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Environmental Engineering

2. Biogeochemical Cycles and Pollution Problems

2.2. Hydrologic Cycle

97% of world’s water is in ocean, ½ of suns energy striking earth is converted to latent heat:


wet surface
( evaporation











( evapotranspiration


leaves


( transpiration

88% evaporation is from oceans

12% evapotranspiration is from land

Over oceans:
evaporation > precipitation

Over land:

evaporation < precipitation





Precipitation – evapotranspiration = “run off”

Ignores:

Snowfall locked in ice





Ground water flows





Droughts/floods

Unique Properties of H2O:

1. Density – Only common substance to expand as it freezes (min. density @ 4 (C)
a. Ice floats – lakes don’t freeze
b. Thermal stratification of lakes
c. Breaking up of rocks due to freezing
2. Melting and Boiling points – other group 6 elements form gases (H2S, H2Se, H2Te) due to low Tb. High difference between Tb and Tf, liquid over most of globe surface.

3. High Specific Heat – 5 times higher than common solids: heats and cools slowly and stabilises climate (
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4. High Heat of Vaporisation – vapour stores a lot of energy which is transported when it condenses (e.g. H2O ( 2,200 kJ/kg, CH3OH ( 900 kJ/kg).

5. Solvents – water dissolves more substances than any other common solvent. Effective medium for transporting nutrients and wastes.

BUT:

· Quantity of water on the planet is fixed, pollutants which enter and are not converted will accumulate

· Stocks of fresh water are 0.3% of total, so fresh water has potential to be in short supply.

2.3. Carbon Cycle

The carbon cycle is closely linked to the oxygen cycle. Two key reactions are:

· Photosynthesis (in green plants, algae)
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a. Complex organic molecules are formed from inorganic molecules such as CO2 and water

b. Energy in sunlight is captured and stored in the organic molecules formed

c. Molecular oxygen is released into the atmosphere.

· Respiration

Living organisms break down complex molecules, returning CO2 and water to cycle
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a. Carbon cycle is out of balance, not at steady state

b. Rate of CO2 production from fossil fuel use/deforestation is 6 Gt/year

c. Rate of formation of new coal/oil is negligible

d. This leads to a net increase in CO2
e. Some CO2 released in atmosphere is absorbed by the ocean in photosynthesis.
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2.4. The Greenhouse effect and Global Warming

· Atmosphere is almost all N2 and O2
· Small amounts of other chemical significantly affect atmospheric heat

· Atmosphere layers – troposphere, stratosphere, mesosphere, thermosphere

· More than 80% of the mass of the atmosphere (clouds, water vapour, etc.) is in the troposphere

· Mixing – troposphere relatively well mixed, stratosphere relatively unmixed.

Simple Global Temperature Model:

Assume Earth acts as a “black body”:

a. Absorbs incoming radiation

b. Re-radiates energy

Energy absorbed:
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S = Solar constant = 1,372 W/m2
Energy radiated:
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( = Stefan-Boltzmann Constant = 5.67 x 108 W/m2.K4
At steady-state, temperature will adjust to equilibrate the energy absorbed and the energy radiated:
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Actual average temperature of the earth is 288 K (15 (C), omitted the albedo.

Albedo (
fraction of incoming solar radiation that is reflected off the atmosphere and surface of the earth, and so is not absorbed. For the earth, ( = 30%

Hence:
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Earth is at an average of 15 (C due to the Greenhouse Effect

Energy coming in from the sun is at short wavelength

Energy re-radiated from earth is at long wavelength

Gases which absorb at a wavelength above 4 (m are known as “greenhouse gases”. Most important are CO2, CH4, N2O and H2O.

Climate Change:

· Most models predict doubling of CO2 will result in temperature rise of 1.5-4.5 (C

· Complex feedback loops: the albedo is affected by the ice caps and by clouds

· Gases such as methane (CH4) and HFCs also exhibit strong absorption and are growing in importance for greenhouse effect

2.5. Ozone Depletion

Ozone is continuously created from oxygen by absorption of short wavelength UV light

· Photolytic Decomposition:
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hv < 240 nm

· Photodissociation:
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hv < 290 nm

· Net effect of creation/destruction cycle is presence of a layer of ozone predominantly in the stratosphere

· This layer of ozone absorbs UV light.

· Once pollutants reach stratosphere, if inert they will stay a long time

BUT:

· Removal of O3 can also occur via catalysed chemical reactions:
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X = Cl, Br, OH, NO

· One X can catalyse destruction of many O3 molecules before it is mixed back into troposphere and “rained out”

· If UV radiation reaches earth it can have adverse effects: skin cancer, cataracts of the eye, and suppression of immune system response.

2.6. Chlorofluorocarbons

· Molecules containing Cl, F, C

· Do not occur naturally

· Absorb space in “atmospheric window” (7-12 (m)

· Inert in troposphere, hence long residence times and potent greenhouse gases

· Impact on ozone depletion by reacting in stratosphere to produce chlorine catalyst for O3 depletion

· Related molecules:

· HCFC
– hydrochlorofluorocarbons

· HFC
- hydrofluorocarbons

Use of CFCs:

· Aerosol (25%):

· Propellants – could be replaced by other chemical

· Air Conditioning/Refrigeration (20%):

· Non toxic, non flammable

· Developed to replace CO2, ammonia, CH3Cl, etc.

· Rigid foams (19%):

· Used to blow foams out during expansion, exist as bubbles

· Polystyrene, polyurethane

· Slowly released as disused foams are crushed

· Solvents (19%):

· Electronics industry, cleaning and degreasing

Atmospheric Effects of CFCs:

· Global Warming:

· Absorbs radiation in atmospheric window

· Have long atmospheric lifetimes, main decay reaction is:
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· In troposphere rained out as HCl

· In stratosphere stays as Cl

Ozone Depletion:

· CFCs have long atmospheric life times, find their way to stratosphere where they produce stratospheric Cl

· Cl active in O3 removal

Alternatives of CFCs:

· HCFCs:

· Less inert in troposphere

· Have shorter lifetimes

· HFCs:

· Contain no Cl

· Both HCFCs and HFCs are more expensive to produce than CFCs

· Montreal protocol has banned production of CFCs, but there is a strong black market.

2.7. Nitrogen Cycle and Photochemical Smog Formation:

· 50% of Nitrous Oxide production is from fixed sources

· 50% of Nitrous Oxide production is from mobile sources

· Flow of N2 ( fertilizers is important

Nitrates in Drinking Water:

· Ammonium in fertilisers: (NH4)2SO4, diammonium phosphate (NH4)PO​4
· Nitrates can end up in water supply ( affects foetal haemoglobin

Smog Formation:

· Gases responsible: N2O, NO, NO2
· VOCs (volatile organic compounds) + NO​2 + sunlight ( photochemical smog
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· Add in effects of VOCs:
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· Effects of photochemical smog:

· Coughing

· Short breath

· Irritation

Nitrification:
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Abatement Measures:

· Fixed Sources:
( Burner design, i.e. making them quite high

· Mobile Sources:
( Catalytic converter
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· Problem – lead poisons catalyst:

· Lead-free petrol

· BUT it reduces fuel efficiency (3-5%)

( More fuel needed

( More CO2 in the atmosphere

2.8. Sulphur Cycle  and Acid Rain

· Largest sulphur reservoir is in the Earth

· Anthropogenic activity:

· Leads to major source of SO2
· Most coming from fuel burning (small amount from cement)
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Effects of SO2:

· Human health:

· Above 500 (g m-3 exacerbates asthma

· Above 750 (g m-3 increases death rate

· London smog of 1952 ( 4,000 deaths (4,000 (g m-3)

· Soils:

· Need ( 70 kg ha-1 year-1 for intensive agriculture

· SO2 deposition rate 75-100 kg ha-1 y-1
· Added acidity
( Clay/M+ + H+ ( Clay/H+ + M+
( pH changes (depending on buffering capacity)

· Vegetation:

· Acidity lowers pH, retains growth

· Forests need less sulphur

· Fish/Fry:

· Fry (baby fish) particularly sensitive to pH

· SO2/SO42- gets trapped in snow ( snow melts ( (pH = 1(1.5 units

· Buildings:

· 
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SO2 removal:

· Dry deposition

· Washout

· Rainout

· Wet deposition (onto ice or snow)

· 2-6 days residence time

· Velocity of travel depends on climatic conditions (up to 4,000 km)

· Average UK concentration = 33 (g m-3
· Higher in cities

· Highly variable (x10)

2.9. Hazardous and Toxic Wastes

Hazardous substances are defined as materials that are:

· Ignitable: solvents, fuels

· Corrosive: pH<2, pH>12

· Reactive: which can cause explosion, liberate fumes/vapours

· Toxic: harmful or fatal when ingested or absorbed

Need to asses and manage the risk posed by hazardous waste. Risk assessment involves:

· Hazard Identification – need to determine whether a particular chemical is linked to health effects

· Dose Response Assessment – relationship between dose and adverse health effect

· Exposure Assessment – exposure to pollutant (how much, how many?) over what length of time

Hazard Identification:

Chemicals enter the body through ingestion, inhalation and absorption. Once it has eneterd the blood, it can end up in various organs and systems.

· Hepatoxins – chemicals that cause liver damage. E.g. carbon tetrachloride, chloroform, trichloroethylere, DDT.

· Neprhotoxicity – Affecting the kidneys, which are involved in filtering blood and frequently susceptible to damage.

· Hematoxicity – Toxic effect of substances on blood. E.g. CO and NO32- affect the ability of blood to transport oxygen to tissue. Benzene affects platelet formation.

· Mutagenesis – Mutations in an organism’s DNA. Can cause a cell to misfunction, leading to death, cancer, reproductive failure or abnormal offspring.

Acute (fast) toxicity


( some levels below which there is no risk

Chronic (over time) toxicity
( assume always at risk, even at very low levels

Dose Response Assessment:

Carcinogens (Chronic effects):

· Need to examine the relationship between risk and dose.

· Data collected at high doses for animals ( extrapolated to low doses for humans

· E.g. “One Hit” model ( assumes that a single chemical “hit” capable of inducing tumour
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d = dose (mg/kg.d)

P = lifetime probability of cancer (risk)

Since:
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Background Rate:
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Small Doses:
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Additional risk due to dose:

P(d) – P(0) = q1d
Potency Factor
( Slope of risk/dose curve at low doses

Risk = Av. Daily Dose ( Potency Factor = 
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Non Carcinogens – Acute Effects:

· Assume existence of exposure threshold

· RfD = reference close = acceptable daily intake

· Usually simply consider whether a dose is below RfD or not

· Single chemical can have both acute and chronic effects, e.g. phenol

Exposure Assessment:

· No exposure ( no risk

· Estimate for exposure

· Chronic Daily Intake calculated as:
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· Bio-concentration
( tendency for substances to accumulate in biological tissues

· Bio-Concentration Factor (BCF) – tendency for chemicals to concentrate in fish

· Need to take it into account when calculating CDIs for higher organisms

COSHH – Control of Substances Harmful to Health Legislation (UK)

· Occupational Exposure Limits
( relevant to prolonged exposure and refer to airborne concentrations.

· Long Term Exposure Limit (LTEL):

· 8 hour time weighted average (8 hour TWA)

· Applicable to low concentrations

· Aimed at preventing long term exposure at problematic levels

· Short Term Exposure Limit (STEL):

· 15 minute TWA
· Applicable to higher concentrations

· Aimed at preventing acute effects

· Where STEL not specified, 3 times LTEL used as guidance

· Occupational Exposure Standards (OES):

· Concentration of airborne substance at which there is no evidence that is likely to be injurious when inhaled over a working lifetime

· Only applicable at pressures between 900 – 1100 millibars

· Maximum Exposure Limits (MEL):

· Maximum limits of exposure under any circumstance

· Carry some residual risk

3. Fate Modelling

3.2. Meteorology and Plumes – Local Concentration of Pollutants

Meteorology:

· Adiabatic Lapse Rate (() – Rate of temperature change with altitude
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Cp = heat capacity of air (assume dry)


v = unit volume of air (m3/kg) = 1/(
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(if air humid ( Cp ()

Inversions:

· Radiation Inversion
( caused by solar heating and radiative cooling

· Evening rush hour around 5 pm

· CO etc. spewed out, can be trapped at ground level

· Can be brought back to surface via fumigation

· Subsidence Inversion
( movement of large masses of air

Ventilation Coefficient and mixing Depths:

· Ventilation coefficient
( 
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· Wind velocity
( empirical function of distance between two points
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u = velocity [m/s], z = height [m], p = f (atmospheric stability)

	
	STABILITY CLASSES
	p

	A
	Unstable
	0.15

	B
	Moderately unstable
	0.15

	C
	Slightly unstable
	0.2

	D
	Neutral
	0.2

	E
	Slightly stable
	0.4

	F
	Stable
	0.6


Gaussian Plume Equation:

· Assumptions:

1. Rate of emission is constant

2. Wind speed constant with time and elevation

3. Pollutant is conserved (no reactions)

4. Flat, open country
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C = concentration down wind

[M][L]3

m = mass emission rate


[M][T]-1

(z = dispersion coefficient

[L]


(y = dispersion coefficient

[L]


u = velocity at release point

[L][T]-1
When z=0 (i.e. at ground level):
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When y=0 as well (i.e. at maximum ground concentration directly down wind):
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· To determine velocity at release point, use:
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(p obtained from table on previous page)

· (z, (y determined from Pasquill-Gifford plots:
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· H = effective stack height, (H = plume height:
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Pa = atmospheric pressure (bar)

v = stack velocity 

u = wind velocity


D = stack diameter


Ts = stack temperature


Ta = ambient temperature


Ks = f (atmospheric conditions)

3.3. Unit World Models and Ultimate Pollutant Fates:

· To assess risks due to the release of chemicals into the environment

· Evaluating the fate of the chemicals which are released

Level I Analysis:

· Assumptions:

1. Fixed volumes of each phase: air (Va), water (Vl) and biota (Vb)

2. Fixed quantity (Mi) of chemical i emitted into the model world

3. No advective or reactive removal mechanisms

4. Equilibrium established between the respective phases

5. Instantaneous mass transfer, all phases well mixed

· Air-Water equilibrium for component i (Henry’s Law):
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(1)


Pi = pressure of i (Pa)


Cli = concentration in the liquid phase (mol/m3)


Hi = Henry’s constant (Pa.m3/mol)

· From ideal gas law, concentration in the gas phase (mol/m3):
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(2)
· For biota phase:




[image: image45.wmf]bi

li

i

C

C

BCF

=

r

















(3)


BCFi = bio-concentration factor of i (L/kg)


( = density of biota (kg/L)


Cbi = concentration in the biota phase (mol/m3)

· Mass balance on the system gives:
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(4)

· Using (2) and (3) to substitute into (4) and solving for Cli:
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(5)

Note: Link to Risk Exposure Assessment

Level II Analysis:

· Assumptions:

1. Continuous emissions (mi) of chemical i into the model world

2. Equilibrium established between the respective phases

3. Allow for removal mechanisms (e.g. photolysis, biodegradation)

4. Instantaneous mass transfer, all phases well mixed

5. Volumetric rate of removal of i in phase j (rji) is first order with respect to concentration in the phase, i.e. for water 
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6. The rate of transport of i out of phase j (aji) is estimated by assuming that the phase is completely mixed and has a bulk residence time tj, i.e. for water 
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· Mass balance on the system gives:
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· Assuming that tb = kbi = 0, using the equilibrium relationship and rearranging:
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4. Technology for Emission Control (Gas Stream)

· Before considering end of pipe treatment technologies should consider elimination of waste by looking at source of emissions (see section 6.0).

· Wastes can be treated either at “point source” or aggregated together and treated for the whole site (see section 5.0).

· Techniques: separative, reactive, or both. Apply concepts from Separation Processes, Reaction Engineering and Process Analysis.

4.2. Volatile Organic Compounds (VOC) Emissions

· No intentionally accepted definition of what comprises this class of chemicals. Some are chemical (e.g. vapour pressure), some are effects (e.g. photochemical effect)

· UK Department of Environment classifies VOCs as “a large family of carbon containing compound which are emitted or evaporate into the atmosphere and can take part in photochemical reactions in air”

· Chemical Release Inventory (CRI) ( records emissions of VOCs

· Many VOCs harmful or toxic ( categorised as: high, medium or low harmfulness

4.3. VOC Emission Abatement by Oxidation

Regenerative HR:

· Inorganic material

· Needs a steady stream

· Takes time to reach steady-state

· Recover up to 90% of heat

Recuperative HR:

· Metal heat exchanger

· Get ( 70% of heat back

· Good for fast start-up

Catalytic Oxidation:

· Use honeycomb pellet catalysts

· Made of inorganic material

· Carries attached ( Al2O3
· Add catalyst to carrier: V, Cr, Mn, Pt, Ag

· Lower operating temperature: 400-500 (C

· Less NOx
· Less fuel

· Metallurgy easier ( savings

BUT

· Catalyst:

· Expensive

· Poisoned ( Needs disposal

4.4. Absorption (Acid Gases, VOCs)

Gas Absorption:

· Removes contaminants from gaseous streams by absorbing them into a liquid

· Liquids can be:

· Non-reacting
( physical solvent



(High pollutant conc.)

· Reactive

( chemical solvent, rev. rxn

(Medium pollutant conc.)

· Reactive

( physical solvent



(Low pollutant conc.)

Equipment:

1. Plate Columns
 (most common)
( staged contractors – McCabe Thiele 

2. Packed Columns




( continuous contact – NTU, HTU

Design:

1. Dilute pollutant, linear equilibrium, non-reacting

a) Plate columns

( Kremser Equation

b) Packed columns
( Analytical expression for NTU

2. Non-dilute pollutant, linear equilibrium, non-reacting

Or
Dilute pollutant, non-linear equilibrium, non-reacting

Or
Non-dilute pollutant, non-linear equilibrium, non-isothermal, non- reacting

a) Plate columns

( Staged design with (e.g. McCabe Thiele) plate efficiencies

b) Packed Columns
( HTU, NTU by numerical integration

3. Reactive systems

a) Need to consider relative rates of mass transfer and reaction

b) Use Effectiveness Factor (Fa)
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1. Dilute Systems, non-linear equations, isothermal
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(where a = specific S.A. of packing m2/m3)
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2. Non-dilute (when L or G change by more than 5%, definitely above 10%)

Define solute-free coordinates:

G’ – inert material gas flows

L’ – inert material liquid flows
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Eq. Line:
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Energy Balance:
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Equilibrium line becomes steeper and may intersect with the operating line, resulting in a pinch point.

Two-Film Theory:
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and
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For gases:
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(Since 
[image: image73.wmf]mx

y

=

)

(

[image: image74.wmf](

)

OG

L

G

B

i

i

B

L

G

K

N

k

m

k

N

y

y

y

y

y

y

k

mN

k

N

=

÷

÷

ø

ö

ç

ç

è

æ

+

=

-

=

-

+

-

=

+

1

*

*


(

[image: image75.wmf]÷

÷

ø

ö

ç

ç

è

æ

+

=

L

G

OG

k

m

k

K

1

1









[image: image76.wmf]ï

ï

þ

ï

ï

ý

ü

ï

ï

î

ï

ï

í

ì

»

®

»

®

L

OG

G

OG

k

m

K

m

k

K

m

1

 

large

 

When 

1

1

 

small

 

When 


For liquids:
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(Since 
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Non-reacting systems:

· Separation Processes I will give familiarity with cases (1) and (2)

· Need familiarity with different unit systems:

· Mole fractions

· Concentrations

· Partial pressures

· Deriving equations describing mass transfer

· Need to be familiar with:

· Two-film theory for interfacial mass transfer

· Limiting resistances

· Individual and overall mass transfer coefficients
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Reacting systems:

· Case of a single, instantaneous, irreversible reaction
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· Assume sufficient B in bulk solution to that all A is reacted before it penetrates the film into the liquid bulk
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· Consider mass balance in zone between l = 0 and l = l1:

For A:
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(Since instantaneous and irreversible ( rA = 0)
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Integrating:
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(Boundary conditions: l = l1 and CA = 0)
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Similarly for B:
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(From stoichiometry:
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(From (1):
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Enhancement Factor:
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(Sufficient B ( A does not penetrate into liquid)
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Look at combining circumstances:
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Limit to FA:

High CBb, rxn at G-L interface:




When l1 = 0, rxn is at interface:
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(Since 
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Since PA1 = 0:
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Applications – Treatment of Acid Gases:

1. Removal of by-product HCl from organic chlorination into water to produce strong HCl solution ( physical absorption process. Presence of organic solvent vapours in the off-gas stream may complicate matters
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2. Removal of acid vapours from reactor vent gases into water or dilute NaOH. Presence of organic solvent vapours in the off-gas stream may complicate matters
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3. Flue Gas Desulphurisation (FGD) – removal of SO2 from power generation vent gases into solutions of limestone (CaCO3) or lime (CaO)
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Note: CaSO​3.2H2O can be difficult to dewater ( may be further oxidised to CaSO4:
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Alternative process used for recovery is:
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FGD Plant:

· About 5% of the energy produced by the power station goes into driving fans etc.

· UK sulphur demand is about 750,000 tps, production from power stations is 1,300,000 tpa. Cheaper to use “throw away” FGD than to recover.

· Drax power station in UK – 3,960 MW:

· Burns approximately 11 million tonnes of coal

· Produces 2 million tonnes of ash

· FGD will:

· Reduce SO2 from 350-400 kpta to 35-40 ktpa

· Produce about 1 million tpa gypsum (sal or dumping)

· Produce about 1 million tonnes of wastewater

· Require 700 ktpa of limestone to be mined and transported 70-100 km to Drax

5. Technology for Emission Control (Aqueous Stream)

5.2. Undesirable Characteristics of Industrial Wastewater

Industrial wastewaters are produced in a wide range of to processes and they are correspondingly diverse in terms of their composition and characteristics. Can identify several characteristics which have undesirable effect on the environment.
· Soluble Organics: causing depletion of dissolved oxygen. Receiving waters require minimum level of dissolved oxygen to allow the effective functioning of food chains and to avoid anaerobic conditions ( odorous compounds (H2S) produced.
· Suspended Solids: restrict the light penetration in a water body. Can be deposited on the bottom of the stream ( sludge blankets which undergo decomposition ( oxygen depletion and production of noxious gases under anaerobic conditions.

· Volatile Materials: VOC ( air pollution problem if vaporised from aqueous phase

· Trace Organics: phenol ( taste and odour problems in water. Important if water is to be used as potable supply.
· Heavy Metals, Cyanide and Toxic Organics: deleterious to aquatic life due to their toxicity. May undergo bioaccumulation in tissues of higher organisms ( deleterious effects as they progress through the food chain
· Colour and Turbidity: aesthetic problems, although not harmful in chemical terms

· Nitrogen and Phosphorous: enhance eutrophication and stimulate undesirable algae growth ( problem for discharges to lakes, ponds, etc.

· Oil and Floating Material: unsightly conditions, problems for aquatic life

· Inorganic Ions: upset the ecosystem in water (e.g. high concentrations of salt to a freshwater body); undergo reactions to produce undesirable products (e.g. hydrogen sulphide produced under anaerobic conditions

5.3. Oxidation and Oxygen Demand
· Carbon cycle ( essential for life on Earth
· Waste from industrial processes contains organic carbon ( oxidised to CO2
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(1)
· Oxidation requires addition of oxygen ( high concentration of organic material in many wastewaters requires more oxygen than the receiving waters can supply

5.4. Biological Growth and Oxidation

Micro organisms 
( bacteria, fungi and yeast





( able to use nutrients as “food” for growth and respiration






( useful for wastewater treatment ( use organic material as food

Two phenomena:

1. Oxygen and organic material is consumed by the organisms for energy and synthesis of new cells

2. Organisms undergo progressive auto-oxidation of their cellular mass (respiration)
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(2)
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(3)

Note:
Average composition of biomass is CH1.8O0.5N0.2 plus P, S and trace metals

Growth is generally faster than decay

Decay is not complete

If the first reaction proceeds until all organic matter has been utilised, then the second reaction continues until all of the cells produced have been auto-oxidised. Net effect:
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(4)


[image: image129]
· The cells act as a catalyst for the addition of oxygen to the organic carbon. Many organic substrates can be used by micro organisms as substrate for growth, and the simple oxidation of such substrates into cells and carbon dioxide is the basis of biological wastewater treatment.
· Reaction (3) is generally a lot slower than reaction (2) and so biological oxidation is often carried out by the first process. We are left with a mass of cells after all soluble organic material has been removed. Define the yield of biomass on organic substrate by:
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(5)

· If we can separate these cells from the liquid phase, then we have still achieved the removal of the oxygen demand exerted by the organic material in the liquid phase, except that we are now faced with the problem of disposing of the biomass sludge.

· If we do not separate the cells from the liquid phase we still have reduced the oxygen demand of the waste significantly because the decomposition of these cells requires significantly less oxygen than the decomposition of the original substrate.

Note:
The synthesis of cellular material as shown in equation (1) requires a nitrogen source in addition to the organic substrate and oxygen. It requires the presence of nutrients such as phosphorous, trace metals and others in small quantities. However, consider biological growth in which there is an excess of these other nutrients present in wastewater. Generally accepted ratio is C:N:P = 100:5:1 (mass basis) for good biological growth.

5.5. Characterisation of Industrial Wastewater
Two main classes of wastewaters:
INDUSTRIAL EFFLUENTS










DOMESTIC WASTES (SEWAGE)

Parameters used to characterise industrial wastewaters:

· pH

· Suspended Solids (mg l-1)

· Total Oil and Grease (mg l-1)

· Biological Oxygen Demand (mg l-1)

· Chemical Oxygen Demand (mg l-1)

· Total Organic Carbon (mg l-1)

· Total Dissolved Solids (mg l-1)

· Total Nitrogen (mg l-1)
Limits imposed on the concentrations of actual compounds such as:
· Heavy Metals (e.g. mercury and cadmium)

· Toxic organics (e.g. DDT, PCBs, phenols, anilines, benzenes, toxic VOCs, etc.)

One obvious way of decreasing effluent concentrations below allowable limits is to increase plant water flow and use the dilution effect.
Total Organic Carbon (TOC):
· Measure of the total amount of organic carbon present in wastewater

· Determined by oxidising all carbon to CO2 and then measuring CO2 concentration, then subtracting it from the amount of inorganic carbon present

E.g.
CH3COOH @ 500 g m-3
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Chemical Oxygen Demand (COD):
· Measure of the total equivalent amount of oxygen consumed when a strong chemical oxidant is used to oxidise the organic carbon present

· Useful for regulations

· Generally COD = theoretical OD
Biological Oxygen Demand (BOD):

· Measure of the amount of oxygen consumed during cell growth and decay (equations 2-4)

· Small inoculum of micro organisms added to a sample containing organic matter in a closed system. If the inoculum is able to utilise the organic material as a source of carbon and energy, then growth occurs and the oxygen in the system is consumed

· Ideal plot of BOD test shown below.
· Initial period: organic substrate is depleted as biomass grows

· Biomass concentration reaches a maximum when all the organic matter has been utilised

· Endogenous phase: biomass concentration begins to declines the cells begin to auto-oxidise, i.e. to eat themselves.


[image: image132]
· Major problem encountered with BOD test lies in the use of biomass to oxidise organic material.
· Each time the test is performed, a new inoculum must be used

· BOD test standardised over a period of 5 days (BOD5)

· Test very dependent on type of inocula ( not reliable

BOD vs. COD and TOC:

· More components of a wastewater sample can be oxidised by sever conditions of COD than in BOD test

· BOD test rarely reaches completion in the 5 day period, i.e. not enough time for the endogenous phase to reach completion
· COD for a waste typically higher than the BOD
· Ratio of BOD to COD gives an indication of the suitability of biological treatment as a means of removing organic material from a waste stream

· If a waste is totally biologically degradable, the BOD and COD values will be similar

· If there is a high COD but little BOD exerted by a waste, then biological oxidation is probably not a feasible method for removing organic material

· TOC is rapidly measured and gives information on the amount of organic material dissolved in wastewater rather than how much oxygen its degradation will consume

· BOD tests take at least 5 days, COD tests take a few hours, TOC takes 10-15 minutes
5.6. Wastewater Treatment Technology
Treatment divided into three classes:
· Primary:
Physical separation of particulate matter by operations such as screening, flotation or sedimentation; removal of oils, fats and other immiscible compounds by phase separation devices

· Secondary: Removal of soluble and finely divided organic matter by biological, chemical or physical means

· Tertiary:
Further treatment to improve the quality of effluent from secondary treatment

Wastewaters can be treated as:

· Point source: used to remove specific compounds and species that may cause difficulties in the drainage system of downstream bio treatment facilities. Carried out at the chemical manufacturing site

· Aggregated: carried out by a water company at a large, integrated waterworks. Water company will charge a fee to treat the waste.

5.7. Steam Stripping for Recovery of VOCs from aqueous streams
· Contact stream with the aqueous phase (pre-heated to 100 (C at 1 atmosphere) and allow VOCs to concentrate in vapour
· Packed columns more common than plate columns

· Packed columns ( use mass transfer analysis

Steam Stripping in Packed Columns – Design Equation:

· Can work in mass fractions, mole fractions or concentrations

· Analysis uses operating and equilibrium lines

· Packed height required: 
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· Dilute vs. Non-dilute, linear vs. non-linear equilibrium. Usually steam strippers work under dilute conditions

Dilute Solutions, linear equilibrium (y=Kx):
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(1)
Where KV/L is large, (1) simplifies to:
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(2)

Dilute Solutions, non-linear equilibrium:
Need to evaluate the flowing integral numerically. Use trapezium rule!
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(3)
HTU and Mass Transfer:

· HTU is usually a function of the physical properties of the liquid-vapour system, packing, fluid flowrates.

· Mass transfer liquid-side controlled as solutes are volatile (KOL ( kL)
To obtain kL, use Sherwood & Holloway correlation:
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(5)


L = Liquid flowrate (kg/s)


W = L/A (kg/m2.s)


kL = liquid mass transfer coefficient (m/s)


( = ranges from 360-920


n = ranges from 0.2-0.3 ( depends on packing size and type
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And:
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A = L/W
To minimise column volume for a given flowrate L, maximise W. Too high value may cause flooding and entrainment. Typically W in the range 1-15 kg/m2.s

5.8. Absorption
· Absorb molecules from fluid onto solid phase
· Separate liquid and solid phases

· “Do something” with solid (regenerate)

Common adsorpents:
( Activated carbon







( Polymeric resins

Activated Carbon:

· Produced from carbonaceous materials:
· Coconut shells ( best

· Coals, bituminous lignite ( harder, abrasion resistant, higher density

· Process steps:

· Grinding

· Add binder

· Recompact

· Granulate

· Thermally decompose to activate

Isotherms:

· Characterising how much absorbs

· Relate concentrations in fluid and solid AT EQUILIBRIUM

1. Linear:
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q = concentration on solid (mg/g)

c = constant (mg/L)

2. Langmuir:
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3. Freundlich:
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(Most commonly used for activated carbon adsorption)

In general, need to determine isotherm parameters:

( Add different masses of carbon to liquid samples initially at Cc
( Measure final liquid concentration, cf (see PS.2, Q.5)

Influence of molecular structure and other factors on adsorbability:

1. Increasing solubility of the solute in the liquid carrier increases adsorbability
2. Branched chains more adsorbable than straight chains. Increasing length decreases solubility

3. Substituent groups affect adsorbability:

a. Amino


( high reduction of adsorbability

b. Hydroxyl

( reduces adsorbability

c. Sulphonic

( reduces adsorbability

d. Nitro


( increases adsorbability

e. Carbonyl

( effect varies according to host molecule

f. Halogens

( variable effects

g. Double bonds
( variable effects

4. Strong ionised solutions not as adsorbable as weakly ionised ones; i.e. undissociated molecules are preferentially adsorbed

5. Amount of hydrolytic adsorption depends on the ability of the hydrolysis to form an adsorbable acid or base

6. Large molecules are more adsorbable than small molecules of similar chemical nature ( more solute carbon bonds formed

7. Molecules with low polarity are more adsorbable than highly polar ones

5.9. Regeneration

Adsorpant (e.g. activated carbon) loaded with organics
1. Stream Regeneration:
( volatile compound prefer vapour

( then condense the steam ( separate phases

2. Thermal Regeneration:
( put activated carbon into furnace

( burn organics but NOT activated carbon

( lose (10% by mass of activated carbon

3. Caustic/Acid:



( needs organic acids or bases

4. Solvent Removal:

( messy
Modes of Operation:
Batch Operation
· Add adsorbent to a tank of effluent
· Stir to establish equilibrium

· Settle ( drain liquid

· Dispose/regenerate solid

Packed Column

· Unsteady state – see Cussler, Diffusion
6. Green Technology and Pollution Prevention
6.2. Waste Minimisation and Green Chemical Technology

Waste Minimisation:

· Hierarchy of waste management options (top = best):

· Prevention

· Minimisation

· Recycling

· Disposal

· Hierarchy of waste management practices:
· Elimination

( complete elimination of waste

· Source reduction
( avoidance, reduction or elimination of waste, within the confines of the production unit, through changes in industrial processes or procedures
· Recycling
( use, re-use and recycling of wastes for the original or some other purpose

· Treatment
( the destruction, detoxification, neutralisation of wastes into less harmful substances

· Disposal
( discharge of wastes into air, water or land in properly controlled or safe ways

Good House Keeping:

· Spray nozzles for working, spring loaded valves

· Counter-current vs. batch washing

· Dry clean-up of spills: use absorbent to generate solid (lower volume)

Technological Changes:

· Direct vs. indirect contact; e.g. condenser

· Vacuum

Process/Chemical Changes:

· Production of ethylene oxide

· Classical chlorohydration route ( atom economy = 32%

· Union carbide process (catalyst) ( atom economy = 100%

Green Chemical Technologies:
Carrying out chemical activities such that hazardous substances and waste will not be used or generated
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FW = formula weight
Improving atom economy necessitates using catalysis in place of stoichiometric reagents.
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