ENVE 472 Wastewater Treatment

1. Wastewater Characterization

Characterization of wastewater composition is key for design of wastewater treatment processes

Important categories

· Carbonaceous substrates

· Nitrogenous compounds

· Phosphorous compounds

· Total and volatile suspended solids

· Alkalinity

The following table presents parameters that are often measured for a typical wastewater:
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BOD 190
TSS 210
VSS 160
TKN 40
NH,-N 25
NO,-N 0
Total phosphorus 7
Alkalinity 200 {as CaCO4)

aTypical medium-strength wastewater in the United

States, from Table 3-15.




The analysis and design of advanced wastewater treatment systems requires more knowledge about wastewater characteristics

1.1 Carbonaceous substrates

BOD has been traditionally employed as a measure of the organic matter present in wastewater

Most advanced models employ COD

Initially separate into biodegradable and non-biodegradable components and then into soluble and particulate

Non-biodegradable soluble COD (nbsCOD) will typically pass through treatment and be present in effluent

· can be estimated by measuring soluble COD in WWTP effluent
Non-biodegradable particulate COD (nbpCOD) will contribute to sludge production

· contributes to VSS in mixed liquor

· referred to as non-biodegradable VSS (nbVSS)

Biodegradable COD (bCOD) can be estimated from BOD data:

Typical ratio of bCOD/BOD ≈ 1.6

bCOD can be divided into readily biodegradable (rbCOD) and slowly biodegradable (sbCOD)

· rbCOD is particularly important in biological nutrient removal processes

· determined by specialized tests (see M&E)

1.2 Nitrogenous Constituents

Total Kjeldahl Nitrogen (TKN) measures the sum of ammonia and organic nitrogen

· ammonia typically represents 60-70% of TKN

· soluble and biodegradable

· organic nitrogen

· biodegradable (bON) and nonbiodegradable (nbON)

· each has a soluble (bsON and nbsON) and particulate component (bpON and nbpON)

nbsON will pass through conventional treatment processes

· difficult to measure directly

· often assume that sON found in treatment plant effluent is all nbsON

nbpON can be estimated by using data on w/w characteristics and nbVSS

1.3 Suspended Solids

Consist of inert (fixed) and organic (volatile) matter

Measured in terms of total suspended solids (TSS) and volatile suspended solids (VSS)

Fixed solids = TSS-VSS


- will contribute to sludge production

VSS can be divided into biodegradable (bVSS) and nonbiodegradable (nbVSS)

· bVSS contribute to bCOD

· nbVSS contribute to sludge production

nbVSS can be estimated by:

An example of w/w characterization

2. Biological fundamentals

In biological wastewater treatment processes microorganisms are employed to remove contaminants from wastewater

Relies upon the ability of the organisms to utilize contaminants as substrates
Results in the generation of:

· new biomass

· biodegradation byproducts

For example, growth on glucose:

Microbial growth involves the generation of new cells through binary fission
However, in wastewater treatment we are interested in the growth of microbial populations
An important characteristic is the biomass yield that is defined as:

The yield links the rate or substrate utilization to the rate of biomass growth
Several methods are available for estimating yield.  For a well-defined substrate the yield might be determined through stoichiometry
This is often referred to as the true (synthesis) yield
This approach can also be employed to estimate the amount of oxygen required

An example:
2.1 Kinetics

2.1.1 Growth

The design of biological wastewater treatment processes is typically based upon the rate of substrate utilization which is dependent upon the rate of biomass growth

Wastewater treatment processes are operated such that the biomass is in the exponential growth phase;

However, in most cases there is a limiting nutrient that restricts the rate of growth

Through Y the rate of substrate utilization can be established

2.1.2 Decay

The actual rate of growth is reduced by biomass death that is referred to as endogenous decay
The rate of endogenous decay is proportional to the amount of biomass present and hence:

The net rate of growth is:

As will be subsequently demonstrated, the observed yield will therefore differ from the true (synthesis) yield
Some typical values for biokinetic parameters
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2.1.3 Particulate Substrates

These kinetics are typically employed for soluble substrates, however wastewater typically contains a substantial concentration of colloidal and particulate organic matter that can also act as substrates.

The rate of solublization of particulate matter can be estimated by:

2.1.4 Impact of Temperature

The rate of growth of biomass is impacted by temperature

In most cases we are interested in the temperatures on the lower end of the optimal

Impact of temperature can be defined as:

The value of ( ranges from 1.02 to 1.25

2.2 O2 Uptake

Oxygen is required for aerobic processes.

The amount of oxygen required:

It is typically assumed that the COD equivalence of biomass is 1.42 g COD/g VSS

Hence the rate of O2 consumption is estimated as:

2.3 Active Biomass vs Total VSS

Biokinetics should be based upon the active biomass

However VSS in reactors also includes

· cell debris from endogenous decay

· non-biodegradable VSS in influent

The rate of production of cell debris can be estimated by:

Hence the rate of total VSS production can be estimated by 

The active fraction can therefore be estimated as:

 The observed yield is therefore defined as:

3. Nitrogen Removal Processes

3.1 Background

Wastewaters typically contain nitrogen in a variety of forms


- Organic Nitrogen (Proteins)


- Ammonia - Ammonium (NH3 - NH4 )


- Nitrite (NO2 )


- Nitrate (NO3 )

Kjehldahl Nitrogen = Organic Nitrogen + Ammonia-Ammonium Nitrogen

Nitrogen is of concern in wastewater streams because if discharged into a receiving body it can:

· be toxic to aquatic life (NH4+)

· cause methemoglobinemia if ingested (NO3-)

· act as a nutrient to stimulate the growth of algae in pristine water bodies

Nitrogen as a toxicant

Un-ionized ammonia (NH3) is toxic to aquatic life at concentrations greater than 0.1 mg/L

NH3 + H+ ( NH4+



pKa = 0.09 + 2730/(273 + T)
The fraction of Total Ammonia in un-ionized form therefore equals

1/(1 + 10(pka - pH))
Nitrogen as a nutrient:


1 kg Nitrogen → 16 kg Algal Biomass  (C106H263O110N16P)
= 20 kg COD




Typical Wastewater Concentration = 30 mg/L


Therefore 30 mg/L N → 600 mg/L COD Equivalents 

3.2 Nitrogen Cycle

There is a natural cycle of biological processes that impact upon nitrogen bearing compounds

In wastewater treatment we employ nitrification and denitrification
3.3 Nitrification

- occurs under aerobic conditions

- mediated by particular species of bacteria (autotrophs)

Energy Step 1
Energy Step 2
Overall Reaction
Notes:


Oxygen Consumption



4.57 g O2/ g NH4 oxidized

· impacts on design of aeration system

· additional energy requirements

· slight reduction for NH4+ incorporated in biomass

Alkalinity Consumption


7.1 g CaCO3/g NH4 oxidized

· a minimum of 50 mg/L of alkalinity is recommended

Incorporation of NH4+ into biomass

3.3.1 Options for Nitrification


- Separate sludge system

· optimize carbon oxidation and nitrification separately
· less common
· used when inhibitory substances are present in wastewater


- Single sludge system

· maintenance of conditions in aeration basin which are suitable for nitrifying bacteria
· usually requires extended SRTs

3.3.2 Biokinetics

Ammonia oxidation is usually rate-limiting and hence when excess dissolved oxygen is present:

When dissolved oxygen concentrations are low (<3-4 mg/L) oxygen availability may reduce the rate of nitrification:

3.4 Denitrification

3.4.1 Stoichiometry

Reaction occurs under what is commonly referred to as anoxic conditions

· typically mediated by a range of facultative heterotrophic bacteria
· Oxygen inhibits the reaction and is usually absent
· Nitrate is employed as an electron acceptor instead of oxygen

· A source of organic carbon is required to provide energy

· bsCOD from wastewater

· methanol or acetate that are supplemented

Typical Reactions
Generates 1 equivalent of alkalinity per equivalent of NO3- reduced

The oxygen-equivalent of using NO3- as an electron acceptor can be calculated from an analysis of half-reactions

In order to achieve complete denitrification it is necessary to provide sufficient electron donor in the form of organic carbon (bsCOD)

Mass balance on COD indicates:

The O2 equivalence of the grown biomass is:

Substituting and rearranging:

bsCODo is the COD that is oxidized and is equal to the oxygen equivalent of the nitrate that is reduced, hence

Substituting and rearranging

Note that Yn is a function of SRT:

This relates the removal of bsCOD to nitrate removal in denitrifying systems

3.4.2 Kinetics

Biokinetic equations for denitrification are similar to those employed for bsCOD under aerobic conditions

· different relationship between substrate and electron donor utilization

Typically employ a modification to account for fraction of bacteria that are capable of using NO3- as an electron acceptor

The presence of dissolved oxygen can inhibit nitrification if concentrations are > 0.2 mg/L

Nitrate concentrations limit bsCOD removal kinetics when NO3-N concentrations less than 0.1 mg/L

The impact of the availability of nitrate and dissolved oxygen on the rate of denitrification is typically expressed by:

Where:
Ko’ = 0.1-0.2



Ks,NO3 ( 0.1 mg/L 

3.4.3 Process Configurations

Denitrification can be achieved in either a pre-aeration or post-aeration mode:

Pre-aeration denitrification employs bsCOD from the wastewater as an electron donor

Post-aeration denitrification employs either 

· an external carbon source (methanol)

· relies on endogenous decay of biomass

4. Phosphorous
Forms commonly found in municipal wastewater

Orthophosphate 


PO43- , HPO42- , H2PO4- , H3PO4 


Typical concentration = 3 - 4 mg/L

Polyphosphates


pyrophosphate, tripolyphosphate, trimetaphosphate


Typical concentration = 2 - 3 mg/L

Organic Phosphorous


sugar phosphates, phospholipids, nucleotides


Typical concentration = 1 mg/L

Phosphorus as a nutrient


1 kg Phosphorus → 111 kg Algal Biomass

= 138 kg COD

Typical Wastewater Concentration = 6 mg/L

Therefore 
6 mg/L P → 828 mg/L COD Equivalents 

4.1 Biological Phosphorous Removal

Process employs anaerobic (dissolved oxygen = 0) and aerobic environments that are operated in series to promote the growth of Phosphorous Accumulating Organisms (PAO’s)

Phosphorous is stored inside bacteria as phosphate polymers ((polyphosphates) and leaves the system with the waste sludge stream

Phosphorous content can be as high as 20-30% by dry weight

4.1.1 Anaerobic Stage

Acetate is produced by fermentation of bsCOD

Intracellular polyphosphate is converted to ortho-PO4 that is released into solution

Energy from polyphosphate degradation allows PAO’s to take up acetate and produce intracellular polyhydroxybutyrate (PHB)

4.1.2 Aerobic/Anoxic stage

Stored PHB is oxidized by bacteria for energy and growth


- gives PAO’s competitive advantage over other bacteria

Some energy from PHB oxidation is used to form polyphosphate

· results in uptake of PO4 from solution

In the Bio-P process, the anaerobic zone is often referred to as a selector as the presence of the anaerobic environment selectively promotes the growth of PAO’s

4.1.3 Stoichiometry of Bio-P Processes

The potential for removal of o-PO4 is dependent upon the availability of acetate

· produced from fermentation of bsCOD

Assume:

· 1.06 g acetate/g bsCOD

· cell yield = 0.30 g VSS/g acetate

· cell phosphorous content = 0.3 g P/g VSS

Hence the overall uptake of P per gram of bsCOD entering the A/S process is:

5. Process Models

The activated sludge (A/S) process is the most common aerobic process used for wastewater treatment

Consists of an aeration basin followed by a secondary settler

A number of configurations exist however we will focus on conventional A/S

Parameters

Q = flows

X = biomass concentration

S = substrate concentration

subscripts:
o = influent



e = secondary clarifier effluent



r = recycle



w = waste stream

5.1 Mass Balances

Mass balances can either be performed around the aeration basin and clarifier separately or around the combined processes

5.1.1 Biomass

Accumulation = Input - Clarifier Overflow - Wasting + Growth

Assume: 
steady state



Xo is negligible

Rearranging gives Solids Retention Time (SRT) = (c
The average age of the biomass in the system 

= (biomass in system)/(rate of biomass loss)

Hence;

Controlling the SRT (by controlling the wasting of biomass) will therefore establish the effluent soluble substrate concentration!!!

Rearranging:

5.1.2 Substrate

Accumulation = Input - Clarifier Overflow - Biological Degradation

Assume:
Steady state



Qw S is small



No biodegradation in clarifier

Substituting and solving yields:

5.2 Biomass and VSS Production

The biomass that is produced in wastewater treatment represents a residual stream that:

· impacts on O2 requirements
· requires further treatment

The definition of SRT allows the calculation of the daily biomass production:

Biomass is intimately mixed with other suspended solids and hence the same expression can be employed to estimate total VSS production

5.3 Mixed Liquor VSS Concentration

The VSS in the aeration basis consists of a mixture of active biomass and non-biodegradable VSS (nb VSS; Xi)

Requires a mass balance on Xi
At steady state

Combining mass balances on active biomass (X) and nb VSS (Xi)

XT is referred to as the Mixed Liquor VSS (MLVSS)

5.4 Solids Production

Substituting expression for XT into expression of PX,VSS
Substituting for X

Shows the relationship between the SRT and the different components of VSS

Total solids production includes the Fixed (Inert) SS and VSS

FSS consists of:

· inert fraction of biomass (typically 10-15%)

· inorganic solids entering process

The production of VSS can be modified to account for FSS

The masses of VSS and TSS present in the aeration basin can be calculated as:

Typically select a value of MLSS from an acceptable range (2000-4000 mg/L) and calculate required aeration basin volume

5.5 Observed Yield

The Observed Yield 

· express in terms of either VSS or TSS production per gram of BOD or bsCOD removed

· calculated by dividing the expression for solids production by the rate of substrate removed (Q*(So-S))

If Xo,i is small relative to (So-S) then

5.6 Other Design and Operating Parameters

Designers of A/S processes have historically used other process parameters to describe operation

5.6.1 Food to Microorganism (F/M) ratio

Defined as rate of BOD or COD applied per unit mass of biomass

5.6.2 Specific Substrate Utilization Rate (U)

U is the rate of substrate removed per unit mass of biomass

Can be related to the F/M ratio

U can also be calculated by dividing rsu by X and hence

Hence U (and thereby F/M) can be shown to be related to SRT

F/M and SRT are often used interchangeably to predict process performance

For SRT’s in the range of 5-7 days the F/M values will range from 0.3-0.5 g BOD/g VSS(d

5.6.3 Process Performance and Stability

From previous, it was shown that the effluent quality and hence process performance are defined by the process SRT
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Below a critical SRT (SRTmin) process performance will deteriorate rapidly

The SRTmin is the point at which biomass leaves (washes out) the system more rapidly than it can be produced

Effluent substrate concentration approaches the influent value (So) and hence,

Often simplify this with the assumption that So>>Ks
Wastewater treatment processes are typically designed with SRT’s that are 2-20 times greater than SRTmin
A safety factor (SF) can be defined:

Wayne J. Parker
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