8.10. SLUDGE

Perhaps the most pressing water treatment problem at this time has to do with
sludge collected or produced during water treatment. Finding a safe place to put the
sludge or a use for it has proven troublesome, and the problem is aggravated by the
growing numbers of water treatment systems.

Some sludge is present in wastewater prior to treatment and may be collected
from it. Such sludge includes human wastes, garbage grindings, organic wastes and
inorganic silt and grit from storm water runoff, and organic and inorganic wastes
from commercial and industrial sources. There are two major kinds of sludge
generated in a waste treatment plant. The first of these is organic sludge from
activated sludge, trickling filter, or rotating biological reactors. The second is
inorganic sludge from the addition of chemicals, such as in phosphorus removal (see
Section 8.9).

Most commonly, sewage sludge is subjected to anaerobic digestion in a digester
designed to allow bacterial action to occur in the absence of air. This reduces the
mass and volume of sludge and ideally results in the formation of a stabilized
humus. Disease agents are also destroyed in the process.

Following digestion, sludge is generally conditioned and thickened to concen-
trate and stabilize it and make it more dewaterable. Relatively inexpensive pro-
cesses, such as gravity thickening, may be employed to get the moisture content
down to about 95%. Sludge may be further conditioned chemically by the addition
of iron or aluminum salts, lime, or polymers.

Sludge dewatering is employed to convert the sludge from an essentially liquid
material to a damp solid containing not more than about 85% water. This may be
accomplished on sludge drying beds consisting of layers of sand and gravel.
Mechanical devices may also be employed, including vacuum filtration, centrifuga-
tion, and filter presses. Heat may be used to aid the drying process.

Ultimately, disposal of the sludge is required.Two of the main alternatives for
sludge disposal are land spreading and incineration.

Rich in nutrients, waste sewage sludge contains around 5% N, 3% P, and 0.5%
K on a dry-weight basis and can be used to fertilize and condition soil. The humic
material in the sludge improves the physical properties and cation-exchange capacity
of the soil. Possible accumulation of heavy metals is of some concern insofar as the
use of sludge on cropland is concerned. Sewage sludge is an efficient heavy metals
scavenger and may contain elevated levels of zinc, copper, nickel, and cadmium
These and other metals tend to remain immobilized in soil by chelation with organic
matter, adsorption on clay minerals, and precipitation as insoluble compounds such
as oxides or carbonates. However, increased application of sludge on cropland has
caused distinctly elevated levels of zinc and cadmium in both leaves and grain of
corn. Therefore, caution has been advised in heavy or prolonged application of
sewage sludge to soil. Prior control of heavy metal contamination from industrial
sources has greatly reduced the heavy metal content of sludge and enabled it to be
used more extensively on soil.

An increasing problem in sewage treatment arises from sludge sidestreams.
These consist of water removed from sludge by various treatment processes. Sewage
treatment processes can be divided into mainstream treatment processes (primary
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clarification, trickling filter, activated sludge, and rotating biological reactor) and
sidestream processes. During sidestream treatment, sludge is dewatered, degraded,
and disinfected by a variety of processes, including gravity thickening, dissolved air
flotation, anaerobic digestion, aerobic digestion, vacuum filtration, centrifugation,
belt-filter press filtration, sand-drying-bed treatment, sludge-lagoon settling, wet air
oxidation, pressure filtration, and Purifax treatment. Each of these produces a liquid
by-product sidestream which is circulated back to the mainstream. These add to the
biochemical oxygen demand and suspended solids of the mainstream.

A variety of chemical sludges are produced by various water treatment and
industrial processes. Among the most abundant of such sludges is alum sludge
produced by the hydrolysis of AI(III) salts used in the treatment of water, which
creates gelatinous aluminum hydroxide:

A" + 30H (ag) — AI(OH)4(s) (8.10.1)

Alum sludges normally are 98% or more water and are very difficult to dewater.

Both iron(II) and iron(III) compounds are used for the removal of impurities
from wastewater by precipitation of Fe(OH),. The sludge contains Fe(OH); in the
form of soft, fluffy precipitates that are difficult to dewater beyond 10 or 12% solids.

The addition of either lime, Ca(OH),, or quicklime, CaO, to water is used to
raise the pH to about 11.5 and cause the precipitation of CaCO,, along with metal
hydroxides and phosphates. Calcium carbonate is readily recovered from lime
sludges and can be recalcined to produce CaO, which can be recycled through the
system.

Metal hydroxide sludges are produced in the removal of metals such as lead,
chromium, nickel, and zinc from wastewater by raising the pH to such a level that
the corresponding hydroxides or hydrated metal oxides are precipitated. The disposal
of these sludges is a substantial problem because of their toxic heavy metal content.
Reclamation of the metals is an attractive alternative for these sludges.

Pathogenic (disease-causing) microorganisms may persist in the sludge left from
the treatment of sewage. Many of these organisms present potential health hazards,
and there is risk of public exposure when the sludge is applied to soil. Therefore, it is
necessary both to be aware of pathogenic microorganisms in municipal wastewater
treatment sludge and to find a means of reducing the hazards caused by their
presence.

The most significant organisms in municipal sewage sludge include (1) indi-
cators of fecal pollution, including fecal and total coliform; (2) pathogenic bacteria,
including Salmonellae and Shigellae; (3) enteric (intestinal) viruses, including
enterovirus and poliovirus; and (4) parasites, such as Entamoeba histolytica and
Ascaris lumbricoides.

Several ways are recommended to significantly reduce levels of pathogens in
sewage sludge. Aerobic digestion involves aerobic agitation of the sludge for periods
of 40 to 60 days (longer times are employed with low sludge temperatures). Air
drying involves draining and/or drying of the liquid sludge for at least three months
in a layer 20-25 cm thick. This operation may be performed on underdrained sand
beds or in basins. Anaerobic digestion involves maintenance of the sludge in an
anaerobic state for periods of time ranging from 60 days at 20°C to 15 days at
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temperatures exceeding 35°C. Composting involves mixing dewatered sludge cake
with bulking agents subject to decay, such as wood chips or shredded municipal
refuse, and allowing the action of bacteria to promote decay at temperatures ranging
up to 45-65°C. The higher temperatures tend to kill pathogenic bacteria. Finally,
pathogenic organisms may be destroyed by lime stabilization in which sufficient
lime is added to raise the pH of the sludge to 12 or higher.

8.11. WATER DISINFECTION

Chlorine is the most commonly used disinfectant employed for killing bacteria in
water. When chlorine is added to water, it rapidly hydrolyzes according to the
reaction

Cl, + H,0 —H' +CI” + HOCI (8.11.1)
which has the following equilibrium constant:

[H'][CI"][HOCI]
[CL,]

K = =45x%x107 (8.11.2)

Hypochlorous acid, HOCI, is a weak acid that dissociates according to the reaction,
HOCI «— H' +0CI (8.11.3)

with an ionization constant of 2.7 x 1075, From the above it can be calculated that
the concentration of elemental Cl, is negligible at equilibrium above pH 3 when
chlorine is added to water at levels below 1.0 g/L.

Sometimes, hypochlorite salts are substituted for chlorine gas as a disinfectant.
Calcium hypochlorite, Ca(OCl),, is commonly used. The hypochlorites are safer to
handle than gaseous chlorine.

The two chemical species formed by chlorine in water, HOCI and OCI’, are
known as free available chlorine. Free available chlorine is very effective in killing
bacteria. In the presence of ammonia, monochloramine, dichloramine, and trichlor-
amine are formed:

NH," + HOCl — NH,CI (monochloramine) + H,0 + H" (8.11.4)
NH,CI + HOCI — NHCI, (dichloramine) + H,O (8.11.5)
NHCI, + HOCl — NCl, (trichloramine) + H,O (8.11.6)

The chloramines are called combined available chlorine. Chlorination practice
frequently provides for formation of combined available chlorine which, although a
weaker disinfectant than free available chlorine, is more readily retained as a
disinfectant throughout the water distribution system. Too much ammonia in water is
considered undesirable because it exerts excess demand for chlorine.

At sufficiently high C1:N molar ratios in water containing ammonia, some HOCI
and OCI" remain unreacted in solution, and a small quantity of NCl; is formed. The
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ratio at which this occurs is called the breakpoint. Chlorination beyond the break-
point ensures disinfection. It has the additional advantage of destroying the more
common materials that cause odor and taste in water.

At moderate levels of NH;-N (approximately 20 mg/L), when the pH is between
5.0 and 8.0, chlorination with a minimum 8:1 weight ratio of CI to NH;-nitrogen
produces efficient denitrification:

NH," + HOCl — NH,Cl + H,0 + H" (8.11.4)
2NH,CI + HOCI — Ny(g) + 3H" + 3CI" + H,0 (8.11.7)

This reaction is used to remove pollutant ammonia from wastewater. However,
problems can arise from chlorination of organic wastes. Typical of such by-products
is chloroform, produced by the chlorination of humic substances in water.

Chlorine is used to treat water other than drinking water. It is employed to
disinfect effluent from sewage treatment plants, as an additive to the water in electric
power plant cooling towers, and to control microorganisms in food processing.

Chlorine Dioxide

Chlorine dioxide, ClO,, is an effective water disinfectant that is of particular
interest because, in the absence of impurity Cl,, it does not produce impurity trihalo-
methanes in water treatment. In acidic and neutral water, respectively, the two half-
reactions for ClO, acting as an oxidant are the following:

ClO, +4H" +5¢" «— CI” +2H,0 (8.11.8)
ClO, +e  «—ClO, (8.11.9)

In the neutral pH range, chlorine dioxide in water remains largely as molecular ClO,
until it contacts a reducing agent with which to react. Chlorine dioxide is a gas that is
violently reactive with organic matter and explosive when exposed to light. For these
reasons, it is not shipped, but is generated on-site by processes such as the reaction
of chlorine gas with solid sodium hypochlorite:

2NaClO,(s) + Cly(g) «— 2ClO,(g) + 2NaCl(s) (8.11.10)

A high content of elemental chlorine in the product may require its purification to
prevent unwanted side-reactions from CI,.

As a water disinfectant, chlorine dioxide does not chlorinate or oxidize ammonia
or other nitrogen-containing compounds. Some concern has been raised over
possible health effects of its main degradation byproducts, C1O,™ and C1O;".

Ozone

Ozone is sometimes used as a disinfectant in place of chlorine, particularly in
Europe. Figure 8.10 shows the main components of an ozone water treatment system.
Basically, air is filtered, cooled, dried, and pressurized, then subjected to an elec-
trical discharge of approximately 20,000 volts. The ozone produced is then pumped
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into a contact chamber where water contacts the ozone for 10-15 minutes. Concern
over possible production of toxic organochlorine compounds by water chlorination
processes has increased interest in ozonation. Furthermore, ozone is more destructive
to viruses than is chlorine. Unfortunately, the solubility of ozone in water is rel-
atively low, which limits its disinfective power.
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Figure 8.10. A schematic diagram of a typical ozone water-treatment system.

A major consideration with ozone is the rate at which it decomposes
spontaneously in water, according to the overall reaction,

20; — 30,(2) (8.11.11)

Because of the decomposition of ozone in water, some chlorine must be added to
maintain disinfectant throughout the water distribution system.

Iron(VI) in the form of ferrate ion, FeO42', is a strong oxidizing agent with
excellent disinfectant properties. It has the additional advantage of removing heavy
metals, viruses, and phosphate. It may well find limited application for disinfection
in the future.

8.12. NATURAL WATER PURIFICATION PROCESSES

Virtually all of the materials that waste treatment processes are designed to elim-
inate may be absorbed by soil or degraded in soil. In fact, most of these materials are
essential for soil fertility. Wastewater may provide the water that is essential to plant
growth, in addition to the nutrients—phosphorus, nitrogen and potassium—usually
provided by fertilizers. Wastewater also contains essential trace elements and vita-
mins. Stretching the point a bit, the degradation of organic wastes provides the CO,
essential for photosynthetic production of plant biomass.
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