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Performance of biological systems must be evaluated according to the chemical
stoichiomeiry and kinetics of the process. Physical/chemical treatment should
also be considered. In any case, the chemical engineer must not be

constrained by traditional approaches.

W. G. CHARACKLIS and A. W. BUSCH, Rice University

During treatment of wastewater by biological oxida-
tion, micreorganisms, principally bacteria, use organic
carbon as an energy source and convert it into bacterial
cells, Organic material must be in solution in order to
be utilized. Although bacteria can dissolve particulate
matter by enzyme hydrolysis, this step may be the limit-
ing one in process kinetics,

Of course, particulate material and inorganic constit-
uents can be removed by physical and/or chemical
methods rather than bactertal action. Biological oxidation
for removal of suspended or colloidal particles is neither
necessary nor attractive from a process design standpoint.

Many industrial wastes contain liltle or no particulate
materiat but have high concentrations of dissolved or-
ganic compounds. Designing a process for biological
oxidation of these wastes requires the use of chemical
stoichiometry and kinetics. This is true because the oxi-
dation process for a particular waste can be described
by a stoichiometric equation, and the oxidation rate of
a parlicular waste is specific to the system.

Design Parameters

[t is imporiant to differentiate between process and
system performance, This will be seen when attempts are
made to control and assess the performance of a waste-
water treatment plant, Biological oxidation is simply a
process for converling soluble organics to bacteria and
should be evaluated on that basis. Poor efiluent quality
caused by solids overflow from a secondary clarifier
affects system performance but does not reflect process
performance.

Biological oxidation generally is accomplished by a
heterogeneous population of microorganisms, However,
because some wasles contain complex organics that can-
not be metabolized by all bacteria, populations that de-
velop may sometimes approach a pure culture.

Design paramelers should primarily involve the meas-
wrement of soluble substances, Solubte food is guickly
converted into cell material: usually within 24 hours by

CHEMICAL ENGINEERING/DESKBOOK ISSUE/MAY 8, 1972

an adapled culture. Then oxygen uplake ceases for all
practical purposes. One sharp decline in oxygen con-
sumption occurs before reaching the theoretical oxygen
requirement. A further increase in the oxygen uptake rate
denotes secondary growth,

The progression of cumulative oxygen uptake by bac-
teria feeding on a single compenent soluble substrate
exhibits a plateau that corresponds to the utilization of
all primary substrate. Soluble substrate is defined as that
amount of material which passes through a 0.45 micron
filter. Data from a glucose sotution in Fig. 1 show how
a first order curve (with respect to unexerted biochenrical
oxygen demand) can be passed through values taken at
24-hour intervals. More frequent readings disclose the
actual curve also indicated in the figure.

The plateau in Fig. I is highly reproducible, although
it may be obscured if the sample contains a high fraction
of bacterial predators, Filtering the seed through What-
man No. 2 paper minimizes this effect. A [alse plateau
may also be observed if there is a nutrient limitation,
for example, nitrogen.

— Actual Curve

= mw Approximation using
24 hour values only

approximates first order reaction—Fig. 1.
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INDUSTRIAL WASTEWATER TREATMENT . . .
Total BOD

A schematic presentation of the total BOD concept is
shown in Fig. 2. This is based on consumption of soluble
substrates by microerganisms in a BOD botile, which can
be used to approximate the stoichiometry of engincered
systems. Total BOD is defined in oxygen equivalents of
biodegradable organic carbon, The relationship of car-
bon concentration to oxygen concentration is shown in
Fig. 3.

The sum of the oxygen used in reaching the curve’s
plateau and the oxygen equivalents of the cells produced
is equal to the total biclogical oxygen demand. The total
is also the theoretical stoichiometric oxygen requirement
for complete conversion of the substrate to carbon di-
oxide and water, A detailed test procedure has been
published.}23

The bottle procedure is valuable as a conceptual tool,
but is time consuming and mostly suited to quantitative
research. The mass culture approach? is a quicker, sim-
pler technique. As illustrated in Fig. 4, this method
measures (he change in organic content caused by bac-
terial oxidation rather than the amount of oxygen re-
quired to effect the change. It is performed as a batch
reaction.

When the mass culture test is used for reactor design
or process assessment, conditions should reflect those of
the actual process. For example, initial solids and feed

Total BOD
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BOD BOTTLE TEST measures lotal oxygen for complete
conversion of organfcs te CO, and water—Fig. 2.
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CARBON relationships tn the BOD bottle test—Fig. 3.
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concentration should be the same as in the process re-
actor, When these requirements are satisfied, the reaction
time is defined as the point where the slope in Fig, 1
becomes zero. The change in soluble organics meusurea
as oxygen equivalents is equal to the total biological
oxygen demand and has been used effectively to charac-
terize industrial wastes and in process design,57

A carbon analyzer can be used equally well in the mass
culture test to determine total biologically available car-
bon. Hiser® describes methods using the carbon analyzer
for process control.

BOD and Biodegradability

The term “biodegradable™ is specific to the system and
refers to organic carbon converted o cells or carbon
dioxide by biological metabolism. The amount of con-
version depends on the microbial species, time and proc-
ess conditions such as pH and temperature. OF course,
essentially ait soluble organic carbon wilt be eventually
converled by microbial metabolism. The rate of conver-
sion is the important factor to the engineer,

The five-day test for biological oxygen demand is in-
tended to serve four purposes:?

¢ Measure the biodegradable carbon content of
waslewater in oxygen equivalents.

* Predict oxygen requirements for biological oxida-
tion.

* Define process performance.

* Provide rate data for process design and determi-
nation of effluent effect in the receiving stream.

There is nothing wrong with using oxygen equivalents
to measure biodegradable carbon, and the advantages
with respect to predicling oxygen needs are obvious, A
comnmon error, however, is in failing to distinguish be-

Mixed liquor /

suspended solids

Total BOD = DF x A SOR of filtrate

Oxygen uptake — DF x A mixed liquor SOR

& Mixed liquor

\ SOR

Mixed liguor SOR <7

A Filtrate SOR

Filtrate SOR~"7 [

BF {ditution factor) = volume of mixed liquor
volume of substrate

SOR — Stolchiometric oxygen requirement

MASS CULTURE method for measuring total BOD—Fig. 4.
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tween oxygen for carbon conversion to cells and carbon
dioxide, and that for auto-oxidation of cells. Because of
his errer, predicted oxygen reguirements based on BODy,
are unnecessarily high.

BOD, is inadequate for judging process performance
for reasons relating to biodegradability. Waslewaler
trestment it involves only hours of contact cannot be
assessed by a test that takes five days. During this ex-
tended perjod, the microbial population may shift with
the result that some compounds not attacked in the re-
actor may degrade. Also, substances that degrade slowly
can exert an oxygen demand over five days much greater
than that imposed in the process in a few hours. The
result is that performance is likely to be judged unsatis-
factory by a long-term iest not compatible with the reac-
tion environment,

Rate data from a BOD, test should not be used be-
cause the yuiescent conditions in the botile produce a
diltusion-timited system. (This is a probable explanation
For many (irst order reaction models.) Also, rate data
from a system with high initial ratio of food to microor-
ganisms are not applicable to an activated sludge process,
which has a low initial ratio and is food limited.

Oxygen Requirements

The use of oxygen equivalents to measure biodegrad-
ible carbon implies that this is the quantity of oxygen
required lo remove the carbon from solution. Because
the oxygen utilized reduces the totat stoichiometric oxy-
2en requirement of the system, oxygen uptake is conven-
iently measured as the change in oxygen requirement
for the mixed liguor (Fig. 4). The important point is that
dissolved oxygen measuremenis are not necessary to
determine oxygen needs or uplake rates.

The elfect of mixing on oxygen demand can be con-
sidered on twe scales: the macro and the micro. Macro-
scale mixing promotes uniformity and provides contact
between reactants. This means that solids are kept in
suspension and all reactants are dispersed uniformly
ACTOSS 4 given cross section.

Mixing on the microscale affects molecular diffusion
since shear intensity influences the film thickness through
which molecules must migrate. The mathematical de-
seription of molecular diffusion can be used for eddy
diffusion within the random turbulent eddies produced
by mixing.

In biological treatment planis that handle rapidly de-
gradable organics, the rate of degradation is limited by
the mass transfer of oxygen and organics o the microor-
ganisms, Obviously, an increase in the power/volume
ratio will increase turbulence in the system and promote
mass ransfer.

On a microscale the system can be visualized as con-
sisting of o large number of biclogical flocs, each sur-
rounded by a boundary layer the size of a characteristic
eddy. Increased turbulence decreases eddy size and,
‘hrough higher shear, increases the surface area of the
floc. The change in the mass transfer coeflicient, k,a, for
varions power imputs is listed in Table LY Of course,
il" the mixing equipment also provides oxygen transfer,
this witl further enhance the overall reaciion rate,
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Effect of Turbulence—Table |

Power Eddy Size Increase
hp/1,000 cu.ft, Dia, In Microns  In K. a
Aerated

tagoon 0.1 280 03

Activated
sludge process 0.5 180 0.8
1.0 160 1.0

fndustrial
farmentations 2.0 134 1.4
5.0 108 2.3
0.0 a0 3.2
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Pure Oxygen Helps

Recently, there has been a resurgence of interest in
the use of pure oxygen for biological treatment. Technol-
ogy is available for full scale sysiems and several large
treatment plants of this type are under construction.

Acrobic biological treatment processes traditionally
operate ahove a critical dissolved oxygen concentration
in the mixed liquor of 0.2 to 0.5 mg./1.'7 Below the
critical concentration, the rate of bacterial respiration is
dependent on dissolved oxygen concentration and the
rate of waste assimilation decreases. However, too high
a dissolved oxygen concentration is also not desirable
because the rate of mass transfer from the gas to liquid
phase will be reduced according to the following equa-
tion:

N = defdt = Iga(C* — C)

where:
N Rate of mass Transfer
C  Oxygen concentration in liquid phase
C* Oxygen concentration in lquid phase that is in
equilibrium with gas phase oxygen
k, Mass transfer coefficient
a Interfacial area
i Time

Conscquently, maximum oxygen transfer rates com-
patible with conventional aerobic treatment occur when
DO is at the critical level. High purity oxygen raises the
driving force (C* — C) for mass transfer by providing
a higher oxygen concentration in the gas phase, which
is related to CF,

Advaniages claimed for high purity oxygen systems
are:

« Economic operation at high DO levels compared
to conventional aeration,

+ Operation under high rate, high mixed liquor sus-
pended solids levels. Sludge seitles easily and compacts
well.

¢ Low net studge production with low retention time
and high space loading,.

+ Higher rates of microbial metabolism.

Union Carbide, Cosmodyre and Airco have developed
systems for contacting oxygen with wastewater, These are
diagramed in Fig. 5.
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THREE PROCESSES for using high-purity oxygen in biologi-
cal treaiment planis—Fig. 5.
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Oxygen Role Still Uncertain

Recent evaluations of data comparing high purity and
air oxygenation cast doubt on some of the carly claims
for superior performance of high purity systems. For
example, Ball and Humenick®™ have discussed the use
of high purity oxypen in municipal wastewaler treatntent
and found that substrate removal per unit mass of vola-
tile solids in oxygen systems was not significantly difler-
ent {rom that in air systems operating at the same load-
ing. The uverall reaction rate was increased in oxygen
systeties by muintaining a higher concentration of mixed
fiquor suspended solids.

Published duta present results ol oxygen s, air in
tests ut Batavia, N.Y.™ Though not theoretically rigorous,
the data imply virtually no dependence of the unit reac-
lion rate on reactor concentration, which is equal 1o elliu-
enl concentration for @ continvously stirred reactor. A
comparison of cluitier chituent BOD and suspended
sulids showed very little sotuble BOD and. in fact. even
raw municipal sewage contains refatively little soluble
BOD (about 60 mg./1. at Batavia). The conclusion at this
time is that high purity oxygen systems appear most
useful in treating wastes with high concentrations of
soluble orgunic compounds. In this situation, dissolved
oxygen frequently becomes the rate-limiting factor.®”

I is true (hat oxygen systems exhibit Jow net shidpe
praduction. Experience shows that net solids production
is 4 Function of detention time, which is oager in oxygen
systems becasse of higher solids conceatralions. Low
sulids production is certainly an advantage, but the sepa-
rate issues of efftuent guality and solids disposal should
nut be confused when considering the costs of alternative
systens.

Measuring Process Performance

There are no absvlute measures of pollution: only
relative ones, Thus the performance of a particular treat-
ment process should be assessed in terms of what the
process could do ideally, This is the basis ol the “delta”
coneept,” in which the progression of an appropriate
parameter in an idealized batch reactor is compared with
Fesults from an actual continuous process.

In a munivipal sewage operation, the parameter for
assessing performance may be any casily measured gen-
eral property such as chemical oxygen demand, total
organic carhon or total oxygen demand, With indusirial
wastes, the parameter is tfrequently vne of the specilic
compunents that the process was designed lo remove.

A batch reactor with initial conditions identical to the
system under study is operated For a period of time equal
1o the theuretical hydraulic detention time of the contin-
uous provess, [ a plot of COD (or ather parameter
chosen) shows the reaction is not complete at the end
of the time period, then the continuous system obviously
could nut complete the reaction under existing condi-
tions.

Anuther way to look at the same situation is the cuncept
of “efffuent refractory assessment.” This is o test that
simply involves holding a portion of mixed lyuor from
the bivlogical system for an additional time, say 24 hours,
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It the dissolved organic concentration after additional
acriation remains substantinlly unchanged, the process is
aerating elliciently,

Physical/Chemical Treatment

Physical/chemical  wastewnter  treatmemt  processes
have experienced & new surge of interest recently, Indi-
vidual unit processes will etfectively remove particulates,
cotioidul solids, soluble inorganics such as nitrogen and
phosphorous compounds, bacteria and viruses. Briel dis-
cussions follow covering the processes most frequently
applied, and more detailed information has been pub-
lished elsewhere, '

Particulate removal can be enhanced by adding chem-
feal coagulants that increase settling velocities of sus-
pended material. Inorganic coagulants such as alum and
lime also remove phosphates by precipitation. Some
recenl rescarch shows that lime addition at the proper
pH destroys microorganisms and removes color and
hardness, #1

Gentle mixing after coagulation brings about further
particle agpregation to enhance settling. Shallow depth
basins are being designed more frequently for sedimen-
tation, The coneept ofters a theoretically sound basis for
operading clasiliers at surfice rales 2 (o 4 times higher
than in deep, conventional basins.

Particulates may also be removed by filtration. In a
single medium filter, most of the solids are removed ai

near the bed's surface. Thus, only a small part of the
«otal voids in the bed are actually used to store particu-
lates. As one result, head loss increases rapidly during
the fillering cycle.

Eflective tilter depth can be increased by using dual
media—one Jayer of coarse material on top of a layer
of fine, dense particles. Settling velocities of the two
media are such that the layers return to their initial
lacutions after backwashing. The mixed media concept
improves on this principle and has been used successfully
in industrial applications.'®

Removing Nutrients

Lime coagulation is an effective way to combine phos-
phate removal with other waste treatment objectives,
Aluminum sulfate will also reduce phosphate concen-
tration by chemical precipitation. Compact modular units
are available, which combine precipitation with shallow-
depih setiling and mixed-media filtration. An ion ex-
change process for phosphate removal has been demon-
strated ™ This has the advantage of not producing studge,
which presents a disposal problem.

The three primary methods for removing nitrogen are
ammonia stripping, selective ion exchange and microbial
denitrification. With microbial action, nitrogen com-
~ounds in wastewater are biologically oxidized Lo nitrates

«der aerobic conditions. Then the effluent is subjected
to an asacrobic environment where microorganisms re-
duce nitrates and nitrites 1o nilrogen gas, which escapes
from selution. The process is inexpensive and has the
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advantage of not creating any liquid waste products.

Battelle has developed a selective ion exchange process
for ammonia removal,’® The process is based on a natu-
ral zeolite, clinoptilolite. It is regenerated by a lime
slurry, which provides hydroxyl ions to react with am-
monium ions, yielding an aqueous ammonia solution,
Ammonia is removed by air stripping, which permils
recycling of the lime. Al this time, ion exchange appears
to be a rather costly way to remove nitrogen,

Ammonia may also be removed from wastewater by
conventional air stripping methods. This approach has
climatic limitations, but is cheap and relatively easy to
conirol.}?

Modular Unlts Vs Regional Plants

There is presently wide support among various groups
for regional treatment plants to clean up industrial
wastes. While it is {rue that there may be economies of
scale and some process advantages, there are also a
number of factors that mitigate against the regional ap-
proach for industrial waste ireatment. The main ones are:

¢ If water is to be recycled, it may have fo be trans-
ported substantial distances back to the point of demand.

* Reaction rate differences caused by the varying
characler of industrial wastes frequently have a detri-
mental effect on process performance.’

» Groundwater infiltration in long gravity sewers
disproportionately increases the flow to a centralized
plant.

+ To maintain stream quality, a high volume point
discharge must be of much better quality than the same
volume discharged at numerous points.

As indusirial emphasis on waste freatment as an essen-
tial part of manufaciuring becomes more widespread,
and as direct water reuse becomes more vital, lechniques
for on-the-spot treatment at the individual process unit
become more important. Fig. 6 represents a “zero dis-
charge” plant empioying moduiar units for wastewater
treatment. This approach favors water reuse within a
process unil, and permits individual treatment of waste
streams whose reaction characteristics merit or require
separate handling.

Modular units offer the utmodt in fiexibilily. They may
be relocated, and each unit is a “full scate pilot plant”
that can be installed, operated and assessed on a particu-
lar waste (o determine the necessary number of unils.
Multiple units offer standby capacily or provision for
plant expansions. Finally, when poliution control be-
comes part of normal overhead costs, treatment modules
will be the simplest method for assigning control costs
to each production unit. This will permit clear assessment
of product profitability.

Another point worth noting is that batch reactors be-
come more altractive as water reuse and effluent quality
requirements tighten, The fill-and-draw systems used
years ago offer a means of off-setting the hydraulic de-
ficiency of continuous fHow systems. Batch reactors also
have benefits where certain processes operate for short,
random intervals. A large industrial waste treatment fa-
cility was recently designed this way.®
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INDUSTRIAL WASTEWATER TREATMENT . .,
Maximizing Pollution

The historical use of our natural waters to their full
capacities for disposing of man-made poliution is no
longer a valid or viable engineering policy. If one aceepts
partial treatment to avoid degrading stream quality
below some arbitrary level, the policy becomes one of
“maximizing pollution” although disguised under the
concept of fully utilizing assimilative capacity.

There will always be unintentional poliution or uncon-
troliable pollution such as storm water runoff, agricul-
tural drainage, spills, illicit dumps, etc. Thus it seems
better not to allow intentional discharge of pollutants
based on assimilative capacity of a stream.

The poal of wastewater treatment is good cfiluent
quality, obviously. With this in mind, the terms “ad-
vanced” and “tertiary” treaiment are misnomers because
there should be no semantic constraints on the processes
necessary to attain quality effluent. Primary (sedimenta-
tion} and secondary (aeration) treatment are not regueire-
ments for quality efffuent, as evidenced by recent ad-
vances in physical /chemical processes.

When the chemical engineer can consider wastewater
treatiment alternatives on the basis of efluent yuality,
rather than being constrained by traditional approaches,
a big step will have been taken loward solving our water
poliution problems. &

Treatment
unitA

Treatment

proach to zero discharge—Fig, 6.
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