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3.10 Sulfide (S2)Background

3.11 Phosphorus (P)BackgroundImportant Uses for Phosphorus The
Phosphorus Cycle Mobility in the EnvironmentPhosphorus
CompoundsRemoval of Dissolved Phosphate

3.12 Metals in WaterBackgroundGeneral Behavior of Dissolved
Metals in Water

3.13 Solids (Total, Suspended, and Dissolved)BackgroundTDS and
SalinityTDS Test for Analytical ReliabilitySpecific Conductivity
and TDS

3.14 Temperature

3.1 INTERACTIONS AMONG WATER QUALITY PARAMETERS

This chapter deals with important water quality parameters which
serve as controlling variablesthat strongly influence the behavior
of many other constituents present in the water. The
majorcontrolling variables are pH, oxidation-reduction (redox)
potential, alkalinity and acidity, temper-ature, and total
dissolved solids. This chapter also discusses several other
important parameters,such as ammonia, sulfide, carbonates,
dissolved metals, and dissolved oxygen, that are stronglyaffected
by changes in the controlling variables.

It is important to understand that chemical constituents in
environmental water bodies react inan environment far more
complicated than if they simply were surrounded by a large number
ofwater molecules. The various impurities in water interact in ways
that can affect their chemicalbehavior markedly. The water quality
parameters defined above as controlling variables have anespecially
strong effect on water chemistry. For example, a pH change from pH
6 to pH 9 willlower the solubility of Cu2+ by five orders of
magnitude. At pH 6 the solubility of Cu2+ is about40 mg/L while at
pH 9 it is about 4 103 mg/L. If, for example, a pH 6 water solution
contained20 mg/L of Cu2+ and the pH were raised to 9, all but 4 103
mg/L of the Cu2+ would precipitateas solid Cu(OH)2.

As another example, consider a shallow lake with algae and other
vegetation growing in it.Suspended and lake-bottom sediments
contain high concentrations of decaying organic matter. Thelake is
fed by surface and groundwaters containing high levels of sulfate.
During the day, photo-synthesis can produce enough dissolved oxygen
to maintain a positive oxidation-reduction potentialin the water.
At night, photosynthesis stops and biodegradation of suspended and
lake-bottomorganic sediments consumes nearly all of the dissolved
oxygen in the lake. This causes the waterto change from oxidizing
(aerobic) to reducing (anaerobic) conditions and also causes the
oxidation-reduction potential to change from positive to negative
values. Under reducing conditions, dissolvedsulfate in the lake is
reduced to sulfide, producing hydrogen sulfide gas which smells
like rotteneggs. Thus, there is an odor problem at night that
generally dissipates during the day. A remedyfor this problem
entails finding a way to maintain a positive oxidation-reduction
potential for longerperiods of time.
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3.2 pH

BACKGROUND

Pure water always contains a small number of molecules that have
dissociated into hydrogen ions

(H+) and hydroxyl ions (OH), as illustrated by Equation 3.1.

H2O H+ + OH. (3.1)

The water dissociation constant, Kw, is dened as the product of
the concentrations of H+ and

OH ions, expressed in moles per liter:

Kw = [H+][OH], (3.2)

where enclosing a species in square brackets is chemical
symbolism that represents the species

concentration in moles per liter.

Because the degree of dissociation increases with temperature,
Kw is temperature dependent.

At 25C,

Kw,25C = [H+][OH] = 1.0 1014 (mol/L)2, (3.3)

while at 50C,

Kw,50C = [H+][OH] = 1.83 1013 (mol/L)2. (3.4)

If, for example, an acid is added to water at 25C, the H+
concentration increases but the product

expressed by Equation 3.3 will always be equal to 1.0 1014
(mol/L)2. This means that if [H+]increases, [OH] must decrease.
Adding a base causes [OH] to increase and [H+] to decrease

correspondingly.

In pure water or in water with no other sources or sinks of H+
or OH, Equation 3.1 leads to

equal numbers of H+ and OH species. Thus, at 25C, the values of
[H+] and [OH] must each be

equal to 1.0 107 mol/L, since:

Kw,25C = (1.0 107 mol/L)(1.0 107 mol/L) = 1.0 1014 (mol/L)2.

Pure water is neither acidic nor basic. Pure water denes the
condition of acid-base neutrality.

Therefore, acid-base neutral water always has equal
concentrations of H+ and OH, or [H+] = [OH].

Rule of Thumb

Because they strongly inuence other water quality parameters,
the controlling variables listed below are usually included among
the parameters that are measured in water quality sampling
programs.

pH

Temperature

Alkalinity and/or acidity

Total dissolved solids (TDS) or conductivity

Oxidation-reduction (redox) potential
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In neutral water at 25C, [H+] = [OH] = 1 107 mol/L.

In neutral water at 50C, [H+] = [OH] = 4.3 107 mol/L.

If [H+] > [OH], the water solution is acidic.

If [H+] < [OH], the water solution is basic.

Whatever their separate values, the product of hydrogen ion and
hydroxyl ion concentrations

must be equal to 1 1014 at 25C, as in Equation 3.3. If for
example [H+] = 105 mol/L, then itis necessary that [OH] = 109
mol/L, so that their product is 1014 (mol/L)2.

Many compounds dissociate in water to form ions. Those that form
hydrogen ions, H+, are

called acids because when added to pure water they cause the
condition [H+] > [OH]. Compounds

that cause the condition [H+] < [OH] when added to pure water
are called bases. An acid water

solution gets its acidic properties from the presence of H+.
Because H+ is too reactive to exist alone,

it is always attached to another molecular species. In water
solutions, H+ is often written as H3O+

because of the almost instantaneous reaction that attaches it to
a water molecule

H+ + H2O H3O+. (3.5)

H3O+ is called the hydronium ion. It does not make any
difference to the meaning of a chemical

equation whether the presence of an acid is indicated by H+ or
H3O+. For example, the addition of

nitric acid, HNO3, to water produces the ionic dissociation
reaction

HNO3 + H2O H3O+ + NO3,

or equivalently

Both equations are read HNO3 added to water forms H+ (or H3O

+) and NO3 ions.

DEFINING PH

The concentration of H+ in water solutions commonly ranges from
about 1 mol/L (equivalent to

1 g/L or 1000 ppm) for very acidic water, to about 1014 mol/L
(1014 g/L or 1011 ppm) for very

basic water. Under special circumstances, the range can be even
wider.

Rather than work with such a wide numerical range for a
measurement that is so common,

chemists have developed a way to use logarithmic units for
expressing [H+] as a positive decimal

number whose value normally lies between 0 and 14. This number
is called the pH, and is dened

in Equation 3.6 as the negative of the base10 logarithm of the
hydrogen ion concentration in moles

per liter:

pH = log10[H+]. (3.6)

Note that if [H+] = 107, then pH = log10(107) = (7) = 7. A
higher concentration of H+ such

as [H+] = 105 yields a lower value for pH, i.e., pH = log10(105)
= 5. Thus, if pH is less than 7,

the solution contains more H+ than OH and is acidic; if pH is
greater than 7, the solution is basic.

HNO H NOH O

3 32

++ .
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ACID-BASE REACTIONS

In acid-base reactions, protons (H+ ions) are transferred
between chemical species, one of which is

an acid and the other is a base. The proton donor is the acid
and the proton acceptor is the base.

For example, if an acid, such as hydrochloric acid (HCl), is
dissolved in water, water acts as a base

by accepting the proton donated by HCl. The acid-base reaction
is written: HCl + H2O Cl + H3O+.A water molecule that behaved as a
base by accepting a proton is turned into an acid, H3O

+, a

species that has a proton available to donate. The species H3O+,
as noted above, is called a hydronium

ion and is the chemical species that gives acid water solutions
their acidic characteristics. An

HCl/water solution contains water molecules, hydronium ions,
hydroxyl ions (in smaller concen-

tration than H3O+), and chloride ions. The solution is termed
acidic, with pH (at 25C) < 7. The

measurable parameter pH indicates the concentration of protons
available for acid-base reactions.

Example 3.1

The [H+] of water in a stream = 3.5 106 mol/L. What is the
pH?

Answer:

pH = log10[H+] = log10(3.5 10

6) = (5.46) = 5.46.

Notice that since logarithms are dimensionless, the pH unit has
no dimensions or units.

Frequently, pH is unnecessarily assigned units called SU, or
standard units, even though pH is

unitless. This mainly serves to avoid blank spaces in a table
that contains a column for units, or

to satisfy a database that requires an entry in a units eld. An
alternate and useful form of

Equation 3.6 is:

[H+] = 10pH. (3.7)

Example 3.2

The pH of water in a stream is 6.65. What is the hydrogen ion
concentration?

Answer:

[H+] = 10pH = 106.65 = 2.24 107 mol/L.

Rules of Thumb

1. In an acid-base reaction, H+ ions are exchanged between
chemical species. The species that donates

the H+ is the acid. The species that accepts the H+ is the
base.

2. The concentration of H+ in water solutions is an indication
of how many hydrogen ions are available,

at the time of measurement, for exchange between chemical
species. The exchange of hydrogen ions

changes the chemical properties of the species between which the
exchange occurs.

3. pH is a measure of [H+], the hydrogen ion concentration,
which determines the acidic or basic quality

of water solutions. At 25C:

When pH < 7, a water solution is acidic.

When pH = 7, a water solution is neutral.

When pH > 7, a water solution is basic.
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IMPORTANCE OF PH

Measurement of pH is one of the most important and frequently
used tests in water chemistry. pH

is an important factor in determining the chemical and
biological properties of water. It affects the

chemical forms and environmental impact of many chemical
substances in water. For example,

many metals dissolve as ions at lower pH values precipitate as
hydroxides and oxides at higher pH

and redissolve again at very high pH. Figure 3.1 shows the pH
scale and typical pH values of some

common substances.

pH also inuences the degree of ionization, volatility, and
toxicity to aquatic life of certain

dissolved substances, such as ammonia, hydrogen sulde, and
hydrogen cyanide. The ionized form

of ammonia, which predominates at low pH, is the less toxic
ammonium ion NH4+. NH4

+ transforms

to the more toxic form of unionized ammonia NH3, at higher pH.
Both hydrogen sulde (H2S) and

hydrogen cyanide (HCN) behave oppositely to ammonia; the less
toxic ionized forms, S2 and CN,

are predominant at high pH, and the more toxic unionized forms,
H2S and HCN, are predominant

at low pH. The pH value is an indicator of the chemical state in
which these compounds will be

found and must be considered when establishing water quality
standards.

MEASURING PH

The pH of environmental waters is most commonly measured with
electronic pH meters or by

wetting with sample, special papers impregnated with
color-changing dyes. Battery-operated eld

meters are common. A pH measurement of surface or groundwater is
valid only when made in the

eld or very shortly after sampling. The pH is altered by many
processes that occur after the sample

is collected, such as loss or gain of dissolved carbon dioxide
or the oxidation of dissolved iron. A

laboratory determination of pH made hours or days after sampling
may be more than a full pH

unit (a factor of 10 in H+ concentration) different from the
value at the time of sampling.

Loss or gain of dissolved carbon dioxide (CO2) is one of the
most common causes for pH

changes. When CO2 dissolves into water, by diffusion from the
atmosphere or from microbial

activity in water or soil, the pH is lowered. Conversely, when
CO2 is lost, by diffusion to the

atmosphere or consumption during photosynthesis of algae or
water plants, the pH is raised.

CRITERIA AND STANDARDS

The pH of pure water at 25C is 7.0, but the pH of environmental
waters is affected by dissolved

carbon dioxide and exposure to minerals. Most unpolluted
groundwaters and surface waters in the

U.S. have pH values between about 6.0 and 8.5, although higher
and lower values can occur because

of special conditions such as sulde oxidation which lowers the
pH, or low carbon dioxide

concentrations which raises the pH. During daylight,
photosynthesis in surface waters by aquatic

organisms may consume more carbon dioxide than is dissolved from
the atmosphere, causing pH

to rise. At night, after photosynthesis has ceased, carbon
dioxide from the atmosphere continues

Rules of Thumb

1. Under low pH conditions (acidic)

a. Metals tend to dissolve.

b. Cyanide and sulde are more toxic to sh.

c. Ammonia is less toxic to sh.

2. Under high pH conditions (basic)

a. Metals tend to precipitate as hydroxides and oxides. However,
if the pH gets too high, some

precipitates begin to dissolve again because soluble hydroxide
complexes are formed (see Metals).

b. Cyanide and sulde are less toxic to sh.

c. Ammonia is more toxic to sh.
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to dissolve and lowers the pH again. In this manner,
photosynthesis can cause diurnal pH uctua-

tions, the magnitude of which depends on the alkalinity
buffering capacity of the water. In poorly

buffered lakes or rivers, the daytime pH may reach 9.0 to
12.0.

The permissible pH range for sh depends on factors such as
dissolved oxygen, temperature,

and concentrations of dissolved anions and cations. A pH range
of 6.5 to 9.0, with no short-term

change greater than 0.5 units beyond the normal seasonal maximum
or minimum, is deemed

protective of freshwater aquatic life and considered harmless to
sh. In irrigation waters, the pH

should not fall outside a range of 4.5 to 9.0 to protect
plants.

EPA Criteria

Domestic water supplies: 5.09.0.

Freshwater aquatic life: 6.59.0.

Rules of Thumb

1. The pH of natural unpolluted river water is generally between
6.5 and 8.5.

2. The pH of natural unpolluted groundwater is generally between
6.0 and 8.5.

3. Clean rainwater has a pH of about 5.7 because of dissolved
CO2.

4. After reaching the surface of the earth, rainwater usually
acquires alkalinity while moving over and

through the earth, which may raise the pH and buffer the water
against severe pH changes.

5. The pH of drinking water supplies should be between 5.0 to
9.0.

6. Fish acclimate to ambient pH conditions. For aquatic life, pH
should be between 6.5 to 9.0 and

should not vary more than 0.5 units beyond the normal seasonal
maximum or minimum.

FIGURE 3.1 pH scale and typical pH values of some common
substances.
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3.3 OXIDATION-REDUCTION (REDOX) POTENTIAL

BACKGROUND

The redox potential measures the availability of electrons for
exchange between chemical species.

This may be viewed as analogous to pH, which measures the
availability of protons (H+ ions) for

exchange between chemical species. When H+ ions are exchanged,
the acid or base properties of the

species are changed. When electrons are exchanged, the oxidation
states of the species and their

chemical properties are changed, resulting in oxidation and
reduction reactions. The electron donor is

said to be oxidized. The electron acceptor is said to be
reduced. For every electron donor, there must

be an electron acceptor. For example, whenever one substance is
oxidized, another must be reduced.

Strong oxidizing agents, such as ozone, chlorine, or
permanganate, are those that readily take electrons

from many substances, causing the electron donor to be oxidized.
By accepting electrons, the oxidizing

agents are themselves reduced. In a similar manner, strong
reducing agents are those that are easily

oxidized, in other words, they readily give up electrons to
other substances that in turn become reduced.

For example, chlorine is widely used to treat water and sewage.
Chlorine oxidizes many

pollutants to less objectionable forms. When chlorine reacts
with hydrogen sulde (H2S) a

common sewage pollutant that smells like rotten eggs it oxidizes
the sulfur in H2S to insoluble

elemental sulfur, which is easily removed by settling or
ltering. The reaction is

8 Cl2(g) + 8 H2S(aq) S8(s) + 16 HCl(aq). (3.8)

The sulfur in H2S donates two electrons that are accepted by the
chlorine atoms in Cl2. Chlorine

is reduced (it accepts electrons), and sulfur is oxidized (it
donates electrons). Because chlorine is

the agent that causes the oxidation of H2S, chlorine is called
an oxidizing agent. Because H2S is

the agent that causes the reduction of chlorine, H2S is called a
reducing agent.

The class of oxidation-reduction reactions is very large. These
include all combustion processes

such as the burning of gasoline or wood, most microbial
reactions such as those that occur in

biodegradation, and all electrochemical reactions such as those
that occur in batteries and metal

corrosion. The use of subsurface groundwater treatment walls
containing nely divided iron is

based on the reducing properties of iron. Such treatment walls
are placed in the path of groundwater

contaminant plumes. The iron donates electrons to pollutants as
they pass through the permeable

barrier. Thus, the iron is oxidized and the pollutant reduced.
This often causes the pollutant to

decompose into less harmful or inert fragments.

3.4 CARBON DIOXIDE, BICARBONATE, AND CARBONATE

BACKGROUND

The reactive inorganic forms of environmental carbon are carbon
dioxide (CO2), bicarbonate

(HCO3), and carbonate (CO3

2). Organic carbon, such as cellulose and starch, is made by
plants

Rules of Thumb

1. Oxygen gas (O2) is always an oxidizing agent in its reactions
with metals and most non-metals. If

a compound has combined with O2, it has been oxidized and the O2
has been reduced. By accepting

electrons, O2 either is changed to the oxide ion (O2) or is
combined in compounds such as CO2 or H2O.

2. Like O2, the halogen gases (F2, Cl2, Br2, and I2) are always
oxidizing agents in reactions with metals

and most non-metals. They accept electrons to become halide ions
(F, Cl, Br, and I) or are

combined in compounds such as HCl or CHBrCl2.

3. If an elemental metal (Fe, Al, Zn, etc.) reacts with a
compound, the metal acts as a reducing agent

by donating electrons, usually forming a soluble positive ion
such as Fe2+, Al3+, or Zn2+.
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from CO2 and water during photosynthesis. Carbon dioxide is
present in the atmosphere and in soil

pore space as a gas, and in surface waters and groundwaters as a
dissolved gas. The carbon cycle

is based on the mobility of carbon dioxide, which is distributed
readily through the environment as

a gas in the atmosphere and dissolved in rain water, surface
water, and groundwater. Most of the

earths carbon, however, is relatively immobile, being contained
in ocean sediments and on continents

as minerals. The atmosphere, with about 360 ppmv (parts per
million by volume) of mobile CO2,

is the second smallest of the earths global carbon reservoirs,
after life forms which are the smallest.

On land, solid forms of carbon are mobilized as particulates
mainly by weathering of carbonate

minerals, biodegradation and burning of organic carbon, and
burning of fossil fuels.

SOLUBILITY OF CO2 IN WATER

Carbon dioxide plays a fundamental role in determining the pH of
natural waters. Although CO2itself is not acidic, it reacts in
water (reversibly) to make an acidic solution by forming
carbonic

acid (H2CO3), as shown in Equation 3.9. Carbonic acid can
subsequently dissociate in two steps

to release hydrogen ions, as shown in Equations 3.10 and
3.11:

CO2 + H2O H2CO3. (3.9)

H2CO3 H+ + HCO3. (3.10)

HCO3 H+ + CO32. (3.11)

As a result, pure water exposed to air is not acid-base neutral
with a pH near 7.0 because

dissolved CO2 makes it acidic, with a pH around 5.7. The pH
dependence of Equations 3.93.11

is shown in Figure 3.2 and Table 3.1.

Observations From Figure 3.2 and Table 3.1

As pH increases, all equilibria in Equations 3.93.11 shift to
the right.

As pH decreases, all equilibria shift to the left.

Above pH = 10.3, carbonate ion (CO32) is the dominant
species.

Below pH = 6.3, dissolved CO2 is the dominant species.

Between pH = 6.3 and 10.3, a range common to most environmental
waters, bicarbonate

ion (HCO3) is the dominant species.

FIGURE 3.2 Distribution diagram showing pH dependence of
carbonate species in water.
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The equilibria among only the carbon species (omitting the
display of H+) are

CO2(gas, atm) CO2(aq) H2CO3(aq) HCO3 (aq) CO32 (aq). (3.12)

These dissolved carbon species are sometimes referred to as
dissolved inorganic carbon (DIC).

SOIL CO2

Processes such as biodegradation of organic matter and
respiration of plants and organisms which

commonly occur in the subsurface consume O2 and produce CO2. In
the soil subsurface, air in the

pore spaces cannot readily equilibrate with the atmosphere, and
therefore pore space air becomes

lower in O2 and higher in CO2 concentrations.

Oxygen may decrease from about 21% (210,000 ppmv) in the
atmosphere to between

15% and 0% (150,000 to 0 ppmv) in the soil.

Carbon dioxide may increase from about 0.04% (~360 ppmv) in the
atmosphere to

between 0.1% and 10% (1000 to 100,000 ppmv) in the soil.

When water moves through the subsurface, it equilibrates with
soil gases and may become

more acidic because of a higher concentration of dissolved CO2.
Acidic groundwater has an

increased capacity for dissolving minerals. The higher the CO2
concentration in soil air, the lower

is the pH of groundwater. Acidic groundwater may become
buffered, minimizing pH changes, by

dissolution of soil minerals, particularly calcium carbonate.
Limestone (calcium carbonate, CaCO3)

is particularly susceptible to dissolution by low pH waters.
Limestone caves are formed when low

pH groundwaters move through limestone deposits and dissolve the
limestone minerals.

TABLE 3.1pH Dependence of Carbonate Fractions (From Figure
3.2)

pH fraction as CO2 fraction as HCO3 fraction as CO3

2

> 10.33 essentially 0 essentially 0 essentially 1.00

Rules of Thumb

1. Unpolluted rainwater is acidic, about pH = 5.7, because of
dissolved CO2 from the atmosphere.

2. Acid rain has lower pH values, reaching pH = 2.0 or lower,
because of dissolved sulfuric, nitric, and

hydrochloric acids which result mainly from industrial air
emissions.

3. The dissolved carbonate species, CO2(aq) (equivalent to
H2CO3), HCO3, and CO3

2, are present in

any natural water system near the surface of the earth. The
relative proportions depend on pH.

4. At pH values between 7.0 and 10.0, bicarbonate is the
dominant dissolved inorganic carbon species

in water. Between pH 7.8 and 9.2, bicarbonate is close to 100%;
carbonate and dissolved CO2concentrations are essentially zero.

5. In subsurface soil pore space, oxygen is depleted and carbon
dioxide increased, compared to the

atmosphere. Oxygen typically decreases from 21% in atmospheric
air to 15% or less in soil pore

space air, and carbon dioxide typically increases from ~360 ppmv
in atmospheric air to between

1000 and 100,000 ppmv in soil pore space air. Thus, unpolluted
groundwaters tend to be more acidic

than unpolluted surface waters because of higher dissolved
concentrations of CO2.
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3.5 ACIDITY AND ALKALINITY

BACKGROUND

The alkalinity of water is its acid-neutralizing capacity. The
acidity of water is its base-neutralizing

capacity. Both parameters are related to the buffering capacity
of water (the ability to resist changes

in pH when an acid or base is added). Water with high alkalinity
can neutralize a large quantity

of acid without large changes in pH; on the other hand, water
with high acidity can neutralize a

large quantity of base without large changes in pH.

ACIDITY

Acidity is determined by measuring how much standard base must
be added to raise the pH to a

specied value. Acidity is a net effect of the presence of
several constituents, including dissolved

carbon dioxide, dissolved multivalent metal ions, strong mineral
acids such as sulfuric, nitric, and

hydrochloric acids, and weak organic acids such as acetic acid.
Dissolved carbon dioxide (CO2) is

the main source of acidity in unpolluted waters. Acidity from
sources other than dissolved CO2 is

not commonly encountered in unpolluted natural waters and is
often an indicator of pollution.

Titrating an acidic water sample with base to pH 8.3 measures
phenolphthalein* acidity or

total acidity. Total acidity measures the neutralizing effects
of essentially all the acid species present,

both strong and weak.

Titrating with base to pH 3.7 measures methyl orange* acidity.
Methyl orange acidity primarily

measures acidity due to dissolved carbon dioxide and other weak
acids that are present.

ALKALINITY

In natural waters that are not highly polluted, alkalinity is
more commonly found than acidity.

Alkalinity is often a good indicator of the total dissolved
inorganic carbon (bicarbonate and

carbonate anions) present. All unpolluted natural waters are
expected to have some degree of

alkalinity. Since all natural waters contain dissolved carbon
dioxide, they all will have some degree

of alkalinity contributed by carbonate species unless acidic
pollutants would have consumed

the alkalinity. It is not unusual for alkalinity to range from 0
to 750 mg/L as CaCO3. For surface

waters, alkalinity levels less than 30 mg/L are considered low,
and levels greater than 250 mg/L

are considered high. Average values for rivers are around 100150
mg/L. Alkalinity in environ-

mental waters is benecial because it minimizes pH changes,
reduces the toxicity of many metals

by forming complexes with them, and provides nutrient carbon for
aquatic plants.

Alkalinity is determined by measuring how much standard acid
must be added to a given

amount of water in order to lower the pH to a specied value.
Like acidity, alkalinity is a net effect

of the presence of several constituents, but the most important
are the bicarbonate (HCO3),

carbonate (CO32), and hydroxyl (OH) anions. Alkalinity is often
taken as an indicator for the

concentration of these constituents. There are other, usually
minor, contributors to alkalinity, such

as ammonia, phosphates, borates, silicates, and other basic
substances.

Titrating a basic water sample with acid to pH 8.3 measures
phenolphthalein alkalinity. Phe-

nolphthalein alkalinity primarily measures the amount of
carbonate ion (CO32) present. Titrating

with acid to pH 3.7 measures methyl orange alkalinity or total
alkalinity. Total alkalinity measures

the neutralizing effects of essentially all the bases
present.

Because alkalinity is a property caused by several constituents,
some convention must be used

for reporting it quantitatively as a concentration. The usual
convention is to express alkalinity as

ppm or mg/L of calcium carbonate (CaCO3). This is done by
calculating how much CaCO3 would

be neutralized by the same amount of acid as was used in
titrating the water sample when measuring

* Phenolphthalein and methyl orange are pH-indicator dyes that
change color at pH 8.3 and 3.7, respectively.
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either phenolphthalein or methyl orange alkalinity. Whether it
is present or not, CaCO3 is used as a

proxy for all the base species that are actually present in the
water. The alkalinity value is equivalent

to the mg/L of CaCO3 that would neutralize the same amount of
acid as does the actual water sample.

IMPORTANCE OF ALKALINITY

Alkalinity is important to sh and other aquatic life because it
buffers both natural and human-

induced pH changes. The chemical species that cause alkalinity,
such as carbonate, bicarbonate,

hydroxyl, and phosphate ions, can form chemical complexes with
many toxic heavy metal ions,

often reducing their toxicity. Water with high alkalinity
generally has a high concentration of

dissolved inorganic carbon (in the form of HCO3 and CO3

2) which can be converted to biomass

by photosynthesis. A minimum alkalinity of 20 mg/L as CaCO3 is
recommended for environmental

waters and levels between 25 and 400 mg/L are generally benecial
for aquatic life. More productive

waterfowl habitats correlate with increased alkalinity above 25
mg/L as CaCO3.

CRITERIA AND STANDARDS FOR ALKALINITY

Naturally occurring levels of alkalinity reaching at least 400
mg/L as CaCO3 are not considered a

health hazard. EPA guidelines recommend a minimum alkalinity
level of 20 mg/L as CaCO3, and

that natural background alkalinity is not reduced by more than
25% by any discharge. For waters

where the natural level is less than 20 mg/L, alkalinity should
not be further reduced. Changes

from natural alkalinity levels should be kept to a minimum. The
volume of sample required for

alkalinity analysis is 100 mL.

CALCULATING ALKALINITY

Although alkalinity is usually determined by titration, the part
due to carbonate species (carbonate

alkalinity) is readily calculated from a measurement of pH,
bicarbonate and/or carbonate. Carbonate

alkalinity is equal to the sum of the concentrations of
bicarbonate and carbonate ions, expressed

as the equivalent concentration of CaCO3.

Example 3.3

A groundwater sample contains 300 mg/L of bicarbonate at pH =
10.0. Calculate the carbonate

alkalinity as CaCO3.

Rules of Thumb

1. Alkalinity is the mg/L of CaCO3 that would neutralize the
same amount of acid as does the actual

water sample.

2. Phenolphthalein alkalinity (titration with acid to pH 8.3)
measures the amount of carbonate ion

(CO32) present.

3. Total or methyl orange alkalinity (titration with acid to pH
3.7) measures the neutralizing effects of

essentially all the bases present.

4. Surface and groundwaters draining carbonate mineral
formations become more alkaline due to

dissolved minerals.

5. High alkalinity can partially mitigate the toxic effects of
heavy metals to aquatic life.

6. Alkalinity greater than 25 mg/L CaCO3 is benecial to water
quality.

7. Surface waters without carbonate buffering may be more acidic
than pH 5.7 (the value established

by equilibration of dissolved CO2 with CO2 in the atmosphere)
because of water reactions with metals

and organic substances, biochemical reactions, and acid
rain.
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Answer:

1. Use the measured values of bicarbonate and pH, with Figure
3.2, to determine the value

of CO32. At pH = 10.0, total carbonate is about 73% bicarbonate
ion and 27% carbonate

ion. Although these percentages are related to moles/L rather
than mg/L, the molecular

weights of bicarbonate and carbonate ions differ by only about
1.7%; therefore, mg/L

can be used in the calculation without signicant error.

CO32 = 0.27 411 = 111 mg/L, or alternatively, 411 300 = 111
mg/L.

2. Determine the equivalent weights of HCO3, CO3

2, and CaCO3.

eq. wt. = .

eq. wt. of HCO3 = = 61.0.

eq. wt. of CO32 = = 30.0.

eq. wt. of CaCO3 = = 50.0.

3. Determine the multiplying factors to obtain the equivalent
concentration of CaCO3.

Multiplying factor of HCO3 as CaCO3 = = 0.820.

Multiplying factor of CO32 as CaCO3 = = 1.667.

4. Use the multiplying factors and concentrations to calculate
the carbonate alkalinity,

expressed as mg/L of CaCO3.

Carbonate alk. (as CaCO3) = 0.820 [HCO3, mg/L] + 1.667 [CO3

2, mg/L]. (3.13)

Carbonate alk. = 0.820 [300 mg/L] + 1.667 [111 mg/L] = 431 mg/L
CaCO3.

Equation 3.13 may be used to calculate carbonate alkalinity
whenever pH and either bicarbonate

or carbonate concentrations are known.

Total carbonate mg/L

0.73 mg/L.= =

300411

molecular or atomic weight

magnitude of ionic charge or oxidation number

61 02

1

.

61 01

2

.

100 09

2

.

eq. wt. of CaCO

eq. wt. of HCO

3

3

=

50 0

61 0

.

.

eq. wt. of CaCO

eq. wt. of CO

3

3

2

50 0

30 0=

.

.

Copyright 2000 CRC Press, LLC


	
CALCULATING CHANGES IN ALKALINITY, CARBONATE, AND PH

A detailed calculation of how pH, total carbonate, and total
alkalinity are related to one another

is moderately complicated because of the three simultaneous
carbonate equilibria reactions,

Equations 3.93.11. However, the relations can be conveniently
plotted on a total alkalinity/pH/total

carbonate graph, also called a Deffeyes diagram, or capacity
diagram (see Figures 3.3 and 3.4).

Details of the construction of the diagrams may be found in
Stumm and Morgan (1996) and

Deffeyes (1965).

In a total alkalinity/pH/total carbonate graph shown in Figure
3.3, a vertical line represents

adding strong base or acid without changing the total carbonate
(CT). The added base or acid

changes the pH and, therefore, shifts the carbonate equilibrium,
but does not add or remove any

carbonate. The amount of strong base or acid in meq/L equals the
vertical distance on the graph.

You can see from Figure 3.3 that if the total carbonate is
small, the system is poorly buffered, so

a little base or acid makes large changes in pH. If total
carbonate is large, the system buffering

capacity is similarly large and it takes much more base or acid
for the same pH change.

A horizontal line represents changing total carbonate, generally
by adding or losing CO2,

without changing alkalinity. For alkalinity to remain constant
when total carbonate changes, the

pH must also change. Changes caused by adding bicarbonate or
from simple dilution are indicated

in the gure.

Figure 3.4 is a total acidity/pH/total carbonate graph. Note
that changes in composition, caused

by adding or removing carbon dioxide and carbonate, are
indicated by different movement vectors

in the acidity and alkalinity graphs. The examples below
illustrate the uses of the diagrams.

Example 3.4

Designers of a wastewater treatment facility for a meat
rendering plant planned to control ammonia

concentrations in the wastewater by raising its pH to 11, in
order to convert about 90% of the

ammonia to the volatile form. The wastewater would then be
passed through an air-stripping tower

to transfer the ammonia to the atmosphere. Average initial
conditions for alkalinity and pH in the

wastewater were expected to be about 0.5 meq/L and 6.0,
respectively.

In the preliminary design plan, four options for increasing the
pH were considered:

1. Raise the pH by adding NaOH, a strong base.

2. Raise the pH by adding calcium carbonate, CaCO3, in the form
of limestone.

3. Raise the pH by adding sodium bicarbonate, NaHCO3.

4. Raise the pH by removing CO2, perhaps by aeration.

Addition of NaOH

In Figure 3.3, we nd that the intersection of pH = 6.0 and
alkalinity = 0.5 meq/L occurs at total

carbonate = 0.0015 mol/L, point A. Assuming that no CO2 is lost
to the atmosphere, addition of

the strong base NaOH represents a vertical displacement upward
from point A. Enough NaOH

must be added to intersect with the pH = 11.0 contour at point
B. In Figure 3.3, the vertical line

between points A and B has a length of about 3.3 meq/L. Thus,
The quantity of NaOH needed to

change the pH from 6.0 to 11.0 is 3.3 meq/L (132 mg/L).

Addition of CaCO3Addition of CaCO3 is represented by a line of
slope +2 from point A. The carbonate addition line

rises by 2 meq/L of alkalinity for each increase of 1 mol/L of
total carbonate (because one mole

of carbonate = 2 equivalents). Notice in Figure 3.3 that the
slope of the pH = 11.0 contour is very

nearly 2. The CaCO3 addition vector and the pH = 11.0 contour
are nearly parallel. Therefore, a

very large quantity of CaCO3 would be needed, making this method
impractical.
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Addition of NaHCO3Addition of NaHCO3 is represented by a line of
slope +1 from point A. Although this vector is not

shown in Figure 3.3, it is evident it cannot cross the pH = 11
contour. Therefore, this method will

not work.

Removing CO2Removal of CO2 is represented by a horizontal
displacement to the left. Loss or gain of CO2 does

not affect the alkalinity. Note that if CO2 is removed, total
carbonate is decreased correspondingly.

However, pH and [OH] also increase correspondingly, resulting in
no net change in alkalinity. We

see from Figure 3.3 that removal of CO2 to the point of zero
total carbonate cannot achieve

pH = 11.0. Therefore, this method also will not work.

Of the four potential methods considered for raising the
wastewater pH to 11.0, only addition

of NaOH is useful.

FIGURE 3.3 Total alkalinity-pH-total carbonate diagram (Deffeyes
diagram): In this figure, the relationshipsamong total alkalinity,
pH, and total carbonate are shown. If any two of these quantities
are known, the third

may be determined from the plot. The composition changes
indicated in the gure refer to Example 3.4.
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Example 3.5

A large excavation at an abandoned mine site has lled with
water. Because pyrite minerals were

exposed in the pit, the water is acidic with pH = 3.2. The
acidity was measured at 3.5 meq/L.

Because the pit overows into a stream during heavy rains,
managers of the site must meet the

conditions of a discharge permit, which include a requirement
that pH of the overow water be

between 6.0 and 9.0. The site managers decide to treat the water
to pH = 7.0 to provide a safety

margin. Use Figure 3.4 to evaluate the same options for raising
the pH as were considered in

Example 3.4.

Addition of NaOH

In Figure 3.4, we nd that the intersection of pH = 3.2 and
acidity = 3.5 meq/L occurs at about

total carbonate = 0.0014 mol/L, point A. Assuming that no CO2 is
lost to the atmosphere, addition

of the strong base NaOH represents a vertical displacement
downward from point A to point C.

Enough NaOH must be added to intersect with the pH = 7.0
contour. The vertical line between

points A and C has a length of about 1.8 meq/L. Thus, The
quantity of NaOH needed to change

the pH from 3.0 to 7.0 is 1.8 meq/L (72 mg/L).

Addition of CaCO3In the acidity diagram, addition of CaCO3 is
represented by a horizontal line to the right. In

Figure 3.4, the CaCO3 addition line intersects the pH = 7.0
contour at point B, where total carbonate

= 0.0030 mol/L. Therefore, the quantity of CaCO3 required to
reach pH = 7.0 is 0.0030 0.0014

= 0.0016 mol/L (160 mg/L).

Addition of NaHCO3The addition of NaHCO3 is represented by a
line of slope +1 (the vector upward to the right from

point A in Figure 3.4). Notice that the slope of the pH = 7.0
contour is just a little greater than +1.

The NaHCO3 addition vector and the pH = 7.0 contour are nearly
parallel. Therefore, a very large

quantity of NaHCO3 would be needed, making this method
impractical.

Removing CO2In the acidity diagram, the removal of CO2 is
represented by a line downward to the left with

slope 2. We see from Figure 3.4 that removal of CO2 to the point
of zero total carbonate cannot

achieve pH = 7.0. Therefore, this method will not work.

Of the four potential methods considered for raising the
wastewater pH to 7.0, addition of either

NaOH or CaCO3 will work. The choice will be based on other
considerations, such as costs or

availability.

3.6 HARDNESS

BACKGROUND

Originally, water hardness was a measure of the ability of water
to precipitate soap. It was measured

by the amount of soap needed for adequate lathering and served
also as an indicator of the rate of

scale formation in hot water heaters and boilers. Soap is
precipitated as a gray bathtub ring

deposit mainly by reacting with the calcium and magnesium
cations (Ca2+ and Mg2+) present,

although other polyvalent cations may play a minor role.

Hardness has some similarities to alkalinity. Like alkalinity,
it is a water property that is not

attributable to a single constituent and, therefore, some
convention must be adopted to express

hardness quantitatively as a concentration. As with alkalinity,
hardness is usually expressed as an

equivalent concentration of CaCO3. However, hardness is a
property of cations (Ca2+ and Mg2+),

while alkalinity is a property of anions (HCO3 and CO3

2).
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CALCULATING HARDNESS

Current practice is to dene total hardness as the sum of the
calcium and magnesium ion concen-

trations in mg/L, both expressed as calcium carbonate. Hardness
usually is calculated from separate

measurements of calcium and magnesium, rather than measured
directly by colorimetric titration.

Calcium and magnesium ion concentrations are converted to
equivalent concentrations of

CaCO3 as follows:

1. Find the equivalent weights of Ca2+, Mg2+, and CaCO3.

eq. wt. = .

FIGURE 3.4 Total acidity-total carbonate diagram (Deffeyes
diagram): In this figure, the relationships amongtotal acidity, pH,
and total carbonate are shown. If any two of these quantities are
known, the third may be

determined from the plot. The composition changes indicated in
the gure refer to Example 3.5.

molecular or atomic weight

magnitude of ionic charge or oxidation number
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eq. wt. of Ca2+ = = 20.04.

eq. wt. of Mg2+ = = 12.15.

eq. wt. of CaCO3 = = 50.04.

2. Determine the multiplying factors to obtain the equivalent
concentration of CaCO3.

Multiplying factor of Ca2+ as CaCO3 = = 2.497.

Multiplying factor of Mg2+ as CaCO3 = = 4.118.

3. Calculate the total hardness.

Total hardness (as CaCO3) = 2.497 [Ca2+, mg/L] + 4.118 [Mg2+,
mg/L]. (3.14)

Equation 3.14 may be used to calculate hardness whenever Ca2+
and Mg2+ concentrations are known.

Example 3.6

Calculate the total hardness as CaCO3 of a water sample in
which:

Ca2+ = 98 mg/L and Mg2+ = 22 mg/L.

Answer: From Equation 3.14,

Total hardness = 2.497 [98 mg/L] + 4.118 [22 mg/L] = 335 mg/L
CaCO3.

Both alkalinity and hardness are expressed in terms of an
equivalent concentration of calcium

carbonate. As noted before, alkalinity results from reactions of
the anions, CO32 and HCO3

,

whereas hardness results from reactions of the cations, Ca2+ and
Mg2+. It is possible for hardness

as CaCO3 to exceed the total alkalinity as CaCO3. When this
occurs, the portion of the hardness

that is equal to the alkalinity is referred to as carbonate
hardness or temporary hardness, and the

amount in excess of alkalinity is referred to as noncarbonate
hardness or permanent hardness.

IMPORTANCE OF HARDNESS

Hardness is sometimes useful as an indicator proportionate to
the total dissolved solids present,

since Ca2+, Mg2+, and HCO3 often represent the largest part of
the total dissolved solids. No human

health effects due to hardness have been proven; however, an
inverse relation with cardiovascular

disease has been reported. Higher levels of drinking water
hardness correlates with lower incidence

of cardiovascular disease. High levels of water hardness may
limit the growth of sh; on the other

hand, low hardness (soft water) may increase sh sensitivity to
toxic metals. In general, higher

hardness is benecial by reducing metal toxicity to sh. Aquatic
life water quality standards for

many metals are calculated by using an equation that includes
water hardness as a variable.
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The main advantages in limiting hardness levels (by softening
water) are economical: less soap

requirements in domestic and industrial cleaning, and less scale
formation in pipes and boilers.

Water treatment by reverse osmosis (RO) often requires a water
softening pretreatment to prevent

scale formation on RO membranes. Increased use of detergents,
which do not form precipitates

with Ca2+ and Mg2+, has lessened the importance of hardness for
soap consumption. On the other

hand, a drawback to soft water is that it is more corrosive or
aggressive than hard water. In

this context, corrosive means that soft water more readily
dissolves metal ions from a plumbing

system than does hard water. Thus, in plumbing systems where
brass, copper, galvanized iron, or

lead solders are present, a soft water system will carry higher
levels of dissolved copper, zinc, lead,

and iron, than will a hard water system.

Water will be hard wherever groundwater passes through calcium
and magnesium carbonate

mineral deposits. Such deposits are very widespread and hard to
moderately hard groundwater is more

common than soft groundwater. Very hard groundwater occurs
frequently. Calcium and magnesium

carbonates are the most common carbonate minerals and are the
main sources of hard water. A geologic

map showing the distribution of carbonate minerals serves also
as an approximate map of the distri-

bution of hard groundwater. The most common sources of soft
water are where rain water is used

directly, or where surface waters are fed more by precipitation
than by groundwater.

In industrial usage, hardness is sometimes expressed as
grains/gallon or gpg. The conversion

between gpg and mg/L is shown in Figure 3.5.

3.7 DISSOLVED OXYGEN (DO)

BACKGROUND

Sufcient dissolved oxygen (DO) is crucial for sh and many other
aquatic life forms. DO is

important for high quality water. It oxidizes many sources of
objectionable tastes and odors. Oxygen

Rules of Thumb

1. The higher the hardness, the more tolerant are many stream
metal standards for aquatic life.

2. Hardness above 100 mg/L can cause signicant scale deposits to
form in boilers.

3. The softer the water, the greater the tendency to dissolve
metals from the pipes of water distribution

systems.

4. An ideal quality goal for total hardness is about 7090 mg/L.
Municipal treatment sometimes allows

up to 150 mg/L of total hardness in order to reduce chemical
costs and sludge production from

precipitation of Ca2+ and Mg2+.

Rules of ThumbDegree of Hardness mg CaCO3/L Effects

Soft 200 mg/L.

Very Hard >200 Requires softening for household or commercial
use.

Copyright 2000 CRC Press, LLC


	
becomes dissolved in surface waters by diffusion from the
atmosphere and from aquatic-plant

photosynthesis.

On average, most oxygen dissolves into water from the
atmosphere; only a little net DO is

produced by aquatic-plant photosynthesis. Although water plants
produce oxygen during the day,

they consume oxygen at night as an energy source. When they die
and decay, plants serve as energy

sources for microbes which consume additional oxygen. The net
change in DO is small during the

life cycle of aquatic plants.

Dissolved oxygen is consumed by the degradation (oxidation) of
organic matter in water.

Because the concentration of dissolved oxygen is never very
large, oxygen-depleting processes can

rapidly reduce it to near zero in the absence of efcient
aeration mechanisms. Fish need at least

56 ppm DO to grow and thrive. They stop feeding if the level
drops to around 34 ppm and die

if DO falls to 1 ppm. Many sh kills are not caused by the direct
toxicity of contaminants but

instead by a deciency of oxygen caused by the biodegradation of
contaminants.

Typical state aquatic life standards for DO are

7.0 ppm for cold water spawning periods,

6.0 ppm for class 1 cold water biota, and

5.0 ppm for class 1 warm water biota.

FIGURE 3.5 Relation between hardness expressed as mg/L and
grains per gallon (gpg).

Rules of Thumb

1. The solubility of oxygen in water decreases as the water
temperature increases.

2. Saturation concentration of O2 in water at sea level = 14.7
mg/L (ppm) at 0C, 8.3 mg/L (ppm) at

25C, 7.0 mg/L (ppm) at 35C.
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3.8 BIOLOGICAL OXYGEN DEMAND (BOD) ANDCHEMICAL OXYGEN DEMAND
(COD)

BACKGROUND

Biological oxygen demand (BOD) refers to the amount of oxygen
consumed when the organic

matter in a given volume of water is biodegraded. BOD is an
indicator of the potential for a water

body to become depleted in oxygen and possibly become anaerobic
because of biodegradation.

BOD measurements do not take into account re-oxygenation of
water by naturally occurring

diffusion from the atmosphere or mechanical aeration. Water with
a high BOD and a microbial

population can become depleted in oxygen and may not support
aquatic life, unless there is a means

for rapidly replenishing dissolved oxygen.

Chemical oxygen demand (COD) refers to the amount of oxygen
consumed when the organic

matter in a given volume of water is chemically oxidized to CO2
and H2O by a strong chemical

oxidant, such as permanganate or dichromate. COD is sometimes
used as a measure of general

pollution. For example, in an industrial area built on ll dirt,
COD in the groundwater might be

used as an indicator of organic materials leached from the ll
material. Leachate from landlls

often has high levels of COD.

BOD is a subset of COD. The COD analysis oxidizes organic matter
that is both chemically

and biologically oxidizable. If a reliable correlation between
COD and BOD can be established at

a particular site, the simpler COD test may be used in place of
the more complicated BOD analysis.

BOD5

BOD5 refers to a particular empirical test, accepted as a
standard, in which a specied volume of

sample water is seeded with bacteria and nutrients (nitrogen and
phosphorus) and then incubated

for 5 days at 20C in the dark. BOD5 is measured as the decrease
in dissolved oxygen (in mg/L)

after 5 days of incubation. The BOD5 test originated in England,
where any river contaminant not

decomposed within 5 days will have reached the ocean.

Water surface turbulence helps to dissolve oxygen from the
atmosphere by increasing the water

surface area. A BOD5 of 5 mg/L in a slow-moving stream might be
enough to produce anaerobic

conditions, while a turbulent mountain stream might be able to
assimilate a BOD5 of 50 mg/L

without appreciable oxygen depletion.

BOD CALCULATION

Example 3.7

When a liter water sample is collected for analysis, an insect
weighing 0.1g is accidentally trapped

in the bottle. The initial DO is 10 mg/L. Assume that 10% of the
insects fresh weight is readily

TABLE 3.2Dissolved Oxygen and Water Quality

Water Quality Dissolved Oxygen (mg/L)

Good Above 8.0

Slightly polluted 6.5 8.0

Moderately polluted 4.5 6.5

Heavily polluted 4.0 4.5

Severely polluted Below 4.0
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biodegradable and has the approximate unit formula CH2O.* Also,
assume that microbes that will

metabolize the insect are present. If the laboratory does not
analyze the sample until biodegradation

is complete, what DO will they measure?

Answer: The chemical reaction for oxidation of organic matter
is

CH2O + O2 CO2 + H2O.

This equation shows that one mole of O2 oxidizes one mole of
CH2O. Therefore, the moles of

CH2O in the insect will equal the moles of O2 consumed during
biodegradation. Find the moles of

O2 initially present and the moles of CH2O in the insect.

Molecular weight of CH2O = 12 + 2 + 16 = 30.

Moles O2 initially present = = 3.1 104 mol/L.

Moles CH2O in roach = moles of O2 consumed = = 3.3 104 mol.

Biodegradation of the insect will consume all of the DO present
and there will be about 0.2 104 mol of insect tissue left
undegraded or (0.2 104 mol)(30 g/mol) = 0.6 mg insect tissue
leftover. The laboratory will nd the water anaerobic.

* Organic biomass contains carbon, hydrogen, and oxygen atoms in
approximately the ratio of 1:2:1, so that CH2O serves

as a convenient unit molecule of organic matter.

FIGURE 3.6 Dissolved oxygen sag curve caused by discharge of
organic wastes into a river.

10 10 3 g/L

32 g/mol

0 01. g

30 g/mol
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COD CALCULATION

Example 3.8

COD levels of 60 mg/L were measured in groundwater. It is
suspected that fuel contamination is

the main cause. What concentration of hydrocarbons from fuel is
necessary to account for all of

the COD observed?

Answer: For simplicity, assume fuel hydrocarbons to have an
average unit formula of CH2. The

oxidation reaction is

CH2 + 1.5 O2 CO2 + H2O.

For each carbon atom in the fuel, 1.5 oxygen molecules are
consumed.

Weight of 1 mole of unit fuel = 12 + 2 = 14 g.

Weight of 1.5 mole of O2 = 1.5 32 = 48 g.

Weight ratio of oxygen to fuel is: = 3.4.

A COD of 60 mg/L requires: = 18 mg/L fuel hydrocarbons.

If dissolved fuel hydrocarbons in the groundwater are 18 mg/L or
greater, the fuel alone could

account for all the measured COD. If dissolved fuel hydrocarbons
in the groundwater are less than

18 mg/L, then fuels could account for only a part of the COD;
other organic substances, such as

pesticides, fertilizers, solvents, PCBs, etc., must account for
the rest.

3.9 NITROGEN: AMMONIA (NH3), NITRITE (NO2), AND

NITRATE (NO3)

BACKGROUND

Nitrogen compounds of greatest interest to water quality are
those that are biologically available

as nutrients to plants or exhibit toxicity to humans or aquatic
life. Atmospheric nitrogen (N2) is the

primary source of all nitrogen species, but it is not directly
available to plants because the NN

triple bond is too strong to be broken by photosynthesis.
Atmospheric nitrogen must be converted

to other nitrogen compounds before it can become available as a
plant nutrient.

The conversion of atmospheric nitrogen to other chemical forms
is called nitrogen xation and

is accomplished by a few types of bacteria that are present in
water, soil, and root nodules of alfalfa,

clover, peas, beans, and other legumes. Atmospheric lightning is
another signicant source of xed

nitrogen because the high temperatures generated in lightning
strikes are sufcient to break N2 and

O2 bonds making possible the formation of nitrogen oxides.
Nitrogen oxides created within lightning

bolts are dissolved in rainwater and absorbed by plant roots,
thus entering the nitrogen nutrient

sub-cycles, (see Figure 3.5). The rate at which atmospheric
nitrogen can enter the nitrogen cycle

by natural processes is too low to support todays intensive
agricultural production. The shortage

of xed nitrogen must be made up with fertilizers containing
nitrogen xed by industrial processes,

which are dependent on petroleum fuel. Modern large-scale
farming has been called a method for

converting petroleum into food.
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THE NITROGEN CYCLE

As illustrated in Figure 3.7, in the nitrogen cycle, plants take
up ammonia and nitrogen oxides

dissolved in soil pore water and convert them into proteins,
DNA, and other nitrogen compounds.

Animals get their nitrogen by eating plants or other
plant-eating animals. Once in terrestrial

ecosystems, nitrogen is recycled through repeated biological
birth, growth, death, and decay steps.

There is a continual and relatively small loss of xed nitrogen
when specialized soil bacteria convert

xed nitrogen back into nitrogen gas (denitrication), which then
is released to the atmosphere

until it can reenter the nutrient sub-cycles again.

When nitrogen is circulating in the nutrient sub-cycles, it
undergoes a series of reversible

oxidation-reduction reactions that convert it from nitrogenous
organic molecules, such as proteins,

to ammonia (NH3), nitrite (NO2), and nitrate (NO3

). Ammonia is the rst product in the oxidative

decay of nitrogenous organic compounds. Further oxidation leads
to nitrite and then to nitrate.

Ammonia is naturally present in most surface and wastewaters.
Its further degradation to nitrites

and nitrates consumes dissolved oxygen.

(3.15)

AMMONIA/AMMONIUM ION (NH3/NH4+)

In water, ammonia reacts as a base, raising the pH by generating
OH ions, as in Equation 3.16.

NH3 + H2O NH4+ + OH. (3.16)

FIGURE 3.7 Nitrogen cycle.

Organic N NH NO NOO O3 2 3

2 2 .
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The equilibrium of Equation 3.16 depends on pH and temperature,
(see Figure 3.6). In a

laboratory analysis, total ammonia (NH3 + NH4+) is measured and
the distribution between unionized

ammonia (NH3) and ionized ammonia (NH4+) is calculated from
knowledge of the water pH and

temperature at the sampling site. Since the unionized form is
far more toxic to aquatic life than the

ionized form, eld measurements of water pH and temperature at
the sampling site are very important.

The two forms of ammonia have different mobilities in the
environment. Ionized ammonia is strongly

adsorbed on mineral surfaces where it is effectively
immobilized. In contrast, unionized ammonia

is only weakly adsorbed and is transported readily by water
movement. If a suspended sediment

carrying sorbed NH4+ is carried by a stream into a zone with a
higher pH, a portion will be converted

to unionized NH3, which can then desorb and become available to
aquatic life forms as a toxic

pollutant. Unionized ammonia is also volatile and a fraction of
it is transported as a gas.

As discussed above, nitrogen passes through several different
chemical forms in the nutrient

sub-cycle. In order to allow quantities of these different forms
to be directly compared with one

another, analytical results often report their concentrations in
terms of their nitrogen content. For

example, 10.0 mg/L of unionized ammonia may be reported as 8.23
mg/L NH3N (ammonia

nitrogen),* or 10.0 mg/L of nitrate reported as 2.26 mg/L NO3N
(nitrate nitrogen).**

Changes in environmental conditions can cause an initially
acceptable concentration of total

ammonia to become unacceptable and in violation of a stream
standard. For example, consider the

case of a wastewater treatment plant that discharges its efuent
into a detention pond that, in turn,

periodically releases its water into a stream. The treatment
plant is meeting its discharge limit for

unionized ammonia when its efuent is measured at the end of its
discharge pipe. However, the

detention pond is prone to support algal growth. In such a
situation, it is not unusual for algae to

grow to a level that inuences the ponds pH. During daytime
photosynthesis, algae may remove

enough dissolved carbon dioxide from the pond to raise the pH
and shift the equilibrium of Equation

3.16 to the left, far enough that the pond concentration of NH3
becomes higher than the discharge

permit limit. In this case, discharges from the pond could
exceed the stream standard for unionized

ammonia even though the total ammonia concentration is
unchanged.

Example 3.9

Ammonia is removed from an industrial wastewater stream by an
air-stripping tower. To meet the

efuent discharge limit of 5-ppm ammonia, the inuent must be
adjusted so that 60% of the total

ammonia is in the volatile form. To what pH must the inuent be
adjusted if the wastewater in the

stripping tower is at 10C? Use Figure 3.8.

* Calculated as follows: conc. of NH3 = 10 mg/L = 8.23 mg/L
NH3N.

** Calculated as follows: conc. of NH3 = 10 mg/L = 2.26 mg/L
NO3N.

Rules of Thumb

1. Ammonia toxicity increases with pH and temperature.

2. At 20C and pH > 9.4, the equilibrium of Equation 3.16 is
to the left, favoring NH3, the toxic form.

3. At 20C and pH < 9.4, the equilibrium of Equation 3.16 is
to the right, favoring NH4+, the nontoxic form.

4. A temperature increase shifts the equilibrium to the left,
favoring the NH3 form.

5. NH3 concentrations >0.5 mg NH3N/L cause signicant toxicity
to sh.

6. The unionized form is volatile, or air-strippable. The
ionized form is nonvolatile.

atomic wt. of N

molecular wt. of NH3

14

17

atomic wt. of N

molecular wt. of NO3

14

62

Copyright 2000 CRC Press, LLC


	
Answer: In Figure 3.8, the 60% unionized ammonia gridline
crosses the 10C curve between

pH = 9.7 and 9.8. Thus, the inuent must be adjusted to pH = 9.8
or higher to meet the discharge limit.

CRITERIA AND STANDARDS FOR AMMONIA

Typical state standards for unionized ammonia (NH3) are

Aquatic life: Cold water biota = 0.02 mg/L NH3N, chronic; warm
water biota =

0.06 mg/L NH3N, chronic; acute standard calculated from
temperature and pH.

Domestic water supply: 0.05 mg N/L total (NH3 + NH4+), for a
30-day average.

NITRITE (NO2) AND NITRATE (NO3

)

Ammonia and other nitrogenous materials in natural waters tend
to be oxidized by aerobic bacteria,

rst to nitrite and then to nitrate. Therefore, all organic
compounds containing nitrogen should be

considered as potential nitrate sources. Organic nitrogen
compounds enter the environment from

wild animal and sh excretions, human sewage, and livestock
manure. Inorganic nitrates come

primarily from manufactured fertilizers containing ammonium
nitrate and potassium nitrate.

In oxygenated waters, nitrite is rapidly oxidized to nitrate, so
normally there is little nitrite

present in surface waters. Manufactured fertilizers are another
source of nitrate and ammonia.

Both nitrite and nitrate are important nutrients for plants, but
they are toxic to sh and humans

at high concentrations. Nitrates and nitrites are very soluble,
do not adsorb readily to mineral

and soil surfaces, and are very mobile in the environment.
Consequently, where soil nitrate levels

are high, contamination of groundwater by nitrate leaching is a
serious problem. Unlike ammonia,

nitrites and nitrates do not evaporate and remain in water until
they are consumed by plants and

microorganisms.

FIGURE 3.8 Percent unionized ammonia (NH3) as a function of pH
and temperature.
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Drinking water standards for nitrate are strict because the
nitrate ion is reduced to nitrite ion in

the saliva of all humans and in the intestinal tracts of infants
during the rst six months of life.

Nitrite oxidizes iron in blood hemoglobin from Fe2+ to Fe3+. The
resulting compound, called meth-

emoglobin, cannot carry oxygen. The resulting oxygen deciency is
called methemoglobinemia. It

is especially dangerous in infants (blue baby syndrome) because
of their small total blood volume.

CRITERIA AND STANDARDS FOR NITRATE

Typical state standards for nitrate (NO3) are

Agriculture MCLs: Nitrate = 100 mg/L NO3N; Nitrite = 10 mg/L
NO2N (1-day average).

Domestic water supply MCLs: Nitrate = 10 mg/L NO3N; Nitrite =
1.0 mg/L NO2N

(1-day average).

Example 3.10

COD caused by sodium nitrite disposal

A chemical company wished to dispose of 250,000 gallons of water
containing 500 mg/L of nitrite

into a municipal sewer system. The manager of the municipal
wastewater treatment plant had to

determine whether this waste might be detrimental to the
operation of his plant.

Under oxidizing conditions that exist in the treatment plant,
nitrite is oxidized to nitrate as

follows:

2 NO2 + O2 2 NO3. (3.17)

The consumption of oxygen shown in Equation 3.17 makes nitrite
useful as a rustinhibiting

additive in boilers, heat exchangers, and storage tanks by
deoxygenating the water. When nitrite is

added to a wastewater stream, it is the same as adding chemical
oxygen demand. More oxygen

will be needed to maintain aerobic treatment steps at their
optimum performance level. In addition,

it will produce additional nitrate that may have to be denitried
before it can be discharged.

Calculation

For a wastewater stream of a total volume of 250,000 gallons
that contains 500 mg/L of nitrite,

the net weight of nitrite is

500 mg/L 250,000 gal. 3.79 L/gal. = 474 106 mg = 474,000 g of
nitrite.

From Equation 3.17, stoichiometric consumption of oxygen is 1
mole (32 g) for each 2 moles

(92 g) of nitrite oxidized, resulting in a 1 to 2.9 ratio of O2
to NO2 by weight. Therefore, 474,000 g

of nitrite will potentially consume 163,000 g of dissolved
oxygen. Whether or not this represents

a signicant additional COD depends on the operating specications
of the treatment plant.

Rules of Thumb

1. Unpolluted surface waters normally contain only trace amounts
of nitrite.

2. Measurable groundwater nitrite contamination is more common
because of low oxygen concentra-

tions in the soils subsurface.

3. Nitrate and nitrite leach readily from soils to surface and
groundwaters.

4. High concentrations ( >12 mg/L) of nitrate or nitrite in
surface or groundwater generally indicate

agricultural contamination from fertilizers and manure
seepage.

5. Greater than 10 mg/L of nitrite and nitrate in drinking water
is a human health hazard.
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Also from Equation 3.17, stoichiometric production of nitrate is
2 moles (124 g) for each 2 moles

(92 g) of nitrite oxidized, resulting in a 1.3 to 1 ratio of NO3
to NO2

by weight. Therefore, 474,000 g

of nitrite will produce 616,000 g (1,362 lbs) of nitrate that
might have to be denitried before release.

METHODS FOR REMOVING NITROGEN FROM WASTEWATER

After the activated-sludge treatment stage, municipal wastewater
generally still contains some

nitrogen in the forms of organic nitrogen and ammonia.
Additional treatment is required to remove

nitrogen from the waste stream.

Air-stripping Ammonia

See Example 3.9. Air-stripping can follow the activated-sludge
process. pH must be raised with

lime to about 10 or higher to convert all ammoniacal nitrogen to
the volatile NH3 form. Scaling,

icing, and air pollution are some of the disadvantages of
air-stripping; whereas an advantage is that

raising the pH precipitates phosphorus in the form of calcium
phosphate compounds.

Nitrification-denitrification

This is a two-step process:

1. Ammonia and organic nitrogen are rst biologically oxidized
completely to nitrate under

strongly aerobic conditions (nitrication). This is achieved by
more than normal and

extensive aeration of the sewage:

2. Nitrate is then biologically converted to gaseous nitrogen
under anaerobic conditions

(denitrication). This requires a carbon nutrient source. Water
that is low in total organic

carbon (TOC) may require the addition of methanol or other
carbon source.

Break-point Chlorination

The chemical reaction of ammonia with dissolved chlorine results
in denitrication by converting

ammonia to chloramines and nitrogen gas (see Chapter 6). With
continued addition of Cl2, nitrogen

gas and a small amount of nitrate are formed. Any chloramine
remaining serves as a weak

disinfectant and is relatively nontoxic to aquatic life.

Ammonium Ion-exchange

This is a good alternative to air-stripping because an exchange
resin, the natural zeolite clinoptilolite,

has been developed and is selective for ammonia. NH4+ is
exchanged for Na+ or Ca2+ on the resin.

The zeolite can be regenerated with sodium or calcium salts.

Biosynthesis

The removal of biomass, produced in the sewage treatment system
by ltering to reduce suspended

solids, results in a net loss of nitrogen that has been
incorporated in the biomass cell structure.

2 NH O H NO H

NO NO
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+

+ + +
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3.10 SULFIDE (S2)

BACKGROUND

Sulde is often present naturally in groundwater as the dissolved
anion S2, especially in natural

hot springs. There, it arises from soluble sulde minerals and
anaerobic bioreduction of dissolved

sulfates. Sulde is also formed in surface waters from anaerobic
decomposition of organic matter

containing sulfur. It is a common product of wetlands and
eutrophic lakes and ponds. Sulde reacts

with water to form hydrogen sulde, H2S, a colorless, highly
toxic gas that smells like rotten eggs.

The human nose is very sensitive to the odor of low levels of
H2S. The odor threshold for H2S

dissolved in water is 0.03 to 0.3 g/L.There are two important
sources of H2S in the environment: the anaerobic decomposition
of

organic matter containing sulfur, and the reduction of mineral
sulfates and sultes to sulde. Both

mechanisms require reducing, or anaerobic conditions, and are
strongly accelerated by the presence

of sulfur-reducing bacteria. H2S is not formed in the presence
of an abundant supply of oxygen.

Blackening of soils, wastewater, sludge, and sediments in
locations with standing water, in

addition to the odor of rotten eggs, is an indication that sulde
is present. The black material results

from a reaction of H2S with dissolved iron and other metals to
form precipitated ferrous sulde

(FeS), along with other metal suldes.

H2S can have two stages of dissociation under reducing
conditions in water, depending on the pH:

H2S H+ + HS 2 H+ + S2. (3.18)

At pH = 5, about 99% of dissolved sulde is in the form of H2S,
the unionized form.

At pH = 7, it is 50% HS and 50% H2S.

At pH = 9, about 99% is in the form of HS.

S2 becomes measurable only above pH = 12.

H2S is the most toxic and volatile form; HS and S2 are
nonvolatile and much less toxic.

H2S > 2.0 g/L constitutes a long-term hazard to sh.

Typical state standards for unionized H2S are

Aquatic life (cold and warm water biota): 2.0 g/L (30day).
Domestic water supply: 0.05 g/L (30day).

3.11 PHOSPHORUS (P)

BACKGROUND

Phosphorus is a common element in igneous and sedimentary rocks
and in sediments but it tends

to be a minor element in natural waters because most inorganic
phosphorus compounds have low

Rules of Thumb

1. Well water smelling of H2S is usually a sign of
sulfate-reducing bacteria. Look for a water redox

potential 100 mg/L.

2. A typical concentration of H2S in unpolluted surface water is
2.0 g/L constitutes a chronic hazard to aquatic life.4. In aerated
water, H2S is bio-oxidized to sulfates and elemental sulfur.

5. Unionized H2S is volatile and air-strippable. The ionized
forms, HS and S2, are nonvolatile.
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solubility. Dissolved concentrations are generally in the range
of 0.010.1 mg/L and seldom exceed

0.2 mg/L. The environmental behavior of phosphorus is largely
governed by the low solubility of

most of its inorganic compounds, its strong adsorption to soil
particles, and its importance as a

nutrient for biota.

Because of its low dissolved concentrations, phosphorus is
usually the limiting nutrient in

natural waters. The dissolved phosphorus concentration is often
low enough to limit algal growth.

Because phosphorus is essential to metabolism, it is always
present in animal wastes and sewage.

Too much phosphorus in wastewater efuent is frequently the main
cause of algal blooms and other

precursors of eutrophication.

IMPORTANT USES FOR PHOSPHORUS

Phosphorus compounds are used for corrosion control in water
supply and industrial cooling water

systems. Certain organic phosphorus compounds are used in
insecticides. Perhaps the major com-

mercial uses of phosphorus compounds are in fertilizers and in
the production of synthetic deter-

gents. Detergent formulations may contain large amounts of
polyphosphates as builders, to

sequester metal ions and maintain alkaline conditions. The
widespread use of detergents instead

of soap has caused a sharp increase in available phosphorus in
domestic wastewater.

Prior to the use of phosphate detergents, most wastewater
inorganic phosphorus was contributed

from human wastes; about 1.5 g/day per person is released in
urine. As a consequence of detergent

use, the concentration of phosphorus in treated municipal
wastewaters has increased from 34 mg/L

in pre-detergent days, to the present values of 1020 mg/L. Since
phosphorus is an essential element

for the growth of algae and other aquatic organisms, rapid
growth of aquatic plants can be a serious

problem when efuents containing excessive phosphorus are
discharged to the environment.

THE PHOSPHORUS CYCLE

In a manner similar to nitrogen, phosphorus in the environment
is cycled between organic and

inorganic forms. An important difference is that under certain
soil conditions, some nitrogen is lost

to the atmosphere by ammonia volatilization and microbial
denitrication. There are no analogous

gaseous loss mechanisms for phosphorus. Also important are the
differences in mobility of the two

nutrients. Both exist in anionic forms (NO2/NO3

and H2PO4/HPO4

2) which are not subject to

retention by cation exchange reactions. However, nitrate anions
do not form insoluble compounds

with metals and, therefore, readily leach from soil into surface
and groundwaters. Phosphate anions

are largely immobilized in the soil by the formation of
insoluble compounds chiey iron, calcium,

and aluminum phosphates and by adsorption to soil particles.
Nitrogen compounds leach more

readily than phosphorus compounds from soils into ground and
surface waters which contribute to

a phosphorus-limited algal growth in most surface waters. The
critical level of inorganic phosphorus

for forming algal blooms can be as low as 0.01 to 0.005 mg/L
under summer growing conditions

but more frequently is around 0.05 mg/L.

Organic compounds containing phosphorus are found in all living
matter. Orthophosphate (PO43)

is the only form readily used as a nutrient by most plants and
organisms. The two major steps of the

phosphorus cycle, conversion of organic phosphorus to inorganic
phosphorus and back to organic

phosphorus, are both bacterially mediated. Conversion of
insoluble forms of phosphorus, such as

calcium phosphate, Ca(HPO4)2, into soluble forms, principally
PO43, is also carried out by microor-

ganisms. Organic phosphorus in tissues of dead plants and
animals, and in animal waste products is

converted bacterially to PO43. The PO4

3 thus released to the environment is taken up again into
plant

and animal tissue.

MOBILITY IN THE ENVIRONMENT

Phosphorus is an important plant nutrient and is often present
in fertilizers to augment the natural

concentration in soils. Phosphorus is also a constituent of
animal wastes. Runoff from agricultural
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areas is a major contributor to total phosphorus in surface
waters, where it occurs mainly in

sediments because of the low solubility of its inorganic
compounds and its tendency to adsorb

strongly to soil particles.

Dissolved phosphorus is removed from solution by

Precipitation

Strong adsorption to clay minerals and oxides of aluminum and
iron

Adsorption to organic components of soil

Reducing and anaerobic conditions, as in water-saturated soil,
increase phosphorus mobility

because insoluble ferric iron, to which phosphorus is strongly
adsorbed, is reduced to soluble

ferrous iron, thereby releasing adsorbed phosphorus. In acid
soils, aluminum and iron phosphates

precipitate, while in basic soils, calcium phosphates
precipitate. The immobilization of phospho-

rus is therefore dependent on soil properties, such as pH,
aeration, texture, cation-exchange

capacity, the amount of calcium, aluminum and iron oxides
present, and the uptake of phosphorus

by plants.

Because of these removal mechanisms for dissolved phosphorus,
phosphorus compounds resist

leaching, and there is little movement of phosphorus with water
drainage through most soils. It is

mobilized mainly with erosion sediments. Phosphorus transport
into surface waters is controlled

chiey by preventing soil erosion and controlling sediment
transport. In most soils, except for those

that are nearly all sand, almost all the phosphorus applied to
the surface is retained in the top 1 to

2 ft. The adsorption capacity for phosphorus has been estimated
for several soils to be in the range

of 77 to over 900 lbs/acre-ft of soil prole. Often, the total
phosphorus removal capacity for a soil

will exceed the planning life of a typical land application
project. If the phosphorus-removing

capacity of a soil becomes saturated, it usually can be restored
in a few months, during which

adsorbed phosphorus is precipitated with metals or removed by
crops.

Dissolved phosphate species exhibit the following pH-dependent
equilibria (see Figure 3.9):

H3PO4 H2PO4 + H+ HPO42 + 2 H+ PO43 + 3 H+ (3.19)

Below pH 2, H3PO4 is the dominant species.

Between pH 2 and pH 7, H2PO4 is the dominant species.

Between pH 7 and pH 12, HPO42 is the dominant species.

Above pH 12, PO43 is the dominant species.

Rules of Thumb

1. In surface waters, phosphorus concentrations are inuenced by
the sediments, which serve as a

reservoir for adsorbed and precipitated phosphorus. Sediments
are an important part of the phosphorus

cycle in streams. Bacterially mediated exchange between
dissolved and sediment-adsorbed forms

plays a role in making phosphorus available for algae and
therefore contributes to eutrophication.

2. In streams, dissolved phosphorus from all sources, natural
and anthropogenic, is generally present

in low concentrations, around 0.1 mg/L or less.

3. The natural background of total dissolved phosphorus has been
estimated to be about 0.025 mgP/L;

that of dissolved phosphates about 0.01 mgP/L.

4. The solubility of phosphates increases at low pH and
decreases at high pH.

5. Particulate phosphorus (sediment-adsorbed and insoluble
compounds) is about 95% of the total

phosphorus in most cases.

6. In carbonate soils, dissolved phosphorus can react with
carbonate to form the mineral precipitate

hydroxyapatite (calcium phosphate hydroxide),
Ca10(PO4)6(OH)2.
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Whole-lake experiments [D.W. Schindler, Science, 184, 897
(1974); 195, 260 (1977)] have

demonstrated that, even when algal growth in lakes is
temporarily limited by carbon or nitrogen

instead of phosphorus, natural long-term mechanisms act to
compensate for these deciencies.

Carbon deciencies are corrected by CO2 diffusion from the
atmosphere, and nitrogen deciencies

are corrected by changes in biological growth mechanisms.
Therefore, even if a sudden increase

in phosphorus occurs temporarily causing algal growth to be
limited by carbon or nitrogen,

eventually these deciencies are corrected. Then, algal growth
becomes proportional to the phos-

phorus concentration as the system becomes once more
phosphorus-limited.

PHOSPHORUS COMPOUNDS

Compounds containing phosphorus that are of interest to water
quality include:

FIGURE 3.9 pH dependence of phosphate species.

FIGURE 3.10 Forms of immobile phosphorus. General relationships
between soil pH and phosphorusreactions are

In the acid range, dissolved phosphorus is predominantly H2PO4,
and immobile phos-

phorus is bound with iron and aluminum compounds.

In the basic range, dissolved phosphorus is predominantly HPO42,
and immobile

phosphorus is mainly in the form of calcium phosphate.

Maximum availability of phosphorus for plant uptake (as well as
leaching) occurs

between pH 6 and 7.
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Orthophosphates (all contain PO43)

Trisodium phosphate Na3PO4Disodium phosphate Na2HPO4Monosodium
phosphate NaH2PO4Diammonium phosphate (NH4)2HPO4.

Orthophosphates are soluble and are considered the only
biologically available form. In the

environment, hydrolysis slowly converts polyphosphates to
orthophosphates. Analytical methods

measure orthophosphate. To measure total phosphate, all forms of
phosphate are chemically con-

verted to orthophosphates (hydrated forms).

Polyphosphates (also called condensed phosphates, meaning
dehydrated)

Sodium hexametaphosphate Na3(PO4)6Sodium tripolyphosphate
Na5P3O10Tetrasodium pyrophosphate Na4P2O7Organic phosphate
(biodegradation or oxidation of organic phosphates releases
ortho-

phosphates).

Sedimentary phosphorus occurs in the following forms:

Phosphate minerals: Mainly hydroxyapatite, Ca5OH(PO4)3.

Nonoccluded phosphorus: Phosphate ions (usually orthophosphate)
bound to the surface

of SiO2 or CaCO3. Nonoccluded phosphorus is generally more
soluble and more available

than occluded phosphorus (below).

Occluded phosphorus: Phosphate ions (usually orthophosphate)
contained within the matrix

structures of amorphous hydrated oxides of iron and aluminum and
amorphous alumino-

silicates. Occluded phosphorus is generally less available than
nonoccluded phosphorus.

Organic phosphorus: Phosphorus incorporated with aquatic
biomass, usually algal or

bacterial.

REMOVAL OF DISSOLVED PHOSPHATE

Current remedies for phosphate-caused foaming and eutrophication
are

Using lower phosphate formulas in detergents,

Precipitating the phosphate with Fe3+, Al3+, or Ca2+, and

Diverting the discharge to a less sensitive location.

Rules of Thumb

1. The critical level of inorganic phosphorus for algae bloom
formation can be as low as 0.01 to

0.005 mg/L under summer growing conditions but more frequently
is around 0.05 mg/L.

2. Lakes are nitrogen-limited if the ratio of total nitrogen to
total phosphorus (N/P) is less than 13,

nutrient-balanced if 13 < N/P < 21, and phosphorus-limited
if N/P > 21. Exact ranges depend on

the particular algae species. Most lakes are phosphorus limited;
in other words, additional phosphorus

is needed to sustain further algal growth.

3. Different N/P ratios and pH values favor the growth of
different kinds of algae.

4. Low N/P ratios favor N-xing blue-green algae.

5. High N/P ratios, often achieved by controlling phosphorus
input by means of additional wastewater

treatment, cause a shift from blue-green algae to less
objectionable species.

6. Lower pH (or increased CO2) gives green algae a competitive
advantage over blue-green algae.

Copyright 2000 CRC Press, LLC


	
Phosphate removal is carried out in a manner similar to water
softening by precipitation of

Ca2+ and Mg2+. The usual precipitants for removing phosphate are
alum (Al2(SO4)3), lime (Ca(OH)2),

and ferric chloride (FeCl3). The choice of precipitant depends
on the discharge requirements,

wastewater pH, and chemical costs.

The pertinent reactions for the precipitation of phosphate with
alum, ferric chloride, and lime are

Alum: Al2(SO4)3 + 2 HPO42 2 AlPO4(s) + 3 SO42 + 2 H+.

Ferric chloride: FeCl3 + HPO42 FePO4(s) + 3 Cl + H+.

Lime: 3 Ca2+ + 2 OH + 2 HPO42 Ca3(PO4)2(s) + 2 H2O.

4 Ca2+ + 2 OH + 3 HPO42 Ca4H(PO4)3(s) + 2 H2O.

5 Ca2+ + 4 OH + 3 HPO42 Ca5(OH)(PO4)3(s) + 3 H2O.

Where efuent concentrations of phosphorus up to 1.0 mg/L are
acceptable, the use of iron or

aluminum salts in a wastewater secondary treatment system is
often the process of choice. If very

low levels of efuent phosphorus are required, precipitation at
high pH by lime in a tertiary unit

is necessary. The lowest levels of phosphorus are achieved by
adding NaF
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