sodium fluoride or 
hydrofluorosilic acid at doses of 
about 1.0 mg/L 
Surface water and groundwater 

Problem in Water Supply 

Above 60 mg/L can be 
considered nuisance as 
hardness. 

Above 250 mg/L can impart 
salty taste. Below 50 mg/L can 
be corrosive to some metals. 

Toxic to humans at 
concentrations of 250-450 mg/L; 
fatal at concentrations above 
4.0 g/L. 

Surface water and groundw_ater 
can contain high concentrations 
of nitrate from runoff from 
fertilizers found in urban and 
agricultural watersheds. 

Surface water and groundwater 

Taste threshold of iron for many 
consumers is around 0.01 mg/L. 
Iron can impart a brownish color 
to laundry and bathroom 
fixtures. 
Manganese ion can impart~ dark 
brown color. At concentrations 
around 0.4 mg/L, manganese can 
impart an unpleasant taste to 
water and can stain laundry and 
fixtures. 
Very high nitrate concentrations 
may produce infant 
methemoglobinemia. 

Typical surface water is usually 
less than 10 mg/L. 

Groundwater low in dissolved 
oxygen can contain reduced 
sulfur compounds, which impart 
objectionable odors such as that 
of rotten eggs. Sulfates are also 
corrosive in concrete structures 
and pipes. 

For surface water with total 
dissolved solids (TDS) 
concentrations less than 
l,OOO mg/L, fluoride is usually 
less than 1.0 mg/L. 

In oxygenated surface wa~ers,. 
the concentration of total iron JS 
usually less than 0.5 mg/L. In 
groundwater that has low 
bicarbonate and dissolved 
oxygen, iron concentrations 
range from 1.0 to 10.0 mg/L. 
The concentration of mangan 
ion in surface water and 
groundwater may be less tha 
1.0mg/L. 

Lead in Drinking Water 
http:/ /www.epa.gov/safewater/lead 

Global Arsenic Crisis 
http:/ /www.who.int/topics/ arsenic/ en/ 

Qb.jhiiiM•P•fW The Global Arsenic Crisis 

Sulfate concentrations in 
freshwater can approach 
10mg/L. 

. . 1 · and beryllium. sorne 
associated with fernc ion, a ummu~, fl . d or hydrofluO 
utilities add fluoride in the form of sodium uon e 
acid at concentrations of abo~t 1.0 mg(L. d is frequently fo 

Iron is abundant in geological forma:ons a~ h color to 1aut1 
. water. If not removed, it can impart a rowms , 

As Table 8.5 shows, naturally occurring arsenic is 
widespread in water supplies throughout the world. 
Unfortunately, when humans are exposed over long 

periods to low concentrations of arsenic from con 
suming contaminated water, several forms of cancer 
can develop. The World Health Organization has 

. I 

Global Locations Where Naturally Occurring Arsenic Has Been Detected in Drinking-Water Supplies 

Specific Countries 

Bangladesh, Cambodia, China, India, Iran, Japan, Myanmar, Nepal, Pakistan, Thailand, Vietnam 

Argentina, Chile, Dominica, El Salvador, Honduras, Mexico, Nicaragua, Peru, United States 

Austria, Croatia, Finland, France, Germany, Greece, Hungary, Italy, Romania, Russia, Serbia, United 
Kingdom 

Ghana, South Africa, Zimbabwe 

Australia, New Zealand 
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ideline for arsenic . 
accordingly set a drinking-water gu 

of 10 µ,g/L (10 ppb). blem is most serious in 
The magnitude of the prol (I dia). In the 1970s and 

h d WestBenga n d. Banglades an lls were installe m 
1980s 4 million hand-pump :'de ople there with a 

' I d. to prov1 e pe . 
Bangladesh and n ia ly The presence of 

d · k water supp · 
Pathogen-free rm mg- . th 1980s shortly after 

. b to appear m e ' . t arsenicos1s egan B the early 1990s, i 
the well installation program.. y oisoning was origi- 
was determined that the ars;~~c ~rsenic is naturally 

. from these wells. natmg 
occurring. . t ever day in Bangladesh, 

Today it is estimated tha, yd to arsenic concen- 
·11· eople are expose 1 up to 57 m1 ion p /L I West Benga, an 

trations greater than 10 ~g . :xposed to arsenic 
estimated 6 million peo5p0 e dare3 200 11.g/L. The mag- 

. b tween an ' ,.... d h. concentrations e h ome have calle t is 
nitude of the problem_sho:"s wf~:mans that has ever 

S Poisoning 0 the greatest mas . 
occurred. d arsenic removal systems 

The most commonly use d developing world 
in both the developed an t· n and adsorption 

1 f on-separa 10 are based on coagu ~: filtration (such as reverse 
Processes. Memb~a . ) . also effective at remov- . d nohltrat10n is . 1 . osmosis an na it is not practica m . f ater· however, d ing arsenic rom w , f the high costs involve . 
much of the world bec~use ot hnologies have been 

. 1 ppropnate ec According y, a . Fgure 8.2 shows one 
developed to treat this water. i 
such technology. d' tl at the hand-pumped 

This unit is installed i~ec t~e 1970s and 1980s. It 
wells that were installed m 

. . or chemical addition. The u~it 
requires no electnc1ty t· ted alumina, which . h nular ac iva b 
is packed wit g~a from the water. The unit can e 
removes the arsenic . d bout every 4 months. The 
regenerated with caustic so dis ose of the arsenic-laden 

. . . structed to isp . l community ism . b . k After 10 years of typ1ca 
sludge in a pit lined _with ;1~h=~ the volume of sludge 
operation, it is estimate 3 

generated will occupy 56 ft . 

/ / / 

Granular 
activated 
alumina 

Coarse 
sand and 
pebbles 

Arsenic-free 
water 

Arsenic-contaminated . 
groundwater 

H ad Arsenic Removal Unit 
Figure"/ 8,2 Well e S upta and Others at 
Developed by Dr. Arup ang • 
Lehigh University. 

8.2.3 MAJOR ~~GANIC CONSTITUEN~S b naturally occ 
d in water can either e . c rna 

Organic const_itue;ts :~::uman activities. N~tural orr:::e org 
ring or _associate_ t:e result of the complex~tion fof sogetation ill 
(NOM) m water is b. hemical degradation o ve dis Ill 
material derived ~rom 10~ NOM occurs in all waters an tratio 
surrounding envir~nme:. n (TOC). Typical TOC c~nce:und 
ured as total organic f~~m~ess than 0.1 to 2.0 mg/L ri_ g~n sea 
natural waters _range f waters, and 0.5-5.0 mg d inking· 
1 0-20 mg/L m sur ace . t NOM can have on r 
Table 8.6 summarizes the impac . 
treatment processes. 

Effect of Natural Organic Matter (NOM) on Water Treatment Processes 

Water Treatment Process 

Disinfection 

Coagulation 

Adsorption 

Membranes 

Distribution system 

Effect 

NOM reacts with, and consumes, disinfectants, which increase required dose to achieve 
effective disinfection. 

NOM reacts with, and consumes, coagulants, which increase required dose to achieve 
effective turbidity removal. 

NOM adsorbs to activated carbon, which depletes adsorption capacity of the carbon. 

NOM adsorbs to membranes, clogging membrane pores, and fouling surfaces. This leads 
to decline in water passed through the membrane. 

NOM may lead to corrosion and slime growth in distribution systems (especially when 
oxidants are used during treatment). 

SOURCE: Adapted from Crittenden et ol., 2012. 

Anthropogenic organic constituents found in water are associated 
with industrial activity, land use by agriculture, urban runoff, 
and municipal effluents from wastewater treatment plants. Most 
of these organic contaminants are classified as synthetic organic 
chemicals (SOCs). Representative SOCs are found in fuels, 
cleaning solvents, chemical feedstocks, and herbicides and pesti 
cides. Emerging chemicals of concern are now found in water and 
wastewater from the use of personal-care and pharmaceutical 
products. 

8.2.4 MICROBIAL CONSTITUENTS 

Potable water must be free from pathogenic microorganisms. As just 
Ille example of the global magnitude of the problem, the WHO reports 

t diarrhea contributed 4.7 percent of the global burden of disease 
2011. Of that 4.7 percent, approximately 88 percent was caused by 
fe water, sanitation, and hygiene. 

Pathogens are microorganisms that cau,se sickness and disease. Path 
include many classes of microorganisms, among them viruses, 

eria, protozoa, and helminths. 
Details about some representative pathogenic organisms found in 
ated water and associated health effects are provided in Table 8.7. 
the small size of pathogens that can prevent their removal via 

~entional gravity sedimentation processes. Because there are many 
ent Water-based pathogens, monitoring and detecting all of them 
d require a prohibitive amount of resources. Consequently, indi 
organisms (such as coliforms) have been identified and are used 
itor the microbial water quality. 

Present, the EPA requires water utilities to monitor their water 
\Ilion system monthly for total coliforms. The total coliform rule 
\it11 contaminant level is based on frequency of detection (no 
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Pharmaceuticals and Personal 
Care Products 
http://epa.gov/ppcp/faq.html 

How's Your Local Drinking 
Water? 
http://water.epa.gov/drink/local/index 
.cfm 
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i-

-----------------------------------11 more than 5 percent for systems collecting at least 40 samples per 
month) or the combination of a positive Escherichia coli sample (or fecal 
coliforms) with a positive total coliform sample. While the total coli- 

. · Raw-Water Supplies form test can provide a good indication of fecal contamination, it cannot 
Representative Pa

th
ogenic Organisms in Normal Habitat prove that the source water is safe. Other methods must be used to 

Health Effects in Healthy Persons Human stomach and confirm the absence of longer-surviving organisms such as viruses and 
plosive diarrhea and vomiting intestines spores. 

Classic cholerae-ex db dehydration; abnormally 
without fever followe d t:mperature; muscle 
low bplos~sdh~~~s;;;:~ollowed by death 
cram , ' . 

• f ver headaches, S. typhi species caus:s ente~ic e ' 
malaise, and abdominal pam 

Pathogen(s) 

Vibrio cholera 
Shape: wormlike 
Size: 0.5 by 1-2 µ,m 

Salmonella (several 
species) 
Shape: rod 
Size: 0.6 µ,m ---- 
Shigella dysenteriae 
Shape: round 
Size: 0.4 µ,m 

Escherichia coli 
Shape: rod 
Size: 0.3-0.5 by 1-2 µ,m 

Poliovirus types 1, 2, 3 
Shape: round 
Size: 28-30 nm 

Human adenovirus 
type 2 . 
Shape: 12 vertices 
Size: 70-90 nm 

Rotavirus A 
Shape: round 
Size: 80 nm 

Cn;ptosporidium 
parvum 
Type 1 oocyst . 
Shape: ellipsodial 
Size: 3-5 µ,m 
Sporozoite and 
merozoites 
Shape: wormlike 
Size: 10 by 1.5 µ,m 

Giardia lamblia 
Shape: single-celled 
flagellated protozoa 
Size: 9-15 µ,m long, 
5-15 µ,m wide, 2-4 µ,m 
thick 

Schistosoma 
haematobium 
A wormlike 
organism 

Type 

Bacteria 

Bacteria 

Bacteria 

Bacteria 

Virus 

Virus 

Virus 

Protozoa 

Protozoa 

. bdominal pain, cramps, 
Bacillary dysentery.~. bl d and mucus in stools 
diarrhea, fever, vomiting, oo ' 

Diarrhea 

. h dache stiff neck and back, deep Fever, severe ea , . . . 
muscle pain, and skin sensitivity 

. rinary tract, Severe infections m lungs, e~es, u. 
genitals; some strains affect intestines 

Helminthic 

d. hea and dehydration Severe iarr 

d • 1 pain nausea or Severe diarrhea, ab omma ' 
vomiting, and fever 

Sudden diarrhea, abdominal cramps, bloating, 
cramps, and weight loss 

Intestines of warm 
blo~ded animals 

Human stomach and 
intestines 

Intestines of warm 
blooded animals 

Human intestinal tract 

Human intestinal tract 

. orna of the bladder; urolithiasis; 
Squamous-ce~ carcm t •nfecti·on· urethral and 

d. mary trac i , . 
ascen mg 1:1r . h bsequent hydronephrosis; 
ureteral stricture wit su 
renal failure 

Safe Drinking Water Act 
http://www.epa.gov/ safewater/ sdwa/ 
index.html 

Interactive Presentation to 
Understand the Safe Drinking 
Water Act 
http://water.epa.gov/learn/training/ 

. dwatraining/training.cfm 

Safe Drinking Water Hotline 
1-800-426-4791 
Information about drinking-water and 
groundwater programs authorized 
under the SDWA. 

daunting task for government 
regulators to keep pace with the 
introduction of new chemicals into 
commerce and prevent or minimize 
public exposure to them. How would 
more widespread implementation of 
green chemistry and green 
engineering (discussed in Chapters 3 
and 6) that are intended to reduce 
chemical hazard affect issues of 
regulation and treatment? 

Human intestinal 

Blood vessels of 
human bladder 
mammals 

8.3 Water Quality Standards 
The Safe Drinking Water Act (SOWA) (Public Law 93-523) was 
passed by the U.S. Congress in 1974 and amended in 1986 and 
[996 to protect public health by regulating the public water supply. 
Under this law, the primary responsibility of setting the water 
quality regulations was moved from the states to the EPA. To protect 
public health, EPA established primary drinking-water standards 
by setting health-based maximum contaminant level goals 
(MCLGs) and maximum contaminant levels (MCLs) for a large 
number of pollutants. 
The MCL is the enforceable standard and is based not only on health 

and risk assessment information, but also on costs and the availability 
of technology. The MCLGs are based solely on health and risk assess 
ment information. 
Table 8.8 provides the MCLGs and MCLs for several important 

chemical:, found in water supplies and their potential health effects. A 
similar set of MCLs has been established by the World Health Organi 
zation (see www.who.org). 

Representative Chemicals Found in Water and Their Maximum Contaminant Level Goals (MCLGs) and Maximum 
Contaminant Levels (MCLs) MCLGs are based solely on health and risk assessment information. MCLs are based not 
only on health and risk assessment information, but also on costs and the availability of technology. 

Synthetic Organic Chemicals (SOCs) 
2,4-D (2,4-dichlorophenoxyacetic acid) 
Alachor 
Atrazine 
Benzo(a)pyrene 
Chlordane 
linctane 
~olychlorinated biphenyl (PCB) 

le Organic Chemicals (VOCs) 
bichloroethylene 
•Trichloroethane 

Maximum Contaminant Level Goal (mg/L) Maximum Contaminant Level (mg/L) 

0.07 
0 
0.003 
0 
0 
0.0002 
0 

0.007 
0.2 

0.07 
0.002 
0.003 
0.0002 
0.002 
0.0002 
0.0005 

0.007 
0.2 

(continued) 
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(continued) 
0.005 

0 0.005 
1,2-Dichloroethane 0 0.005 
Benzene 0 0.07 
Carbon tetrachloride O.D7 0.005 
cis-1,2-Dichloroethylene 0 0.7 
Dichloromethane 0.7 1 
Ethyl benzene 1 0.005 
Toluene 0 0.005 
Tetrachloroethylene 0 0.002 
Trichloroethylene 0 10 
Vinyl chloride 10 
Xylenes (total) 

0.01 
Jnorganics 0 0.005 

Arsenic 0.005 0.1 
Cadmium 0.1 0.2 
Chromium (total) 0.2 4 
Cyanide 4 0.015 (action level) 
Fluoride 0 0.002 
Lead (at tap) 0.002 10 
Mercury 10 1 
Nitrate (as N) 1 
Nitrite (as N) . h" h water system must follow. 

ther requirements w ,c a 
. . . eeded triggers treatment or o 

·1he concentration of a contofi~on~ ":'ht\ '~:~er Ston,dords and Health Advisories. 
SOURCE: EPA 2012 Edition o t e rm in 

·•·· t 111 ,. 

Application / 8.3 
I .... n . I I. n I •• 

demonstrate one way EPA 
In this example we t ndard from toxicity 

1 dri.nking-water s a .. deve ops a . .11 use EPA' s decision 
information. In this case_ we': perchlorate (Cl04-). 
to regulate the noncarcmoge ClO -) is both a natu 
EP A report~ that perch~=:~~ che:nical. It is used to 
rally occurring and maf. rks flares and explo- 

k t fuel irewo , , 
Produce roe e ' f d ·n bleach and some 1 o be oun 1 
sives. It can a _s . data shows that >4 percent 
fertilizers. Momtonng h detected perchlorate, 
of public water systeml s av~e exposed to drinking 
and 5-17 million peop e may 

· · perchlorate. water contamm? . t t issue when protect- 
Perchlorate is an impor a1: ntific research indi- 

h 1th because scie 
ing human ~a ' h . d's ability to produce 
cates it can disrupt the t 1 ri:mones that are critical 
important developmenta 

1 
t and growth of 

1 b · deve opmen 
for norma ram h·ldren To give you . f t d young c i · fetuses, mans, an . 1 d in developing a 
an idea of the effort mvo ve . . 

perchlorate can be obtained from the data available 
in the Integrated Risk Information System (IRIS) 
(http://www.epa.gov/IRIS/). IRIS reports the 
RfD for perchlorate is 0.7 µg per kg of body weight 
per day (0.7 µg/kg/ day). This RfD is based on the 
No Observed Effect Level (NOEL) of 7 µg/kg/ day 
and application of an uncertainty factor (UF) of 10 to 
account for differences in sensitivity between the 
healthy adults and the most sensitive population, 
that is, fetuses of pregnant women who might have 
hypothyroidism or iodide 21 deficient. 

So how does EPA go from the RfD to a drinking 
water standard? The health-based MCLGs EPA will 
set for drinking water can be determined as: 

RID (k ~gda ) x body weight (kg) 
MCLG (µg/L) = g y L x RSC 

drinking water intake (day) 

In this equation, EPA assumes the default values 
for body weight (70 kg) and drinking-water ingestion 
rate (2 L/ day). The RSC is the relative source contri 
bution and is the percentage of the RfD thatremains 
for drinking water after other sources of perchlorate 
exposure occurs. Remember that you could intake 

perchlorate through other routes of exposure 
besides drinking water. The RSC is based on studies 
performed by the Food and Drug Administration 
(FDA) and in this case, EPA is proposing to use 
an RSC of 62% (so the RSC= 0.62) for a pregnant 
woman. This means that 62% of a pregnant woman's 
exposure to perchlorate would be through drinking 
water. 

If you place these values into the above equa 
tion, you will obtain an MCLG for perchlorate of 
15 µg/L (15 ppb) in drinking water. 

Remember from our reading in this chapter that 
the MCL.G is a nonenforceable goal defined under 
the SOW A as "the level at which no known or 
anticipated adverse effects on the health of persons 
occur and which allows an adequate margin of 
safety." The SOW A specifies that the enforceable 
MCL be set as close to the M~i,G as feasible using 
the best available technology, treatment techniques, 
and other means (considering cost). This process 
was not yet finalized as we were writing this 
book, but it does show the MCL that EPA will 
eventually set for perchlorate will be 2:15 µg/L. 

lniornuuion n11d text courtesy of U.S. E11viron111e11tn/ Protection Agency. 

d for one chemical, in this 
drinking-water sta:'-da:d in ut fro{n their Science 
process EPA conside; t ~9 000 public comment· 
Advisory Board and a mos , 
ers since 2007. 1 t perchlorate under the 

EPA decided to regu a e / drink/ contami 
SDW A (see http:// water .epa.go; ) In the process 
nants/ unregulated( p~rchlor~::·~t~d.ard, EPA firS 
of developing ~ dnnki~~-:~n -water standard fo 
develops a primary rm g based MCLG- A 
perchlorate by setting a heal!~i1e enforceable :MC 
this is accomplished, they_ se. water standard 

In this case, the dnn~mg- . ded by the 
related to toxicity information [rovidefined the 
erence dose (RfD). In Chapte: 'we anning per 
as an estimate, ':ith un~er~~~t\:~1 exposure to 
an order of magmtud_e, o a . y ensitive subgr~ 
human population (mcludmg s reciable r1 
h t . likely to be without a1: af p The RfV t a is d . a lifetime. 
deleterious effects unng 

8.4 Overview of Water Treatment Processes 
The typical unit processes used for the treatment of surface water and 
brackish waters are shown in Figure 8.3. Table 8.9 summarizes the unit 
processes associated with significant removal of particular water con 
llituents. Treatment of surface waters (Figure 8.3a) mostly requires the 
removal of particulate matter and pathogens. Removing particles also 

- 

Unit Processes That Remove a Significant Amount of Raw-Water 
Constituents 

dissolved inorganics 

,. I I ! "' 

Unit Process(es) 

Coagulation/flocculation, 
sedimentation, granular filtration 

Softening, aeration, membranes 

Membranes 

Sedimentation, filtration, disinfection 

Membranes, adsorption 
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