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ion of water treatment unit
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chlorine.
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processes for different disinfectan
developing world setting. 4
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. and the size and type of constituents they are deslig

remove. . .
i during plant opera
.t the magnitude of energy use il
b Ifi?;tilfff}(lerent un;gt processes while also being aware of energy

considerations associated with the life cycle of particular unit

pI‘OCGSSGS.
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derstanding of disinfection
L ts used in a developed and

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
implication 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
"mtegrated 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
ontains nutrients that harm coastal ecosystems. If society would only
reuse these coastal discharges, we could augment 6 percent of the
stimated total water use in the United States, which is equivalent to
7 percent of public water supply (NRC, 2012).

The purpose of water treatment is to provide potable water that is
nlatable. Potable water refers to water that is healthy for human
onsumption and free of harmful microorganisms and organic and
norganic compounds that either cause adverse physiological effects or
donot taste good. Palatable describes water that is aesthetically accept-
ible to drink or free from turbidity, color, odor, and objectionable taste.
ater that is palatable may not be safe.

In developed countries, water is treated to be both potable and
dlatable. However, some people do not like the palatability of munic-
‘Waters, and this has given rise to the increased use of household
Uint-of-use treatment systems and bottled water. Bottled water has
{ed an additional layer of embodied energy to water, because petro-
iis 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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Figure / 8.1 Seasonal Differences in
TOC and Color of Hillsborough River
Raw 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
many ways. The river’s source water is
primarily the Green Swamp located in
Central Florida. During the wet seaso
(June-September), TOC and color )
concentrations spike from the large
?Ir‘re\c;unt of orggnic matter flushed out of
wamp and ri i i
i fs. river tributaries by

(Courtesy of Dustin Bales, 2012; with permission)

Te_st Your Knowledge of Water-
Using Behaviors and Water-
Saving Opportunities
http://epa.goviwatersense/
test_your_watersense.html

Drinking Water at the W
orld
Health Organization
http://www.who.int/topics/
drinking_water/en/
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removal of Giardia and Cryptosporidium cysts from water (LeChevallier

Physical Characteristics of Natural Water

Turbidity Turbidity measures th
suspended particles in the water.
A turbidimeter is used to measure t

n [ \ he interference of the light passage through th
‘ ‘ reported in terms of nephelometric turb

idity units (NTU).

The World Health Organization reports t
depending upon the availability and resource
aim to treat the water to <0.1 NTU.

ers are solids larger than molecules but generally not distin
s or synthetic organic chemicals.

Particles Particles in natural wat
unaided eye. They may adsorb toxic metal

l\ Water treatment considers particles in the size rang

il suspended solids, while particles between about 0.
‘ “1\ (though some researchers go as low as 0.0001 pwm). Constituents sm
I dissolved particles.
Natural organic matter (NOM) comprises colloidal particles and dissolv:
k DOC is the portion of NOM that can be filtered

E

|

Color is imparted to water by dissolved organic matter,

¢ 0.001-100 wm. Particles larger than 1 wm are called

001 and 1 pm can be considered colloidal particles
aller than 0.001 wm are called 240 pm filter, so it is a measure of the color imparted by dissolved
issolve

through a 045 pm filter. It is not classified in

natural metallic ions such as iron and

and No ;i
biiling I:I?tli‘lrl 1995). Accordingly, many treatment facilities employ
‘ particle counters to evaluate process performance and to ai

in process-control decisions. and to aid

e optical clarity of water. Tt is caused by the scattering and absorbance of light by ;
Suspended particles such as algae, organic debris, protozoa cysts

and silt can be removed by conventional sedimentation and depth

e water. Turbidity is |q :
15 lfltration methods. Coagulation and flocculation processes can remo
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colloidal particles. However, many dissolved constituents will remain
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; o . :
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synthetic organic

|{compounds. Other treatment methods, such as activated carbon adsorp-
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s.

eg:\i(;;dls categ(?rized as apparent or true color. Apparent color is
n turb.d‘tonTunﬁlterefi samples, so it includes the color imparted
by idity. True color is measured on a water sample passed through

constituents. While color is not a regulated health concern, it can be an

ed organic carbon (DOC). The sesthetic problem for some individuals and communities, and treat
/ reat-

erms of size||ment is usually provided.
= jl:ialee anfd odor thrgshold concentrations have been established as
| 1te ines 1or determining when constituents can be detected. The
nos };reva ent natural odor-causing compounds in surface W"ﬁtGI‘S
vaorggmrec;rln tl;lg 1(:11e.(:ay of algae (for example, geosmin and methyl
iso 0005n{ X}VLchlmpart a musfcy odor at concentrations as low as
» : e }% Ca;. 4 a(’;el,: treaéed with excess chlorine will have a chlorine
udor, e detected as low as 0.010 mg/L. G d
lave a low redox potential ma SR e
: y contain a dissolved ga h
rogen sulfide, which smells like et
' . rotten eggs. Waters containi
fissolved inorganic compounds such as iron, manganese, and copg:a%

Turbidity measureme
the water source. Low tur
typical for most groundwat
l varies depending upon

\ usually stable and range
i seasonally due to turnover,
! rivers is highly dependent on precipi
\ less than 10 NTU to more than 4,000 NTU. Bec
expected to chang
ing the United States),
decreased or increased
We also discussed in the previous chap
quality of surface runoff.

regulatory compliance, an
They are also used as an i

and Giardia cysts.
Particles found in natural waters can be measu

numbers and size. Particle counters can measure
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Color
1\2 manganese, and turbidity.
i Most people can detect color at more than 15 true color units for water in a glass.
il
il Taste and Taste and odor can originate from dissolved natural organic or inorganic constituents and biological
‘; 11‘ odor sources present in raw waters. They can also be an outcome of the water treatment process.
il Temperature | Surface water temperatures may vary from 0.5°C to 3°C in the winter and 23°C to 27°C in the summ
il Groundwater can vary from 2.0°C to 25°C depending upon location and well depth. :
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er sources, while surface water turbi

the source. In lakes and reservoirs, turbidity
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MAJOR AND MINOR INORGANIC CONSTITUENTS
isélarilrir:larlges the major dissolved inorganic constituents found
I ma.olrn is one of the most abundant cations found in water
. n]1 constituent of water hardness (along with magne-
danuisancogcentratlons greater than about 60 mg/L are con-
s e ni:e1 ty ;g(r)ne. Chloride (C}‘) concentrations in terrestrial
B (0 1 mg/L depending on the location, and typical
i, o1, usua ly Igss than 10 mg/L Cl”. However, waters

ey 1 Ca}‘iler {r(;trusmn and groundwater that contains trapped
N oride concentrations similar to the ocean. Fluoride
.> al waters primarily as the anion F~ but can also be
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athroom fixtures. At i

. : concentrations around 0.2-0.4

ran impart an unplea Ny mg/L, manganese Load In Brinki

spaniine s rpcansant taste to the water and stain laundry and fixtures http:// WW[V)Vrmkmg ik

Taraee contain high concentrations of nitrate (and oth : 9 RS
ogen) from urban and agricultural runoff. Groundwatz

|
i "‘ | ? Maijor Dissolved Constituents Found in Water
s ‘

\ Constituent Source Problem in Water Supply Range in Natural Waters Ao ont ]
bl ’ : ain high concentrations of nitrate ; Sy
il Calcium Surface water and groundwater Above 60 mg/L can be For calcium, less than 1 mg /Lto fural areas, where ammonia fertilizer 4 , eS]?eClally in agricul-
‘ and considered nuisance as more than 500 mg/L. pitrate in the soil or areas impacted b S are : iochemically converted to
magnesium hardness. Surface water concentrations keptic tanks. Nitrate is regulated by on-site .treatment such as faulty

of magnesium are less than broduce infant methemoglobinemia ecause high concentrations may

10 mg/L up to 20 mg/L. | Sulfur can occur a
: s sulfates (C
Groundwater concentrations are ulfides (H,S, HS-). Sulfides C(anaSbO:;% Nasz4, MgSO,) and reduced
Jess than 30 mg/L up to 40 mg/ Lignificant organic decompositi ti ound in water where there is
1 : ition that results i - ord
Typical surface water is usually | fOundWﬁt'er low in dissolved oxygen can contailrr;l rar(;OXIC songitions,
less than 10 mg/L. Jjmparts objectionable odors. Sulfates are al PAUCROSH) T fhal
liructures and pipes. also corrosive in concrete
| Several minor inorgani :
For surface water with total ganic constituents are sometimes a signifi
ey a signif
dissolved solids (TDS) Rl coerh o dipsimeh peater quality. Examples S
concentrations less than {iromium, nickel, mercury, strontium, and zinc. Some of the s
1,000 mg/L, fluoride is usually ients are the result of the surrounding natural envir S
less than 1.0 mg/L. - OthTrS are present due to human activities. For examplgn;n ent,‘“:jhlle
jal si : ? , SO &
o s frial sites thaF use arsenic as a wood preservative have contafnl‘n usd
oxygenated surface wa?ers,— lyater supplies, while naturally occurring arsenic i : inate
the concentration of total iron sy firoughout much of the world. In this lat%er BRI - 39 ‘{"lo_lespread
usuallﬁ less thz;n Of mlg/L. In. frostly as a solid in the mineral form Hongse' 1111 found
groun water that has low It solved in groundwater in the form of ever, it can be found
bicarbonate and dissolved e (H,AsO,”, HAsO,2 ; of arsenite (H3AsO3) and arse-
oxygen, iron concentrations cai} 1| 4 4 ) species. In contrast, lead contamination i
“Susually associated with human activiti : nguon B
range from 1.0 to 10.0 mg /LS 14 distributi ivities that even include leachin Global Al in Crici
. b L istribution systems. g al Arsenic Crisis
The concentration of mangane hEEpitimwawho it bapl !
ion in surface waterand who.int/topice/arsenic/en/
groundwater may be less thar
1.0 mg/L. ;

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

Surface water and
groundwater; saltwater
intrusion

Chloride

Toxic to humans at
concentrations of 250450 mg/L;

fatal at concentrations above
40g/L.

Surface water and groundwater
Some water utilities add fluoride
in the form of sodium fluoride or
hydrofluorosilic acid at doses of
about 1.0 mg/L

\ |
‘ | ﬂ Fluoride

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 a dark
brown color. At concentrations
around 0.4 mg/L, manganese can
impart an unpleasant taste to
water and can stain laundry and

fixtures.

Iron and Surface water and groundwater

I manganese

EYUTERTWEPA The Global Arsenic Crisis

| .5 Sh y p 5
7
g
S Iable 8 OWSs natur all occurrin arsenic 1s er IOdS tO 10 W concer ltx atIOI 1S Of arsenic fIOIIl con
A deSpI ead mw ateI su pplleS thr( )ugh()ut the W ()rld . sumir lg Ccor ltaII 1na ted W atel , sever al fOI ms Of cancer
IIfOI tur latel y W l en lluII lans are eXp()Sed over long can de V elO p- I lle " VOor ].d I Iealtll OI ar llZathIl llas
i 4 g

Wble /

1 2
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e UPP 1es

Very high nitrate concentrations
may produce infant
methemoglobinemia.

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

Nitrate

gSulfate concentrations in
freshwater can approach
10 mg/L. 4

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.

Surface water and groundwater

Specific Countries
Ban ladesh, Camb()dia China India Iran Iapan I\/Iyanmar Nepal Pakistan Ihallalld Vietnam
& 7 ’ ’ 7 ’ 7 ’ i i i
Ar enti i ini ’ ,, :
g na, Chlle, Domlnlca, El SalVadOr, Honduras, MeXiCO Nicaragua Pem Unlted St t
72 ates

stria, Cr i ] l'l lla y y y 1,
; /] 7 7 Fra
Au oatia ]ld nce, German ’ Greece, Hungar ’ Ital 7 Ronlan. 7 RLISSla, SEI bla United

Ghana, South Africa, Zimbabwe

erric ion, aluminum, and beryllium.

associated with f
he form of sodium fluoride or hydro

utilities add fluoride in t
1 acid at concentrations of about 1.0 mg/L. ]
‘ Iron is abundant in geological formations and is frequently L‘
water. If not removed, it can impart a brownish color to Jaun®

0
» Australia, New Zealand

U
CE: Petrusevski of al., 2007.
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electricity or chemical addition. The unit

accordingly set a drinking-water guideline for arsenic  requires no
of 10 pg/L (10 ppb). is packed with granular activated alumina, which Water Treatment Proc
The magnitude of the problem is most serious in removes the arsenic from the water. The unit can be e ess | Effect
regenerated with caustic soda about every4months. The Disinfection NOM reacts-with. and
ffactive diSinfect’i ;I]l consumes, disinfectants, which increase requi
: quired dose to achieve

tructed to dispose of the arsenic-laden

d with bricks. After 10 years of typical | || Coagulation
timated that the volume of sludge , NOM reacts with, and consumes
effective turbidity removal , coagulants, which increase required dose to ach
> 0 achieve

56 ft’. :
Y Adsorption

Bangladesh and West Bengal (India). In the 1970s and
1980s, 4 million hand-pump wells were installed in
Bangladesh and India to provide people there with a

pathogen-free drinking-water supply. The presence of

arsenicosis began to appear in the 1980s, shortly after

the well installation program. By the early 1990s, it
was determined that the arsenic poisoning was origi-
nating from these wells. The arsenic is naturally

occurring.

community is ins
sludge in a pit line
operation, it is es

generated will occup
NOM adsorbs to acti
tivat {
ated carbon, which depletes adsorption capacity of th
of the carbon.

é{Membranes

NOM adsorbs to m

: embranes, cloggi .

t . , ClO; n

0 decline in water passed throug%gtlhf :::rr:::::: pores, and fouling surfaces. This lead
: : s

Distribution system

ed that, every day in Bangladesh, . 'NOM m ;
y day T ay lead to corrosion and slime growth in distri
nts are used during treatment) in distribution systems (especially wh
. en

Today it is estimat
57 million people are exposed

Water
L | SOURCE: Adapted from Crittenden et al., 2012

to arsenic concen-

up to

trations greater than 10 pg/L. In West Bengal, an

estimated 6 million people are exposed to arsenic Granular
activated
alumina

een 50 and 3,200 pg/L. The mag-
hy some have called this

¢ humans that has ever

~ Anthropogenic organic consti
e 82 stituents found in wa i '
'—nd municip;ﬁl e?ﬁﬁzgt};, fland use by agricultursr S;Ie)aarfsiaated i
. e Contaminrom wastewater treatment plants ulCIOff,
e rants are classified as synthetic 0} Oét
éaning solvents, chemlfcaelse}re:zi:it:t’s kSOCSd i %i‘lllsc
ides. E i i e o ,
1 Stew;rt\::gglf n::hfﬁmcals of concern are novl;e;ct)licr:gii b
e use of personal-care and pharnqu:ct:;t?nci
ca

A

: {x products.

concentrations betw
nitude of the problem shows W
the greatest mass poisoning 0O

occurred.

The most commonly used
in both the developed and developing world
are based on coagulation—separation and adsorption
processes. Membrane filtration (such as reverse
d nanofiltration) is also effective at remov-

Coarse
sand and
pebbles

arsenic removal systems

PN Arsenic-fre

a water

0sMOsis an
ing arsenic from water; however, it is not practical in
much of the world because of the high costs involved. ¥ 3 : |
Accordingly, appropriate technologies have been g:gﬁmjc\;vc;;\:ammated E 3 5
B harmaceuti
Wi24 MICROBIAL CONSTITUENTS ComProoae)
http:/lepa.govippcplfag.html

developed to treat this water. Figure 8.2 shows one
Figure / 8.2 Well Head Arsenic Removal Unit

such technology-
lled directly at the hand—pumped Developed by Dr. Arup Sangupta and Others at

This unit is insta
wells that were installed in the 1970s and 1980s. It Lehigh University.

lable water must be f
] ree from path i
leexampl n pathogenic micr i .
A diarrieeaojgﬂz. gb}obal magnitude of the Problel(r)lort%in\;sgs‘ e
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of disease
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Sa ' percent, mep
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D
P

athogens are microorgani
E ganisms that cause si i
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Yails about s,orne refi)f:sr;tilts.t’ o
. ; ative pathogeni :
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tional gravity Segiin Oger}s that can prevent their remova? 87

B o bosed pathoentatlon precesses. Because there are m. .
= Iequire o ProhibitivegenS, monitoring and detecting all of thany
IBanisms (such as lflmount of resources. Consequently, i i
" tor the microbial coliforms) have been identified and ay, i
Present, the EPA el e ;
}: 10N system monl;‘il(};lfroers t‘(’:;i;er lll,tfihties to monitor their water vvoavtve?"vour +oeal Prinidng

o . coliforms. The total coli T
nant level is based on frequency of sgtlgc(;irglr&f ?;f-//wat@n@pa.@ov/drink/|oca|/,-ndex

. i
8.2.3 MAJOR ORGANIC CONSTITUENTS

i
Organic constituents found in water can eithe
ted with human activities. Natural orgat

ring or associa
(NOM) in water is the result of the complexation of soluble
d from biochemical degradation of vegetati©

1l material derive
surrounding environment. NOM occurs in all waters an
ured as total organic carbon (TOC). Typical TOC concentrd

natural waters range from less than 0.1 t0 2.0 mg/Lin g_rO““
1.0-20 mg/L in surface waters, and 0.5-5.0 mg/L 1 2
Table 8.6 summarizes the impact NOM can have on drinkin

treatment processes.

r be naturally 0Ct
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Representative Pathogenic Org

~| more than 5 percent for systems collecting at least 40 samples per

anisms in Raw-Water Supplies

Health Effects in Healthy Persons

Normal Habitat

month) or the combination of a positive Escherichia coli sample (or fecal
coliforms) with a positive total coliform sample. While the total coli-
form test can provide a good indication of fecal contamination, it cannot
' prove that the source water is safe. Other methods must be used to

Safe Drinking Water Act |

http://www.epa.govisafewater/sdwal
index.html

Interactive Presentation to

Salmonella (several

malaise, and abdominal pain

i -2 pm -
LR R Fever, severe headache, stiff neck and back, deep

v muscle pain, and skin sensitivity

Poliovirus types 1,2,3
Shape: round

ize: 28-30 nm . .
N Severe infections in lungs, €yes, urinary trac
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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 pg per kg of body weight
per day (0.7 pg/kg/day). This RfD is based on the
No Observed Effect Level (NOEL) of 7 wg/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-

one chemical, in this

i i from their Science
PA considered input (r)public ot

1.
orate under
drink/ contal

10CE

tandard, EPA "f ]

water standard? The health-based MCLGs EPA will
set for drinking water can be determined as:

ng
- (kg — day

drinking water intake (@)

) x body weight (kg)
MCLG (ng/L) =

x RSC

In this equation, EPA assumes the default values

|| forbody 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 that remains
;l 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 wg/L (15 ppb) in drinking water.

Remember from our reading in this chapter that
the MCLG is a nonenforceable goal defined under
the SDWA 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 SDWA specifies that the enforceable
MCL be set as close to the MCLG 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 >15 wg/L.

Information and text courtesy of U.S. Environmental Protection Agency.

8.9

8.4 Overview of Water Treatment Processes

lhe typical unit processes used for the treatment of surface water and
ackish waters are shown in Figure 8.3. Table 8.9 summarizes the unit
locesses associated with significant removal of particular water con-
lituents. Treatment of surface waters (Figure 8.3a) mostly requires the
fmoval of particulate matter and pathogens. Removing particles also

') tituents

BSttuent Unit Process(es)

iibidity and particles

Uissolved inorganics

o ; ’
dissolved inorganics

&

Membranes

0 g . .
4 1850lved organics Membranes, adsorption

it Processes That Remove a Significant Amount of Raw-Water

Coagulation/flocculation,
sedimentation, granular filtration

Softening, aeration, membranes

Sedimentation, filtration, disinfection
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