
Chapter 5 
 
Wastewater Treatment 
 
As civilization developed and cities grew, domestic sewage and industrial 
waste were eventually discharged into drainage ditches and sewers.  
 
For major cities, this discharge was often enough to destroy even a large 
body of water.  
 
Sanitary engineering technology for treating wastewater to reduce  its impact 
on watercourses became economically, socially, and politically feasible.  
 
This chapter reviews these systems from the earliest simple treatment 
systems to the advanced systems used today.  
 
The discussion begins by reviewing those wastewater characteristics that 
make disposal difficult, showing why wastewater cannot always be disposed 
of on-site, and demonstrating the necessity of sewers and centralized 
treatment plants. 
 

WASTEWATER CHARACTERISTICS 
 
Discharges into a sanitary sewerage system consist of domestic wastewater, 
industrial discharge, and infiltration.  
 
The last adds to the total wastewater volume but is not itself a concern in 
wastewater disposal, infiltration will even dilute municipal sewage to some 
extent.  
 
These discharges vary widely with the size and type of industry and the 
amount of treatment applied before discharge into sewers. 
 
EXAMPLE 1  A community normally levies a sewer charge of 20 cents /in3.  
For discharges in which the BOD > 250 mg/L and suspended solids (SS) > 
300 mg/L, an additional $0.50/kg BOD and $l.00/kg SS are levied. 



A chicken processing plant uses 2000 m3 water per day and discharges 
wastewater with BOD = 480 mg/L and SS = 1530 mg/L. What is the plant’s 
daily wastewater disposal bill? 
 
The excess BOD and SS are, respectively, 
 
(480-250) mg/L* 2000 m3 * 1000 L/ m3 * 10-6 kg/mg = 460 kg excess BOD 
 
(1530 - 300) mg/L*2000 m3 * 1000 L/ m3 * 10-6 kg/mg = 2460 kg excess SS 
 
The daily bill is thus: (2000 m3)($0.20/m3) + (460 kgBOD)($0.50/ kgBOD ) + 
(2460 kgss)($l.0/kgss) = $3090.0/ day 
 
BOD is reduced and SS are removed by wastewater treatment, but heavy 
metals, motor oil, refractory organic compounds, radioactive materials, and 
similar exotic pollutants are not readily handled this way.  
 
Communities usually restrict the discharge of such substances by requiring 
pretreatment of wastewater. 
 
Domestic sewage varies substantially in quantity and quality over time and 
from one community to the next. Typical variation for a small community is 
shown in Fig. 1.  
 

 
 

Figure 1. Daily variations in flow for a small community 



Table 1 shows typical values for the most important parameters of domestic 
wastewater. 
 

Table 1. Characteristics of Typical Domestic Wastewater 

 
 

ON-SITE WASTEWATER TREATMENT 
 
The original on-site system is the pit privy. 
 
The privy, still used in camps and temporary residences and in many less 
industrialized countries, consists of a pit about 2 m deep into which human 
excrement is deposited.  
 
When a pit fills up, it is covered and a new one is dug.  
 
The composting toilet, which accepts both human excrement and food 
waste, and produces a useful compost, is a logical extension of the pit privy. 
Wastewater from other sources, like washing, is discharged separately. 
 
By far the greatest number of households with on-site disposal systems use  
a form of the septic tank and tile field. As shown in Fig. 2, a septic tank 
consists of a concrete box that removes the solids in the waste and promotes 
partial decomposition.  
 
The solid particles settle out and eventually fill the tank, thus necessitating 
periodic cleaning. 
 



 
Figure 2. Septic tank and tile field used for on-site wastewater disposal. 

 
The water overflows into a tile drain field that promotes the seepage of 
discharged water. 
 
A tile field consists of a plastic pipe with holes in it laid in a 3-ft-deep 
trench. 
 
The effluent from the septic tank flows into the tile field pipes and seeps into 
the ground through these holes.  
 
Alternatively, seepage pits consisting of gravel and sand may be used for 
promoting absorption of effluent into the ground.  
 
The most important consideration in designing a septic tank and tile field 
system is the ability of the ground to absorb the effluent.  
 
Septic tank design includes the classification of soils that have been found to 
allow the treated wastewater to percolate into the soil. 
 
The U.S. Public Health Service and all county and local departments of 
health have established guidelines for sizing the tile fields or seepage pits.  



Typical standards are shown in Table 2. 
  

Table 2. Adsorption Area Requirements for Private Residents 

 
 
Many areas have soils that percolate poorly, and septic tank/tile fields are 
not appropriate.  
 
Several other options are available for on-site wastewater disposal, one of 
which is shown in Fig. 3. 

 
Figure 3. Alternative on-site disposal system. 

 
 
 
In urbanized areas, it has been several centuries since there was enough land 
available for on-site treatment and percolation.  
 



Up until the nineteenth century, this problem was solved by constructing 
large cesspools or holding basins for the wastewater; these holding basins 
needed periodic pumping as they filled up.  
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The holding basins also created considerable public health problems, as in 
the Broad Street pump incident discussed  before. 
 
A better way to move human waste out of a congested community was to 
use water as a carrier. 
 
The wide use of waterborne wastewater disposal, however, concentrated all 
of the wastes of a community in one place. Cleanup then requires a major 
effort, and this requirement what is known as central wastewater treatment. 
 

CENTRAL WASTEWATER TREATMENT 
 
The objective of wastewater treatment is to reduce the concentrations of 
specific pollutants to the level at which the discharge of the effluent will not 
adversely affect the environment or pose a health threat.  
 
Moreover, reduction of these constituents need only be to some required 
level. Although water can technically be completely purified by distillation 
and deionization, this is unnecessary and may actually be detrimental to the 
receiving water. Fish and other organisms cannot survive in deionized or 
distilled water. 
 
For any given wastewater in a specific location, the degree and type of 
treatment are variables that require engineering decisions. Often the degree 
of treatment depends on the assimilative capacity of the receiving water.  
 
DO sag curves can indicate how much BOD must be removed from 
wastewater so that the DO of the receiving water is not depressed too far.  
 
The amount of BOD that must be removed is an effluent standard and 
dictates in large part the type of wastewater treatment required. 
 
To facilitate the discussion of wastewater, a “typical wastewater” (Table ) is 
assumed, and it is further assumed that the effluent from this wastewater 
treatment must meet the following effluent standards: 



BOD ≤ 15mg/L 
SS ≤15mg/L 
P ≤ 1 mg/L 
 
Additional effluent standards could have been established but, for illustrative 
purposes, we consider only these three.  
 
The treatment system selected to achieve these effluent standards includes: 
 

• Primary treatment: physical processes that remove  non-
homogenizable solids and homogenize the remaining effluent. 

 
• Secondary treatment: biological processes that remove most of the 

biochemical demand for oxygen. 
 

• Tertiary treatment: physical, biological, and chemical processes that 
remove nutrients like phosphorus, remove inorganic pollutants, 
deodorize and decolorize effluent water, and carry out further 
oxidation. 

 

PRIMARY TREATMENT 
 
The most objectionable aspect of discharging raw sewage into watercourses 
is the floating material. Thus screens were the first form of wastewater 
treatment used by communities, and are used today as the first step in 
treatment plants.  
 
Typical screens, shown in Fig. 4, consist of a series of steel bars that might 
be about 2.5 cm apart. 
 
A screen in a modern treatment plant removes materials that might damage 
equipment or hinder further treatment. 
 
In some older treatment plants screens are cleaned by hand, but mechanical 
cleaning equipment is used in almost all new plants.  



 
 
Figure 4. Bar screen used in wastewater treatment. The top picture shows a 
manually cleaned screen; the bottom picture shows a mechanically cleaned 

screen. 
 
 



 
 
The cleaning rakes are activated when screens get sufficiently clogged to 
raise the water level in front of the bars. 
 
In many plants, the second treatment step is a comminutor, a circular grinder 
designed to grind the solids coming through the screen into pieces about 0.3 
cm or less in diameter.  
 
A typical comminutor design is shown in Fig. 5. 
 

 
Figure 5. A comminutor used to grind up large solids. 

 
The third treatment step is the removal of grit or sand from the wastewater.  
 
Grit and sand can damage equipment like pumps and flow meters and, 
therefore, must be removed.  
 
The most common grit chamber is a wide place in the channel where the 
flow is slowed enough to allow the dense grit to settle out. Sand is about 2.5 
times denser than most organic solids and thus settles much faster.  
 
The objective of a grit chamber is to remove sand and grit without removing 
organic material. 
 
Organic material must be treated further in the plant, but the separated sand 
may be used as fill without additional treatment. 
 



Most wastewater treatment plants have a settling tank (Figs. 6 and 7) after 
the grit chamber, to settle out as much solid material as possible.  
 

 
Figure 6. Rectangular settling tank. 

 
 



 
Figure 7. Circular settling tank. 

 
 
Accordingly, the retention time is long and turbulence is kept to a minimum.  
 
Retention time is the total time an average slug of water spends in the tank 
and is calculated as the time required to fill the tank.  
 



For example, if the tank volume is 100 m3 and the flow rate is 2 m3/min, 
the retention time is 100/2 = 50 min. 
 
The solids settle to the bottom of the tank and are removed through a pipe, 
while the clarified liquid escapes over a V-notch weir, which distributes the 
liquid discharge equally all the way around a tank.  
 
Settling tanks are also called sedimentation tanks or clarifier.  
 
The settling tank that immediately follows screening and grit removal is 
called the primary clarifier.  
 
The solids that drop to the bottom of a primary clarifier are removed as raw 
sludge. 
 
Raw sludge generally has a powerfully unpleasant odor and is full of water, 
two characteristics that make its disposal difficult.  
 
It must be stabilized to reduce further decomposition and dewatered for ease 
of disposal.  
 
Solids from processes other than the primary clarifier must be treated 
similarly before disposal.  
 

Settling Tank Design and Operation 
 
Gravitational settling is one of the most efficient means of separating solids 
from surrounding liquid.  
 
Solid/liquid separation can be achieved this way as long as the solids are 
more dense than the liquid?  
 
Simple settling is, however, affected by other forces in certain 
circumstances. Particles settle in one of three general ways: 
 
Class I: Discrete particle settling occurs when particles settle unhindered by 
container walls or neighboring particles. ون إ������ 
 



Class 11: Flocculent settling occurs when neighboring particles come into 
contact with each other, changing particle size and hindering settling. 
 
Class 111: Thickening occurs when the entire mass of particles settle with 
the same velocity, and there is no inter-particle movement. 
 
The simplest case is Class I, discrete particle settling. A single particle, 
having attained terminal velocity, has no net force acting on it. The three 
forces acting on the particle - drag, buoyancy, and gravity - balance as in 
 

 
where 
Fg = force due to gravity = mg, 
FD = drag force = (CDρv2A)/2, 
FB = buoyancy = ρVg, 
m = mass of particle = ρsVg 
g = gravitational acceleration, 
ρs = particle density (in kg/m3), 
ρ = density of the medium, 
CD = drag coefficient, 
v = velocity of particle in ( m/ s ) , 
A = projected surface area of particle (in m2), and 
V = volume of particle (in m3). 
 
Solving for the velocity, 

 
If we now assume that the particle is a sphere, 

 
 



which is the well-known Newtonian equation, where d is the particle 
diameter. 
 
If, as is the case in most settling in wastewater treatment, the Reynolds 
number (R) is sufficiently low and a laminar boundary layer is maintained, 
the drag coefficient can be expressed as 

 
where R = vdρ/µ, and µ = fluid viscosity. If CD > 1, this no longer holds, and 
the drag coefficient may be approximated as 

 
For laminar flow, substituting CD = 24/R into the Newtonian equation yields 
the Stokes equation 

 
 
The velocity of particles may be related to the expected settling tank 
performance by idealizing a settling tank.  
 
As shown in Fig. 8, a rectangular tank is first divided into four zones:  
 
inlet zone, outlet zone, sludge zone, and settling zone. 
 

 
Figure 8. Schematic diagram of an ideal settling tank. 

 



The first two zones are designated for the damping of currents caused  by the 
influent and effluent, respectively.  
 
The sludge zone is storage space for the settled solids.  
 
Settling itself takes place only in the fourth (settling) zone. 
 
Several initial assumptions are required in this analysis: 

• Uniform flow occurs within the settling zone. 
• All particles entering the sludge zone are removed. 
• Particles are evenly distributed in the flow as they enter the settling 

zone. 
• All particles entering the effluent zone escape the tank. 

Thus, a particle entering the settling zone at the water surface has a settling 
velocity vg and a horizontal velocity vh such that the component of the two 
defines a trajectory as shown in Fig. 8.  
 

 
Figure 8. Schematic diagram of an ideal settling tank. 
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In other words, the particle is just barely removed. Had the particle entered 
the settling zone at any other height, its trajectory would always have carried 
it into the sludge zone. Particles having this velocity are termed critical 
particles because particles with lower settling velocities are not all removed.  
 
For example, the particle having velocity vs, entering the settling zone at the 
surface, will end up in the effluent zone and escape. If this same particle had 
entered at height h, it would have just been removed.  
 
Any of these particles that happen to enter the settling zone at height h or 



lower would be removed, and those entering above h would not.  
 
Since the particles entering the settling zone are equally distributed, the  
proportion of those particles with a velocity v that are removed is 

 
where H is the height of the settling zone. With reference to Fig. 8, similar 
triangles yield 

 
The time that the critical particle spends in the settling zone is 

 
 
Hence 

 
The time t is also equal to the hydraulic retention time or V/Q, where Q is 
the flow rate and V is the volume of the settling zone. Moreover 
 

V =AH, 

 
where A is the surface area of the settling zone. Thus 

 
This equation gives the overflow rate, an important design parameter for 
settling tanks. The units of the overflow rate are 

 
Although overflow rate is usually expressed as gallon/day-ft2, it implies a 
velocity and is equal to the velocity of the critical particle.  
 
Thus, when the design of a clarifier is specified by the overflow rate, the 
critical particle is thereby defined. 
 



Where any two of the parameters - overflow rate, retention time, and depth - 
are specified, the remaining parameter is also fixed. 
 
EXAMPL 2 . A primary clarifier has an overflow rate of 600 gallon/day-ft2 
and a depth of 6 ft. What is its hydraulic retention time? 

 
 
We may obtain a better understanding of settling by considering the 
individual variables. 
 
Increasing the flow rate Q in a given tank increases the critical velocity vo.  
 
Since fewer particles then have v > vo, fewer particles are removed from the 
effluent.  
 
More particles could be removed if vo is decreased. This may be done by 
either reducing Q or increasing A. The latter term may be increased by 
changing the dimensions of the tank so that the depth is very shallow, and 
the length and width are large.  
 
If a tank 3 m deep is sliced in half and the two 1.5-m-deep slices are placed 
alongside each other, the horizontal velocity will be the same as in the 3-m 
tank but the surface area will be doubled and vo will have half the original 
value.  
 
Very shallow tanks would thus appear to be optimum primary clarifiers, 
except that they take up a great deal of land area and incur great expense in 
steel and concrete. 
 
The foregoing discussion incorporates a significant assumption that is not 
really true for wastewater treatment.  
 
Solids in wastewater do not settle as discrete particles but tend to form larger 
particles by clumping together in flocculent settling, which may be 



demonstrated by setting up a cylinder of dirty water and allowing the 
particles in it to settle.  
 
If the water is sampled at various elevations, the clarification of water with 
time can be observed  as shown in Fig. 9. 

 
 

 
 
 



 
Figure 9. Settling test with a column of dirty water and periodic sampling at 
five ports. The initial suspended solids (SS) concentration (t = 0) is assumed 

to be 1000 mg/L. 
 
If the dirty water contains particles that all have the same settling velocity, 
there should be perfect clarification as the highest particle drops to the 
bottom.  
 
If v = 120cm/2h = 60cm/h, the curve in Fig. 9A should result. Everything 
below the settling curve would be at the suspended solids concentration 
(l000 mgL) and above the line the water would be clean. 
 
If the dirty water is a mixture of equal numbers of particles of two different 
sizes, with settling velocities va = 30 cm/h and vb = 60 cm/h, the curves 
would look like Fig. 9B.  
 
A mixture of different-sized particles would still produce straight-line 
settling curves. 
 
Real-life wastewater, however, produces settling curves like those in Fig. 
9C. 
 
The fraction of solids removed or reduced at various sampling ports plot as 
curved lines whose slopes increase with time instead of remaining constant.  
 



The increased velocities are due to collisions and the subsequent building of 
larger particles. 
 
Because of such flocculation, a shallow tank is not as efficient as ideal tank 
theory would suggest. 
 
Removal efficiencies for slurries may be estimated from curves like those in 
Fig. 9C. The Figure shows that the entire tank experiences about 90% 
removal at a retention time of 2 h. The top section of the tank, however, is 
much clearer, because it contains only about 40mg/L of SS, and thus 
experiences [(1000 - 40)/1OOO] x 100 = 96% SS removal.  
 
The general equation for estimating removal, giving credit for cleaner water 
on top, is 

 
 
where 
R = % overall solids recovery, 
P = solids recovery at the bottommost section, 
Pi = solids recovery in section i, 
n = number of sections, 
h = height of each section, and 
H = height of column (H = nh). 
 

EXAMPL 3 . A chemical waste at an initial SS concentration of l000 
mg/L and flow rate of 200 m3/h is to be settled in a tank, H = 1.2 m deep, W 
= 10 m wide, and L = 31.4 m long. The results of a laboratory test are shown 
in Fig. 9C. Calculate the fraction of solids removed, the overflow rate, and 
the velocity of the critical particle. 
 
The surface area of the tank is 

 
 
 
 



A = WL = (31.4)(10) = 314m2 
 
The overflow rate is therefore 
 

Q/A = 200/314 = 0.614m3/h-m2 
 
The critical velocity is thus vo = 0.614m/h. However, the waste in this 
instance undergoes flocculent settling rather than settling at the critical 
velocity.  
 
The hydraulic retention time is 

 
In Fig. 9C the 85% removal line approximately intersects the retention time 
of 1.88 h. Thus, 85% of the solids are removed.  
 
In addition to this, however, even better removal is indicated at the top of the 
water column. At the top 20cm, assume the SS concentration is 40mg/L, 
equal to [(l000 - 40) x 100]/1000 = 96% removal, or 11% better than the 
entire column.  
 
The second shows [(l000 - 60) x l00]/1000 = 94% removal and so on. The 
total amount removed, ignoring the bottommost section, is 

 
 



 
Figure 10. Performance of primary clarifiers. 

 
Primary treatment is mainly removal of solids, although some BOD is 
removed as a consequence of the removal of decomposable solids.  
 
The wastewater described earlier might now have these characteristics: 
 

 
 
A substantial fraction of the solids, as well as some BOD and a little P, has 
been removed as a consequence of the removal of raw sludge. After primary 
treatment the wastewater may move on to secondary treatment. 
 



SECONDARY TREATMENT 
 
Water leaving the primary clarifier has lost much of the solid organic matter 
but still contains high-energy molecules that decompose by microbial action, 
creating BOD. 
 
The demand for oxygen must be reduced. 
 
The objective of secondary treatment is to remove BOD, whereas the 
objective of primary treatment is to remove solids. 

 
The trickling filter 
 
A very active biological growth forms on the media. 
 
The waste is sprayed onto the media by a rotating arm that moves under its 
own power distributing the waste evenly over the entire bed.  
 
Often the flow is recirculated and a higher degree of treatment attained. 
 
In 1914, a pilot plant was built for a different system that bubbled air 
through free-floating aerobic microorganisms. This process became 
established as the activated sludge system.  
 
Activated sludge differs from trickling filtration in that it recycles and reuses 
microorganisms, and the microorganisms are suspended in the liquid. 
 
When most of the organic material has been used up, the microorganisms are 
separated from the liquid in a settling tank, sometimes called a secondary or 
final clarifier. 
  

 



 
 
The removal of inorganic compounds, including inorganic phosphorus and 
nitrogen compounds, requires advanced or tertiary wastewater treatment. 
 
TERTIARY TREATMENT 
 
Both primary and secondary treatments are incorporated in conventional 
wastewater treatment plants. 
 
However, secondary treatment plant effluents often are not sufficiently 
clean. Some BOD and suspended solids remain, and neither primary nor 



secondary treatment is effective in removing phosphorus and other nutrients 
or toxic substances.  
 
A popular advanced treatment for BOD removal is the oxidation pond. An 
oxidation pond and the reactions that take place in the pond are shown in the 
following Fig.  

 
 
Oxidation ponds, as their name implies, are designed to be aerobic; hence, 
light penetration for algal growth is important and a large surface 
area is needed. 
 



BOD may also be removed by activated carbon adsorption, which has the 
added advantage of removing some inorganic as well as organic compounds.  
 
Activated carbon adsorbs both chemically and physically. An activated 
carbon column is a completely enclosed tube, where dirty water is pumped 
in at the bottom and clear water exits at the top.  
 
As the carbon column becomes saturated, the pollutants must be removed 
from the carbon in the tube and the carbon reactivated, usually by heating in 
the absence of oxygen.  
 
Reverse osmosis, so designated because it uses Semi-permeable, or osmotic, 
membranes, is also finding acceptance as a treatment for various types of 
both organic and inorganic trace pollutants.  
 
Nitrogen in raw wastewater is mostly organic and ammonia nitrogen (called 
Kjeldahl nitrogen). Because nitrogen can exacerbate eutrophication in lakes 
and estuaries, it must often be reduced in wastewater treatment plants. The 
most widely used method of nitrogen removal is called biological 
nitrification/denitrification.  
 
First, the nitrogen is converted into inorganic nitrate nitrogen using 
microbes. This occurs in aeration tanks if the residence time is sufficiently 
high.  
 
Recall that carbonaceous BOD is exerted first, and only when the easily 
oxidized carbon compounds are used up will the nitrifiers begin the 
oxidation of nitrogen-containing compounds.  
 
If this occurs, the end product is nitrate nitrogen, NO3 .  
 
These reactions are slow and require long retention times in the  aeration 
tank as well as sufficient DO.  
 
In cases where the effluent does not enter lakes or rivers, the production of 
nitrate nitrogen is sufficient. In many cases, however, the nitrate nitrogen 
must be removed, and this is also accomplished biologically. 
 
Once the ammonia has been oxidized to nitrate, it may be reduced by a 
broad range of facultative and anaerobic bacteria like Pseudomonas.  



This denitrification requires a source of carbon, and methanol (CH3OH) is 
often used for that purpose. 
 
The reactions are  
 

 
 
Another nutrient that must often be removed is phosphorus, possibly the 
most important chemical responsible for accelerated eutrophication. 
 
Phosphate may be removed chemically or biologically. The most popular 
chemical methods use lime, Ca(OH)2, and alum, A12(SO4)3. Under alkaline 
conditions, the calcium ion will combine with phosphate to form calcium 
hydroxyapatite, a white, insoluble precipitate that is settled out and removed 
from the wastewater. 
 

 
 
Spraying secondary effluent on land and allowing soil microorganisms to 
degrade the remaining organic compounds provides an alternative to high-
technology advanced wastewater treatment systems.  
 
Such land treatment systems have been used in Europe, Noah America.  
 
They appear to represent a reasonable alternative to complex and expensive 
systems, especially for smaller communities.  
 
Irrigation is probably the most promising land treatment. Nutrients like N 
and P that remain in secondarily treated wastewater are usually beneficial to 
crops. 
 
 



CONCLUSION 
 
A typical wastewater treatment plant, shown schematically in the following 
Figure, includes primary, secondary, and tertiary treatment.  
 

 

Block diagram of a complete wastewater treatment plant 
 


