Environmental Chemistry and Toxicology (Chem 455)

Course description
The overall goal of this course is to gain an understanding of the fundamental chemical processes that are central to a range of important environmental problems and to utilize this knowledge in making critical evaluations of these problems.
Specific goals include:-

· To understand the chemistry of the stratospheric ozone layer and of the important ozone depletion processes

· To understand the chemistry of important tropospheric processes, including photochemical smog and acid precipitation. 
· To understand the basic physics of the greenhouse effect and of the sources and sinks of the family of greenhouse gases. 
· To provide a fundamental understanding of the organic and inorganic chemical processes controlling the chemical composition of the aquatic environment and the fate of pollutants in the aquatic environment.
· To understand the societal implications of some environmental problems 

· Familiarize students with the main constituents of soils and the way they are formed. 

· Introduce some important characteristics of soils, their classification and the various ways in which soils are polluted.
Module introduction:
This module is designed to provide the students with general concepts in environmental chemistry. It aims to apply knowledge of chemistry to understand environmental issues. The entire module comprises six learning units. 
Before dealing with the detailed chemistry of the major components of our environment, students should be able to define and discuss the various parts of the environment, appreciate the profound uses or natural resources and the way these natural resources are threatened by reckless human activities.

Unit 1: provides a general discussion on the environment. The threats of natural resources consumption by human beings, population increase, industrialization and population are discussed in this unit
Unit 2: is discussed on atmosphere and its pollution. In this unit, classification of the atmosphere based on temperature variation with altitude, composition of the different regions of the atmosphere and the chemical reactions taking place in the atmosphere are discussed in detail.
In addition the most pressing issue of the 21st century, atmospheric pollution, is given due emphasis in this unit.

The major class of air pollutants and their source, the ozone layer depletion, acid rain and global warming issues which results from air pollution is discussed. 
Unit 3: discusses on the hydrosphere and water pollution. The properties of water which make it unique relative to other substances, the chemical reactions that take place in water bodies, the factors that influence the acidic properties of natural water bodies, and water pollution are the main focuses of discussion in this leaning activity. 
Unit 4: emphasizes on soil and agricultural chemistry included in the discussions of agricultural chemistry, nature and composition of soil, chemical reactions in the soil, macro and micro nutrients in soil and fertilizers and soil pollutants. 
Unit 5: the topic of toxicological chemistry is introduced and outlined followed by discussions of the toxicological chemist of various classes of chemical substances.
Unit 6: focuses on green chemistry the twelve principles of green chemistry the general aspects of green chemistry and the three undesirable characteristics of chemical substances are outlined. Discussions are also made on the concept of atom economy, designs and applications of safe marine antifoulants and on supercritical fluid surfactants. 
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UNIT  1
BASIC CONCEPTS OF ENVIRONMENTAL CHEMISTRY
Unit Objectives:
At the end of this learning, the student should be able to:

· Describe the various parts of the environment.

· Discuss the environmental consequences of natural resources consumption.

· Describe the properties and fates of chemicals in the environment.

· Discuss the influence of industrialization on environmental pollution.
· Distinguish between abiotic and biotic degradation of the environment.

1.1. INTRODUCTION TO ENVIRONMENT AND ENVIRONMENTAL SCIENCE
To understand the concept of environmental chemistry, it is important to have some appreciation of environmental science as a whole. Environmental science includes all the disciplines such as chemistry, biology, ecology, sociology and government. Environmental science in its broadest sense is the science of the complex interactions that occur among the terrestrial, atmospheric, aquatic, living and anthropological environments. 
All the external factors that affect an organism could be defined as environment. The environment is never static. Physical forces continuously change the surface of the earth through weather, the action of waves and natural phenomena such as volcanoes. At the same time they introduce gases, vapor and dust into the atmosphere. Living organisms also play a dynamic role through respiration, excretion and ultimately death and decay, recycling their constituent elements through the environment.
Just as the familiar substances, our physical universe is divided into solids, liquids and gases. For convenience our physical environment can be divided into the atmosphere, the geosphere, the hydrosphere, the biosphere, and the anthroposphere. This is illustrated as follows using the various compartments of the environment as “separate” entities.
1.1.1.  The Atmosphere
The atmosphere is the gaseous envelope that surrounds the solid body of the planet. Although it has a thickness of more than 1100 km about half its mass is concentrated in the lower 5.6 km.

The atmosphere:

· Is a protective blanket which nurtures life on the Earth and protects it from the hostile environment of outer space.
· Is the source of carbondioxide for plant photosynthesis and of oxygen for respiration.
· Provides the nitrogen that nitrogen-fixing bacteria and ammonia-manufacturing industrial plants use to produce chemically-bound nitrogen, an essential component of life molecules.

· Transports water from the oceans to land, thus acting as the condenser in a vast solar powered still.

· Serves a vital protective function, absorbing harmful ultraviolet radiation from the sun and stabilizing Earth’s temperature.
1.1.2. The Hydrosphere

The hydrosphere is the layer of water that covers approximately 70.8 percent of the surface of the earth.

Water:

· Covers about 70% of Earth’s surface and over 97 % of this water exist in oceans.

· Occurs in all spheres of the environment—in the oceans as a vast reservoir of saltwater, on land as surface water in lakes and rivers, underground as groundwater, in the atmosphere as water  vapor, in the polar icecaps as solid ice, and in many segments of the anthrosphere such as in boilers or municipal water distribution systems.

· Is an essential part of all living systems and is the medium from which life evolved and in which life exists.

· Carries energy and matter are through various spheres of the environment.

· Leaches soluble constituents from mineral matter and carries them to the ocean or leaves them as mineral deposits some distance from their sources.

· Carries plant nutrients from soil into the bodies of plants by way of plant roots.

· Absorbs solar energy in oceans and this energy is carried as latent heat and released inland when it evaporates from oceans. The accompanying release of latent heat provides a large fraction of the energy that is transported from equatorial regions toward Earth’s poles and powers massive storms.
1.1.3. The Geosphere
The geosphere, is part of the Earth upon which humans live and from which they extract most of their food, minerals, and fuels. It is divided into layers, which include the solid, iron-rich inner core, molten outer core, and the lithosphere. Lithosphere consists of the upper mantle and the crust. Environmental science is most concerned with the lithosphere.  It extends to depths of 100 km and comprises two shells; the crust and upper mantle. The crust (the earth’s outer skin) is the layer that is accessible to humans and is extremely thin compared to the diameter of the earth, ranging from 5 to 40 km thick.
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1.1.4. The Biosphere
The Biosphere is the earth’s relatively thin zone of air, soil, and water that is capable of supporting life, ranging from about 10 km into the atmosphere to the deepest ocean floor. Life in this zone depends on the sun’s energy and on the circulation of heat and essential nutrients.

The biosphere:
· Is virtually contained by the geosphere and hydrosphere in the very thin layer where these             environmental spheres interface with the atmosphere. 

· Strongly influences, and in turn is strongly influenced by, the other parts of the environment.

· Strongly influence bodies of water, which producing biomass required for life in the water and   mediating oxidation-reduction reactions in the water.

· Is involved with weathering processes that break down rocks in the geosphere and convert rock    matter to soil.

· is based upon plant photosynthesis, which fixes solar energy (hν) and carbon from atmospheric CO2 in the form of high-energy biomass, represented as {CH2O}:
                    [image: image2.emf]
1.1.5. The Anthroposphere
This is a name given to the part of the environment “made’’ or modified by humans and used for their activities. Of course, there are some ambiguities associated with this definition. Clearly, a factory building used for manufacturing is part of the anthroposphere, as is an ocean going ship used to ship goods made in the factory. The ocean on which the ship moves belongs to the hydrosphere, but it is clearly used by humans.

The anthroposphere:
· Is a strongly interconnected to the biosphere.

· Has strongly influenced the biosphere and change it drastically. For example, destruction of wild life habitat has resulted in the extinction of vast numbers of species. 
· It is the responsibility of humankind to make such changes intelligently to protect and nurture the biosphere.
  Activity 
1. What is environment? Explain the terms atmosphere, hydrosphere, lithosphere, biosphere and antherosphere.

2.  Suggest one or two examples of how technology, properly applied, can be “environmentally friendly.”

3. What are some of the parts of the anthrosphere that may be severely contaminated by 
 human activities?

1.2. ENVIRONMENTAL CHEMISTRY
Environmental chemistry was defined as the study of the sources, reactions, transport, effects, and fates of chemical species in water, soil, air, and living environments and the effects of technology thereon. This definition is illustrated for a typical environmental pollutant in Figure 1.2. Pollutant sulfur dioxide is generated in the combustion of sulfur in coal, transported to the atmosphere with flue gas, and oxidized by chemical and photochemical processes to sulfuric acid. The sulfuric acid, in turn, falls as acidic precipitation, where it may have detrimental effects such as toxic effects on trees and other plants. Eventually the sulfuric acid is carried by stream runoff to a lake or ocean where its ultimate fate is to be stored in solution in the water or precipitated as solid sulfates. 
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            Fig. 1.2: Illustration of the definition of environmental chemistry by the example of pollutant sulfuric acid formed by the oxidation of sulfur dioxide generated during the combustion of sulfur containing coal
Some idea of the complexity of environmental chemistry as a discipline may be realized by examining Figure 1.3, which shows the interchange of chemical species among various environmental spheres. Throughout an environmental system there are variations in temperature, mixing, intensity of solar radiation, input of materials, and various other factors that strongly influence chemical conditions and behavior. Because of its complexity, environmental chemistry must be approached with simplified models.

Potentially, environmental chemistry and industrial ecology have many strong connections. The design of an integrated system of industrial ecology must consider the principles and processes of environmental chemistry. Environmental chemistry must be considered in the extraction of materials from the geosphere and other environmental spheres to provide the materials required by industrial systems in a manner consistent with minimum environmental impact. The facilities and processes of an industrial ecology system can be sited and operated for minimal adverse environmental impact if environmental chemistry is considered in their planning and operation. Environmental chemistry clearly points the way to minimize the environmental impacts of the emissions and by-products of industrial systems, and is very helpful in reaching the ultimate goal of a system of industrial ecology, which is to reduce these emissions and by-products to zero               
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Fig. 1.3: Interchange of environmental chemical species among the atmosphere, hydrosphere, geosphere, and biosphere. Human activities (the anthrosphere) have a strong influence on the various processes shown.
1.3.  PROPERTIES OF CHEMICALS IN THE ENVIRONMENT
The environmental fate of chemicals describes the processes by which chemicals move and are transformed in the environment. Environmental fate processes that should be addressed include: persistence in air, water, and soil; reactivity and degradation; migration in groundwater; removal from effluents by standard waste water treatment methods; and bioaccumulation in aquatic or terrestrial organisms. 
Note: There is no single accepted methodology for evaluating the environmental behavior of chemicals; this is particularly true in the selection of mathematical models to predict environmental fate parameters. Thus it is important to document the approach and specific procedures used in the module. The approach presented below is one suggested by the types of information included in recent Risk Management Reports.

Properties of chemicals

Vapor Pressure (Pv): The pressure exerted by a chemical in the vapor phase in equilibrium with its solid or liquid form. It provides an indication of the relative tendency of a substance to volatilize from the pure state. Typical units are mm Hg or torr.
Atmospheric Residence Time (J): The ratio of the total mass of a chemical in an atmospheric compartment to either the total emission rate or the total removal rate, under steady-state conditions. Units are typically in hours or days.

Bioconcentration Factor (BCF): The equilibrium ratio of the concentration of a chemical in an exposed organism to the concentration of the chemical in the surrounding water.
Biodegradation: The transformation of chemical compounds by living organisms. Not confined to microorganisms (e.g., bacteria, fungi) but chiefly a microbial process in nature; typically expressed in terms of a rate constant and/or half-life.

Hydrolysis: A chemical transformation process in which a chemical reacts with water. In the process, a new carbon-oxygen bond is formed with oxygen derived from the water molecule, and a bond is cleaved within the chemical between carbon and some functional group.

Photooxidation: A process in which solar radiation generates an oxidizing agent, such as the hydroxyl radical, which reacts with (and transforms) a chemical.

Water Solubility (S) is the maximum amount of a chemical that can be dissolved in a given amount of pure water at standard conditions of temperature and pressure. Typical units are mg/L, g/L, or lbs/gal.

Mobility: The tendency for a chemical to move in the environment (i.e., through soil with the percolation of water).
Persistence: The ability of a chemical substance to remain in a particular environment in an unchanged form.

Organic Carbon Partition Coefficient (K ): The proportion of a chemical sorbed to the solid or phase, at equilibrium in a two-phase, water/soil or water/sediment system expressed on an organic carbon basis. Chemicals with higher K values are more strongly sorbed and, therefore, tend to or be less mobile in the environment.

Henry's Law Constant (Hc): The air/water partition coefficient, describing the relative concentrations of a chemical in air (the vapor phase) and the chemical dissolved in water, in a closed system at equilibrium. Hc can be measured directly or estimated as the ratio of Pv to S, and gives an indication of a chemical's tendency to volatilize from water to air or dissolve into water from air. Hc is typically expressed in units of atm-m3 /mole or in dimensionless terms.

Percent Removal: The amount of the chemical that can be removed from sewage by standard waste water treatment processes, expressed in terms of the percent of the initial amount removed from the influent (liquid) waste stream. The chief processes that may contribute to removal from a liquid waste stream are degradation (biotic or abiotic), sorption, and volatization (also known as air stripping).

Photolysis: The transformation of a chemical by light energy.
Treatability: The amenability of a chemical substance or waste stream to removal during waste water treatment, without adversely affecting the normal operation of the treatment plant.

1.4. ENVIRONMENTAL TRANSFORMATION AND  DEGRADATION
Transformation is partial change in structure of contaminants due to biological (biotic) or non-biological (abiotic) reaction; transformation product may still retain toxicity.
Degradation is decrease in concentration of a contaminant due to nonreversible alteration of chemical structure.

Abiotic vs. Biotic

1. Both abiotic and biotic reactions occur in soil and water

2. Degradation in plants or animals would involve strictly biotic reactions, which is called metabolism

3. Basic kinds of reactions--the products of the reactions are generally the same regardless of the specific phase (or medium)

a. Nucleophilic substitution, reduction, hydrolysis (a form of nucleophilic substitution), oxidation

4. Abiotic reactions lead to other organic compounds whereas biotic reactions could lead to mineralization, i.e., CO2 and H2O evolution, or to other organic compounds (i.e., biotic reactions may be complete and faster than abiotic reactions, but transformation products may be the end products).
1.4.1. A biotic transformation and degradation

Chemicals in aquatic environments, soil and air may be transformed by abiotic processes such as hydrolysis, oxidation and photolysis. Abiotic transformation can be an important step in the pathway for degradation of man-made chemicals in the environment. Although abiotic  transformation in itself is only primary degradation, the products formed by such abiotic processes may be biodegraded further by microorganisms.
A. Chemical Degradation

Essentially, all non-biological transformations are chemical degradations, but specifically this term is used to describe nucleophilic additions (which includes hydrolytic reactions), elimination reactions (loss of hydrogen and chlorine), and redox (oxidation & reduction) reactions that occur without the benefit of microbial metabolism.

1. These processes can occur in water if pesticide molecular structure is susceptible to acid, water, or base hydrolysis (nucleophilic substitutions); they may occur in soil at extreme acid or basic pHs; however, few studies have shown that soil pH has much effect.

2. Mineral surfaces, whether clays or metals, can catalyze oxidations of certain types of pesticides in the presence of water

· For example. parathion has been shown to be hydrolyzed by catalysis on clay     surfaces;

·  Cu ions in solution have been shown to catalyze the hydrolysis of chlorpyrifos

3. In general, chemical degradations are slower than microbial metabolism and the products are only partial transformations of a molecule rather than mineralization; however, the partially transformed molecule can be than subjected to microbial degradation.
B. Photolysis

1. Light has a wave-like and particle-light character; its energy is proportional to its frequency and inversely proportional to is wavelength; thus, longer wavelengths have lower energy and shorter wavelengths have higher energy

2. Whether or not a reaction will take place depends on the probability that a given   compound absorbs a specific wavelength of light, and on the probability that the excited molecular species undergoes a particular reaction

· Energies associated with UV light are about the same as energies associated with molecular bonds.
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3. Note the UV absorption spectra for those that absorb strongly in the UV region (<360 nm) are more susceptible to direct photodegradation.

· Also note that the compounds absorbing strongly in UV light (as indicated by the magnitude of log E, the molar extinction coefficient) have conjugated double bonds (i.e., alternating double and single bonds).

·  Note also how the absorption maxima shift as the functional groups or structure of the contaminant changes.

4. When a molecule absorbs light, electrons in its bonding orbitals (i.e., electrons are said to be in their ground state) are promoted to antibonding orbitals, placing the electrons in an excited state.

5. In the excited state, the bonds may break or the electrons can return to their ground state giving off heat to the environment; alternatively, energy can be given off as light (fluorescence and phosphorescence) or transferred to another molecule in the environment (photosensitization).

6. Contaminant in water and/or air will be more susceptible to photolysis (or photodegradation) than pesticides in soil; in soil UV light is very rapidly attenuated or absorbed by the soil.

7. Reactions occurring by direct photolysis (i.e. a chemical absorbs light directly and chemical reaction occurs) have not been seen very often. Photolytic reactions of contaminants under environmental conditions are more likely to occur when a photosensitizer molecule (like dissolved organic matter in water) absorbs a photon and then transfers energy to an acceptor molecule.

· Oxygen is usually the acceptor molecule; forms either excited oxygen species (known as superoxide or singlet oxygen) or hydroxyl and peroxyl radicals;

a. These “excited” or reactive species can then attack the contaminant directly.

b. The resulting degradation products may look a lot like the degradation or metabolic products from typical chemical or enzymatic reactions.

1.4.2. Bio transformation and degradation

Biodegradation is considered to be the dominant degradative route for various organic chemicals. It is important to recognize the ambiguity that may be engendered by the term 'biotic’. There is a spectrum of phenomena between those that are strictly biological and those that involve only non-biological reactants. This can lead to semantic confusion. For the purpose of this contribution, the most restricted and literal definition of biotic will be adopted: All processes directly involving the participation of metabolically active microorganisms.

In general two types of biodegradation processes may be distinguished:

1. Primary biodegradation; any biologically induced structural transformation in the parent compound.
2. Ultimate biodegradation or mineralization: biologically mediated conversion of an organic compound that changes its molecular integrity to inorganic compounds and products associated with normal metabolic processes.
Biochemical Ecology of Biodegradation
1. Conceptualization of the biotransformation process

                           [image: image6.emf]
Fig.1.4: Conceptualization of the biotransformation process

a. Bacterial cell containing enzymes takes up organic chemical RH;

b. RH binds to suitable enzyme;

c. Enzyme-RH complex reacts producing the transformation products of RH;

d. The products are released from the enzyme; several additional processes may influence the 

    overall biotransformation rate;
e. Desorption of RH from solids making it available to the microorganisms;

f. Production of new or additional enzyme capacity (e.g., due to turning on genes [i.e., induction]; 
  due to removing materials which prevent enzyme operation [activation]; or due to acquisition of 
  new genetic capabilities via mutation or plasmid transfer;

g. Growth of the total microbial population carrying out the biotransformation of RH.
2. End products 

a. Mineralization: the molecule of interest is completely degraded to inorganic forms; usually this would be CO2 and H2O.
b.Transformations: the structure is altered; only part of the molecule is actually mineralized to CO2 if at all; the biotransformed product can be bound to soil constituents or plant/animal cellular components; the biotransformed product will usually be more water soluble than the parent, and usually less toxic, but not always.

3. Biochemical reactions involve catalysis by enzymes

Biochemical reactions tend to be faster than abiotic reactions (although abiotic reactions are thermodynamically favorable they may occur very slowly) because enzymes significantly lower the activation energy by several tens of kJ per mole, speeding transformations by 109 or more.
4. Anaerobic Biodegradation

i. In the absence of oxygen, for example in anoxic sediments of low pE (redox potential very negative), microorganisms are know to exist that can dechlorinate aliphatic and aromatic compounds.

ii. Anaerobic biodegradations are favored under denitrifying, sulfate reducing, and methanogenic environments.

a. Reactions seem to proceed fastest under methanogenic conditions

iii. Nutritional Biochemistry

      a. Methanogenesis

                              1/4 [CH2O] + 1/4 H2O --------------> 1/4 CO2 + H+ + e-

                           1/8 [CO2] + H+ e- --------------------> 1/8 CH4 + 1/4 H2O

      b. Sulfate reduction

                             1/4 [CH2O] + 1/4 H2O --------------> 1/4 CO2 + H+ + e-

                           1/8 [SO4-2] + 9/8 H+ e - ----------.  1/8 HS- + 1/2 H20

The basic mechanisms  in anaerobic reaction include

          a. aromatic compounds:

              1. reduction       2. hydrolysis

          b. nonaromatic compounds:

           1. reduction      2. hydrolysis (substitution)

            3. vicinal reduction (dihalo elimination)  4. dehydrohalogenation (elimination of H and X)
The electron source for the reactions may be a small organic substrate like pyruvate, acetate, acetone, methanol, or a sugar like glucose (and other organic compounds); these compounds are oxidized, providing the electrons that are ultimately accepted by the CO2, H+, NO3 -, or SO4 -2 as the terminal electron acceptors. Oxygen will inhibit these types of reactions.
1.5. MATTER AND CYCLES OF MATTER
Cycles of matter (Figure 1.5), often based on elemental cycles, are of utmost importance in the environment. Global geochemical cycles can be regarded from the viewpoint of various reservoirs, such as oceans, sediments, and the atmosphere, connected by conduits through which matter moves continuously. The movement of a specific kind of matter between two particular reservoirs may be reversible or irreversible. The fluxes of movement for specific kinds of matter vary greatly as do the contents of such matter in a specified reservoir. Cycles of matter would occur even in the absence of life on Earth but are strongly influenced by life forms, particularly plants and microorganisms. Organisms participate in biogeochemical cycles, which describe the circulation of matter, particularly plant and animal nutrients, through ecosystems. As part of the carbon cycle, atmospheric carbon in CO2 is fixed as biomass; as part of the nitrogen cycle, atmospheric N2 is fixed in organic matter. The reverse of these kinds of processes is mineralization, in which biologically bound elements are returned to inorganic states. Biogeochemical cycles are ultimately powered by solar energy, which is fine-tuned and directed by energy expended by organisms. In a sense, the solar energy-powered hydrologic cycle acts as an endless conveyer belt to move materials essential for life through ecosystems.
Figure 1.5 shows a general cycle with all five spheres or reservoirs in which matter may be contained. Human activities now have such a strong influence on materials cycles that it is useful to refer to the “anthrosphere” along with the other environmental “spheres” as a reservoir of materials. Using Figure 1.5 as a model, it is possible to arrive at any of the known elemental cycles. Some of the numerous possibilities for materials exchange are summarized in Figure 1.5
Activities: 
1. Define cycles of matter and explain how the definition given relates to the definition of    environmental chemistry.

2. What are the main features of the carbon cycle?

3. Describe the role of organisms in the nitrogen cycle.

4. Describe how the oxygen cycle is closely related to the carbon cycle.

5. In what important respect does the phosphorus cycle differ from cycles of other similar elements such as nitrogen and sulfur?

     [image: image7.emf]
Fig. 1.5. General cycle showing interchange of matter among the atmosphere, biosphere, anthrosphere, geosphere, and hydrosphere.
Endogenic and Exogenic Cycles
Materials cycles may be divided broadly between endogenic cycles, which predominantly involve subsurface rocks of various kinds, and exogenic cycles, which occur largely on Earth’s surface and usually have an atmospheric component. These two kinds of cycles are broadly outlined in Figure 1.5. In general, sediment and soil can be viewed as being shared between the two cycles and constitute the predominant interface between them.

Most biogeochemical cycles can be described as elemental cycles involving nutrient elements such as carbon, nitrogen, oxygen, phosphorus, and sulfur. Many are exogenic cycles in which the element in question spends part of the cycle in the atmosphere—O2 for oxygen, N2 for nitrogen, CO2 for carbon. Others, notably the phosphorus cycle, do not have a gaseous component and are endogenic cycles. All sedimentary cycles involve salt solutions or soil solutions that contain dissolved substances leached from weathered minerals; these substances   may be deposited as mineral formations, or they may be taken up by organisms as nutrients.
Carbon Cycle

Carbon is circulated through the carbon cycle shown in Figure 1.6. This cycle shows that carbon may be present as gaseous atmospheric CO2, constituting a relatively small but highly significant portion of global carbon. Some of the carbon is dissolved in surface water and groundwater as HCO3 - or molecular CO2(aq). A very large amount of carbon is present in minerals, particularly calcium and magnesium carbonates such as CaCO3. 
Photosynthesis fixes inorganic C as biological carbon, represented as {CH2O}, which is a constituent of all life molecules. Another fraction of carbon is fixed as petroleum and natural gas, with a much larger amount as hydrocarbonaceous kerogen (the organic matter in oil shale), coal, and lignite, represented as CxH2x. Manufacturing processes are used to convert hydrocarbons to xenobiotic compounds with functional groups containing halogens, oxygen, nitrogen, phosphorus, or sulfur. Though a very small amount of total environmental carbon, these compounds are particularly significant because of their toxicological chemical effects.

An important aspect of the carbon cycle is that it is the cycle by which solar energy is transferred to biological systems and ultimately to the geosphere and anthrosphere as fossil carbon and fossil fuels. Organic, or biological, carbon,{CH2O}, is contained in energy-rich molecules that can react biochemically with molecular oxygen, O2, to regenerate carbon dioxide and produce energy. This can occur biochemically in an organism through aerobic respiration or it may occur as combustion, such as when wood or fossil fuels are burned.

Microorganisms are strongly involved in the carbon cycle, mediating crucial biochemical reactions discussed later in this section. Photosynthetic algae are the predominant carbon-fixing agents in water; as they consume CO2 to produce biomass the pH of the water is raised enabling precipitation of CaCO3 and CaCO3•MgCO3. Organic carbon fixed by microorganisms is transformed by biogeochemical processes to fossil petroleum, kerosene, coal, and lignite. Microorganisms degrade organic carbon from biomass, petroleum, and xenobiotic sources, ultimately returning it to the atmosphere as CO2. Hydrocarbons such as those in crude oil and some synthetic hydrocarbons are degraded by microorganisms. This is an important mechanism for eliminating pollutant hydrocarbons, such as those that are accidentally spilled on soil or in water. Biodegradation can also be used to treat carbon-containing compounds in hazardous wastes.
             [image: image8.emf]
Fig. 1.6: The carbon cycle. Mineral carbon is held in a reservoir of limestone, CaCO3, from which it may be leached 
               into a mineral solution as dissolved hydrogen carbonate ion, HCO3, formed when dissolved CO2(aq) reacts with 
              CaCO3. In the atmosphere carbon is present as carbon dioxide, CO2. Atmospheric carbon dioxide is fixed as 
              organic matter by photosynthesis, and organic carbon is released as CO2 by microbial decay of organic matter.

The Nitrogen Cycle

As shown in Figure 1.7, nitrogen occurs prominently in all the spheres of the environment. The atmosphere is 78% elemental nitrogen, N2, by volume and comprises an inexhaustible reservoir of this essential element. Nitrogen, though constituting much less of biomass than carbon or oxygen, is an essential constituent of proteins. The N2 molecule is very stable so that breaking it down into atoms that can be incorporated with inorganic and organic chemical forms of nitrogen is the limiting step in the nitrogen cycle. This does occur by highly energetic processes in lightning discharges that produce nitrogen oxides. Elemental nitrogen is also incorporated into chemically bound forms, or fixed by biochemical processes mediated by microorganisms. The biological nitrogen is mineralized to the inorganic form during the decay of biomass. Large quantities of nitrogen are fixed synthetically under high temperature and high pressure conditions according to the following overall reaction:

                        N2 + 3H2 → 2NH3
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                    Fig. 1.7: The nitrogen cycle. 
The production of gaseous N2 and N2O by microorganisms and the evolution of these gases to the atmosphere complete the nitrogen cycle through a process called denitrification. The nitrogen cycle is discussed from the viewpoint of microbial processes.
The Oxygen Cycle

The oxygen cycle is illustrated in Figure 1.8. It involves the interchange of oxygen between the elemental forms of gaseous O2, contained in a huge reservoir in the atmosphere, and chemically bound O in CO2, H2O, and organic matter. It is strongly tied with other elemental cycles, particularly the carbon cycle. Elemental oxygen becomes chemically bound by various energy yielding processes, particularly combustion and metabolic processes in organisms. It is released in photosynthesis. This element readily combines with and oxidizes other species such as carbon in aerobic respiration, or carbon and hydrogen in the combustion of fossil fuels such as methane:

                        CH4 + 2O2 → CO2 + 2H2O 
Elemental oxygen also oxidizes inorganic substances such as iron(II) in minerals
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Fig. 1.8: Oxygen exchange among the atmosphere, geosphere, hydrosphere, and biosphere. Oxygen is returned to the atmosphere through plant photosynthesis
A particularly important aspect of the oxygen cycle is stratospheric ozone, O3. A relatively small concentration of ozone in the stratosphere, more than 10 kilometers high in the atmosphere, filters out ultraviolet radiation in the wavelength range of 220-330 nm, thus protecting life on Earth from the highly damaging effects of this radiation.

The oxygen cycle is completed by the return of elemental O2 to the atmosphere. The only significant way in which this is done is through photosynthesis mediated by plants. 
The Phosphorus Cycle

The phosphorus cycle, Figure 1.9, is crucial because phosphorus is usually the limiting nutrient in ecosystems. There are no common stable gaseous forms of phosphorus, so the phosphorus cycle is endogenic. In the geosphere, phosphorus is held largely in poorly soluble minerals, such as hydroxyapatite a calcium salt, deposits of which constitute the major reservoir of environmental phosphate. Soluble phosphorus from phosphate minerals and other sources such as fertilizers is taken up by plants and incorporated into nucleic acids which make up the genetic material of organisms. Mineralization of biomass by microbial decay returns phosphorus to the salt solution from which it may precipitate as mineral matter.
                         [image: image11.emf]
                  Fig.1.9: the phosphorus cycle
The anthrosphere is an important reservoir of phosphorus in the environment. Large quantities of phosphates are extracted from phosphate minerals for fertilizer, industrial chemicals, and food additives. Phosphorus is a constituent of some extremely toxic compounds, especially organophosphate insecticides and military poison nerve gases.
The Sulfur Cycle

The sulfur cycle, which is illustrated in Figure 1.10, is relatively complex in that it involves several gaseous species, poorly soluble minerals, and several species in solution. It is tied with the oxygen cycle in that sulfur combines with oxygen to form gaseous sulfur dioxide, SO2, an atmospheric pollutant, and soluble sulfate ion, SO42-.
            [image: image12.emf]
                  Fig.1.10: The sulfur cycle                                            
Among the significant species involved in the sulfur cycle are gaseous hydrogen sulfide, H2S; mineral sulfides, such as PbS, sulfuric acid, H2SO4, the main constituent of acid rain; and biologically bound sulfur in sulfur-containing proteins.
Insofar as pollution is concerned, the most significant part of the sulfur cycle is the presence of pollutant SO2 gas and H2SO4 in the atmosphere. The former is a somewhat toxic gaseous air pollutant evolved in the combustion of sulfur-containing fossil fuels. The major detrimental effect of sulfur dioxide in the atmosphere is its tendency to oxidize in the atmosphere to produce sulfuric acid. This species is responsible for acidic precipitation, “acid rain”.
Water cycle
There is a continuous interchange of water from water bodies to atmosphere to land surface. Although the distribution of water changes over time from place to place the total volume of water does not change. This never ending water cycle, also referred to as the hydrologic cycle, is powered by the heat of the sun and by the force of gravity. Water enters the atmosphere from surface water evaporation and plant transpiration. Surface water loss due to evaporation and transpiration are generally combined and referred to as evapo-transpiration. As moist air is lifted it cools and water vapor condenses into millions of tiny water droplets through the process of condensation form clouds. The water laden clouds are transported around the Earth until accumulated water becomes too heavy to remain suspended and returns to the surface as precipitation in the form of rain, snow, sleet or hail. Much of the water supplied by precipitation is evaporated back into the atmosphere or is used by plants and returned to the atmosphere. If precipitation is heavy or soils are already saturated, surface water runoff occurs and water enters streams and lakes, eventually returning to the atmosphere or ocean. The remaining water from precipitation enters the subsurface and recharges groundwater supplies. Some of this water returns to the surface as spring flow or general groundwater inflow into streams and rivers. 
[image: image13.png]



                  Fig.1.11: The water cycle                                            
EXERCISES
1. Part of the geosphere which is indirect contact with the atmosphere is the

a)  outer core, b) lower mantle, c) upper mantle, d) none
2. Layer of the geosphere which is most affected by human activity is the,

a) lithosphere b) upper mantle c) lower mantle d) outer core

3. The relatively thin zone of the atmosphere, geosphere and hydrosphere that is capable of supporting life is known as,

            a) anthroposphere b) biosphere c) environment d) lithosphere

4 Which of the following does not contribute to global warming?

           a)  Deforestation c) the use of fossil fuels as energy source

            b) Afforestation d) a & b

5. Global environmental degradation may result from

a.  Under population   b) existence of large areas covered by natural forest    c) Intensive               farming d) protecting wild life 

6.  The principal emissions which are the causes of acid rain in many parts of the world are

a) Oxygen and carbondioxide       c) methane and carbondioxide

b) Sulfur dioxide and nitrogen oxide d) carbonmonoxide and carbondioxide

7.  Which most likely provides evidence of global warming? 

       a) increased drought in parts of Africa
b) increased ice sheet area at the South Pole
c) thinner growth rings in trees in Northern Europe
d) decreased fish stocks of the Atlantic Ocean 

8.  That part of the Earth upon which humans live and from which they extract most of their food, minerals, and fuels is known as:
       a) environment b) geosphere c) atmosphere d) biosphere 

9. When moving from sea level to higher altitudes, atmospheric temperature

      a) is successively decreasing    b) is successively increasing 

      c) decreases and increases alternately d) remains constant
UNIT 2
ATMOSPHERIC CHEMISTRY AND AIR POLLUTION
Unit Objectives:

Dear student, after completing this section, you should be able to

 • Explain the scope of atmospheric chemistry and describe the composition of the earth’s  

     atmosphere.

 • Explain the regions of the atmosphere defined on the basis of temperature

 • Discuss the characteristics of the major regions of the atmosphere

 • Describe the chemical reactions taking place in the atmosphere

 • Define air pollution and describe its natural and anthropogenic sources

 • Explain the various ways of classifying air pollutants

 • Explain the relationship between air-pollution and acid-rain

 • Describe the influence of air-pollution on ozone layer depletion and global warming

2.1.  INTRODUCTION
Atmospheric chemistry: is a branch of atmospheric science in which the chemistry of the Earth’s atmosphere and that of other planets is studied. The composition and chemistry of the atmosphere is important for several reasons, but primarily because of the interactions between the atmosphere and living organisms. The composition of the Earth’s atmosphere has been changed by human activity and some of these changes are harmful to human health, crops and ecosystems. Examples of problems which have been addressed by atmospheric chemistry include acid rain, photochemical smog and global warming. Atmospheric chemistry seeks to understand the causes of these problems, and by obtaining a theoretical understanding of them, allow possible solutions to be tested and the effects of changes in government policy evaluated.
2.1.1 Characteristics of the Major Regions of the atmosphere

Atmospheric science deals with the movement of air masses in the atmosphere, atmospheric heat balance, and atmospheric chemical composition and reactions. In order to understand atmospheric chemistry and air pollution, it is important to have an overall appreciation of the atmosphere, its composition, and physical characteristics as discussed in the first parts of this chapter.

Atmospheric Composition

Dry air within several kilometers of ground level consists of two major components; Nitrogen, 78.08 % (by volume) and Oxygen, 20.95 %. The other two minor components are Argon, 0.934 % and Carbon dioxide, 0.036 %. In addition to argon, four more noble gases, Neon 1.818 x 10-3 %,  Helium, 5.24 x 10-4 %, Krypton, 1.14 x 10-4 %,   Xenon, 8.7 x 10-6 % and trace gases  are exist as given in Table 2.1. Atmospheric air may contain 0.1–5% water by volume.  The normal range is in 1–3%.
                    Table 2.1: Atmospheric trace gases in dry air near ground level
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Activity 

1. Of the gases neon, sulfur dioxide, helium, oxygen, and nitrogen, which shows the most variation in its atmospheric concentration?

2. What phenomenon is responsible for the temperature maximum at the boundary of the stratosphere and the mesosphere?
     Major Regions of the atmosphere                    
a. The Troposphere

This is the region close to the surface of the Earth. Excluding water vapor, the major gaseous components of the atmosphere in this region are N2 (78.1%), O2 (21%), Ar (0.9%), CO2 (0.03%) and variable amounts of CH4, NO2, CO, N2O, H2, SO2, Kr, Ne and O3. About 80 % of the total mass of the atmosphere is contained in this layer of the atmosphere.

In the troposphere, air temperature drops uniformly with altitude at a rate of approximately 6.5° Celsius per 1000 meters. Top is reached at an average temperature of -56.5°C.
b. The Stratosphere
The stratosphere contains about 19.9 % of the total mass found in the atmosphere. A thin layer in the upper stratosphere (known as the ozone layer) has a high concentration of ozone. Ozone absorbs ultraviolet light very strongly in the region 220-330 nm. By doing so, ozone converts the radiation’s energy to heat and is responsible for the temperature maximum encountered at the boundary between the stratosphere and the mesosphere at an altitude of approximately 50 km.
The region of maximum ozone concentration is found within the range of 25-30 km high in the stratosphere where it may reach 10 ppm. However, the temperature maximum occurs at a higher altitude. This is due to the fact that ozone is such an effective absorber of UV radiation and most of this radiation is absorbed in the upper stratosphere where it generates heat. Only a small fraction reaches the lower altitudes, where ozone is more concentrated, which remain relatively cool. This layer is primarily responsible for absorbing the ultraviolet radiation from the sun. The higher temperatures found in the upper region of the stratosphere occurs because of this localized concentration of ozone gas molecules. Ozone molecules absorb UV light creating heat energy that warms the stratosphere.
c. The Mesosphere

 The layer above the stratosphere is known as the Mesosphere and this layer extends from about 50 to 80 km. It is separated from the thermosphere by a thin layer known as the mesopause.

Temperature goes on decreasing in the mesosphere and the atmosphere reaches its coldest temperatures (about -90°C) at the end of the mesosphere (at a height of about 80km).
d. The Thermosphere

This is part of the atmosphere which is above 80 km altitude. In the outer space of the thermosphere, most particles consist of single atoms, H, He, and O etc. At lower altitude (200 - 100 km), diatomic molecules N2, O2, NO etc are present. The high temperature in this layer is generated from the absorption of intense solar radiation by oxygen molecules (O2). In this region of the atmosphere, while temperature seems extreme, the amount of heat energy involved is very small. Since molecules which can store heat are small in quantity. (Note: that heat stored is directly proportional to quantity of substance). The air in the thermosphere is extremely thin with large distance between gas molecules. This makes the process of measuring the temperature of the thermosphere with a thermometer very difficult.

                                     [image: image16.emf]
             Fig. 2.1: Major regions of the atmosphere 

2.2. ATMOSPHERIC CHEMICAL REACTIONS
Two constituents of utmost importance in atmospheric chemistry are radiant energy from the sun, predominantly in the ultraviolet region of the spectrum, and the hydroxyl radical, HO•. The former provides a way to pump a high level of energy into a single gas molecule to start a series of atmospheric chemical reactions, and the latter is the most important reactive intermediate of daytime atmospheric chemical phenomena.
Nitrogen dioxide, NO2, is one of the most photochemically active species found in a polluted atmosphere. A species such as NO2 may absorb light to produce an electronically excited molecule,
            [image: image17.emf]
An electronically excited molecule is a molecule which has absorbed energetic electromagnetic radiation in the UV or visible regions of the spectrum.                                                               Electronically excited molecules, free radicals, and ions consisting of electrically- charged atoms or molecular fragments are the three relatively reactive and unstable species that are encountered in the atmosphere. They are strongly involved in atmospheric chemical processes.
A) Formation of Free Radicals
Free radicals are atoms or groups of atoms with unpaired electrons. Such species may be produced by the action of energetic electromagnetic radiation on neutral atoms or molecules. The strong pairing tendencies of the unpaired electrons make free radicals highly reactive and are involved with most significant atmospheric chemical phenomena.
The hydroxyl radical, HO•, is the single most important reactive intermediate species in atmospheric chemical processes. It is formed by several mechanisms. At higher altitudes it is produced by photolysis of water:

                               [image: image18.emf]
In the relatively unpolluted troposphere, hydroxyl radical is produced as the result of the photolysis of ozone,

                                          [image: image19.emf]
Hydroxyl radical is removed from the troposphere by reaction with methane or carbon monoxide:

                                           [image: image20.emf]
The hydrogen atom produced in the second reaction reacts with O2 to produce hydroperoxyl radical which in turn may react with another hydroperoxyl or hydroxyl radical
                               [image: image21.emf] 

or reactions that regenerate hydroxyl radical:

                  [image: image22.emf]
B) Acid – Base Reactions in the Atmosphere

The atmosphere is slightly acidic because of the presence of a low level of carbon dioxide, which dissolves in atmospheric water droplets and dissociates slightly:

                                         [image: image23.emf]
                                        [image: image24.emf]
In terms of pollution, however, strongly acidic HNO3 and H2SO4 formed by the atmospheric oxidation of nitrogen oxides, SO2, and H2S are much more important because they lead to the formation of damaging acid rain.

Basic species are relatively less common in the atmosphere. Particulate calcium oxide, hydroxide, and carbonate can get into the atmosphere from ash and ground rock, and can react with acids such as in the following reaction: 

                         [image: image25.emf]
The most important basic species in the atmosphere is gas-phase ammonia, NH3. The major source of atmospheric ammonia is the biodegradation of nitrogen containing biological matter and bacterial reduction of nitrate:  

                [image: image26.emf]
Ammonia is the only water soluble base present at significant levels in the atmosphere. This makes it particularly important as a base in the air. Dissolved in atmospheric water droplets, it plays a strong role in neutralizing atmospheric acids:

                                             [image: image27.emf]
                                            [image: image28.emf] 

C) Reactions of Atmospheric Oxygen

In addition to O2, the upper atmosphere contains oxygen atoms, O; excited oxygen molecules, O2*; and ozone, O3. Atomic oxygen, O, is stable primarily in the thermosphere, where the atmosphere is so rarefied that the three-body collisions necessary for the chemical reaction of atomic oxygen seldom occur. Atomic oxygen is produced by a photochemical reaction:

                                [image: image29.emf]
Molecular oxygen and excited oxygen atoms (O*) are produced due to the photolysis of atmospheric ozone

                      [image: image30.emf]
or by highly energetic chemical reactions such as

                        [image: image31.emf]
Oxygen ion, O+, which may be produced by ultraviolet radiation acting upon oxygen atoms,

                               [image: image32.emf]
is the predominant positive ion in some regions of the ionosphere. It may react with molecular oxygen or nitrogen to form other positive ions:

                                [image: image33.emf]
                                 [image: image34.emf]
In intermediate regions of the ionosphere, O2+ is produced by absorption of ultraviolet radiation at wavelengths of 17-103 nm.

                               [image: image35.emf]
and by the reaction between N2 + and O2:

                                [image: image36.emf]
Atmospheric ozone is produced by photochemical dissociation of molecular oxygen followed by a three body reaction

                              [image: image37.emf]
                              [image: image38.emf]
in which M is another species, such as a molecule of N2 or O2, which absorbs the excess energy given off by the reaction and enables the ozone molecule to stay together.

In addition to undergoing decomposition by the action of ultraviolet radiation, stratospheric ozone reacts with atomic oxygen, hydroxyl radical, and NO:

                            [image: image39.emf]
In addition to undergoing decomposition by the action of ultraviolet radiation, stratospheric ozone reacts with atomic oxygen, hydroxyl radical, and NO: 

                     [image: image40.emf]
The HO• radical is regenerated from HOO• by the reaction,

                      [image: image41.emf]
D) Reactions of Atmospheric Nitrogen

Unlike oxygen, molecular nitrogen is not readily dissociated by ultraviolet radiation. However, at altitudes exceeding approximately 100 km, atomic nitrogen is produced by photochemical reactions:

                         [image: image42.emf]
Other reactions which may produce monatomic nitrogen are:

                           [image: image43.emf]
In the region above 105 km of the ionosphere a plausible sequence of reactions by which NO+ is formed is the following:

                             [image: image44.emf]
                            [image: image45.emf]
In the lowest region of the ionosphere, which extends from approximately 50 km in altitude to approximately 85 km, NO+ is produced directly by ionizing radiation:

                           [image: image46.emf]
E) Reaction of atmospheric Carbondioxide

Although only about 0.035% (350 ppm) of air consists of carbon dioxide, it is the atmospheric “nonpollutant” species of most concern. Chemically and photochemically, however, it is a comparatively insignificant species because of its relatively low concentrations and low photochemical reactivity. The one significant photochemical reaction that it undergoes, and a major source of CO at higher altitudes, is the photo dissociation of CO2 by energetic solar UV radiation in the stratosphere:

                                        [image: image47.emf]
F) Atmospheric Water

The water vapor content of the troposphere is normally within a range of 1–3% by volume with a global average of about 1%. However, air can contain as little as 0.1% or as much as 5% water. The percentage of water in the atmosphere decreases rapidly with increasing altitude.

The cold tropopause serves as a barrier to the movement of water into the stratosphere. Thus, little water is transferred from the troposphere to the stratosphere, and the main source of water in the stratosphere is the photochemical oxidation of methane:

                  [image: image48.emf]
The water thus produced serves as a source of stratospheric hydroxyl radical as shown by the following reaction:

                            [image: image49.emf]
Activity:
1. What two chemical species are most generally responsible for the removal of hydroxyl  radical from the unpolluted troposphere.

2. What is the distinction between the symbols * and • in discussing chemically active species in the atmosphere?
3. What function does a third body serve in an atmospheric chemical reaction?

4. What is the main species responsible for the oxidation of NO to NO2 in a smoggy atmosphere?

5. Of the following species, the one which is the least likely product of the absorption of a photon of light by a molecule of NO2 is: (a) O, (b) a free radical species, (c) NO, (d) NO2*, (e) N atoms.

2.3.  AIR QUALITY 
The units in which air pollutants and air-quality parameters are expressed include for gases and vapors, μg/m3 (alternatively, ppm by volume); for weight of particulate matter, μg/m3; for particulate matter count, number per cubic meter; for visibility, kilometers; for instantaneous light transmission, percentage of light transmitted; for emission and sampling rates, m3/min; for pressure, mm Hg; and for temperature, degrees Celsius. Air volumes should be converted to conditions of 10°C and 760 mm Hg (1 atm), assuming ideal gas behavior.
2.4. AIR POLLUTION AND TYPES OF AIR POLLUTANTS
Air Pollution can be defined as the addition of harmful substances to the atmosphere resulting in damage to the environment, human health, and quality of life. Air pollution causes breathing problems and promotes cancer. It harms plants, animals, and the ecosystems in which they live. Some air pollutants return to Earth in the form of acid rain and snow, which corrode statues and buildings, damage crops and forests, and make lakes and streams unsuitable for fish and other plant and animal life

There are a number of ways of classifying air pollutants. Most commonly they are classified on the basis of 1) differences in their physical or chemical characteristics, 2) by their origin, 3) by the nature of the response they elicit, 4) by their legal status.
2.4.1.  Gaseous inorganic air pollutants
 A number of gaseous inorganic pollutants enter the atmosphere as the result of human activities. 
Oxides of carbon, sulfur, and nitrogen are important constituents of the atmosphere and are pollutants at higher levels. Of these, carbon dioxide, CO2, is the most abundant. It is a natural atmospheric constituent, and it is required for plant growth. However, the level of carbon dioxide in the atmosphere, now at about 360 parts per million (ppm) by volume, is increasing by about 1 ppm per year. This increase in atmospheric CO2 may well cause general atmospheric warming—the “greenhouse effect,” with potentially very serious consequences for the global atmosphere and for life on earth. Though not a global threat, carbon monoxide, CO, can be a serious health threat, because it prevents blood from transporting oxygen to body tissues.

The two most serious nitrogen oxide air pollutants are nitric oxide, NO, and nitrogen dioxide, NO2, collectively denoted as “NOx.” These tend to enter the atmosphere as NO, and photochemical processes in the atmosphere can convert NO to NO2. Further reactions can result in the formation of corrosive nitrate salts or nitric acid, HNO3. Nitrogen dioxide is particularly significant in atmospheric chemistry because of its photochemical dissociation by light with a wavelength less than 430 nm to produce highly reactive O atoms. This is the first step in the formation of photochemical smog (see below). Sulfur dioxide, SO2, is a reaction product of the combustion of sulfur-containing fuels such as high-sulfur coal. Part of this sulfur dioxide is converted in the atmosphere to sulfuric acid, H2SO4, normally the predominant contributor to acid precipitation. 

Other inorganic pollutant gases include NH3, N2O, N2O5, H2S, Cl2, HCl, and HF. Substantial quantities of some of these gases are added to the atmosphere each year by human activities. Globally, atmospheric emissions of carbon monoxide, sulfur oxides, and nitrogen oxides are of the order of one to several hundred million tons per year.
 Production and control of carbondioxide
Carbon monoxide, CO, causes problems in cases of locally high concentrations because of its toxicity. The overall atmospheric concentration of carbon monoxide is about 0.1 ppm corresponding to a burden in the earth’s atmosphere of approximately 500 million metric tons of CO with an average residence time ranging from 36 to 110 days. Much of this CO is present as an intermediate in the oxidation of methane by hydroxyl radical. From Table 2.1 it may be seen that the methane content of the atmosphere is about 1.6 ppm, more than 10 times the concentration of CO. Therefore, any oxidation process for methane that produces carbon monoxide as an intermediate is certain to contribute substantially to the overall carbon monoxide burden, probably around two-thirds of the total CO.

Degradation of chlorophyll during the autumn months releases CO, amounting to perhaps as much as 20% of the total annual release. Anthropogenic sources account for about 6% of CO emissions. The remainder of atmospheric CO comes from largely unknown sources. These include some plants and marine organisms known as siphonophores, an order of Hydrozoa.  Carbon monoxide is also produced by decay of plant matter other than chlorophyll.
Because of carbon monoxide emissions from internal combustion engines, the highest levels of this toxic gas tend to occur in congested urban areas at times when the maximum number of people are exposed, such as during rush hours. At such times, carbon monoxide levels in the atmosphere have become as high as 50-100 ppm.

Atmospheric levels of carbon monoxide in urban areas show a positive correlation with the density of vehicular traffic, and a negative correlation with wind speed. Urban atmospheres may show average carbon monoxide levels of the order of several ppm, much higher than those in remote areas.
 Control of Carbon Monoxide Emissions

Carbon monoxide emissions, control measures have been concentrated on the automobile. Carbon monoxide emissions may be lowered by employing a leaner air-fuel mixture, that is, one in which the weight ratio of air to fuel is relatively high. At airfuel (weight:weight) ratios exceeding approximately 16:1, an internal combustion engine emits very little carbon monoxide.

Modern automobiles use catalytic exhaust reactors to cut down on carbon monoxide emissions. Excess air is pumped into the exhaust gas, and the mixture is passed through a catalytic converter in the exhaust system, resulting in oxidation of CO to CO2.

Fate of atmospheric CO
It is generally agreed that carbon monoxide is removed from the atmosphere by reaction with hydroxyl radical, HO• :

                 CO + HO• → CO2 + H 

The reaction produces hydroperoxyl radical as a product:

                           O2 + H + M →  HOO• + M 

HO• is regenerated from HOO• by the following reactions:

                       HOO• + NO→   HO• + NO2 
                         HOO• + HOO• →  H2O2 + O2 
The latter reaction is followed by photochemical dissociation of H2O2 to regenerate

HO• :

                        H2O2 + hv →  2HO• 

Methane is also involved through the atmospheric CO/HO•/ CH4 cycle.
Soil microorganisms act to remove CO from the atmosphere. Therefore, soil is a sink for carbon monoxide.
Sulfur dioxide in the atmosphere
 The primary source of anthropogenic sulfur dioxide is coal, from which sulfur must be removed at great expense to keep sulfur dioxide emissions at acceptable levels. Approximately half of the sulfur in coal is in some form of pyrite, FeS2, and the other half is organic sulfur. The production of sulfur dioxide by the combustion of pyrite is given by the following reaction:

                   4 FeS2  +11 O2   →   2Fe2O3  + 8SO2
Reaction of Sulfur dioxide in the atmosphere

Many factors, including temperature, humidity, light intensity, atmospheric transport, and surface characteristics of particulate matter, may influence the atmospheric chemical reactions of sulfur dioxide. Like many other gaseous pollutants, sulfur dioxide reacts to form particulate matter, which then settles or is scavenged from the atmosphere by rainfall or other processes. It is known that high levels of air pollution normally are accompanied by a marked increase in aerosol particles and a consequent reduction in visibility. Reaction products of sulfur dioxide are thought to be responsible for some aerosol formation. Whatever the processes involved, much of the sulfur dioxide in the atmosphere is ultimately oxidized to sulfuric acid and sulfate salts, particularly ammonium sulfate and ammonium hydrogen sulfate. In fact, it is likely that these sulfates account for the turbid haze that covers much of the eastern part of the U.S. under all atmospheric conditions except those characterized by massive intrusions of Arctic air masses during the winter months. The potential of sulfates to induce climatic change is high and must be taken into account when considering control of sulfur dioxide.

Some of the possible ways in which sulfur dioxide may react in the atmosphere are (1) photochemical reactions; (2) photochemical and chemical reactions in the presence of nitrogen oxides and/or hydrocarbons, particularly alkenes; (3) chemical processes in water droplets, particularly those containing metal salts and ammonia; and (4) reactions on solid particles in the atmosphere. It should be kept in mind that the atmosphere is a highly dynamic system with great variations in temperature, composition, humidity, and intensity of sunlight; therefore, different processes may predominate under various atmospheric conditions.

Photochemical reactions are probably involved in some of the processes resulting in the atmospheric oxidation of SO2. Light with wavelengths above 218 nm is not sufficiently energetic to bring about the photodissociation of SO2, so direct photochemical reactions in the troposphere are of no significance. The oxidation of sulfur dioxide at the parts-per-million level in an otherwise unpolluted atmosphere is a slow process. Therefore, other pollutant species must be involved in the process in atmospheres polluted with SO2.

The presence of hydrocarbons and nitrogen oxides greatly increases the oxidation rate of atmospheric SO2. As discussed in, nitrogen oxides, and ultraviolet light are the ingredients necessary for the formation of photochemical smog. This disagreeable condition is characterized by high levels of various oxidizing species (photochemical oxidants) capable of oxidizing SO2. In the smog-prone Los Angeles area, the oxidation of SO2 ranges up to 5-10% per hour.

Among the oxidizing species present which could bring about this fast reaction are HO•, HOO•, O, O3, NO3, N2O5, ROO•, and RO•. The latter two species are reactive organic free radicals containing oxygen. Although ozone, O3, is an important product of photochemical smog, it is believed that the oxidation of SO2 by ozone in the gas phase is too slow to be appreciable, but it is probably significant in water droplets.

The most important gas-phase reaction leading to the oxidation of SO2 is the addition of HO• radical
                           HO• + SO2 → HO SO2•
forming a reactive free radical which is eventually converted to a form of sulfate. In all but relatively dry atmospheres, it is probable that sulfur dioxide is oxidized by reactions occurring inside water aerosol droplets. The overall process of sulfur dioxide oxidation in the aqueous phase is rather complicated. It involves the transport of gaseous SO2 and oxidant to the aqueous phase, diffusion of species in the aqueous droplet, hydrolysis and ionization of SO2, and oxidation of SO2 by the following overall process, where {O} represents an oxidizing agent such as H2O2,

HO•, or O3 and S(IV) is SO2(aq), HSO3-(aq), and SO3 2-(aq).

               {O}(aq) + S(IV)(aq) → 2H+ + SO4 2- (unbalanced) 

In the absence of catalytic species, the reaction with dissolved molecular O2,

              1/2O2(aq) + SO2(aq) + H2O →  H2SO4(aq) 

is too slow to be significant. Hydrogen peroxide is an important oxidizing agent in the atmosphere. It reacts with dissolved sulfur dioxide through the overall reaction,

                 SO2 (aq) + H2O2(aq) →  H2SO4(aq) 
to produce sulfuric acid. The major reaction is thought to be between hydrogen peroxide and HSO3- ion with peroxymonosulfurous acid, HOO SO2 - , as an intermediate. Ozone, O3, oxidizes sulfur dioxide in water. The fastest reaction is with sulfite ion; 

               SO3 2-(aq) + O3(aq) →  SO4 2-(aq) + O2 
reactions are slower with HSO3 -(aq) and SO2 (aq). The rate of oxidation of aqueous SO2 species by ozone increases with increasing pH. The oxidation of sulfur dioxide in water droplets is faster in the presence of ammonia, which reacts with sulfur dioxide to produce bisulfite ion and sulfite ion in solution:

             NH3 + SO2 + H2O → NH4 + + HSO3 -
Some solutes dissolved in water catalyze the oxidation of aqueous SO2. Both iron(III) and Mn(II) have this effect. The reactions catalyzed by these two ions are faster with increasing pH. Dissolved nitrogen species, NO2 and HNO2, oxidize aqueous sulfur dioxide in the laboratory. Nitrite dissolved in water droplets may react photochemically to produce HO. radical, and this species in turn could act to oxidize dissolved sulfite.

Heterogeneous reactions on solid particles may also play a role in the removal of sulfur dioxide from the atmosphere. In atmospheric photochemical reactions, such particles may function as nucleation centers. Thus, they act as catalysts and grow in size by accumulating reaction products. The final result would be production of an aerosol with a composition unlike that of the original particle. Soot particles, which consist of elemental carbon contaminated with polynuclear aromatic hydrocarbons produced in the incomplete combustion of carbonaceous fuels, can catalyze the oxidation of sulfur dioxide to sulfate as indicated by the presence of sulfate on the soot particles. Soot particles are very common in polluted atmospheres, so it is very likely that they are strongly involved in catalyzing the oxidation of sulfur dioxide.

Oxides of metals such as aluminum, calcium, chromium, iron, lead, or vanadium may also be catalysts for the heterogenous oxidation of sulfur dioxide. These oxides may also adsorb sulfur dioxide. However, the total surface area of oxide particulate matter in the atmosphere is very low so that the fraction of sulfur dioxide oxidized on metal oxide surfaces is relatively small.
Effects of Atmospheric Sulfur Dioxide

Though not terribly toxic to most people, low levels of sulfur dioxide in air do have some health effects. Its primary effect is upon the respiratory tract, producing irritation and increasing airway resistance, especially to people with respiratory weaknesses and sensitized asthmatics. Therefore, exposure to the gas may increase the effort required to breathe. Mucus secretion is also stimulated by exposure to air contaminated by sulfur dioxide. Although SO2 causes death in humans at 500 ppm, it has not been found to harm laboratory animals at 5 ppm.

Sulfur dioxide has been at least partially implicated in several acute incidents of air pollution. In December 1930 a thermal inversion trapped waste products from a number of industrial sources in the narrow Meuse River Valley of Belgium sulfur dioxide levels reached 38 ppm. Approximately 60 people died in the episode, and some cattle were killed. In October 1948 a similar incident caused illness in over 40% of the population of Donora, Pennsylvania, and 20 people died. Sulfur dioxide concentrations of 2 ppm were recorded. During a five-day period marked by a temperature inversion and fog in London in December 1952, approximately 3500-

4000 deaths in excess of normal occurred. Levels of SO2 reached 1.3 ppm. Autopsies revealed irritation of the respiratory tract, and high levels of sulfur dioxide were suspected of contributing to excess mortality.

Atmospheric sulfur dioxide is harmful to plants, some species of which are affected more than others. Acute exposure to high levels of the gas kills leaf tissue, a condition called leaf necrosis. The edges of the leaves and the areas between the leaf veins show characteristic damage. Chronic exposure of plants to sulfur dioxide causes chlorosis, a bleaching or yellowing of the normally green portions of the leaf.

Plant injury increases with increasing relative humidity. Plants incur most injury from sulfur dioxide when their stomata (small openings in plant surface tissue that allow interchange of gases with the atmosphere) are open. For most plants, the stomata are open during the daylight hours, and most damage from sulfur dioxide occurs then. Long-term, low-level exposure to sulfur dioxide can reduce the yields of grain crops such as wheat or barley. Sulfur dioxide in the atmosphere is converted to sulfuric acid, so that in areas with high levels of sulfur dioxide pollution, plants may be damaged by sulfuric acid aerosols. Such damage appears as small spots where sulfuric acid droplets have impinged on leaves.

One of the more costly effects of sulfur dioxide pollution is deterioration of building materials. Limestone, marble, and dolomite are calcium and/or magnesium carbonate minerals that are attacked by atmospheric sulfur dioxide to form products that are either water-soluble or composed of poorly adherent solid crusts on the rock’s surface, adversely affecting the appearance, structural integrity, and life of the building. Although both SO2 and NOx attack such stone, chemical analysis of the crusts shows predominantly sulfate salts. Dolomite, a calcium/magnesium carbonate mineral, reacts with atmospheric sulfur dioxide as follows:

CaCO3•MgCO3 + 2SO2 + O2 + 9H2O → CaSO4•2H2O + MgSO4•7H2O + 2CO2
Sulfur Dioxide Removal

A number of processes are being used to remove sulfur and sulfur oxides from fuel before combustion and from stack gas after combustion. Most of these efforts concentrate on coal, since it is the major source of sulfur oxides pollution. Physical separation techniques may be used to remove discrete particles of pyritic sulfur from coal. Chemical methods may also be employed for removal of sulfur from coal. Fluidized bed combustion of coal promises to eliminate SO2 emissions at the point of combustion. The process consists of burning granular coal in a bed of finely divided limestone or dolomite maintained in a fluid-like condition by air injection.

Heat calcines the limestone,

                     CaCO3 → CaO + CO2 

        and the lime produced absorbs SO2:

                     CaO + SO2 → CaSO3 (Which may be oxidized to CaSO4) 

Many processes have been proposed or studied for the removal of sulfur dioxide from stack gas. Table 2.2 summarizes major stack gas scrubbing systems including throwaway and recovery systems as well as wet and dry systems.
              Table 2.2: major stacks gas for the scrubbing of SO2
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A dry throwaway system used with only limited success involves injection of dry limestone or dolomite into the boiler followed by recovery of dry lime, sulfites, and sulfates. The overall reaction, shown here for dolomite, is the following:

                CaCO3•MgCO3 + SO2 + 1/2O2 → CaSO4 + MgO + 2CO2 

The solid sulfate and oxide products are removed by electrostatic precipitators or cyclone separators. The process has an efficiency of 50% or less for the removal of sulfur oxides.

As may be noted from the chemical reactions shown in Table 2.2, all sulfur dioxide removal processes, except for catalytic oxidation, depend upon absorption of SO2 by an acid-base reaction. The first two processes listed are throwaway processes yielding large quantities of wastes; the others provide for some sort of sulfur product recovery.

Lime or limestone slurry scrubbing for SO2 removal involves acid-base reactions with SO2. Since they were introduced during the late 1960s, wet lime flue gas desulfurization processes have been the most widely used means for removing sulfur dioxide from flue gas and are likely to remain so for the foreseeable future. When sulfur dioxide dissolves in water as part of a wet scrubbing process, equilibrium is established between SO2 gas and dissolved SO2:

              SO2(g) →  SO2(aq) 

This equilibrium is described by Henry’s law 

     [SO2 (aq)] = K ´  PSO2
where [SO2(aq)] is the concentration of dissolved molecular sulfur dioxide; K is the Henry’s law constant for SO2; and PSO2 is the partial pressure of sulfur dioxide gas.

In the presence of base, Reaction is shifted strongly to the right by the following reactions:

                  H2O + SO2(aq) → H+ + HSO3-
                   HSO3- →  H+ + SO32- 

In the presence of calcium carbonate slurry (as in limestone slurry scrubbing), hydrogen ion is taken up by the reaction

                  CaCO3 + H+ →  Ca2+ + HCO3-

The reaction of calcium carbonate with carbon dioxide from stack gas,

                  CaCO3 + CO2 + H2O →  Ca2+ + 2HCO3-
results in some sorption of CO2. The reaction of sulfite and calcium ion to form highly insoluble calcium sulfite hemihydrate

          Ca2+ + SO32- + 1/2H2O →  CaSO3•1/2H2O(s) 

Gypsum is formed in the scrubbing process by the oxidation of sulfite,

              SO32- + 1/2O2 →  SO42- 

followed by reaction of sulfate ion with calcium ion:

                   Ca2+ + SO42- + 2H2O → CaSO4•2H2O(s) 

Formation of gypsum in the scrubber is undesirable because it creates scale in the scrubber equipment. However, gypsum is sometimes produced deliberately in the spent scrubber liquid downstream from the scrubber.

When lime, Ca(OH)2, is used in place of limestone (lime slurry scrubbing), a source of hydroxide ions is provided for direct reaction with H+:

                    H+ + OH- → H2O 

The reactions involving sulfur species in a lime slurry scrubber are essentially the same as those just discussed for limestone slurry scrubbing. The pH of a lime slurry is higher than that of a limestone slurry, so that the former has more of a tendency to react with CO2, resulting in the absorption of that gas:

                     CO2 + OH- → HCO3- 
Current practice with lime and limestone scrubber systems calls for injection of the slurry into the scrubber loop beyond the boilers. A number of power plants are now operating with this kind of system. Experience to date has shown that these scrubbers remove well over 90% of both SO2 and fly ash when operating properly. Fly ash is fuel combustion ash normally carried up the stack with flue gas.

 In addition to corrosion and scaling problems, disposal of lime sludge poses formidable obstacles. The quantity of this sludge may be appreciated by considering that approximately one ton of limestone is required for each five tons of coal. The sludge is normally disposed of in large ponds, which can present some disposal problems. Water seeping through the sludge beds becomes laden with calcium sulfate and other salts. It is difficult to stabilize this sludge as a structurally stable, nonleachable solid.

Recovery systems in which sulfur dioxide or elemental sulfur are removed from the spent sorbing material, which is recycled, are much more desirable from an environmental viewpoint than are throwaway systems. Many kinds of recovery processes have been investigated, including those that involve scrubbing with magnesium oxide slurry, sodium hydroxide solution, sodium sulfite solution, ammonia solution, or sodium citrate solution.

Sulfur dioxide trapped in a stack-gas-scrubbing process can be converted to hydrogen sulfide by reaction with synthesis gas (H2, CO, CH4),

                              SO2 + (H2, CO, CH4) → H2S + CO2 (H2O) 
The Claus reaction is then employed to produce elemental sulfur:

                              2H2S + SO2 → 2H2O + 3S
The Nitrogen oxides in the atmosphere

The three oxides of nitrogen normally encountered in the atmosphere are nitrous oxide (N2O), nitric oxide (NO), and nitrogen dioxide (NO2). Nitrous oxide, a commonly used anesthetic known as “laughing gas,” is produced by microbiological processes and is a component of the unpolluted atmosphere at a level of approximately 0.3 ppm (see Table 2.1). This gas is relatively unreactive and probably does not significantly influence important chemical reactions in the lower atmosphere. Its concentration decreases rapidly with altitude in the stratosphere due to the photochemical reaction

                        N2O + hv → N2 + O 

and some reaction with singlet atomic oxygen:

                         N2O + O → N2 + O2 
                         N2O + O →2NO
These reactions are significant in terms of depletion of the ozone layer. Increased global fixation of nitrogen, accompanied by increased microbial production of N2O, could contribute to ozone layer depletion. Colorless, odorless nitric oxide (NO) and pungent red-brown nitrogen dioxide

(NO2) are very important in polluted air. Collectively designated NOx, these gases enter the atmosphere from natural sources, such as lightning and biological processes, and from pollutant sources. The latter are much more significant because of regionally high NO2 concentrations which can cause severe air quality deterioration.

Practically all anthropogenic NOx enters the atmosphere as a result of the combustion of fossil fuels in both stationary and mobile sources. Globally, somewhat less than 100 million metric tons of nitrogen oxides are emitted to the atmosphere from these sources each year compared to several times that much from widely dispersed natural sources. United States production of nitrogen oxides is of the order of 20 million metric tons per year. The contribution of automobiles to nitric oxide production in the U.S. has become somewhat lower in the last decade as newer automobiles have replaced older models.

Most NOx entering the atmosphere from pollution sources does so as NO generated from internal combustion engines. At very high temperatures, the following reaction occurs:

                        N2 + O2 → 2NO

The speed with which this reaction takes place increases steeply with temperature. The equilibrium concentration of NO in a mixture of 3% O2 and 75% N2, typical of that which occurs in the combustion chamber of an internal combustion engine, is shown as a function of temperature in Figure 2.2. At room temperature (27°C) the equilibrium concentration of NO is only 1.1 x 10-10 ppm, whereas at high temperatures it is much higher. Therefore, high temperatures favor both a high equilibrium concentration and a rapid rate of formation of NO. Rapid cooling of the exhaust gas from combustion “freezes” NO at a relatively high concentration because equilibrium is not maintained. Thus, by its very nature, the combustion process both in the internal combustion engine and in furnaces produces high levels of NO in the combustion products. The mechanism for formation of nitrogen oxides from N2 and O2 during combustion is a complicated process. Both oxygen and nitrogen atoms are formed at the very high combustion temperatures by the reactions                   
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                              Fig. 2.2: The concentration NO formed as a function temperature
where M is a highly energetic third body that imparts enough energy to the molecular N2 and O2 to break their chemical bonds. The energies required for these reactions are quite high because breakage of the oxygen bond requires 118 kcal/mole and breakage of the nitrogen bond requires 225 kcal/mole. Once formed, O and N atoms participate in the following chain reaction for the formation of nitric oxide from nitrogen and oxygen:

                           N2 + O → NO + N 

                           N + O2 → NO + O 

                           N2 + O2 → 2NO
Nitric oxide, NO, is a product of the combustion of coal and petroleum containing chemically bound nitrogen. Production of NO by this route occurs at much lower temperatures than those required for “thermal” NO, discussed previously.

Atmospheric Reactions of NOx
Atmospheric chemical reactions convert NOx to nitric acid, inorganic nitrate salts, organic nitrates, and peroxyacetyl nitrate. The principal reactive nitrogen oxide species in the troposphere are NO, NO2, and HNO3. These species cycle among each other, as shown in Figure 2.3. Although NO is the primary form in which NOx is released to the atmosphere, the conversion of NO to NO2 is relatively rapid in the troposphere.
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Fig.2.3:  Principal reactions among NO, NO2, and HNO3 in the atmosphere. ROO• represents an organic peroxyl radical, such as the methylperoxyl radical, CH3OO•.
Nitrogen dioxide is a very reactive and significant species in the atmosphere. It absorbs light throughout the ultraviolet and visible spectrum penetrating the troposphere. At wavelengths below 398 nm, photodissociation occurs,

                 NO2 + hv↔ NO + O  
to produce ground state oxygen atoms. Above 430 nm, only excited molecules are formed,

                   NO2 + hv → NO2* 

whereas at wavelengths between 398 nm and 430 nm, either process may occur. Photodissociation at these wavelengths requires input of rotational energy from rotation of the NO2 molecule. The tendency of NO2 to photodissociate is shown clearly by the fact that in direct sunlight the half-life of NO2 is much shorter than that of any other common molecular atmospheric species. The photodissociation of nitrogen dioxide can give rise to the following significant inorganic reactions in addition to a host of atmospheric reactions involving organic species:
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Nitrogen dioxide ultimately is removed from the atmosphere as nitric acid, nitrates, or (in atmospheres where photochemical smog is formed) as organic nitrogen. Dinitrogen pentoxide is the anhydride of nitric acid, which it forms by reacting with water:
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In the stratosphere, nitrogen dioxide reacts with hydroxyl radicals to produce nitric acid:
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In this region, the nitric acid can also be destroyed by hydroxyl radicals,

                         [image: image56.emf]
or by a photochemical reaction,
                        [image: image57.emf]
so that HNO3 serves as a temporary sink for NO2 in the stratosphere. Nitric acid produced from NO2 is removed as precipitation, or reacts with bases (ammonia, particulate lime) to produce particulate nitrates.

Harmful Effects of Nitrogen Oxides

Nitric oxide, NO, is less toxic than NO2. Like carbon monoxide and nitrite, NO attaches to hemoglobin and reduces oxygen transport efficiency. However, in a polluted atmosphere, the concentration of nitric oxide normally is much lower than that of carbon monoxide so that the effect on hemoglobin is much less.

Acute exposure to NO2 can be quite harmful to human health. For exposures ranging from several minutes to one hour, a level of 50-100 ppm of NO2 causes inflammation of lung tissue for a period of 6-8 weeks, after which time the subject normally recovers. Exposure of the subject to 150-200 ppm of NO2 causes bronchiolitis fibrosa obliterans, a condition fatal within 3-5 weeks after exposure. Death generally results within 2-10 days after exposure to 500 ppm or more of NO2. “Silofiller’s disease,” caused by NO2 generated by the fermentation of ensilage containing nitrate, is a particularly striking example of nitrogen dioxide poisoning. Deaths have resulted from the inhalation of NO2-containing gases from burning celluloid and nitrocellulose film, and from spillage of NO2 oxidant (used with liquid hydrazine fuel) from missile rocket motors.
Although extensive damage to plants is observed in areas receiving heavy exposure to NO2, most of this damage probably comes from secondary products of nitrogen oxides, such as PAN formed in smog. Exposure of plants to several parts per million of NO2 in the laboratory causes leaf spotting and breakdown of plant tissue. Exposure to 10 ppm of NO causes a reversible decrease in the rate of photosynthesis. The effect on plants of long-term exposure to a few tenths of a part per million of NO2 is less certain. Nitrogen oxides are known to cause fading of dyes and inks used in some textiles. This has been observed in gas clothes dryers and is due to NOx formed in the dryer flame. Much of the damage to materials caused by NOx comes from secondary nitrates and nitric acid. For example, stress-corrosion cracking of springs used in telephone relays occurs far below the yield strength of the nickel-brass spring metal because of the action of particulate nitrates and aerosol nitric acid formed from NOx.

Concern has been expressed about the possibility that NOx emitted to the atmosphere by supersonic transport planes could catalyze the partial destruction of the stratospheric ozone layer that absorbs damaging short-wavelength (240-300 nm) ultraviolet radiation. Detailed consideration of this effect is quite complicated, and only the main features are considered here.
In the upper stratosphere and in the mesosphere, molecular oxygen is photodissociated by ultraviolet light of less than 242-nm wavelength:

                     O2   + hv  → O  +O
In the presence of energy-absorbing third bodies, the atomic oxygen reacts with molecular oxygen to produce ozone:

                    O2  + O  +  M → O3 + M
Ozone can be destroyed by reaction with atomic oxygen,

                    O3  +  O → O2 + O2
and its formation can be prevented by recombination of oxygen atoms

                    O  + O → O2 + M
Addition of the reaction of nitric oxide with ozone,

                   NO  +  O3 → NO2 + O2
to the reaction of nitrogen dioxide with atomic oxygen,
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results in a net reaction for the destruction of ozone:

                       O  + O3 → O2 + O2
Along with NOx, water vapor is also emitted into the atmosphere by aircraft exhausts, which could accelerate ozone depletion by the following two reactions:

                        O + H2O → HO· + HO·
                      HO· + O3 → HOO·   +O2
However, there are many natural stratospheric buffering reactions which tend to mitigate the potential ozone destruction from those reactions outlined above. Atomic oxygen capable of regenerating ozone is produced by the photochemical reaction,
                            NO2  + hv → NO + O      (λ < 420nm)
A competing reaction removing catalytic NO is

                           NO + HOO· → NO2 + HO·                            

Current belief is that supersonic aircraft emissions will not cause nearly as much damage to the ozone layer as chlorofluorocarbons.
Control of Nitrogen Oxides

The level of NOx emitted from stationary sources such as power plant furnaces generally falls within the range of 50-1000 ppm. NO production is favored both kinetically and thermodynamically by high temperatures and by high excess oxygen concentrations. These factors must be considered in reducing NO emissions from stationary sources. Reduction of flame temperature to prevent NO formation is accomplished by adding recirculated exhaust gas, cool air, or inert gases.

Low-excess-air firing is effective in reducing NOx emissions during the combustion of fossil fuels. As the term implies, low-excess-air firing uses the minimum amount of excess air required for oxidation of the fuel, so that less oxygen is available for the reaction

                         N2 + O2 → 2NO

in the high temperature region of the flame. Incomplete fuel burnout with the emission of hydrocarbons, soot, and CO is an obvious problem with low-excess-air firing. This may be overcome by a two-stage combustion process consisting of the following steps:

1. A first stage in which the fuel is fired at a relatively high temperature with a substoichiometric amount of air, for example, 90-95% of the stoichiometric requirement. NO formation is limited by the absence of excess oxygen.

2. A second stage in which fuel burnout is completed at a relatively low temperature in excess air. The low temperature prevents formation of NO.

In some power plants fired with gas, the emission of NO has been reduced by as much as 90% by a two-stage combustion process. Removal of NOx from stack gas presents some formidable problems. These problems arise largely from the low water solubility of NO, the predominant nitrogen oxide species in stack gas. Possible approaches to NOx removal are catalytic decomposition of nitrogen oxides, catalytic reduction of nitrogen oxides, and sorption of NOx by liquids or solids. Uptake of NOx is facilitated by oxidation of NO to more water-soluble species including NO2, N2O3, N2O4, HNO2, and HNO3.

A typical catalytic reduction of NO in stack gas involves methane:

                              CH4 + 4 NO → 2N2 + CO2   +   2H2O                    
Production of undesirable by-products is a major concern in these processes. For example, sulfur dioxide reacts with carbon monoxide used to reduce NO to produce toxic carbonyl sulfide, COS:

                         SO2 + 3 CO → 2 CO2 + COS

Most sorption processes have been aimed at the simultaneous removal of both nitrogen oxides and sulfur oxides. Sulfuric acid solutions or alkaline scrubbing solutions containing Ca(OH)2 or Mg(OH)2 may be used. The species N2O3 produced by the reaction

                             NO2 +NO → N2O3                         

is most efficiently absorbed. Therefore, since NO is the primary combustion product, the introduction of NO2 into the flue gas is required to produce the N2O3, which is absorbed efficiently.

2.4.2. Organic air pollutants 
The most abundant hydrocarbon in the atmosphere is methane, CH4, released from underground sources as natural gas and produced by the fermentation of organic matter. Methane is one of the least reactive atmospheric hydrocarbons and is produced by diffuse sources, so that its participation in the formation of pollutant photochemical reaction products is minimal. The most significant atmospheric pollutant hydrocarbons are the reactive ones produced as automobile exhaust emissions. In the presence of NO, under conditions of temperature inversion low humidity, and sunlight, these hydrocarbons produce undesirable photochemical smog manifested by the presence of visibility-obscuring particulate matter, oxidants such as ozone, and noxious organic species such as aldehydes.

Natural sources are the most important contributors of organics in the atmosphere, and hydrocarbons generated and released by human activities constitute only about 1/7 of the total hydrocarbons in the atmosphere. This ratio is primarily the result of the huge quantities of methane produced by anaerobic bacteria in the decomposition of organic matter in water, sediments, and soil:

                     2{CH2O} (bacterial action) → CO2(g) + CH4(g)

Methane in the troposphere contributes to the photochemical production of carbon monoxide and ozone. The photochemical oxidation of methane is a major source of water vapor in the stratosphere.

Organic pollutants may have a strong effect upon atmospheric quality. The effects of organic pollutants in the atmosphere may be divided into two major categories. The first consists of direct effects, such as cancer caused by exposure to vinyl chloride. The second is the formation of secondary pollutants, especially photochemical smog. In the case of pollutant hydrocarbons in the atmosphere, the latter is the more important effect. In some localized situations, particularly the workplace, direct effects of organic air pollutants may be equally important.

Organic contaminants are lost from the atmosphere by a number of routes. These include dissolution in precipitation (rainwater), dry deposition, photochemical reactions, formation of and incorporation into particulate matter, and uptake by plants. Reactions of organic atmospheric contaminants are particularly important in determining their manner and rates of loss from the atmosphere.   
Ethylene and terpenes are hydrocarbons, organic compounds containing only hydrogen and carbon. The major classes of hydrocarbons are alkanes (formerly called paraffins), such as 2,2,3-

trimethylbutane;
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alkenes (olefins, compounds with double bonds between adjacent carbon atoms), such as ethylene; alkynes (compounds with triple bonds), such as acetylene;

                            H- C= C -H

and aryl (aromatic) compounds, such as naphthalene:

                          [image: image60.emf]
Because of their widespread use in fuels, hydrocarbons predominate among organic atmospheric pollutants. Petroleum products, primarily gasoline, are the source of most of the anthropogenic (originating through human activities) pollutant hydrocarbons found in the atmosphere. Hydrocarbons may enter the atmosphere either directly or as by-products of the partial combustion of other hydrocarbons. The latter are particularly important because they tend to be unsaturated and relatively reactive. Most hydrocarbon pollutant sources produce about 15% reactive hydrocarbons, whereas those from incomplete combustion of gasoline are about 45% reactive. The hydrocarbons in uncontrolled automobile exhausts are only about 1/3 alkanes, with the remainder divided approximately equally between more reactive alkenes and aromatic hydrocarbons, thus accounting for the relatively high reactivity of automotive exhaust hydrocarbons.                 

2.4.3.  Photochemical smog

Smog is a type of air pollution produced when sunlight acts upon motor vehicle exhaust gases to form harmful substances such as ozone (O3), aldehydes and peroxyacetylnitrate (PAN). Before the automobile age, most smog came from burning coal. Burning gasoline in motor vehicles is the main source of smog in most regions today. At the high temperature and pressure conditions in an internal combustion engine, products of incompletely burned gasoline undergo chemical reactions which produce several hundred different hydrocarbons. Many of these are highly reactive in forming photochemical smog. Powered by sunlight, oxides of nitrogen and volatile organic compounds react in the atmosphere to produce photochemical smog. 
The first of these to be controlled was the crankcase mist of hydrocarbons composed of lubricating oil and “blowby.” The latter consists of exhaust gas and unoxidized fuel/air mixture that enters the crankcase from the combustion chambers around the pistons. This mist is destroyed by recirculating it through the engine intake manifold by way of the positive crankcase ventilation (PCV) valve.

A second major source of automotive hydrocarbon emissions is the fuel system, from which hydrocarbons are emitted through fuel tank and carburetor vents. When the engine is shut off and the engine heat warms up the fuel system, gasoline may be evaporated and emitted to the atmosphere. In addition, heating during the daytime and cooling at night causes the fuel tank to breathe and emit gasoline fumes. Such emissions are reduced by fuel formulated to reduce volatility. Automobiles are equipped with canisters of carbon which collect evaporated fuel from the fuel tank and fuel system, to be purged and burned when the engine is operating.
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Fig. 2.4 Potential sources of pollutant hydrocarbons from an automobile without pollution control devices.

Smog spoils views and makes outdoor activity unpleasant. The effects of smog are even worse for the very young and the very old people who suffer from asthma or heart disease. Smog can cause breathing difficulties, headaches and dizziness. In extreme cases, smog can lead to mass illness and death, mainly from carbon monoxide poisoning.
2.4.4. Chlorofluro compounds and ozone layer depletion
The lower portion of the stratosphere from approximately 15 km to 35 km above Earth’s surface contains high concentration, over 90%, of the ozone (O3) in earth’s atmosphere. This part of the Earth’s atmosphere is known as the ozone layer. Nearly all, 97-99%, of the sun’s high frequency UV-radiation which is potentially damaging to life on Earth is absorbed in this layer.

Several pollutants attack the ozone layer. However, chlorofluorocarbons (CFCs) are known to be chief among them. CFC molecules are stable, virtually indestructible until they reach the stratosphere. Here, the CFC molecules are broken apart by intense ultraviolet radiation and release the chlorine atoms they contain. These chlorine atoms react with ozone and break it down into ordinary oxygen molecules that do not absorb UV-radiation.
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The chlorine acts as a catalyst Chlorine takes part in several chemical reactions—yet at the end emerges unchanged and able to react again. Therefore, it acts as a catalyst. A single chlorine atom can destroy up to 100,000 ozone molecules in the stratosphere. In addition to CFCs, other pollutants, such as nitrous oxide from fertilizers and the pesticide methyl bromide, also attack atmospheric ozone. Scientists are finding that under this assault the protective ozone layer in the stratosphere is thinning.
2.4.5.  Green house gases and Global warming

At present, our Earth appears to be facing a rapid warming, which most scientists believe results, at least in part, from human activities. Such an increase in the average temperature of the atmosphere, oceans, and landmasses of Earth in general is known as Global warming.

What are the reasons?

The energy that lights and warms Earth comes from the Sun. Most of this energy comes as short-wave radiation. Earth’s surface, in turn, releases some of this heat as long-wave infrared radiation. Much of the emitted infrared radiation goes back out to space, but a portion remains trapped in Earth’s atmosphere. Certain gases in the atmosphere, including water vapor, carbon dioxide, and methane, provide the trap. Absorbing and reflecting infrared waves radiated by Earth, these gases conserve heat as the glass in a greenhouse does and are thus known as greenhouse gases. As the atmosphere becomes richer in these gases, it becomes a better insulator, retaining more of the heat provided to the planet by the Sun. The net result; more heat is received from the sun than is lost back to space, a phenomenon known as “greenhouse effect”. Because of this green house effect, the average surface temperature of the Earth is maintained at a relatively comfortable 15°C. Was this not the case, the surface temperature would average around -18°C. The problem with global warming is that man is adding to and changing the levels of the greenhouse gases and is therefore enhancing this warming.

Carbon dioxide (CO2) is the gas most significantly enhancing the greenhouse effect. Plant respiration and decomposition of organic material release more than 10 times the CO2 than released by human activities, but these have generally been in balance before the industrial revolution. Since the industrial revolution amounts have increased drastically due to combustion of fossil fuel (oil, natural gas and coal) by heavy industry and other human activities, such as transport and deforestation.

Other factors slow the warming, but not to the same degree.

Effects of global warming
i) The world is expected to have a more extreme weather, with more rain during wet periods, longer droughts, and more powerful storms. 

ii) Melting of the polar ice caps, leading to a rise in sea level. Such a rise would flood coastal cities, force people to abandon low-lying islands, and completely inundate coastal wetlands. Diseases like malaria may become more common in the regions of the globe between the tropics and the Polar Regions, called the temperate zones. 

iii)  Climate change may bring extinction for many of the world’s plant species, and for animal species that are not easily able to shift their territories as their habitat grows warmer.
EXERCISES

1. Which of the following disciplines studies the chemistry of the earth’s atmosphere?

a) Earth chemistry                c) Global warming chemistry

b) Atmospheric chemistry   d) Acid rain chemistry

2. An environmental problem which atmospheric chemistry does not addressed is

a) acid mine water   c) photochemical smog

b) acid rain               d) global warming

3. Which of the following is not affected by air pollution?

a) Aquatic animals b) Ecosystem c) Crops   d) None

4. The largest gaseous component of the atmosphere is

a) oxygen b) carbondioxide c) nitrogen d) watervapour

5. Ozone   a) is desirable in the troposphere

b) is an undesirable pollutant in the stratosphere

c) filters harmful UV-radiation in the stratosphere

d) none

6. Which of the following characteristics of the atmosphere is crucial in protecting life on earth?

a) Reducing temperature extremes between day and night.

b) Acid-base neutralization reactions taking place in the troposphere

c) Existence of O3 in the troposphere

                   d) Production of O2 by plants

7. Which of the following is true about atmospheric pressure?

a) Atmospheric pressure increases when one progresses from troposphere to stratosphere

b) Atmospheric pressure decreases in a regular way as one progresses from lower 

                        to higher altitudes

c) Atmospheric pressure increases in a regular way at higher altitudes

                    d) None

8. Harmful UV-radiation is blocked by ozone layer in the

                 a) Mesosphere b) troposphere c) stratosphere d) thermosphere
9. The high temperature in the thermosphere is due to

a) existence of larger concentration of gaseous molecules which can absorb                 radiant energy than the other layers.

b)  the absorption of intense solar radiation by oxygen molecules (O2).

c) the absorption of intense UV-radiation by ozone

d) all
10. Free radicals are highly reactive due to the reason that

a) they are free to move in the atmosphere

b) the unpaired electron of a free radical has a strong tendency of pairing.

c) they contain oxygen and hydrogen atoms which are highly reactive

d) a & b

11. Which of the following atmospheric species is not an unstable species?

a) Electronically excited molecules b) free radicals c) ions having electrically-charged atoms

d) None

12. The most important reactive intermediate of daytime atmospheric chemical phenomena is

a) O•    b) HO•   c) H3C•   d) HOO•
13. The reaction, H2O + hv → HO• + H, represents

a) the formation of hydroxyl radical at higher altitudes

b) formation of the hydroxyl radical in the relatively unpolluted troposphere.

c) the strong reactivity of the hydroxyl radical.

d) destruction of the hydroxyl radical at higher altitudes

14. Which of the following reactions does not represent removal of the hydroxyl radical from the troposphere?

a) CO + HO• → CO2 + H   b) CH4 + HO• → H3C• + H2O   c) NH4 + HO• → H3N• + H2O

d) a & b

15. The atmosphere is slightly acidic because of

a) the presence of a low level of carbon dioxide b) the existence of high amount of nitrogen

c) the formation of hydrochloric acid by the dissolution of chlorine gas in water

d) the presence of low level of ammonia.

UNIT 3
AQUATIC CHEMISTRY AND WATER POLLUTION
 Unit Objectives:
Dear learner, at the end of this unit, activity you should be enable to:

· Discuss the various properties of water that make it unique than other liquids

· Define water quality
· Describe the physical and chemical parameters used to describe water quality

· Explain water pollution

· Identify the types of water pollutants
3.1.  INTRODUCTION 
Aquatic chemistry, the branch of environmental chemistry that deals with chemical phenomena    in water. To a large extent, aquatic chemistry addresses chemical phenomena in so-called natural waters,” consisting of water in streams, lakes, oceans, underground aquifers, and other places where the water is rather freely exposed to the atmosphere, soil, rock, and living systems.
Aquatic environmental chemical phenomena involve processes familiar to chemists, including acid-base, solubility, oxidation-reduction, and complexation reactions. Although most aquatic chemical phenomena are discussed here from the thermodynamic (equilibrium) viewpoint, it is important to keep in mind that kinetics—rates of reactions—are very important in aquatic chemistry. Biological processes play a key role in aquatic chemistry. For example, algae undergoing photosynthesis can raise the pH of water by removing aqueous CO2, thereby converting an HCO3 - ion to a CO32- ion; this ion in turn reacts with Ca2+ in water to precipitate CaCO3.
Activity 
1. The difference in the melting and boiling point temperatures of water is larger than that of many other liquids (100 oC). What would have been the consequence, on living things in general, had this not been the case?

2. Unlike other liquids water becomes lighter when it freezes. What is the advantage of this phenomenon on aquatic life?

3. The heat of vaporization of water is extremely large. What is the significance of this phenomenon on the global weather?

4. Water is able to dissolve more number of substances than any other liquid. What is the significance of this phenomenon of water for plant and animal nutrition?


Fig. 3.1: The main categories of aquatic chemical phenomena
3.2. THE PROPERTIES OF WATER: A UNIQUE SUBSTANCE
Water is a vitally important substance in all parts of the environment. It covers about 70% of Earth’s surface and occurs in all spheres of the environment. It is an essential part of all living systems. Water carries energy and matter through various spheres of the environment. It carries plant nutrients from soil into the bodies of plants by way of plant roots.

Water has a number of unique properties that are essential to life. Some of the special characteristics of water include its polar character, tendency to form hydrogen bonds, and ability to hydrate metal ions. These properties are listed in Table 3.1.

              [image: image63.emf]
The properties of water would best be understood by considering the structure and bonding of the water molecule

                                            [image: image64.emf]
                                     Fig 3.2: A dipolar water molecule
A single water molecule we have two hydrogen atoms bonded covalently to an oxygen atom. The three atoms are arranged in a V-shape structure with an angle of 105°. Because of its bent structure and the fact that the oxygen atom attracts electrons more strongly than hydrogen atoms, a water molecule behaves like a dipole having opposite electrical charges at either end. The water dipole may be attracted to either positively or negatively charged ions like with Na+ and Cl- during the dissolution of NaCl.
                               [image: image65.emf]                          
                         Fig.3.3: Dissolution of sodium chloride crystals in water

Water has the ability to form hydrogen bonds. Hydrogen bond is a special type of bond that can be formed between the partially positively charged hydrogen atoms in one water molecule and the partially negatively changed oxygen atoms in another water molecule. Hydrogen bond holds water molecules together with strong and also helps to hold some solute molecules or ions in solutions.
                         [image: image66.emf]
                                       Fig.3.4: Hydrogen bond between water molecules
3.3. WATER QUALITY
Water quality is a commonly used phrase these days. The word “quality”, biologically speaking, refers to the general health of an environmental aspect - in the case of ‘water quality’ it refers to the health of a body of water, such as a river, a pond, a lake or the ocean.

Determining the best ways to measure water quality can be complicated. Whatever tool is ultimately used must not only take into account the unique physical, chemical and biological characteristics of the specific body of water, but must also be reliable and able to be repeated over and over again.

The tools scientists use to measure water quality are called ‘indicators’. In other words, an ‘indicator’, in biological terms, is some environmental feature that can be measured and whose measurements change with changes in the environmental conditions. It, thereby, gives a clue to changes in the water quality.

The quality of water that we use for different purposes in life can be evaluated by using biological, physical and chemical parameters. Quality indicators under physical and chemical parameters are described in the following sub-units.
Activity: what does it mean “The pollution of water is evaluated depending on its intended use?”
3.3.1.  Physical Water Quality Parameters

Physical parameters define those characteristics of water that respond to the sense of sight, touch, taste or smell. Suspended solids, turbidity, color, taste and odor, and temperature fall in this category.   
A) Suspended solids - Sources and impacts 
Solids can be dispersed in water in both suspended and dissolved forms. Although some dissolved solids may be perceived by the physical sense, they fall more approximately under the category of chemical parameters.

Solids suspended in water may consist of inorganic substances such as clay and silt or organic particles such as plant fibers, algal and bacterial remains. Because of the filtering capacity of the soil, suspended material is seldom a constituent of ground water.

        Other suspended material may also result from

· human use of the water.

· Industrial use

Domestic wastewater usually contains large quantities of suspended solids that are mostly organic in nature. Suspended materials in water make the water aesthetically unpleasant and provide adsorption sites for chemical and biological agents. Biological degradation of suspended organic solids results in objectionable by-products. Biologically active (live) suspended solids may include disease causing organisms as well as organisms such as toxin-producing strains of algae.

Suspended solids could be divided into filterable residues and non-filterable residues.

Suspended solids, where such material is likely to be organic and /or biological in nature, are important parameter of wastewater. The suspended-solids parameter is used to measure the quality of the wastewater affluent, to monitor several treatment processes, and to measure the quality of the effluent. EPA has set a maximum suspended- solids standard of 30 mg/L for most treated wastewater discharges.
B) Turbidity: Sources and impacts
Turbidity is the measure of the extent to which light is either absorbed or scattered by suspended particles in water. Absorption and scattering are known to be influenced by both the size and surface characteristics of the suspended material. Therefore, turbidity can not be a direct quantitative measure of suspended solids. For example, a small pebble in a glass of water would not produce any turbidity. However, if this pebble were crushed into small particles of colloidal size it produces a measurable amount of turbidity although the mass of the pebble will not change.

Turbidity in surface waters results from soil erosion. Household and industrial wastewaters such as soaps, detergents and emulsifying agents produce stable colloids that result in turbidity. 
Impacts
Turbidity makes drinking water aesthetically displeasing and the colloidal materials associated with turbidity provide adsorption sites for chemicals that may be harmful or cause undesirable tastes and odors and for biological organisms that may be harmful to health.
C) Color and its sources

Pure water has no color. However, due to foreign materials natural water is often colored. The tannins, humic acid, and humates taken up by water from filterable suspended organic debris such as leaves, weeds, or wood, impart yellowish-brown color to water. Non-filterable substances such as iron oxides cause reddish water. Industrial wastes from textile and dyeing operations, pulp and paper production, food processing, chemical production, and mining, refining, and slaughterhouse operations may add substantial coloration to water in receiving streams. In general part of the water coloration coming from filterable suspended matter is said to be apparent color and that contributed by dissolved solids, which remain after removal of filterable suspended matter, is known as true color.

Impacts

Similar to turbid water, colored water is aesthetically unacceptable to the general public. Highly colored water is unsuitable for laundering, dyeing, papermaking, beverage manufacturing, and dairy production. Therefore, colored water is less marketable both for domestic and industrial use.
D) Taste and odor
The taste of water is the flavor that water gives us when we put it into our mouth, and the quality of water that we perceive by our sense of smell is its odor. Consumers may attribute a wide variety of tastes and odors to water. Substances that produce odor in water will almost invariably impart a taste as well. However, the converse is not true, as there are many mineral substances that produce taste but not odor. Organic materials or, their biological decomposition, are known to produce both taste and odor problems in water. Principal among these are the reduced products of sulfur that imparts a “rotten egg” odor and taste. Also, certain species of algae secrete an oily substance that may result in both taste and odor. The combination of two or more substances neither of which would produce taste or odor by itself may sometimes result in taste or odor problems. Alkaline mineral imparts a bitter taste to water, while metallic salts may give a salty or bitter taste.
Impacts

Taste and odor make water aesthetically displeasing to consumers. Some of the substances that impart bad taste and odor may be carcinogenic.
E) Temperature and its sources
Temperature is not used as a parameter to evaluate potable water or wastewater directly. It is however, one of the most important parameters in natural surface – water systems. The temperature of surface waters governs to a large extent the biological species present and their rates of activity. It also influences most chemical reactions that occur in natural water system the solubility of gases in water. Generally, shallow bodies of water are more affected by ambient temperatures (temperature of the surrounding atmosphere) than are deeper bodies. Water used for the dissipation of waste heat in industry and the subsequent discharge of the heated water may result in an increasing in the temperature of receiving streams, though perhaps localized. Removal of forest canopies and irrigation return flows can also result in increased stream temperature.

Impacts

Lower temperatures favor slower rate of biological activity. Provided that essential nutrients are available, biological activity is doubled by an increase of approximately 10 0C. With an increase in metabolic rates, organisms that are efficient at food utilization and reproduction flourish, while other species decline and are perhaps eliminated altogether. Algal growth is often accelerated in warm water and can become a problem when cells cluster into algae mats. Natural secretion of oils by the algae in the mats and the decay products of dead algae cells can result in taste and odor problems. Higher-order species, such as fish, are affected dramatically by temperature and by dissolved oxygen levels, which are a function of temperature. Game fish generally require cooler temperatures and higher dissolved-oxygen levels. 

Temperature changes affect the reaction rates and solubility levels of chemicals. Most chemical reactions involving dissolution of solids are accelerated by an increase in temperature. The solubility of gases, on the other hand, decreases at elevated temperatures. Thus, with an increase in temperature the level of dissolved oxygen will decrease. This is undesirable situation since biological oxidation of organics in streams is dependent on adequate supply dissolved oxygen.
3.3.2.  Chemical water quality parameters
Water has been called the universal solvent, and chemical parameters are related to the solvent capabilities of water. Total dissolved solids, alkalinity hardness, fluorides, metals, organics and nutrients are chemical parameters of concern in water quality management.
Dissolved Oxygen (DO)

Oxygen is essential for the survival and propagation of aquatic organisms. If the amount of oxygen dissolved in water falls below the minimum requirements for survival, aquatic organisms or their eggs and larvae may die. A severe example is a fish kill. Dissolved oxygen (DO) varies greatly due to natural phenomena, resulting in daily and seasonal cycles. Different forms of pollution also can cause declines in DO.

Changes in DO levels can result from temperature changes or the activity of plants and other organisms present in a water body. The natural diurnal (daily) cycle of DO concentration is well documented.

Dissolved oxygen concentrations are generally lowest in the morning, climbing throughout the day due to photosynthesis and peaking near dusk, then steadily declining during the hours of darkness. There is also a seasonal DO cycle in which concentrations are greater in the colder, winter months and lower in the warmer, summer months. Stream flow (in freshwater) is generally lower during the summer and fall, and greatly affects flushing, recreation, and the extent of saltwater intrusion, all of which affect dissolved oxygen values.
Biochemical oxygen demand (BOD)
Five-day biochemical oxygen demand (BOD5) is a measure of the amount of dissolved oxygen consumed by the decomposition of carbonaceous and nitrogenous matter in water over a five- day period.
The BOD test indicates the amount of biologically oxidizable carbon and nitrogen that is present in wastewater or in natural water. Matter containing carbon or nitrogen uses dissolved oxygen from the water as it decomposes, which can result in a dissolved oxygen decline. The quantity of BOD5 discharged by point sources is limited through the National Pollutant Discharge Elimination System (NPDES) permits issued by the Department. The discharge of BOD from a point source is restricted by the permits so as to maintain the applicable dissolved oxygen standard.
pH

pH is a measure of the hydrogen ion concentration of water, and is used to indicate degree of  acidity. The pH scale ranges from 0 to 14 standard units (SU). A pH of 7 is considered neutral, with values less than 7 being acidic, and values greater than 7 being basic.

Low pH values are found in natural waters rich in dissolved organic matter, especially in Coastal Plain swamps and black water rivers. The tannic acid released from the decomposition of vegetation causes the tea coloration of the water and low pH.

High pH values in lakes during warmer months are associated with high phytoplankton (algae) densities. The relationship between phytoplankton and daily pH cycles is well established. Photosynthesis by phytoplankton consumes carbon dioxide during the day, which results in a rise in pH. In the dark, phytoplankton respiration releases carbon dioxide. In productive lakes, carbon dioxide decreases to very low levels, causing the pH to rise to 9-10 SU. Continuous flushing in streams prevents the development of significant phytoplankton populations and the resultant chemical changes in water quality.
Nutrients 

Oxygen demanding materials and plant nutrients are common substances discharged to the environment by man's activities, through wastewater facilities and by agricultural, residential, and storm water runoff. The most important plant nutrients, in terms of water quality, are phosphorus and nitrogen. In general, increasing nutrient concentrations are undesirable due to the potential for accelerated growth of aquatic plants, including algae. Nuisance plant growth can create imbalances in the aquatic community, as well as aesthetic and access issues. High densities of phytoplankton (algae) can cause wide fluctuations in pH and dissolved oxygen. South Carolina has narrative standards for nutrients in water and the USEPA has issued recommendations for phosphorus concentrations to prevent over-enrichment.

The forms of nitrogen routinely analyzed commonly are ammonia and ammonium nitrogen (NH3 /NH4 ), total Kjeldahl nitrogen (TKN), and nitrite and nitrate nitrogen (NO /NO ). Ammonia and ammonium are readily used by plants. TKN is a measure of organic nitrogen and ammonia in a sample. Nitrate is the product of aerobic transformation of ammonia, and is the most common form used by aquatic plants. Nitrite is usually not present in significant amounts.

Total phosphorus (TP) is commonly measured to determine phosphorus concentrations in surface waters. TP includes all of the various forms of phosphorus (organic, inorganic, dissolved, and particulate) present in a sample.
Activity  

 1. Waste water is known to pollute surface and ground water when released untreated.  
       a) What waste-water and what are its sources?

       b) What are the characteristics of waste-water?

       c) What are the major categories of waste-water treatment?

2.  The composition of water varies widely with local geological conditions. No matter how      pure it is, water contains small amounts of gases, minerals and organic matter. The      definition for the purity of water permits that the water contains different levels of      substances depending on the purpose the water is to be used for.  And describe why      drinking water is required to contain different levels, high, medium, low or very low      levels of different substances. 

3.4. NATURE AND TYPES OF WATER POLLUTION
Water pollution is one of the most serious environmental problems. It occurs when water is contaminated by such substances as human and animal wastes, toxic industrial chemicals, agricultural residues, oil and heat. Most of our water body’s rivers, lakes, seas, oceans, estuaries and underground water sources are gradually becoming polluted.
Of all the resources that we have on our planet water is undoubtedly the most precious. Without it, life on Earth would be non-existent: it is essential for everything on our planet to grow and prosper. Although we recognize this fact, we disregard it by polluting our rivers, lakes, and oceans. Subsequently, we are slowly but surely harming our planet to the point where organisms are dying at a very alarming rate. In addition to innocent organisms dying off, our drinking water has become greatly affected by pollution. In order to combat water pollution, we must understand the problems and become part of the solution.
Types of Water Pollution

Classification of water pollution depends on the criterion used for categorization of pollution. Based on the medium in which pollutants occur, types of water pollution may be distinguished as fresh water pollution and marine pollution. Fresh water pollution can be categorized into pollution of surface water and pollution of groundwater. When thy pollutant enters a lake, pond, or river it is known as surface water pollution. If, however, the pollutant finds its way into aquifer, along with water of percolation, it deteriorates the quality of groundwater, and is called groundwater pollution. You have noticed that groundwater bodies and surface water bodies together have been kept under the class fresh water bodies because their salt content is very low; always less than 5 ppt (parts per thousand). As against this, the water bodies containing salt concentration equal to or above that of sea water (i.e., 35 ppt or above) are called as marine water bodies. Estuaries and brackish waters have salt content somewhere in between 5 to 35 ppt. The pollution of oceans, seas, estuaries, salt marshes and other similar water bodies is known as marine pollution or ocean pollution. We will discuss this separately because the factors polluting oceans acquire different dimensions ensuing from the magnitude of water bodies involved.
3.4.2. Fresh water pollution
Sometimes the natural causes of water pollution are so intricately mixed up with man-made causes, that the two become indistinguishable from each other. For example siltation (which means active transport of suspended particle by water or wind in a series of bounces) together with sedimentation (which means passive deposition of silt in a water body) is a common problem of most of the water bodies.

Rivers bring silt from mountains as a result of rumbling of rocks during their flow towards plains. The natural deposition of silt in the form of sediments results from sharp fluctuations in the flow of water, ranging between zero flows to flash floods, within a short span of time. The man-made sedimentation of water bodies may also take place. Sewage, industrial effluents and discharge from agricultural farmlands sometimes bring tones of silt into rive; beds, turning them into swampy, marshy stretches of foul smelling land. The natural and artificial or manmade causes, in. this case, are difficult to separate.
We will now discuss some of the man-made sources of water pollution i.e., pollutants released into water bodies as a result of human activities.
3.4.2.  Surface Water Pollution

Domestic sewage, industrial waste, agricultural residues, radioactive substances and heated waste waters are some of the important pollutants which result from human activities. Although the same water body may receive pollutants from more than one source(s) simultaneously, for the purpose of simplification, sources of water pollution may be studied under the following sub-headings:
· Domestic wastes and sewage

· ,Industrial wastes

· Agricultural wastes

· Physical pollutants &(radioactive and thermal)
a) Domestic Waste Water and Sewage-

It includes water-borne wastes derived from household activities such as bathing, laundering, and food processing and washing of utensils. Domestic waste contains garbage, soaps, detergent, waste food, paper, cloth, used cosmetics, toiletries and human-excreta. This waste water which is known as sewage is the largest primary source of water pollution.

A major ingredient of detergents is phosphate. When discharged into water, phosphate supports luxuriant growth of algae, called algal bloom. These produce offensive smell and choke the water bodies.

b) Industrial Waste
Most of the river and fresh water stream which pass near the major cities, township or other human dwelling are polluted by industrial wastes or effluent. You may spend sometime studying  You will notice that some of the common industries are paper industry, textile and sugar mills, distilleries and thermal power plants among others. The kinds of effluents generated by industries are also numerous. The paint and varnish industries produce aromatic long-chained hydrocarbon, textile industry put out various dyestuff and metal salt which are used as mordant. The other industrial effluent contain a host of pollutants such as oils, greases, plastics, metallic wastes, e.g., copper, zinc, arsenic, cadmium, lead, mercury, acids, alkalis, cyanides and chlorides, produced by various industries.
c) Agricultural wastes
It includes the following types of waste: manure and other wastes from farm and poultry houses, slaughterhouse waste, fertilizer runoff from croplands, harvest wastes, pesticides, and salt and silt drained from irrigated or eroded land. These wastes enter waterways as runoff from agricultural lands. If a water body receives fertilizers (phosphates, nitrates) or manures, the water becomes rich in nutrients leading to eutrophication and oxygen depletion. Seepage of excessive nitrates into round water followed by its consumption by children produces a serious disease known as methaemoglobinaemia.
Pesticides, especially DDT (Dichloro-diphenyl-trichloro-ethane) used in the control of mosquitoes and agricultural pests have become the most serious pollutants of water. Being long-lasting under natural conditions, the pesticide goes on increasing in soil and water with successive applications. Serious cases of fish mortality have occurred following leaching of pesticides from agricultural fields to nearby rivers after rainfall. Most of the pesticides, being fat soluble, reach the adipose tissue of animals including man. On fat breakdown, the pesticides are released in the blood stream producing toxic effects. Some of the common biocides are BHC (Benzene hexachloride), 2, 4-D (2, 4- Dichrophenoxyacetic acid), 2, 4, 5-T (2, 4, 5-Trichlorophenoxyacetic acid).
3.4.3. Ground water pollution

The widespread practice of releasing raw sewage in shallow soak pits has caused pollution of groundwater in many cities. Pollutants contained in seepage pits, refuse pits, septic tanks and barnyards may percolate through layers of earth and find their way into ground waters. Some times transport accidents may also lead to contamination of underground sources of waters. Some industrial products and process wastes may also cause pollution of groundwater. In the industrial areas where bicycles and woolen garments are manufactured, significantly high concentration of nickel, iron, copper, chromium and cyanide have been detected in groundwater samples.
Modernization of agriculture has led to excessive use of nitrogenous fertilizers. The nitrates being soluble in water trickle down through layers of soil into deeper layers of earth and ultimately are added to the underground stores of water. In many villages and townships where groundwater is the only source of drinking water this causes, methaemoglobinaemia, particularly in bottle fed infants, because they are very sensitive to this pollutant.
 You may wish to know how this disease is caused. What happens is that when water containing nitrates is consumed, it goes to intestines, where intestinal bacteria convert nitrates into nitrites. Nitrite ion combines with hemoglobin to form methaemoglobin, which inhibits the oxygen carrying capacity of the blood, causing a kind of anemia known as methaemoglobinaemia. The removal of nitrate from water is not accomplished very easily. Nitrate is a soluble toxic waste. Removal of soluble toxic wastes requires elaborate treatment procedures such as chemical coagulation and filtration, carbon absorption chemical oxidation, ion-exchange, electrodialysis and reverse osmosis. Any one or a combination of the methods can be used for removal of nitrates depending on availability of resources.
The indiscriminate release of toxic industrial wastes such as arsenic, lead, cadmium and mercury compounds, and pesticides like polychlorinated biphenyls (PCB) may result in their trickling down to nature's underground water stores. This seriously threatens the quality of groundwater supply, especially in areas where water table is high that is situated near surface of earth. Scientists are concerned that drinking even small quantities over many years may lead to bioaccumulation of these toxins in the body. What happens is that these compounds being difficult to metabolize, are stored in the body, usually in the fatty tissue. The persons dependent on contaminated ' water supply retain small quantities of these compounds each day. This phenomenon is termed as bio-accumulation. Human beings consume also the products obtained from various plants which thrive on polluted waters and store these toxic compounds in their biomass. Non-vegetarian diet such as fish, pork and steak is also likely to come from animals which store these pollutants in their biomass. Man here acts as a centre into whose body, pollutants from various kinds of sources pour in. The quantity of toxic substances thus gets magnified. You can see that pollutants are getting concentrated into man through biological sources. And because the amount of toxic substances is increased through biological food chain, this process is also known as Biological magnification. During starvation when the body draws upon reserve food sources, these compounds are released into blood stream producing toxic effects. Even in regions where water table is low, contamination of groundwater may cause serious problems, as will be evident from the following example.
3.4.4. Marine water pollution 

The oceans which cover about 71 per cent of the earth's surface are crucial to the maintenance of the environment for they contribute to the basic oxygen-carbondioxide balance of the biosphere, upon which the human and animal life depend. About 70 per cent of earth's oxygen is produced by ocean phytoplankton.

Water from the oceans evaporates and forms clouds which are carried away to hills and plains where they rain. Ocean is the major source of available water on earth. Any human intervention, addition of pollutants, exploitation of ocean resources such as pollutants from oil spillage and nuclear testing are likely to bring about drastic imbalance in the global water cycle and this may change the pattern of the climate. 

Estuaries are the tail end of rivers located on the sea shore. They are one of the most productive ecosystems of earth. Estuaries play an important role in protecting coast line from erosion and damage. Being full of lush green vegetation they provide a buffer zone between coastal and river waters. They are also recognized as delicately balanced ecosystems.

Apart from the above three sources, the pollution of marine waters takes place in, ways unique to seas and oceans. In the section we will discuss marine water pollution caused by oil spills, industrial effluents, discharge of hot waters and mining of polymetallic nodules.

1.   Petroleum Pollution

Petroleum products, such as oil and gasoline, enter the water from ships and marine terminals, offshore oil rigs, runoff from parking lots, factories, oil dumping, and other sources.

An oil spill means the accidental discharge of oil and related products into estuaries, coral reefs or marine waters by oil tanker ships. Although major oil spills are the most published and environmentally dramatic events, these constitute only about 25- 30 per cent of the total yearly volume of oil spilled throughout the world. Many small oil spills go unrecorded; besides, oil exploration of, petrochemical refineries and waste from auto crank cases and petroleum industrial machinery contribute to oil pollution. Oil is being spilled into the environment at an estimated rate of more than 5 million Mt per year. This is an enormous amount arousing great environmental concern!
2. Industrial Chemicals

More insidious than oil, which is at least visible, are the various invisible toxic chemicals produced by industries. Certain aquatic organisms enhance the toxic effects of many chemicals because they have the tendency to accumulate the foreign substances in their bodies in levels far above those found in the surrounding water. This when repeated over several rungs of a trophic ladder, causes biological magnification of the toxic effect? Let us see what we mean by this term.

Biological Magnification is increase in the concentration of a chemical in the bodies of organisms with succeeding trophic levels. This results from the fact that these chemicals are not excreted by-an organism and therefore, their amount accumulates in the tissues and remains there. When several such organisms are consumed by a carnivore of the next trophic level, the carnivore, gains these chemicals thus increasing the total concentration of these chemicals in its body. Continuation of this process can lead to accumulation of rather significant levels in the top carnivore, if the food chains are long. Humans also tend to choose animals from higher ranks of the trophic ladder for food. This has already had an adverse effect on certain fish eating communities as in Japan.
In the late 1930s, a large industrial organization established a factory on the shores of Minimata Bay, Japan, to produce vinyl chloride and formaldehyde. Bye products from this factory containing mercury were discharged into the Bay. Through biological magnification, the marine fishes and shellfish accumulated high concentration of the toxic waste compound methyl-mercury chloride. The fishes and shellfish were in turn consumed by inhabitants of the area, who retained still larger quantities of this toxic waste. A strange, permanently disabling neurological disorder began to appear among the inhabitants. This disorder was called Minmata disease. It was not until 1960 that the active mercury compound was identified as the causative agent of this disease.
                 Table 3.2: General types of water pollutants  [image: image67.emf]
EXERCISES
1. Which of the following gases is vital for aquatic plants?

     a) N2             b) O2              c) CO2           d) SO2
2. The main source of elemental oxygen that we find dissolved in water comes from

     a) atmospheric oxygen b) photosynthetic action of algae

     c) from the auto dissociation of water  d) all

3. Dissolved oxygen contribution through algal photosynthesis is considered not to be efficient due to the fact that, a) it is too small b) its solubility is much less than the oxygen coming from the environment c) part of this oxygen is used up by the algae itself as part of their metabolic processes d) none

4. The degradation of biomass coming from aquatic organic matter

         a). increases dissolved oxygen b) decreases dissolved oxygen

         c) does not affect the level of dissolved oxygen  d) none

5. Water which is highly alkaline

    a) has a low pH value b) has a high pH value c) contains low levels of dissolved solids d) a & c
6. A given body of water is said to be polluted when it

     a) is not fit for drinking b) is not fit for an intended purpose c) contains metallic elements

     d) is not pure H2O

UNIT 4
SOIL CHEMISTRY

Unit objectives:

Student, at the end of this unit, you should be able to:
· understand the nature and composition of the soil

· mention the inorganic components of the soil

· discuss about organic matter in the soil

· list the soluble forms of inorganic minerals in the soil

· explain common chemical reactions in the soil

· discuss the macro- and micronutrients in the soil

· briefly explain about fertilizer pollution

· discuss the pollution problems related to livestock production 

· explain the major concerns of pesticides regarding the licensing and regulations for application

· discuss methods of pesticide degradation in the soil

4.1. NATURE AND COMPOSITION OF SOIL

Soil is a variable mixture of minerals, organic matter, and water capable of supporting plant life on the earth’s surface.  It is the final product of the weathering action of physical, chemical, and biological processes on rocks, which largely produces clay minerals. The organic portion of soil consists of plant biomass in various stages of decay. High populations of bacteria, fungi, and animals such as earthworms may be found in soil. Soil contains air spaces and generally has a loose texture (Figure 4.1).

The solid fraction of typical productive soil is approximately 5% organic matter and 95% inorganic matter. Some soils, such as peat soils, may contain as much as 95% organic material. Other soils contain as little as 1% organic matter. Typical soils exhibit distinctive layers with increasing depth (Figure 4.2). These layers are called horizons. Horizons form as the result of complex interactions among processes that occur during weathering. Rainwater percolating through soil carries dissolved and colloidal solids to lower horizons where they are deposited.

Biological processes, such as bacterial decay of residual plant biomass, produces slightly acidic CO2, organic acids, and complexing compounds that are carried by rainwater to lower horizons where they interact with clays and other minerals, altering the properties of the minerals. The top layer of soil, typically several inches in thickness, is known as the A horizon, or topsoil. This is the layer of maximum biological activity in the soil and contains most of the soil organic matter. Metal ions and clay particles in the A horizon are subject to considerable leaching. The next layer is the B horizon, or subsoil. It receives material such as organic matter, salts, and clay particles leached from the topsoil. The C horizon is composed of weathered parent rocks from which the soil originated.

                         [image: image68.emf]
                            Fig.4.1: Fine structure of soil, showing solid, water, and air phases
                                [image: image69.emf]
                                  Fig. 4.2: Soil profile showing soil horizons
Soils exhibit a large variety of characteristics that are used for their classification for various purposes, including crop production, road construction, and waste disposal. Soil profiles are discussed above. The parent rocks from which soils are formed obviously play a strong role in determining the composition of soils. Other soil characteristics include strength, workability, soil particle size, permeability, and degree of maturity. One of the more important classes of productive soils is the podzol type of soil formed under relatively high rainfall conditions in temperate zones of the world. These generally rich soils tend to be acidic (pH 3.5–4.5) such that alkali and alkaline earth metals and, to a lesser extent aluminum and iron, are leached from their A horizons, leaving kaolinite as the predominant clay mineral. At somewhat higher pH in the B horizons, hydrated iron oxides and clays are redeposited. From the engineering standpoint, especially, the mechanical properties of soil are emphasized. These properties, which may have important environmental implications in areas such as waste disposal, are largely determined by particle size. According to the United Classification System (UCS), the four major categories of soil particle sizes are the following: Gravels (2–60 mm) > sands (0.06–2 mm) > silts (0.06-0.006 mm) > clays (less than 0.002 mm). In the UCS classification scheme clays represent a size fraction rather than a specific class of mineral matter.

4.1.1. Water and Air in Soil

Activity:

1.  what are the effects of increasing the amount of CO2 in the soil?

2. What are the effects of decreasing or increasing H20 in the soil?

Large quantities of water are required for the production of most plant materials. For example, several hundred kg of water are required to produce one kg of dry hay. Water is part of the three-phase, solid-liquid-gas system making up soil. It is the basic transport medium for carrying essential plant nutrients from solid soil particles into plant roots and to the farthest reaches of the plant’s leaf structure (Figure 4.3). The water enters the atmosphere from the plant’s leaves, a process called transpiration. Normally, because of the small size of soil particles and the presence of small capillaries and pores in the soil, the water phase is not totally independent of soil solid matter. The availability of water to plants is governed by gradients arising from
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Fig.4.3: Plants transport water from the soil to the atmosphere by transpiration. Nutrients are also carried from the soil to the plant extremities by this process. Plants remove CO2  from the atmosphere and add O2 by photosynthesis. The reverse occurs during plant respiration.
capillary and gravitational forces. The availability of nutrient solutes in water depends upon concentration gradients and electrical potential gradients. Water present in larger spaces in soil is relatively more available to plants and readily drains away. Water held in smaller pores or between the unit layers of clay particles is held much more strongly. Soils high in organic matter may hold appreciably more water than other soils, but it is relatively less available to plants because of physical and chemical sorption of the water by the organic matter. There is a very strong interaction between clays and water in soil. Water is absorbed on the surfaces of clay particles. Because of the high surface/volume ratio of colloidal clay particles, a great deal of water may be bound in this manner. Water is also held between the unit layers of the expanding clays, such as the montmorillonite clays. As soil becomes waterlogged (water-saturated) it undergoes drastic changes in physical, chemical, and biological properties. Oxygen in such soil is rapidly used up by the respiration of microorganisms that degrade soil organic matter. In such soils, the bonds holding soil colloidal particles together are broken, which causes disruption of soil structure. Thus, the excess water in such soils is detrimental to plant growth, and the soil does not contain the air required by most plant roots. Most useful crops, with the notable exception of rice, cannot grow on waterlogged soils. One of the most marked chemical effects of waterlogging is a reduction of pE by the action of organic reducing agents acting through bacterial catalysts. Thus, the redox condition of the soil becomes much more reducing, and the soil pE may drop from that of water in equilibrium with air (+13.6 at pH 7) to 1 or less. One of the more significant results of this change is the mobilization of iron and manganese as soluble iron(II) and manganese(II) through reduction of their insoluble higher oxides:

                            MnO2 + 4H+ → Mn2+ + 2H2O

                           Fe2O3 + 6H+ + 2e- → 2Fe2+ + 3H2O 
Although soluble manganese generally is found in soil as Mn2+ ion, soluble iron(II) frequently occurs as negatively charged iron-organic chelates. Strong chelation of iron(II) by soil fulvic acids  apparently enables reduction of iron(III) oxides at more positive pE values than would otherwise be possible. This causes an upward shift in the Fe(II)-Fe(OH)3 boundary. Some soluble metal ions such as Fe2+ and Mn2+ are toxic to plants at high levels. Their oxidation to insoluble oxides may cause formation of deposits of Fe2O3 and MnO2, which clog tile drains in fields. Roughly 35% of the volume of typical soil is composed of air-filled pores. Whereas the normal dry atmosphere at sea level contains 21% O2 and 0.03% CO2 by volume, these percentages may be quite different in soil air because of the decay of organic matter:

                    (CH2O) + O2 → CO2 +H2O
This process consumes oxygen and produces CO2. As a result, the oxygen content of air in soil may be as low as 15%, and the carbon dioxide content may be several percent. Thus, the decay of organic matter in soil increases the equilibrium level of dissolved CO2 in groundwater. This lowers the pH and contributes to weathering of carbonate minerals, particularly calcium carbonate:

              CaCO3(s) + CO2 + H2O ↔ Ca2+ + 2HCO3- 

CO2 also shifts the equilibrium of the process by which roots absorb metal ions from soil.

4.1.2. The Inorganic and Organic Components of Soil

Activity: what are the factors which affect the accumulation of organic matter in soil?

The weathering of parent rocks and minerals to form the inorganic soil components results ultimately in the formation of inorganic colloids. These colloids are repositories of water and plant nutrients, which may be made available to plants as needed. Inorganic soil colloids often absorb toxic substances in soil, thus playing a role in detoxification of substances that otherwise would harm plants. The abundance and nature of inorganic colloidal material in soil are obviously important factors in determining soil productivity. The uptake of plant nutrients by roots often involves complex interactions with the water and inorganic phases. For example, a nutrient held by inorganic colloidal material has to traverse the mineral/water interface and then the water/root interface. This process is often strongly influenced by the ionic structure of soil inorganic matter. The most common elements in the earth’s crust are oxygen, silicon, aluminum, iron, calcium, sodium, potassium, and magnesium. Therefore, minerals composed of these elements — particularly silicon and oxygen — constitute most of the mineral fraction of the soil. Common soil mineral constituents are finely divided quartz (SiO2), orthoclase (KAlSi3O8), albite (NaAlSi3O8), epidote (4CaO•3(AlFe)2O3•6SiO2•H2O), geothite (FeO(OH)), magnetite (Fe3O4), calcium and magnesium carbonates (CaCO3, CaCO3•MgCO3), and oxides of manganese and titanium.

Though typically comprising less than 5% of a productive soil, organic matter largely determines soil productivity. It serves as a source of food for microorganisms, undergoes chemical reactions such as ion exchange, and influences the physical properties of soil. Some organic compounds even contribute to the weathering of mineral matter, the process by which soil is formed. For example, C2O42-, oxalate ion, produced as a soil fungi metabolite, occurs in soil as the calcium salts whewellite and weddelite. Oxalate in soil water dissolves minerals, thus speeding the weathering process and increasing the availability of nutrient ion species. This weathering process involves oxalate complexation of iron or aluminum in minerals, represented by the reaction 

         3H+ +M(OH)3(s) + 2CaC2O4(aq) → M(C2O4)2-(aq) + 2Ca2+ + 3H2O 

in which M is Al or Fe. Some soil fungi produce citric acid and other chelating organic acids which react with silicate minerals and release potassium and other nutrient metal ions held by these minerals. The strong chelating agent 2-ketogluconic acid is produced by some soil bacteria. By solubilizing metal ions, it may contribute to the weathering of minerals. It may also be involved in the release of phosphate from insoluble phosphate compounds. Biologically active components of the organic soil fraction include polysaccharides, amino sugars, nucleotides, and organic sulfur and phosphorus compounds. Humus, a water-insoluble material that biodegrades very slowly, makes up the bulk of soil organic matter. 

The accumulation of organic matter in soil is strongly influenced by temperature and by the availability of oxygen. Since the rate of biodegradation decreases with decreasing temperature, organic matter does not degrade rapidly in colder climates and tends to build up in soil. In water and in waterlogged soils, decaying vegetation does not have easy access to oxygen, and organic matter accumulates. The organic content may reach 90% in areas where plants grow and decay in soil saturated with water.  The presence of naturally occurring polynuclear aromatic (PAH) compounds is an interesting feature of soil organic matter. These compounds, some of which are carcinogenic, are discussed as air pollutants in previous Sections. PAH compounds found in soil include fluoranthene, pyrene, and chrysene. PAH compounds in soil result in part from combustion from both natural sources (grass fires) and pollutant sources. Terpenes also occur in soil organic matter. Extraction of soil with ether and alcohol yields the pigments β-carotene, chlorophyll, and xanthophyll.

4.1.3. The Soil Solution

The soil solution is the aqueous portion of soil that contains dissolved matter from soil chemical and biochemical processes in soil and from exchange with the hydrosphere and biosphere. This medium transports chemical species to and from soil particles and provides intimate contact between the solutes and the soil particles. In addition to providing water for plant growth, it is an essential pathway for the exchange of plant nutrients between roots and solid soil. Obtaining a sample of soil solution is often very difficult because the most significant part of it is bound in capillaries and as surface films. The most straightforward means is collection of drainage water. Soil solution can be isolated from moist solid soil by displacement with a water-immiscible fluid, mechanical separation by centrifugation, or pressure or vacuum treatment. Dissolved mineral matter in soil is largely present as ions. Prominent among the cations are H+, Ca2+, Mg2+, K+, Na+, and usually very low levels of Fe2+, Mn2+, and Al3+. The last three cations may be present in partially hydrolized form, such as FeOH+, or complexed by organic humic substance ligands. Anions that may be present are HCO3-, CO32-, HSO4-, SO42-, Cl-, and F-. In addition to being bound to H+ in species such as bicarbonate, anions may be complexed with metal ions, such as in AlF2+. Multivalent cations and anions form ion pairs with each other in soil solutions. Examples of these are CaSO4 and FeSO4.

4.2. CHEMICAL REACTIONS IN THE SOIL

Activity: suppose the soil in your compound is too acidic to grow crops. How can you reduce the acidity? (Use a representative chemical reaction to verify your answer)

4.2.1. Acid-base and ion-exchange reactions in the soil

One of the more important chemical functions of soils is the exchange of cations. The ability of a sediment or soil to exchange cations is expressed as the cation-exchange capacity (CEC), the number of milliequivalents(meq) of monovalent cations that can be exchanged per 100 g of soil (on a dry weight basis). The CEC should be looked upon as a conditional constant since it may vary with soil conditions such as pE and pH. Both the mineral and organic portions of soils exchange cations. Clay minerals exchange cations because of the presence of negatively charged sites on the mineral, resulting from the substitution of an atom of lower oxidation number for one of higher number, for example; magnesium for aluminum. Organic materials exchange cations because of the presence of the carboxylate group and other basic functional groups. Humus typically has a very high cation-exchange capacity. The cation-exchange capacity of peat may range from 300-400 meq/100 g. Values of cation-exchange capacity for soils with more typical levels of organic matter are around 10-30 meq/100 g.

Cation exchange in soil is the mechanism by which potassium, calcium, magnesium, and essential trace-level metals are made available to plants. When nutrient metal ions are taken up by plant roots, hydrogen ion is exchanged for the metal ions. This process, plus the leaching of calcium, magnesium, and other metal ions from the soil by water containing carbonic acid, tends to make the soil acidic:
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(H+)2 + Ca2+ + 2HCO3-
Soil acts as a buffer and resists changes in pH. The buffering capacity depends upon the type of soil.

4.2.2.  Formation of Mineral Acid in Soil

The oxidation of pyrite in soil causes formation of acid-sulfate soils sometimes called “cat clays”:

FeS2 + 7/2 O2 + H2O → Fe2+ + 2H+ + 2SO42-
Cat clay soils may have pH values as low as 3.0. These soils are formed when neutral or basic marine sediments containing FeS2 become acidic upon oxidation of pyrite when exposed to air. For example, soil reclaimed from marshlands and used for citrus groves has developed high acidity detrimental to plant growth. In addition, H2S released by reaction of FeS2 with acid is very toxic to citrus roots. Soils are tested for potential acid-sulfate formation using a peroxide test. This test consists of oxidizing FeS2 in the soil with 30% H2O2,

                            FeS2 + 15/2 H2O2 → Fe2+ + H+ + 2SO42- + 7H2O

then testing for acidity and sulfate. Appreciable levels of sulfate and a pH below 3.0 indicate potential to form acid-sulfate soils. If the pH is above 3.0, either little FeS2 is present or sufficient CaCO3 is in the soil to neutralize the H2SO4 and acidic Fe3+. Pyrite-containing mine spoils (residue left over from mining) also form soils similar to acid-sulfate soils of marine origin. In addition to high acidity and toxic H2S, a major chemical species limiting plant growth on such soils is Al(III). Aluminum ion liberated in acidic soils is very toxic to plants.

4.2.3. Adjustment of Soil Acidity

Most common plants grow best in soil with a pH near neutrality. If the soil becomes too acidic for optimum plant growth, it may be restored to productivity by liming, ordinarily through the addition of calcium carbonate:
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Ca2+ + CO2 + H2O
In areas of low rainfall, soils may become too basic (alkaline) due to the presence of basic salts such as Na2CO3. Alkaline soils may be treated with aluminum or iron sulfate, which release acid on hydrolysis:

                    2Fe3+ + 3SO42- + 6H2O → 2Fe(OH)3(s) + 6H+ + 3SO42-
Sulfur added to soils is oxidized by bacterially mediated reactions to sulfuric acid:

                   S + 3/2O2 + H2O → 2H+ + SO42-
and sulfur is used, therefore, to acidify alkaline soils. The huge quantities of sulfur now being removed from fossil fuels to prevent air pollution by sulfur dioxide may make the treatment of alkaline soils by sulfur much more attractive economically.

4.2.4. Ion Exchange Equilibria in Soil

Competition of different cations for cation exchange sites on soil cation exchangers may be described semi-quantitatively by exchange constants. For example, soil reclaimed from an area flooded with seawater will have most of its cation exchange sites occupied by Na+, and restoration of fertility requires binding of nutrient cations such as K+:
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which expresses the relative tendency of soil to retain K+ and Na+. In this equation, NK and NNa are the equivalent ionic fractions of potassium and sodium, respectively, bound to soil, and [Na+] and [K+] are the concentrations of these ions in the surrounding soil water. For example, a soil with all cation exchange sites occupied by Na+ would have a value of 1.00 for NNa; with one-half of the cation exchange sites occupied by Na+, NNa is 0.5; etc. The exchange of anions by soil is not nearly so clearly defined as is the exchange of cations. In many cases, the exchange of anions does not involve a simple ion-exchange process. This is true of the strong retention of orthophosphate species by soil. At the other end of the scale, nitrate ion is very weakly retained by the soil. Anion exchange may be visualized as occurring at the surfaces of oxides in the mineral portion of soil
At low pH, a metal oxide surface may have a net positive charge enabling it to hold anions, such as chloride, by electrostatic attraction as shown below where M represents a metal:

                                                                    [image: image80.emf]
At higher pH values, the metal oxide surface has a net negative charge due to the formation of OH- ion on the surface caused by loss of H+ from the water molecules bound to the surface:

                                                              [image: image81.emf]
In such cases, it is possible for anions such as HPO42- to displace hydroxide ion and bond directly to the oxide surface:
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4.3. MACRONUTRIENTS IN SOIL

One of the most important functions of soil in supporting plant growth is to provide essential plant nutrients—macronutrients and micronutrients. Macronutrients are those elements that occur in substantial levels in plant materials or in fluids in the plant. Micronutrients (Section 4.6) are elements that are essential only at very low levels and generally are required for the functioning of essential enzymes. The elements generally recognized as essential macronutrients for plants are carbon, hydrogen, oxygen, nitrogen, phosphorus, potassium, calcium, magnesium, and sulfur. Carbon, hydrogen, and oxygen are obtained from the atmosphere. The other essential macronutrients must be obtained from soil. Of these, nitrogen, phosphorus, and potassium are the most likely to be lacking and are commonly added to soil as fertilizers. Calcium-deficient soils are relatively uncommon. Application of lime, a process used to treat acid soils (see Section 4.3), provides a more than adequate calcium supply for plants. However, calcium uptake by plants and leaching by carbonic acid may produce a calcium deficiency in soil. Acid soils may still contain an appreciable level of calcium which, because of competition by hydrogen ion, is not available to plants. Treatment of acid soil to restore the pH to near neutrality generally remedies the calcium deficiency. In alkaline soils, the presence of high levels of sodium, magnesium, and potassium sometimes produces calcium deficiency because these ions compete with calcium for availability to plants. Most of the 2.1% of magnesium in earth’s crust is rather strongly bound in minerals. Exchangeable magnesium held by ion-exchanging organic matter or clays is considered available to plants. The availability of magnesium to plants depends upon the calcium/magnesium ratio. If this ratio is too high, magnesium may not be available to plants and magnesium deficiency results. Similarly, excessive levels of potassium or sodium may cause magnesium deficiency. Sulfur is assimilated by plants as the sulfate ion, SO42-. In addition, in areas where the atmosphere is contaminated with SO2, sulfur may be absorbed as sulfur dioxide by plant leaves. Atmospheric sulfur dioxide levels have been high enough to kill vegetation in some areas. However, some experiments designed to show SO2 toxicity to plants have resulted in increased plant growth where there was an unexpected sulfur deficiency in the soil used for the experiment.

Soils deficient in sulfur do not support plant growth well, largely because sulfur is a component of some essential amino acids and of thiamin and biotin. Sulfate ion is generally present in the soil as immobilized insoluble sulfate minerals, or as soluble salts which are readily leached from the soil and lost as soil water runoff. Unlike the case of nutrient cations such as K+, little sulfate is adsorbed to the soil (that is, bound by ion exchange binding) where it is resistant to leaching while still available for assimilation by plant roots. Soil sulfur deficiencies have been found in a number of regions of the world. Whereas most fertilizers used to contain sulfur, its use in commercial fertilizers has declined. With continued use of sulfur-deficient fertilizers, it is possible that sulfur will become a limiting nutrient in more cases. The reaction of FeS2 with acid in acid-sulfate soils may release H2S, which is very toxic to plants and which also kills many beneficial microorganisms. Toxic hydrogen sulfide can also be produced by reduction of sulfate ion through microorganism-mediated reactions with organic matter. Production of hydrogen sulfide in flooded soils may be inhibited by treatment with oxidizing compounds, one of the most effective of which is KNO3.

Nitrogen, phosphorus, and potassium are plant nutrients that are obtained from soil. They are so important for crop productivity that they are commonly added to soil as fertilizers. 

4.4. MICRONUTRIENTS IN SOIL

Activities: i) what is hyperaccumulation? What are its effects on plants?

                ii) What are the possible causes of micronutrient deficiencies in the soil?

Boron, chlorine, copper, iron, manganese, molybdenum (for N-fixation), and zinc are considered essential plant micronutrients. These elements are needed by plants only at very low levels and frequently are toxic at higher levels. There is some chance that other elements will be added to this list as techniques for growing plants in environments free of specific elements improve. Most of these elements function as components of essential enzymes. Manganese, iron, chlorine, and zinc may be involved in photosynthesis. Though not established for all plants; it is possible that sodium, silicon, and cobalt may also be essential plant nutrients. Iron and manganese occur in a number of soil minerals. Sodium and chlorine (as chloride) occur naturally in soil and are transported as atmospheric particulate matter from marine sprays. Some of the other micronutrients and trace elements are found in primary (unweathered) minerals that occur in soil. Boron is substituted isomorphically for Si in some micas and is present in tourmaline, a mineral with the formula NaMg3Al6B3Si6O27(OH,F)4. Copper is isomorphically substituted for other elements in feldspars, amphiboles, olivines, pyroxenes, and micas; it also occurs as trace levels of copper sulfides in silicate minerals. Molybdenum occurs as molybdenite (MoS2). Vanadium is isomorphically substituted for Fe or Al in oxides, pyroxenes, amphiboles, and micas. Zinc is present as the result of isomorphic substitution for Mg, Fe, and Mn in oxides, amphiboles, olivines, and pyroxenes and as trace zinc sulfide in silicates. Other trace elements that occur as specific minerals, sulfide inclusions, or by isomorphic substitution for other elements in minerals are chromium, cobalt, arsenic, selenium, nickel, lead, and cadmium.

The trace elements listed above may be coprecipitated with secondary minerals that are involved in soil formation. Such secondary minerals include oxides of aluminum, iron, and manganese (precipitation of hydrated oxides of iron and manganese very efficiently removes many trace metal ions from solution); calcium and magnesium carbonates; smectites; vermiculites; and illites.

Some plants accumulate extremely high levels of specific trace metals. Those accumulating more than 1.00 mg/g of dry weight are called hyperaccumulators. Nickel and copper both undergo hyperaccumulation in some plant species. As an example of a metal hyperaccumulater, Aeolanthus biformifolius DeWild growing in copper-rich regions of Shaba Province, Zaire, contains up to 1.3% copper (dry weight) and is known as a “copper flower”. The hyperaccumulation of metals by some plants has led to the idea of phytoremediation in which plants growing on contaminated ground accumulate metals, which are then removed with the plant biomass. Brassica juncea and Brassica chinensis (Chinese cabbage) have been shown to hyperaccumulate as much as 5 grams of uranium per kg plant dry weight when grown on uranium-contaminated soil. Uranium accumulation in the plants was enhanced by the addition of citrate, which complexes uranium and makes it more soluble.

4.5. FERTILIZERS AND SOIL POLLUTANTS

4.5.1. Fertilizers
Crop fertilizers contain nitrogen, phosphorus, and potassium as major components. Magnesium, sulfate, and micronutrients may also be added. Fertilizers are designated by numbers, such as 6-12-8, showing the respective percentages of nitrogen expressed as N (in this case 6%), phosphorus as P2O5 (12%), and potassium as K2O (8%). Farm manure corresponds to an approximately 0.5-0.24-0.5 fertilizer.

The organic fertilizers such as manure must undergo biodegradation to release the simple inorganic species (NO3-, HxPO4x - 3, K+) assimilable by plants.

Most modern nitrogen fertilizers are made by the Haber process, in which N2 and H2 are combined over a catalyst at temperatures of approximately 500°C and pressures up to 1000 atm:

                N2 + 3H2 → 2NH3                                                                
The anhydrous ammonia product has a very high nitrogen content of 82%. It may be added directly to the soil, for which it has a strong affinity because of its water solubility and formation of ammonium ion:

              NH3(g) + H2O → NH3(aq)

              NH3(aq) + H2O → NH4+ + OH-
Special equipment is required, however, because of the toxicity of ammonia gas. Aqua ammonia, a 30% solution of NH3 in water, may be used with much greater safety. It is sometimes added directly to irrigation water. It should be pointed out that ammonia vapor is toxic and NH3 is reactive with some substances. Improperly discarded or stored ammonia can be a hazardous waste. Ammonium nitrate, NH4NO3, is a common solid nitrogen fertilizer. It is made by oxidizing ammonia over a platinum catalyst, converting the nitric oxide product to nitric acid, and reacting the nitric acid with ammonia. The molten ammonium nitrate product is forced through nozzles at the top of a prilling tower and solidifies to form small pellets while falling through the tower. The particles are coated with a water repellent. Ammonium nitrate contains 33.5% nitrogen. Although convenient to apply to soil, it requires considerable care during manufacture and storage because it is explosive. Ammonium nitrate also poses some hazards. It is mixed with fuel oil to form an explosive that serves as a substitute for dynamite in quarry blasting and construction. This mixture was used to devastating effect in the dastardly bombing of the Oklahoma City Federal Building in 1995.

Urea, 
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is easier to manufacture and handle than ammonium nitrate. It is now the favored solid nitrogen-containing fertilizer. The overall reaction for urea synthesis is

                    CO2 + 2NH3 → CO(NH2)2 + H2O

involving a rather complicated process in which ammonium carbamate, chemical formula NH2CO2NH4, is an intermediate. Other compounds used as nitrogen fertilizers include sodium nitrate (obtained largely from Chilean deposits), calcium nitrate, potassium nitrate, and ammonium phosphates. Ammonium sulfate, a by-product of coke ovens, used to be widely applied as fertilizer. The alkali metal nitrates tend to make soil alkaline, whereas ammonium sulfate leaves an acidic residue. The principal mineral is fluorapatite, Ca5(PO4)3F. The phosphate from fluorapatite is relatively unavailable to plants, and fluorapatite is frequently treated with phosphoric or sulfuric acids to produce superphosphates:

                  2Ca5(PO4)3F(s) + 14H3PO4 + 10H2O → 2HF(g) +10Ca(H2PO4)2.H2O

                 2Ca5(PO4)3F(s) + 7H2SO4 + 3H2O → 2HF(g) + 3Ca(H2PO4)2.H2O + 7CaSO4
The superphosphate products are much more soluble than the parent phosphate minerals. The HF produced as a byproduct of superphosphate production can create air pollution problems. Phosphate minerals are rich in trace elements required for plant growth, such as boron, copper, manganese, molybdenum, and zinc. Ironically, these elements are lost to a large extent when the phosphate minerals are processed to make fertilizer. Ammonium phosphates are excellent, highly soluble phosphate fertilizers. Liquid ammonium polyphosphate fertilizers consisting of ammonium salts of pyrophosphate, triphosphate, and small quantities of higher polymeric phosphate anions in aqueous solution work very well as phosphate fertilizers. The polyphosphates are believed to have the additional advantage of chelating iron and other micronutrient metal ions, thus making the metals more available to plants. Potassium fertilizer components consist of potassium salts, generally KCl. Such salts are found as deposits in the ground or may be obtained from some brine. Very large deposits are found in Saskatchewan, Canada. These salts are all quite soluble in water. One problem encountered with potassium fertilizers is the luxury uptake of potassium by some crops, which absorb more potassium than is really needed for their maximum growth. In a crop where only the grain is harvested, leaving the rest of the plant in the field, luxury uptake does not create much of a problem because most of the potassium is returned to the soil with the dead plant. However, when hay or forage is harvested, potassium contained in the plant as a consequence of luxury uptake is lost from the soil.

4.5.2. SOIL POLLUTANTS 

4.5.2.1. Animal waste as soil pollutants
Activity: what is eutrophication? What problems does it create?

Livestock production generates significant amounts of environmental pollutants. Livestock manure has a very high biochemical oxygen demand and can rapidly deplete the oxygen of water when it gets into runways. Decomposition of animal waste products produces inorganic nitrogen that can contaminate water with potentially toxic nitrate. Inorganic nitrogen and phosphorus released to water from the decomposition of livestock waste can cause eutrophication of water. Nitrous oxide, N2O, released to the atmosphere from livestock waste degradation can be an air pollutant. Methane generated in the anaerobic degradation of livestock waste is a potent greenhouse gas.

4.5.2.2. Environmental wastes as soil pollutants
Soil receives large quantities of waste products. Much of the sulfur dioxide emitted in the burning of sulfur-containing fuels ends up as soil sulfate. Atmospheric nitrogen oxides are converted to nitrates in the atmosphere, and the nitrates eventually are deposited on soil. Soil sorbs NO and NO2, and these gases are oxidized to nitrate in the soil. Carbon monoxide is converted to CO2 and possibly to biomass by soil bacteria and fungi. Particulate lead from automobile exhausts is found at elevated levels in soil along heavily traveled highways. Elevated levels of lead from lead mines and smelters are found on soil near such facilities. Soil is the receptor of many hazardous wastes from landfill leachate, lagoons, and other sources. In some cases, land farming of degradable hazardous organic wastes is practiced as a means of disposal and degradation. The degradable material is worked into the soil, and soil microbial processes bring about its degradation. Sewage and fertilizer-rich sewage sludge may be applied to soil. Volatile organic compounds (VOC) such as benzene, toluene, xylenes, dichloromethane, trichloroethane, and trichloroethylene, may contaminate soil in industrialized and commercialized areas, particularly in countries in which enforcement of regulations is not very stringent. One of the more common sources of these contaminants is leaking underground storage tanks. Landfills built before current stringent regulations were enforced and improperly discarded solvents are also significant sources of soil VOCs.

Measurements of levels of polychlorinated biphenyls (PCBs) in soils that have been archived for several decades provide interesting insight into the contamination of soil by pollutant chemicals and subsequent loss of these substances from soil. This fall was accompanied by a shift in distribution to the more highly chlorinated PCBs, which was attributed by those doing the study to volatilization and long range transport of the lighter PCBs away from the soil. These trends parallel levels of PCB manufacture and use in the United Kingdom from the early 1940s to the present. This is consistent with the observation that relatively high concentrations of PCBs have been observed in remote Arctic and sub-Arctic regions, attributed to condensation in colder climates of PCBs volatilized in warmer regions.

Some pollutant organic compounds are believed to become bound with humus during the humification process that occurs in soil. This largely immobilizes and detoxifies the compounds. Binding of pollutant compounds by humus is particularly likely to occur with compounds that have structural similarities to humic substances, such as phenolic and anilinic compounds illustrated by the following two examples:
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Such compounds can become covalently bonded to humic substance molecules, largely through the action of microbial enzymes. After binding they are known as bound residues and are highly resistant to extraction with solvents by procedures that would remove unbound parent compounds. Soil receives enormous quantities of pesticides as an inevitable result of their application to crops. The degradation and eventual fate of these pesticides on soil largely determines their ultimate environmental effects. Detailed knowledge of these effects are now required for licensing of a new pesticide (in the U.S., under the Federal Insecticide, Fungicide, and Rodenticide act, FIFRA). Among the factors to be considered are the sorption of the pesticide by soil; leaching of the pesticide into water, as related to its potential for water pollution; effects of the pesticide on microorganisms and animal life in the soil; and possible production of relatively more toxic degradation products.

Adsorption by soil is a key aspect of pesticide degradation and plays a strong role in the speed and degree of degradation. The degree of adsorption and the speed and extent of ultimate degradation are influenced by a number of other factors. Some of these, including solubility, volatility, charge, polarity, and molecular structure and size, are properties of the medium. Adsorption of a pesticide by soil components may have several effects. Under some circumstances, it retards degradation by separating the pesticide from the microbial enzymes that degrade it, whereas under other circumstances the reverse is true. Purely chemical degradation reactions may be catalyzed by adsorption. Loss of the pesticide by volatilization or leaching is diminished. The toxicity of an herbicide to plants may be reduced by sorption on soil.

The forces holding a pesticide to soil particles may be of several types. Physical adsorption involves Vander Waals forces arising from dipole-dipole interactions between the pesticide molecule and charged soil particles. Ion exchange is especially effective in holding cationic organic compounds, such as the herbicide paraquat, 
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to anionic soil particles. Some neutral pesticides become cationic by protonation and are bound as the protonated positive form. Hydrogen bonding is another mechanism by which some pesticides are held to soil. In some cases a pesticide may act as a ligand coordinating to metals in soil mineral matter.

The three primary ways in which pesticides are degraded in or on soil are chemical degradation, photochemical reactions, and, most important, biodegradation. Various combinations of these processes may operate in the degradation of a pesticide.

Chemical degradation of pesticides has been observed experimentally in soils and clays sterilized to remove all microbial activity. For example, clays have been shown to catalyze the hydrolysis of o,o-dimethyl-o-2,4,5-trichlorophenyl thiophosphate (also called Trolene, Ronnel, Etrolene, or trichlorometafos), an effect attributed to -OH groups on the mineral surface:

                               [image: image86.emf]
Many other purely chemical hydrolytic reactions of pesticides occur in soil. A number of pesticides have been shown to undergo photochemical reactions, that is, chemical reactions brought about by the absorption of light. Frequently, isomers of the pesticides are formed as products. Many of the studies reported apply to pesticides in water or on thin films, and the photochemical reactions of pesticides on soil and plant surfaces remain largely a matter of speculation.

Biodegradation and the Rhizosphere

Although insects, earthworms, and plants may play roles in the biodegradation of pesticides and other pollutant organic chemicals, microorganisms have the most important role. The rhizosphere, the layer of soil in which plant roots are especially active, is a particularly important part of soil with respect to biodegradation of wastes. It is a zone of increased biomass and is strongly influenced by the plant root system and the microorganisms associated with plant roots. The rhizosphere may have more than ten times the microbial biomass per unit volume compared to nonrhizospheric zones of soil. This population varies with soil characteristics, plant and root characteristics, moisture content, and exposure to oxygen. If this zone is exposed to pollutant compounds, microorganisms adapted to their biodegradation may also be present.

Plants and microorganisms exhibit a strong synergistic relationship in the rhizosphere, which benefits the plant and enables highly elevated populations of rhizospheric microorganisms to exist. Epidermal cells sloughed from the root as it grows and carbohydrates, amino acids, and root-growth-lubricant mucigel secreted from the roots all provide nutrients for microorganism growth. Root hairs provide a hospitable biological surface for colonization by microorganisms.

The biodegradation of a number of synthetic organic compounds has been demonstrated in the rhizosphere. Understandably, studies in this area have focused on herbicides and insecticides that are widely used on crops. Among the organic species for which enhanced biodegradation in the rhizosphere has been demonstrated are the following (associated plant or crop shown in parentheses): 2,4-D herbicide (wheat, African clover, sugarcane, flax), parathion (rice, bush bean), carbofuran (rice), atrazine (corn), diazinon (wheat, corn, peas), volatile aromatic alkyl and aryl hydrocarbons and chlorocarbons (reeds), and surfactants (corn, soybean, cattails). It is interesting to note that enhanced biodegradation of polycyclic aromatic hydrocarbons (PAH) was observed in the rhizospheric zones of prairie grasses. This observation is consistent with the fact that in nature such grasses burn regularly and significant quantities of PAH compounds are deposited on soil as a result.

4.5.3. Agriculture and Health

Some authorities hold that soil has an appreciable effect upon health. An obvious way in which such an effect might be manifested is the incorporation into food of micronutrient elements essential for human health. One such nutrient (which is toxic at overdose levels) is selenium. It is definitely known that the health of animals is adversely affected in selenium-deficient areas as it is in areas of selenium excess. Human health might also be similarly affected. There are some striking geographic correlations with the occurrence of cancer, some of which may be due to soil type. A high incidence of stomach cancer occurs in areas with certain types of soil in the Netherlands, the United States, France, Wales, and Scandinavia. These soils are high in organic matter content, are acidic, and are frequently waterlogged. A “stomach cancer-prone lifestyle” has been described, which includes consumption of home-grown food, consumption of water from one’s own well, and reliance on native and uncommon foodstuffs. One possible reason for the existence of “stomach cancer-producing soils” is the production of cancer-causing secondary metabolites by plants and microorganisms. Secondary metabolites are biochemical compounds that are of no apparent use to the organism producing them. It is believed that they are formed from the precursors of primary metabolites when the primary metabolites accumulate to excessive levels. The role of soil in environmental health is not well known, nor has it been extensively studied. The amount of research on the influence of soil in producing foods that are more nutritious and lower in content of naturally occurring toxic substances is quite small compared to research on higher soil productivity. It is to be hoped that the environmental health aspects of soil and its products will receive much greater emphasis in the future.

4.5.4. Chemical Contamination

Human activities, most commonly pesticide application, may contaminate food grown on soil. An interesting example of such contamination occurred in Hawaii in early 1982.4 It was found that milk from several sources on Oahu contained very high levels of heptachlor. This pesticide causes cancer and liver disorders in mice; therefore, it is a suspected human carcinogen. Remarkably, in this case it was not until 57 days after the initial discovery that the public was informed of the contamination by the Department of Health. The source of heptachlor was traced to contaminated “green chop,” chopped-up pineapple leaves fed to cattle. Although heptachlor was banned for most applications, Hawaiian pineapple growers had obtained special federal permission to use it to control mealybug wilt. Although it was specified that green chop could not be collected within one year of the last application of the pesticide, this regulation was apparently violated, and the result was distribution of contaminated milk to consumers. In the late 1980s, Alar residues on food caused considerable controversy in the marketplace. Alar, daminozide, is a growth regulator that was widely used on apples to bring about uniform ripening of the fruit, and to improve the firmness and color of the apples. It was discontinued for this purpose after 1988 because of concerns that it might cause cancer, particularly in those children who consume relatively large amounts of apples, apple juice, and other apple products. Dire predictions were made in the industry of crop losses and financial devastation. However, the 1989 apple crop, which was the first without Alar in the U.S., had a value of $1.0 billion, only $0.1 billion less than that of the 1988 crop. Production of apples has continued since then without serious problems from the unavailability of Alar. A possible source of soil contamination results from recycling industrial wastes for fertilizer.According to data compiled by the Environmental Working Group (EWG) during the 1990s, approximately 25 million kg per year of potentially toxic wastes were used to prepare fertilizers that contained elevated levels of arsenic, cadmium, lead, radioactive materials, and dioxins. A potential source of heavy metal pollution in fertilizers is ash from furnaces used to recycle steel, commonly processed to provide zinc in zinc-deficient soils.

EXERCISES

1. Give two examples of reactions involving manganese and iron compounds that may occur in

    waterlogged soil.

 2. What temperature and moisture conditions favor the buildup of organic matter in soil?

 3. “Cat clays” are soils containing a high level of iron pyrite, FeS2. Hydrogen peroxide,

       H2O2, is added to such a soil, producing sulfate as a test for cat clays. Suggest the

       chemical reaction involved in this test.

4. What effect upon soil acidity would result from heavy fertilization with ammonium

     nitrate accompanied by exposure of the soil to air and the action of aerobic bacteria?

5. How many moles of H+ ion are consumed when 200 kilograms of NaNO3 undergo

    denitrification in soil?

6. What is the primary mechanism by which organic material in soil exchanges cations?

7. Prolonged waterlogging of soil does not (a) increase NO3- production (b) increase

    Mn2+ concentration (c) increase Fe2+ concentration (d) has harmful effects upon most 

    plants (e) increase production of NH4+  from NO3-.

8. Of the following phenomena, the one that eventually makes soil more basic is 

    (a) removal of metal cations by roots (b) leaching of soil with CO2-saturated water  

    (c) oxidation of soil pyrite  (d) fertilization with (NH4)2SO4  

    (e) fertilization with KNO3.

9. How many metric tons of farm manure are equivalent to 100 kg of 10-5-10 fertilizer?

10. How are the chelating agents that are produced from soil microorganisms involved in

      soil formation?

11. What specific compound is both a particular animal waste product and a major

       fertilizer?

12. What happens to the nitrogen/carbon ratio as organic matter degrades in soil?

13. Explain why plants grown on either excessively acidic or excessively basic soils may

      suffer from calcium deficiency.

14. What are two mechanisms by which anions may be held by soil mineral matter?

15. What are the three major ways in which pesticides are degraded in or on soil?

16. Match the soil or soil-solution constituent in the left column with the soil condition 

      described on the right, below:

     (1) High Mn2+ content in                    (a) “Cat clays” containing initially high levels

            soil solution                                         of pyrite, FeS2  
     (2) Excess H+                                     (b) Soil in which biodegradation has not occurred

     (3) High H+ and SO42-                            to a great extent   

                                                                (c) Waterlogged soil

     (4) High organic content                      (d) Soil, the fertility of which can be improved by

                                                                     adding limestone.

17. What are the processes occurring in soil that operate to reduce the harmful effects of

       pollutants?

18. Under what conditions do the reactions,

            MnO2 + 4H+ + 2e- → Mn(2+ + 2H2O and 

             Fe2O3 + 6H+ + 2e- → 2Fe2+ + 3H2O, 

      occur in soil? Name two detrimental effects that can result from these reactions.

19. What are four important effects of organic matter in soil?

20. How might irrigation water treated with fertilizer containing potassium and ammonia 

      become depleted of these nutrients in passing through humus-rich soil?

21. Match the following:

1. Subsoil                                 (a) Weathered parent rocks from which the soil originated

2. Gravels 

3. Topsoil                                 (b) Largest particle size fraction (2–60 mm) according to

4. C horizon                                   the United Classification System

                                                 (c) B horizon of soil

                                                 (d) Layer of maximum biological activity in soil that

                                                      contains most of the soil organic matter

UNIT 5
ENVIRONMENTAL TOXICITY AND CHEMICAL TOXICOLOGY

Unit objectives:

Student, after studying this you unit you should be able to:

· define what environmental toxicity is

· explain the synergic, potentiation, and antagonistic effects of toxicants

· discuss the dose-response relationships for toxic substances

· describe the relative toxic effects of toxicants 

· briefly explain what reversibility and sensitivity are in reference to exposure to toxicants

· explain hypersensitivity and hyposensitivity 

· define xenobiotic and endogenous substances

· define chemical toxicology

· understand phase i and phase ii reactions in chemical toxicology

· differentiate kinetic and dynamic phases of metabolic processes of toxicants

· discuss the manifestations(responses) of poisoning
· explain what epidemiological studies are
· outline risk assessment methods

· describe the effects of toxic elements

· describe the effects of toxic inorganic compounds

· mention toxic organometallic compounds and their effects

· understand the toxicology of organic compounds

· discuss the organonitrogen, organochlorine and organophosphorus pesticides
· discuss the natural toxic substances
5.1. TOXICOLOGY

A poison, or toxicant, is a substance that is harmful to living organisms because of its detrimental effects on tissues, organs, or biological processes. Toxicology is the science of poisons. These definitions are subject to a number of qualifications. Whether a substance is poisonous depends upon the type of organism exposed, the amount of the substance, and the route of exposure. In the case of human exposure, the degree of harm done by a poison can depend strongly upon whether the exposure is to the skin, by inhalation, or through ingestion. Toxicants, to which subjects are exposed in the environment or occupationally, may be in several different physical forms. This may be illustrated for toxicants that are inhaled. Gases are substances such as carbon monoxide in air that are normally in the gaseous state under ambient conditions of temperature and pressure. Vapors are gas-phase materials that have evaporated or sublimed from liquids or solids. Dusts are respirable solid particles produced by grinding bulk solids, whereas fumes are solid particles from the condensation of vapors, often metals or metal oxides. Mists are liquid droplets.

Often a toxic substance is in solution or mixed with other substances. A substance with which the toxicant is associated (the solvent in which it is dissolved or the solid medium in which it is dispersed) is called the matrix. The matrix may have a strong effect upon the toxicity of the toxicant. There are numerous variables related to the ways in which organisms are exposed to toxic substances. One of the most crucial of these, dose, is discussed in Section 5.2. Another important factor is the toxicant concentration, which may range from the pure substance (100%) down to a very dilute solution of a highly potent poison. Both the duration of exposure per exposure incident and the frequency of exposure are important. The rate of exposure and the total time period over which the organism is exposed are both important situational variables. The exposure site and route also affect toxicity.

It is possible to classify exposures on the basis of acute vs. chronic and local vs. systemic exposure, giving four general categories. Acute local exposure occurs at a specific location over a time period of a few seconds to a few hours and may affect the exposure site, particularly the skin, eyes, or mucous membranes. The same parts of the body can be affected by chronic local exposure, for which the time span may be as long as several years. Acute systemic exposure is a brief exposure or exposure to a single dose and occurs with toxicants that can enter the body, such as by inhalation or ingestion, and affect organs, such as the liver, those are remote from the entry site. Chronic systemic exposure differs in that the exposure occurs over a prolonged time period.
In discussing exposure sites for toxicants, it is useful to consider the major routes and sites of exposure, distribution, and elimination of toxicants in the body as shown in Figure 5.1. The major routes of accidental or intentional exposure to toxicants by humans and other animals are the skin (percutaneous route), the lungs (inhalation, respiration, pulmonary route), and the mouth (oral route); minor routes of exposure are rectal, vaginal, and parenteral (intravenous or intramuscular, a common means for the administration of drugs or toxic substances in test subjects). The way that a toxic substance is introduced into the complex system of an organism is strongly dependent upon the physical and chemical properties of the substance. The pulmonary system is most likely to take in toxic gases or very fine, respirable solid or liquid particles. In other than a respirable form, a solid usually enters the body orally. Absorption through the skin is most likely for liquids, solutes in solution, and semisolids, such as sludge.

The defensive barriers that a toxicant may encounter vary with the route of exposure. For example, toxic elemental mercury is absorbed through the alveoli in the lungs much more readily than through the skin or gastrointestinal tract. Most test exposures to animals are through ingestion or gavages (introduction into the stomach through a tube). Pulmonary exposure is often favored with subjects that may exhibit refractory behavior when noxious chemicals are administered by means requiring a degree of cooperation from the subject. Intravenous injection may be chosen for deliberate exposure when it is necessary to know the concentration and effect of a xenobiotic substance in the blood. However, pathways used experimentally that are almost certain not to be significant in accidental exposures can give misleading results when they avoid the body’s natural defense mechanisms.

An interesting historical example of the importance of the route of exposure to toxicants is provided by cancer caused by contact of coal tar with skin. The major barrier to dermal absorption of toxicants is the stratum corneum, or horny layer.
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                        Fig. 5.1: Major sites of exposure, metabolism, and storage, routes of distribution and elimination of toxic substances from the body
The permeability of skin is inversely proportional to the thickness of this layer, which varies by location on the body in the order: soles and palms > abdomen, back, legs, arms > genital (perineal) area. Evidence of the susceptibility of the genital area to absorption of toxic substances is to be found in accounts of the high incidence of cancer of the scrotum among chimney sweeps in London described by Sir Percival Pott, Surgeon General of Britain during the reign of King George III. The cancer causing agent was coal tar condensed in chimneys. This material was more readily absorbed through the skin in the genital areas than elsewhere, leading to a high incidence of scrotal cancer. (The chimney sweeps’ conditions were aggravated by their lack of appreciation of basic hygienic practices, such as bathing and regular changes of underclothing.) Organisms can serve as indicators of various kinds of pollutants. In this application, organisms are known as biomonitors. For example, higher plants, fungi, lichens, and mosses can be important biomonitors for heavy metal pollutants in the environment.

Synergism, Potentiation, and Antagonism

The biological effects of two or more toxic substances can be different in kind and degree from those of one of the substances alone. One of the ways in which this can occur is when one substance affects the way in which another undergoes any of the steps in the kinetic phase as discussed in Section 5.7. Chemical interaction between substances may affect their toxicities. Both substances may act upon the same physiologic function, or two substances may compete for binding to the same receptor (molecule or other entity acted upon by a toxicant). When substances have the same physiologic function, their effects may be simply additive or they may be synergistic (the total effect is greater than the sum of the effects of each separately). Potentiation occurs when an inactive substance enhances the action of an active one, and antagonism when an active substance decreases the effect of another active one.

5.2. DOSE-RESPONSE RELATIONSHIPS

Toxicants have widely varying effects upon organisms. Quantitatively, these variations include minimum levels at which the onset of an effect is observed, the sensitivity of the organism to small increments of toxicant, and levels at which the ultimate effect (particularly death) occurs in most exposed organisms. Some essential substances, such as nutrient minerals, have optimum ranges above and below which detrimental effects are observed (see Section 5.5 and Figure 5.4). Factors such as those just outlined are taken into account by the dose-response relationship, which is one of the key concepts of toxicology. Dose is the amount, usually per unit body mass, of a toxicant to which an organism is exposed. Response is the effect upon an organism resulting from exposure to a toxicant. In order to define a dose-response relationship, it is necessary to specify a particular response, such as death of the organism, as well as the conditions under which the response is obtained, such as the length of time from administration of the dose. Consider a specific response for a population of the same kinds of organisms. At relatively low doses, none of the organisms exhibits the response (for example, all live), whereas at higher doses all of the organisms exhibit the response (for example, all die). In between, there is a range of doses over which some of the organisms respond in the specified manner and others do not, thereby defining a dose-response curve. Dose response relationships differ among different kinds and strains of organisms, types of tissues, and populations of cells. Figure 5.2 shows a generalized dose-response curve. Such a plot may be obtained, for example, by administering different doses of a poison in a uniform manner to a homogeneous population of test animals and plotting the cumulative percentage of deaths as a function of the log of the dose. The dose corresponding to the mid-point (inflection point) of the resulting S-shaped curve is the statistical estimate of the dose that would kill 50 percent of the subjects and is designated as LD50.

The estimated doses at which 5 percent (LD5) and 95 percent (LD95) of the test subjects die are obtained from the graph by reading the dose levels for 5 percent and 95 percent fatalities, respectively. A relatively small difference between LD5 and LD95 is reflected by a steeper           S-shaped curve, and vice versa. Statistically, 68 percent of all values on a dose-response curve fall within ± 1 standard deviation of the mean at LD50 and encompass the range from LD4 to LD84
5.3. RELATIVE TOXICITIES

Activity: What is a dose-response curve?

In terms of fatal doses to an adult human of average size, a “taste” of a super toxic substance (just a few drops or less) is fatal. A teaspoonful of a very toxic substance could have the same effect. However, as much as a quart of a slightly toxic substance might be required to kill an adult human. When there is a substantial difference between LD50 values of two different substances, the one with the lower value is said to be the more potent. Such a comparison must assume that the dose-response curves for the two substances being compared have similar slopes.
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                  Fig. 5.2: Illustration of a dose-response curve in which the response is the death of the organism. The cumulative percentage of deaths of organisms is plotted on the Y axis
Nonlethal Effects

So far, toxicities have been described primarily in terms of the ultimate effect— deaths of organisms or lethality. This is obviously an irreversible consequence of exposure. In many, and perhaps most, cases, sublethal and reversible effects are of greater importance. This is obviously true of drugs, where death from exposure to a registered therapeutic agent is rare, but other effects, both detrimental and beneficial, are usually observed. By their very nature, drugs alter biological processes; therefore, the potential for harm is almost always present. The major consideration in establishing drug dose is to find a dose that has an adequate therapeutic effect without undesirable side effects. A dose-response curve can be established for a drug that progresses from noneffective levels through effective, harmful, and even lethal levels. A low slope for this curve indicates a wide range of effective dose and a wide margin of safety (see Figure 5.3). This term applies to other substances, such as pesticides, for which it is desirable to have a large difference between the dose that kills a target species and that which harms a desirable species.

5.4. REVERSIBILITY AND SENSITIVITY

Activity: Characterize the toxic effect of carbon monoxide in the body. Is its effect reversible or irreversible? Does it act on an enzyme system?

Sublethal doses of most toxic substances are eventually eliminated from an organism’s system. If there is no lasting effect from the exposure, it is said to be reversible. However, if the effect is permanent, it is termed irreversible. Irreversible effects of exposure remain after the toxic substance is eliminated from the organism. Figure 5.3 illustrates these two kinds of effects. For various chemicals and different subjects, toxic effects may range from the totally reversible to the totally irreversible.

Hypersensitivity and Hyposensitivity

Activity: What is meant by a toxicity rating of 6?
Examination of the dose-response curve shown in Figure 5.2 reveals that some subjects are very sensitive to a particular poison (for example, those killed at a dose corresponding to LD5), whereas others are very resistant to the same substance (for example, those surviving a dose corresponding to LD95). These two kinds of responses illustrate hypersensitivity and hyposensitivity, respectively; subjects in the mid-range of the dose-response curve are termed normals. These variations in response tend to complicate toxicology in that there is no specific dose guaranteed to yield a particular response, even in a homogeneous population. In some cases hypersensitivity is induced. After one or more doses of a chemical, a subject may develop an extreme reaction to it. This occurs with penicillin, for example, in cases where people develop such a severe allergic response to the antibiotic that exposure is fatal if countermeasures are not taken.

5.5. XENOBIOTIC AND ENDOGENOUS SUBSTANCES

Xenobiotic substances are those that are foreign to a living system, whereas those that occur naturally in a biologic system are termed endogenous. The levels of endogenous substances must usually fall within a particular concentration range in order for metabolic processes to occur normally. Levels below a normal range may result in a deficiency response or even death, and the same effects may occur above the normal range. This kind of response is illustrated in Figure 5.4.
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                            Fig.5.3: Effects of and responses to toxic substances
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                Fig.5.4: Biological effect of an endogenous substance in an organism showing optimum

                                 level, deficiency, and excess
Examples of endogenous substances in organisms include various hormones, glucose (blood sugar), and some essential metal ions, including Ca2+, K+, and Na+. The optimum level of calcium in human blood serum occurs over a rather narrow range of 9 – 9.5 milligrams per deciliter (mg/dL). Below these values a deficiency response known as hypocalcemia occurs, manifested by muscle cramping. At serum levels above about 10.5 mg/dL hypercalcemia occurs, the major effect of which is kidney malfunction.

5.6. TOXICOLOGICAL CHEMISTRY

Activity: Name and describe the science that deals with the chemical nature and reactions of toxic substances, including their origins, uses, and chemical aspects of exposure, fates, and disposal.

In toxicological chemistry, we study the chemical nature and reactions of toxic substances, including their origins, uses, and chemical aspects of exposure, fates, and disposal. Toxicological chemistry addresses the relationships between the chemical properties and molecular structures of molecules and their toxicological effects. Figure 5.5 outlines the terms discussed above and the relationships among them.
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               Fig. 5.5: Toxicology is the science of poisons. Toxicological chemistry relates toxicology to

                              the chemical nature of toxicants.

Toxicants in the Body

The processes by which organisms metabolize xenobiotic species are enzyme-catalyzed Phase I and Phase II reactions, which are described briefly here.

Activity: What are Phase I reactions? What enzyme system carries them out? Where is this enzyme system located in the cell?
Phase I Reactions

Lipophilic xenobiotic species in the body tend to undergo Phase I reactions that make them more water-soluble and reactive by the attachment of polar functional groups, such as –OH (Figure 5.6). Most Phase I processes are “microsomal mixedfunction oxidase” reactions catalyzed by the cytochrome P-450 enzyme system associated with the endoplasmic reticulum of the cell and occurring most abundantly in the liver of vertebrates. 

Activity: How are conjugating agents and Phase II reactions involved with some toxicants?

Phase II Reactions

A Phase II reaction occurs when an endogenous species is attached by enzyme action to a polar functional group which often, though not always, is the result of a Phase I reaction on a xenobiotic species. Phase II reactions are called conjugation reactions in which enzymes attach conjugating agents to xenobiotics, their Phase I reaction products, and nonxenobiotic compounds (Figure 5.7). The conjugation product of such a reaction is usually less toxic than the original xenobiotic compound, less lipid-soluble, more water-soluble, and more readily eliminated from the body. The major conjugating agents and the enzymes that catalyze their Phase II reactions are glucuronide (UDP glucuronyltransferase enzyme), glutathione (glutathionetransferase enzyme), sulfate (sulfotransferase enzyme), and acetyl(acetylation by acetyltransferase enzymes). The most abundant conjugation products are glucuronides. 
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                                            Fig. 5.6: Illustration of Phase I reactions
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                                Fig. 5.7: Illustration of Phase II reactions
5.7. KINETIC PHASE AND DYNAMIC PHASE
Kinetic Phase

The major routes and sites of absorption, metabolism, binding, and excretion of toxic substances in the body are illustrated in Figure 5.1. Toxicants in the body are metabolized, transported, and excreted; they have adverse biochemical effects; and they cause manifestations of poisoning. It is convenient to divide these processes into two major phases, a kinetic phase and a dynamic phase.

In the kinetic phase, a toxicant or the metabolic precursor of a toxic substance (protoxicant) may undergo absorption, metabolism, temporary storage, distribution, and excretion. A toxicant that is absorbed may be passed through the kinetic phase unchanged as an active parent compound, metabolized to a detoxified metabolite that is excreted, or converted to a toxic active metabolite. These processes occur through Phase I and Phase II reactions discussed above.

Dynamic Phase

Activity: What are the three major subdivisions of the dynamic phase of toxicity, and what happens in each?

In the dynamic phase (Figure 5.8) a toxicant or toxic metabolite interacts with cells, tissues, or organs in the body to cause some toxic response. The three major subdivisions of the dynamic phase are the following:

• Primary reaction with a receptor or target organ

• A biochemical response

• Observable effects.

Primary Reaction in the Dynamic Phase

A toxicant or an active metabolite reacts with a receptor. The process leading to a toxic response is initiated when such a reaction occurs. A typical example is when benzene epoxide, the initial product of the Phase I reaction of benzene forms an adduct with a nucleic acid unit in DNA (receptor) resulting in alteration of the DNA. (Many species that cause a toxic response are reactive intermediates, such as benzene epoxide, which have a brief lifetime but a strong tendency to undergo reactions leading to a toxic response while they are around.)

This reaction is an irreversible reaction between a toxicant and a receptor. A reversible reaction that can result in a toxic response is illustrated by the binding between carbon monoxide and oxygen-transporting hemoglobin (Hb) in blood:

                                                              O2COHb + O(Hb + CO → 2   

Biochemical Effects in the Dynamic Phase

The binding of a toxicant to a receptor may result in some kind of biochemical effect. The major ones are the following:

• Impairment of enzyme function by binding to the enzyme, coenzymes, metal activators of

  enzymes, or enzyme substrates

• Alteration of cell membrane or carriers in cell membranes

• Interference with carbohydrate metabolism

• Interference with lipid metabolism resulting in excess lipid accumulation (“fatty liver”)

• Interference with respiration, the overall process by which electrons are transferred to molecular

  oxygen in the biological oxidation of energy yielding substrates

• Stopping or interfering with protein biosynthesis by their action on DNA

• Interference with regulatory processes mediated by hormones or enzymes.
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                                   Fig. 5.8: The dynamic phase of toxicant action
Responses to Toxicants

Among the more immediate and readily observed manifestations of poisoning are alterations in the vital signs of temperature, pulse rate, respiratory rate, and blood pressure. Poisoning by some substances may cause an abnormal skin color (jaundiced, yellow skin from CCl4 poisoning) or excessively moist or dry skin.

Toxic levels of some materials or their metabolites cause the body to have unnatural odors, such as the bitter almond odor of HCN in tissues of victims of cyanide poisoning. Symptoms of poisoning manifested in the eye include miosis (excessive or prolonged contraction of the eye pupil), mydriasis (excessive pupil dilation), conjunctivitis (inflammation of the mucus membrane that covers the front part of the eyeball and the inner lining of the eyelids) and nystagmus (involuntary movement of the eyeballs). Some poisons cause a moist condition of the mouth, whereas others cause a dry mouth. Gastrointestinal tract effects including pain, vomiting, or paralytic ileus (stoppage of the normal peristalsis movement of the intestines) occur as a result of poisoning by a number of toxic substances. Central nervous system poisoning may be manifested by convulsions, paralysis, hallucinations, and ataxia (lack of coordination of voluntary movements of the body), as well as abnormal behavior, including agitation, hyperactivity, disorientation, and delirium. Severe poisoning by some substances, including organophosphates and carbamates, causes coma, the term used to describe a lowered level of consciousness.

Prominent among the more chronic responses to toxicant exposure are mutations, cancer, and birth defects and effects on the immune system. Other observable effects, some of which may occur soon after exposure, include gastrointestinal illness, cardiovascular disease, hepatic (liver) disease, renal (kidney) malfunction, neurologic symptoms (central and peripheral nervous systems), and skin abnormalities (rash, dermatitis). Often the effects of toxicant exposure are subclinical in nature. The most common of these are some kinds of damage to the immune system, chromosomal abnormalities, modification of functions of liver enzymes, and slowing of conduction of nerve impulses.

5.8. HEALTH HAZARDS

In recent years, attention in toxicology has shifted away from readily recognized, usually severe, acute maladies that developed on a short time scale as a result of brief, intense exposure to toxicants, toward delayed, chronic, often less severe illnesses caused by long-term exposure to low levels of toxicants. Although the total impact of the latter kinds of health effects may be substantial, their assessment is very difficult because of factors such as uncertainties in exposure, low occurrence above background levels of disease, and long latency periods.

5.9. TOXIC ELEMENTS 

Ozone

Ozone has several toxic effects. Air containing 1 ppm (parts per million) by volume of ozone has a distinct odor. Inhalation of ozone at this level causes severe irritation and headache. Ozone irritates the eyes, upper respiratory system, and lungs. Inhalation of ozone can sometimes cause fatal pulmonary edema. Pulmonary refers to lungs and edema to an accumulation of fluid in tissue spaces; therefore, pulmonary edema is an abnormal accumulation of fluid in lung tissue.

Chromosomal damage has been observed in subjects exposed to ozone. Ozone generates free radicals in tissue. These reactive species can cause lipid peroxidation, oxidation of sulfhydryl      (–SH) groups, and other destructive oxidation processes. Compounds that protect organisms from the effects of ozone include radical scavengers, antioxidants, and compounds containing sulfhydryl groups.

White Phosphorus

Elemental white phosphorus can enter the body by inhalation, by skin contact, or orally. It is a systemic poison, that is, one that is transported through the body to sites remote from its entry site. White phosphorus causes anemia, gastrointestinal system dysfunction, bone brittleness, and eye damage. Exposure also causes posy jaw, a condition in which the jawbone deteriorates and becomes fractured.

Elemental Halogens

Elemental fluorine (F2) is a pale yellow, highly reactive gas that is a strong oxidant. It is a toxic irritant and attacks skin, eye tissue, and the mucous membranes of the nose and respiratory tract. Chlorine (Cl2) gas reacts in water to produce a strongly oxidizing solution. This reaction is responsible for some of the damage caused to the moist tissue lining the respiratory tract when the tissue is exposed to chlorine. The respiratory tract is rapidly irritated by exposure to 10-20 ppm of chlorine gas in air, causing acute discomfort that warns of the presence of the toxicant. Even brief exposure to 1,000 ppm of Cl2 can be fatal.

Bromine (Br2) is a volatile, dark red liquid that is toxic when inhaled or ingested. Like chlorine and fluorine, it is strongly irritating to the mucous tissue of the respiratory tract and eyes and may cause pulmonary edema. The toxicological hazard of bromine is limited somewhat because its irritating odor elicits a withdrawal response.

Elemental solid iodine (I2) is irritating to the lungs much like bromine or chlorine. However, the relatively low vapor pressure of iodine limits exposure to I2 vapor.

Heavy Metals

Heavy metals  are toxic in their chemically combined forms and some, notably mercury, are toxic in the elemental form. The toxic properties of some of the most hazardous heavy metals and metalloids are discussed here. Although not truly a heavy metal, beryllium (atomic mass 9.01) is one of the more hazardous toxic elements. Its most serious toxic effect is berylliosis, a condition manifested by lung fibrosis and pneumonitis, which may develop after a latency period of 5-20 years. Berylliumis is a hypersensitizing agent and exposure to it causes skin granulomas and ulcerated skin. Beryllium was used in the nuclear weapons program in the U. S., and it is believed that 500 to 1000 cases of beryllium poisoning have occurred or will occur in the future as a result of exposure to workers. In July 1999, the U. S. Department of Energy acknowledged these cases of beryllium poisoning and announced proposed legislation to compensate the victims in a program expected to cost up to $15 million at its peak.

Cadmium adversely affects several important enzymes; it can also cause painful osteomalacia (bone disease) and kidney damage. Inhalation of cadmium oxide dusts and fumes results in cadmium pneumonitis characterized by edema and pulmonary epithelium necrosis (death of tissue lining lungs).

Lead, widely distributed as metallic lead, inorganic compounds, and organometallic compounds, has a number of toxic effects, including inhibition of the synthesis of hemoglobin. It also adversely affects the central and peripheral nervous systems and the kidneys. Its toxicological effects have been widely studied.

Arsenic is a metalloid which forms a number of toxic compounds. The toxic +3 oxide, As2O3, is absorbed through the lungs and intestines. Biochemically, arsenic acts to coagulate proteins, forms complexes with coenzymes, and inhibit the production of adenosine triphosphate (ATP) in essential metabolic processes involving the utilization of energy. Arsenic is the toxic agent in one of the great environmental catastrophes of the last century, the result of its ingestion through well water in Bangladesh.  Several million of the wells in question were installed in Bangladesh starting in the 1970s using funds provided by the United Nations Children’s Fund (UNICEF). Providing an abundant source of microbiologically safe drinking water, they were very successful in reducing water-borne diseases, especially cholera and dysentery. In 1992 a problem with arsenic contamination of many of the wells was shown to exist, and since that time tens of thousands of people have exhibited symptoms of arsenicosis, manifested by skin discoloration and other symptoms. It is likely that many more people in Bangladesh will become ill and die prematurely from arsenic poisoning.

Elemental mercury vapor can enter the body through inhalation and be carried by the bloodstream to the brain where it penetrates the blood-brain barrier. It disrupts metabolic processes in the brain causing tremor and psychopathological symptoms such as shyness, insomnia, depression, and irritability. Divalent ionic mercury, Hg2+, damages the kidney. Organometallic mercury compounds such as dimethylmercury, Hg (CH3)2, are also very toxic.

5.10. TOXIC INORGANIC COMPOUNDS

Cyanide

Both hydrogen cyanide (HCN) and cyanide salts (which contain CN¯ ion) are rapidly acting poisons; a dose of only 60–90 mg is sufficient to kill a human. Metabolically, cyanide bonds to iron (III) in iron-containing ferricytochrome oxidase enzyme preventing its reduction to iron(II) in the oxidative phosphorylation process by which the body utilizes O2. This prevents utilization of oxygen in cells, so that metabolic processes cease.

Carbon Monoxide

Carbon monoxide, CO, is a common cause of accidental poisonings. At CO levels in air of 10 parts per million (ppm), impairment of judgment and visual perception occur; exposure to 100 ppm causes dizziness, headache, and weariness; loss of consciousness occurs at 250 ppm; and inhalation of 1,000 ppm results in rapid death. Chronic long-term exposures to low levels of carbon monoxide are suspected of causing disorders of the respiratory system and the heart.

After entering the blood stream through the lungs, carbon monoxide reacts with hemoglobin (Hb) to convert oxyhemoglobin (O2Hb) to carboxyhemoglobin (COHb):

O2Hb + CO → COHb + O(2 

In this case, hemoglobin is the receptor (Section 5.7) acted on by the carbon monoxide toxicant. Carboxyhemoglobin is much more stable than oxyhemoglobin so that its formation prevents hemoglobin from carrying oxygen to body tissues.

Nitrogen Oxides

The two most common toxic oxides of nitrogen are NO and NO2, of which the latter is regarded as the more toxic. Nitrogen dioxide causes severe irritation of the innermost parts of the lungs resulting in pulmonary edema. In cases of severe exposures, fatal bronchiolitis fibrosa obliterans may develop approximately three weeks after exposure to NO2. Fatalities may result from even brief periods of inhalation of air containing 200–700 ppm of NO2. Biochemically, NO2 disrupts lactic dehydrogenase and some other enzyme systems, possibly acting much like ozone, a stronger oxidant. Free radicals, particularly HO·, are likely formed in the body by the action of nitrogen dioxide and the compound probably causes lipid peroxidation in which the C=C double bonds in unsaturated body lipids are attacked by free radicals and undergo chain reactions in the presence of O2, resulting in their oxidative destruction.

Nitrous oxide, N2O is used as an oxidant gas and in dental surgery as a general anesthetic. This gas was once known as “laughing gas,” and was used in the late 1800s as a “recreational gas” at parties held by some of our not-so-staid Victorian ancestors. Nitrous oxide is a central nervous system depressant and can act as an asphyxiant.

Hydrogen Halides

Hydrogen halides (general formula HX, where X is F, Cl, Br, or I) are relativelytoxic gases. The most widely used of these gases are HF and HCl; their toxicities are discussed here.

Hydrogen fluoride, (HF, mp -83.1°C, bp 19.5°C) is used as a clear, colorless liquid or gas or as a 30–60% aqueous solution of hydrofluoric acid, both referred to here as HF. Both are extreme irritants to any part of the body that they contact, causing ulcers in affected areas of the upper respiratory tract. Lesions caused by contact with HF heal poorly, and tend to develop gangrene.

Fluoride ion, F¯, is toxic in soluble fluoride salts, such as NaF, causing fluorosis, a condition characterized by bone abnormalities and mottled, soft teeth. Livestock are especially susceptible to poisoning from fluoride fallout on grazing land; severely afflicted animals become lame and even die. Industrial pollution has been a common source of toxic levels of fluoride. However, about 1 ppm of fluoride used in some drinking water supplies prevents tooth decay.

Gaseous hydrogen chloride and its aqueous solution, called hydrochloric acid, both denoted as HCl, are much less toxic than HF. Hydrochloric acid is a natural physiological fluid present as a dilute solution in the stomachs of humans and other animals. However, inhalation of HCl vapor can cause spasms of the larynx as well as pulmonary edema and even death at high levels. The high affinity of hydrogen chloride vapor for water tends to dehydrate eye and respiratory tract tissue.

Inorganic Compounds of Silicon

Silica (SiO2, quartz) occurs in a variety of types of rocks such as sand, sandstone, and diatomaceous earth. Silicosis resulting from human exposure to silica dust from construction materials, sandblasting, and other sources has been a common occupational disease. A type of pulmonary fibrosis that causes lung nodules and makes victims more susceptible to pneumonia and other lung diseases, silicosis is one of the most common disabling conditions resulting from industrial exposure to hazardous substances. It can cause death from insufficient oxygen, or from heart failure in severe cases.

Silane, SiH4, and disilane, H3SiSiH3, are examples of inorganic silanes, which have H-Si bonds. Numerous organic (“organometallic”) silanes exist in which alkyl moieties are substituted for hydrogen. Little information is available regarding the toxicities of silanes. 

Silicon tetrachloride, SiCl4, is the only industrially significant compound of the silicon tetrahalides, a group of compounds with the general formula SiX4, where X is a halogen. The two commercially produced silicon halohydrides, general formula H4-x SiXx, are dichlorosilane (SiH2Cl2) and trichlorosilane, (SiHCl3). These compounds are used as intermediates in the synthesis of organosilicon compounds and in the production of high-purity silicon for semiconductors. Silicon tetrachloride and trichlorosilane, fuming liquids which react with water to give off HCl vapor, have suffocating odors and are irritants to eye, nasal, and lung tissue.

Asbestos

Asbestos is the name given to a group of fibrous silicate minerals, typically those of the serpentine group, for which the approximate chemical formula is Mg3(Si2O5)(OH)4. Asbestos has been widely used in structural materials, brake linings, insulation, and pipe manufacture. Inhalation of asbestos may cause asbestosis (a pneumonia condition), mesothelioma (tumor of the mesothelial tissue lining the chest cavity adjacent to the lungs), and bronchogenic carcinoma (cancer originating with the air passages in the lungs) so that uses of asbestos have been severely curtailed and widespread programs have been undertaken to remove the material from buildings.

Inorganic Phosphorus Compounds

Phosphine (PH3), a colorless gas that undergoes autoignition at 100°C, is a potential hazard in industrial processes and in the laboratory. Symptoms of poisoning from potentially fatal phosphine gas include pulmonary tract irritation, depression of the central nervous system, fatigue, vomiting, and difficult, painful breathing.

Tetraphosphorus decoxide, P4O10, is produced as a fluffy white powder from the combustion of elemental phosphorus and reacts with water from air to form syrupy orthophosphoric acid. Because of the formation of acid by this reaction and its dehydrating action, P4O10 is a corrosive irritant to skin, eyes and mucous membranes.

The most important of the phosphorus halides, general formulas PX3 and PX5, is phosphorus pentachloride used as a catalyst in organic synthesis, as a chlorinating agent, and as a raw material to make phosphorus oxychloride (POCl3). Because they react violently with water to produce the corresponding hydrogen halides and oxo phosphorus acids, the phosphorus halides are strong irritants to eyes, skin, and mucous membranes.

PCl5 + 4H2O →H3PO4 + 5HCl 

The major phosphorus oxyhalide in commercial use is phosphorus oxychloride (POCl3), a faintly yellow fuming liquid. Reacting with water to form toxic vapors of hydrochloric acid and phosphorous acid (H3PO3), phosphorus oxyhalide is a strong irritant to the eyes, skin, and mucous membranes.

Inorganic Compounds of Sulfur

A colorless gas with a foul, rotten-egg odor, hydrogen sulfide is very toxic. In some cases inhalation of H2S kills faster than even hydrogen cyanide; rapid death ensues from exposure to air containing more than about 1000 ppm H2S due to asphyxiation from respiratory system paralysis. Lower doses cause symptoms that include headache, dizziness, and excitement due to damage to the central nervous system. General debility is one of the numerous effects of chronic H2S poisoning.

Sulfur dioxide, SO2, dissolves in water, to produce sulfurous acid, H2SO3; hydrogen sulfite ion, HSO3-; and sulfite ion, SO32-. Because of its water solubility, sulfur dioxide is largely removed in the upper respiratory tract. It is an irritant to the eyes, skin, mucous membranes, and respiratory tract. Some individuals are hypersensitive to sodium sulfite (Na2SO3), which has been used as a chemical food preservative. Because of threats to hypersensitive individuals, these uses were severely restricted in the U.S. in early 1990.

Number-one in synthetic chemical production, sulfuric acid (H2SO4) is a severely corrosive poison and dehydrating agent in the concentrated liquid form; it readily penetrates skin to reach subcutaneous tissue causing tissue necrosis with effects resembling those of severe thermal burns. Sulfuric acid fumes and mists irritate eye and respiratory tract tissue, and industrial exposure has even caused tooth erosion in workers.

Organometallic Compounds

The toxicological properties of some organometallic compounds—pharmaceutical organoarsenicals, organomercury fungicides, and tetraethyllead antiknock gasoline additives—that have been used for many years are well known. However, toxicological experience is lacking for many relatively new organometallic compounds that are now being used in semiconductors, as catalysts, and for chemical synthesis, so they should be treated with great caution until proven safe. Organometallic compounds often behave in the body in ways totally unlike the inorganic forms of the metals that they contain. This is due in large part to the fact that compared to inorganic forms; organometallic compounds have an organic nature and higher lipid solubility.
Organolead Compounds

Perhaps the most notable toxic organometallic compound is tetraethyllead, Pb(C2H5)4, a colorless, oily liquid that was widely used as a gasoline additive to boost octane rating. Tetraethyllead has a strong affinity for lipids and can enter the body by all three common routes of inhalation, ingestion, and absorption through the skin. Acting differently from inorganic compounds in the body, it affects the central nervous system with symptoms such as fatigue, weakness, restlessness, ataxia, psychosis, and convulsions. Recovery from severe lead poisoning tends to be slow. In cases of fatal tetraethyllead poisoning, death has occurred as soon as one or two days after exposure.

Organotin Compounds

The greatest number of organometallic compounds in commercial use is those of tin—tributyltin chloride and related tributyltin (TBT) compounds. These compounds have bactericidal, fungicidal, and insecticidal properties. They have particular environmental significance because of their widespread applications as industrial biocides, now increasingly limited because of their environmental and toxicological effects. Organotin compounds are readily absorbed through the skin, sometimes causing a skin rash. They probably bind with sulfur groups on proteins and appear to interfere with mitochondrial function.

Carbonyls

Metal carbonyls, regarded as extremely hazardous because of their toxicities include nickel tetracarbonyl (Ni(CO)4), cobalt carbonyl, and iron pentacarbonyl. Some of the hazardous carbonyls are volatile and readily taken into the body through the respiratory tract or through the skin. The carbonyls affect tissue directly and they break down to toxic carbon monoxide and products of the metal, which have additional toxic effects.

Reaction Products of Organometallic Compounds

An example of the production of a toxic substance from the burning of an organometallic compound is provided by the combustion of diethylzinc:

            Zn(C2H5)2 + 7O2 → ZnO(s) + 5H2O(g) + 4CO2(g) 

Zinc oxide is used as a healing agent and food additive. However, inhalation of zinc oxide fume particles produced by the combustion of zinc organometallic compounds causes zinc metal fume fever. This is an uncomfortable condition characterized by elevated temperature and “chills.”

5.11. TOXICOLOGY OF ORGANIC COMPOUNDS

Alkane Hydrocarbons

Gaseous methane, ethane, propane, n-butane, and isobutane (both C4H10) are regarded as simple asphyxiants that form mixtures with air containing insufficient oxygen to support respiration. The most common toxicological occupational problem associated with the use of hydrocarbon liquids in the workplace is dermatitis, caused by dissolution of the fat portions of the skin and characterized by inflamed, dry, scaly skin. Inhalation of volatile liquid 5–8 carbon n-alkanes and branched-chain alkanes may cause central nervous system depression manifested by dizziness and loss of coordination. Exposure to n-hexane and cyclohexane results in loss of myelin (a fatty substance constituting a sheath around certain nerve fibers) and degeneration of axons (part of a nerve cell through which nerve impulses are transferred out of the cell). This has resulted in multiple disorders of the nervous system (polyneuropathy) including muscle weakness and impaired sensory function of the hands and feet. In the body, n-hexane is metabolized to 

2,5-hexanedione:
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This Phase I oxidation product can be observed in urine of exposed individuals and is used as a biological monitor of exposure to n-hexane.5

Alkene and Alkyne Hydrocarbons

Ethylene, a widely used colorless gas with a somewhat sweet odor, acts as a simple asphyxiant and anesthetic to animals and is phytotoxic (toxic to plants). The toxicological properties of propylene (C3H6) are very similar to those of ethylene. Colorless, odorless, gaseous 1,3-butadiene is an irritant to eyes and respiratory system mucous membranes; at higher levels it can cause unconsciousness and even death. Acetylene, C2H2, is a colorless gas with a garlic odor. It acts as an asphyxiant and narcotic, causing headache, dizziness, and gastric disturbances. Some of these effects may be due to the presence of impurities in the commercial product.

Benzene and Aromatic Hydrocarbons

Inhaled benzene is readily absorbed by blood, from which it is strongly taken up by fatty tissues. For the non-metabolized compound, the process is reversible and benzene is excreted through the lungs. As shown in Figure 5.9, benzene is converted to phenol by a Phase I oxidation reaction (see Section 5.6) in the liver.
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             Fig. 5.9:  Conversion of benzene to phenol in the body.

The reactive and short-lived benzene epoxide intermediate known to occur in this reaction is probably responsible for much of the unique toxicity of benzene, which involves damage to bone marrow. In addition to phenol, several other oxygenated derivatives of benzene are produced when it is metabolized, as is trans,transmuconic acid, produced by cleavage of the benzene ring.6

Benzene is a skin irritant, and progressively higher local exposures can cause skin redness (erythema), burning sensations, fluid accumulation (edema), and blistering. Inhalation of air containing about 7 g/m3 of benzene causes acute poisoning within an hour because of a narcotic effect upon the central nervous system manifested progressively by excitation, depression, respiratory system failure, and death. Inhalation of air containing more than about 60 g/m3 of benzene can be fatal within a few minutes. Long-term exposures to lower levels of benzene cause nonspecific symptoms, including fatigue, headache, and appetite loss. Chronic benzene poisoning causes blood abnormalities, including a lowered white cell count, an abnormal increase in blood lymphocytes (colorless corpuscles introduced to the blood from the lymph glands), anemia, a decrease in the number of blood platelets required for clotting (thrombocytopenia), and damage to bone marrow. It is thought that preeukemia, leukemia, or cancer may result.

Oxygen-Containing Organic Compounds

Alcohols

Human exposure to the three light alcohols shown in Figure 5.10 is common because they are widely used industrially and in consumer products.
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Fig. 5.10: Alcohols such as these three compounds are oxygenated compounds in which the hydroxyl functional group is attached to an alkyl or alkenyl hydrocarbon skeleton.

Methanol, which has caused many fatalities when ingested accidentally or consumed as a substitute for beverage ethanol, is metabolically oxidized to formaldehyde and formic acid. In addition to causing acidosis, these products affect the central nervous system and the optic nerve. Acute exposure to lethal doses causes an initially mild inebriation, followed in about 10–20 hours by unconsciousness, cardiac depression, and death. Sub-lethal exposures can cause blindness from deterioration of the optic nerve and retinal ganglion cells. Inhalation of methanol fumes may result in chronic, low-level exposure. Ethanol is usually ingested through the gastrointestinal tract, but can be absorbed as vapor by the alveoli of the lungs. Ethanol is oxidized metabolically more rapidly than methanol, first to acetaldehyde (discussed later in this section), then to CO2.

Ethanol has numerous acute effects resulting from central nervous system depression. These range from decreased inhibitions and slowed reaction times at 0.05% blood ethanol, through intoxication, stupor, and—at more than 0.5% blood ethanol—death. Ethanol also has a number of chronic effects, of which the addictive condition of alcoholism and cirrhosis of the liver are the most prominent. Despite its widespread use in automobile cooling systems, exposure to ethylene glycol is limited by its low vapor pressure. However, inhalation of droplets of ethylene glycol can be very dangerous. In the body, ethylene glycol initially stimulates the central nervous system, and then depresses it. Glycolic acid, chemical formula HOCH2CO2H, formed as an intermediate metabolite in the metabolism of ethylene glycol, may cause acidemia, and oxalic acid produced by further oxidation may precipitate in the kidneys as solid calcium oxalate, CaC2O4, causing clogging. Of the higher alcohols, 1-butanol is an irritant, but its toxicity is limited by its low vapor pressure. Unsaturated (alkenyl) allyl alcohol, CH2=CHCH2OH, has a pungent odor and is strongly irritating to eyes, mouth, and lungs.

Phenols

Figure 5.11 shows some of the more important phenolic compounds, aryl analogs of alcohols which have properties much different from those of the aliphatic and olefinic alcohols. Nitro groups (–NO2) and halogen atoms (particularly Cl) bonded to the aromatic rings strongly affect the chemical and toxicological behavior of phenolic compounds. Although the first antiseptic used on wounds and in surgery, phenol is a protoplasmic poison that damages all kinds of cells and is alleged to have caused “an astonishing number of poisonings” since it came into general use.8 The acute toxicological effects of phenol are largely upon the central nervous system and death can occur as soon as one-half hour after exposure. Acute poisoning by phenol can cause severe gastrointestinal disturbances, kidney malfunction, circulatory system failure, lung edema, and convulsions. Fatal doses of phenol may be absorbed through the skin. Key organs damaged by chronic phenol exposure include the spleen, pancreas, and kidneys. The toxic effects of other phenols resemble those of phenol.
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          Fig. 5.11:  Some phenols and phenolic compounds
Aldehydes and Ketones

Aldehydes and ketones are compounds that contain the carbonyl (C=O) group, as shown by the examples in Figure 5.12.
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Fig. 5.12: Commercially and toxicologically significant aldehydes and ketones
Formaldehyde is uniquely important because of its widespread use and toxicity. In the pure form, formaldehyde is a colorless gas with a pungent, suffocating odor. It is commonly encountered as formalin, a 37–50% aqueous solution of formaldehyde containing some methanol. Exposure to inhaled formaldehyde via the respiratory tract is usually due to molecular formaldehyde vapor, whereas exposure by other routes is usually due to formalin. Prolonged, continuous exposure to formaldehyde can cause hypersensitivity. A severe irritant to the mucous membrane linings of both the respiratory and alimentary tracts, formaldehyde reacts strongly with functional groups in molecules. Formaldehyde has been shown to be a lung carcinogen in experimental animals. The toxicity of formaldehyde is largely due to its metabolic oxidation product, formic acid (see below). The lower aldehydes are relatively water-soluble and intensely irritating. These compounds attack exposed moist tissue, particularly the eyes and mucous membranes of the upper respiratory tract. (Some of the irritating properties of photochemical smog are due to the presence of aldehydes.) However, aldehydes that are relatively less soluble can penetrate further into the respiratory tract and affect the lungs. Colorless, liquid acetaldehyde is relatively less toxic than acrolein and acts as an irritant and systemically as a narcotic to the central nervous system. Extremely irritating, lachrimating acrolein vapor has a choking odor and inhalation of it can cause severe damage to respiratory tract membranes. Tissue exposed to acrolein may undergo severe necrosis, and direct contact with the eye can be especially hazardous. The ketones shown in Figure 5.12 are relatively less toxic than the aldehydes.  Pleasant-smelling acetone can act as a narcotic; it causes dermatitis by dissolving fats from skin. Not many toxic effects have been attributed to methyl ethyl ketone. It is suspected of having caused neuropathic disorders in shoe factory workers.

Organonitrogen Compounds

Organonitrogen compounds constitute a large group of compounds with diverse toxicities. Examples of several of the kinds of organonitrogen compounds discussed here are given in Figure 5.13.
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                       Fig. 5.13: Some toxicologically significant organonitrogen compounds
Aliphatic Amines

The lower amines, such as the methylamines, are rapidly and easily taken into the body by all common exposure routes. They are basic and react with water in tissue: 

                               R3N + H2R(O → 3NH+ + OH- 

raising the pH of the tissue to harmful levels, acting as corrosive poisons (especially to sensitive eye tissue), and causing tissue necrosis at the point of contact. Among the systemic effects of amines are necrosis of the liver and kidneys, lung hemorrhage and edema, and sensitization of the immune system. The lower amines are among the more toxic substances in routine, large-scale use. Ethylenediamine is the most common of the alkyl polyamines, compounds in which two or more amino groups are bonded to alkane moieties. Its toxicity rating is only 3, but it is a strong skin sensitizer and can damage eye tissue.

Carbocyclic Aromatic Amines

Aniline is a widely used industrial chemical and is the simplest of the carbocyclic aromatic amines, a class of compounds in which at least one substituent group is an aromatic hydrocarbon ring bonded directly to the amino group. There are numerous compounds with many industrial uses in this class of amines. Some of the carbocyclic aromatic amines have been shown to cause cancer in the human bladder, ureter, and pelvis, and are suspected of being lung, liver, and prostate carcinogens. A very toxic colorless liquid with an oily consistency and distinct odor, aniline readily enters the body by inhalation, ingestion, and through the skin. Metabolically, aniline converts iron(II) in hemoglobin to iron(III). This causes a condition called methemoglobinemia, characterized by cyanosis and a brown-black color of the blood, in which the hemoglobin can no longer transport oxygen in the body. This condition is not reversed by oxygen therapy.
Both 1-naphthylamine and 2-naphthylamine are proven human bladder carcinogens. In addition to being a proven human carcinogen, benzidine, 4,4'-diaminobiphenyl, is highly toxic and has systemic effects that include blood hemolysis, bone marrow depression, and kidney and liver damage. It can be taken into the body orally, by inhalation into the lungs, and by skin sorption.

Pyridine

Pyridine, a colorless liquid with a sharp, penetrating, “terrible”odor, is an aromatic amine in which an N atom is part of a 6-membered ring. This widely used industrial chemical is only moderately toxic with a toxicity rating of 3. Symptoms of pyridine poisoning include anorexia, nausea, fatigue, and, in cases of chronic poisoning, mental depression. In a few rare cases pyridine poisoning has been fatal.

Nitriles

Nitriles contain the -CN functional group. Colorless, liquid acetonitrile, CH3CN, is widely used in the chemical industry. With a toxicity rating of 3–4, acetonitrile is considered relatively safe, although it has caused human deaths, perhaps by metabolic release of cyanide. Acrylonitrile, a colorless liquid with a peach-seed (cyanide) odor, is highly reactive because it contains both nitrile and C=C groups. Ingested, absorbed through the skin, or inhaled as vapor, acrylonitrile metabolizes to release deadly HCN, which it resembles toxicologically.

Nitro Compounds

The simplest of the nitro compounds, nitromethane H3CNO2, is an oily liquid that causes anorexia, diarrhea, nausea, and vomiting, and damages the kidneys and liver. Nitrobenzene, a pale yellow, oily liquid with an odor of bitter almonds or shoe polish, can enter the body by all routes. It has a toxic action much like that of aniline, converting hemoglobin to methemoglobin, which cannot carry oxygen to body tissue. Nitrobenzene poisoning is manifested by cyanosis.

Nitrosamines

N-nitroso compounds (nitrosamines) contain the N–N=O functional group and have been found in a variety of materials to which humans may be exposed, including beer, whiskey, and cutting oils used in machining. Cancer may result from exposure to a single large dose or from chronic exposure to relatively small doses of some nitrosamines. Once widely used as an industrial solvent and known to cause liver damage and jaundice in exposed workers, dimethylnitrosamine was shown to be carcinogenic from studies starting in the 1950s.
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Organonitrogen Pesticides

Pesticidal carbamates are characterized by the structural skeleton of carbamic acid outlined by the dashed box in the structural formula of carbaryl in Figure 5.14.

Widely used on lawns and gardens, insecticidal carbaryl has a low toxicity to mammals.

Highly water-soluble carbofuran is a systemic insecticide in that it is taken up by the roots and leaves of plants; insects that feed on the leaves are poisoned. The toxic effects to animals of carbamates are due to the fact that they inhibit acetylcholinesterase directly without the need to first undergo biotransformation. This effect is relatively reversible because of metabolic hydrolysis of the carbamate ester. Reputed to have “been responsible for hundreds of human deaths,” herbicidal paraquat has a toxicity rating of 5. Dangerous or even fatal acute exposures

[image: image102.emf]
        Fig. 5.14: Examples of organonitrogen pesticides
can occur by inhalation of spray, skin contact, and ingestion. Paraquat is a systemic poison that affects enzyme activity and is devastating to a number of organs. Pulmonary fibrosis results in animals that have inhaled paraquat aerosols and the lungs are also adversely affected by nonpulmonary exposure. Acute exposure may cause variations in the levels of catecholamine, glucose, and insulin. The most prominent initial symptom of poisoning is vomiting, followed within a few days by dyspnea, cyanosis, and evidence of impairment of the kidneys, liver, and heart. Pulmonary fibrosis, often accompanied by pulmonary edema and hemorrhaging, is observed in fatal cases.

Organohalide Pesticides

Exhibiting a wide range of kind and degree of toxic effects, many organohalide insecticides affect the central nervous system, causing tremor, irregular eye jerking, changes in personality, and loss of memory. Such symptoms are characteristic of acute DDT poisoning. However, the acute toxicity of DDT to humans is very low and, when used for the control of typhus and malaria in World War II, it was applied directly to people. The chlorinated cyclodiene insecticides— aldrin, dieldrin, endrin, chlordane, heptachlor, endosulfan, and isodrin—act on the brain, releasing betaine esters and causing headaches, dizziness, nausea, vomiting, jerking muscles, and convulsions. Dieldrin, chlordane, and heptachlor have caused liver cancer in test animals, and some chlorinated cyclodiene insecticides are teratogenic or fetotoxic. Because of these effects, aldrin, dieldrin, heptachlor, and— more recently—chlordane have been prohibited from use in the U. S. The major chlorophenoxy herbicides are 2,4-dichlorophenoxyacetic acid (2,4-D), 2,4,5-trichlorophenoxyacetic acid (2,4,5-T or Agent Orange), and Silvex. Large doses of 2,4-dichlorophenoxyacetic acid have been shown to cause nerve damage, (peripheral neuropathy), convulsions, and brain damage. According to a National Cancer Institute study, Kansas farmers who had handled 2,4-D extensively have suffered 6 to 8 times the incidence of non-Hodgkins lymphoma as comparable unexposed populations. With a toxicity somewhat less than that of   2,4-D, Silvex is largely excreted unchanged in the urine. The toxic effects of 2,4,5-T (used as a herbicidal warfare chemical called “Agent Orange”) have resulted from the presence of 2,3,7,8-tetrachloro-p-dioxin (TCDD, commonly known as “dioxin”, discussed below), a manufacturing by-product. Autopsied carcasses of sheep poisoned by this herbicide have exhibited nephritis, hepatitis, and enteritis.

TCDD

Polychlorinated dibenzodioxins are compounds which have the same basic structure as that of TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin),
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but have different numbers and locations of chlorine atoms on the ring structure. Extremely toxic to some animals, the toxicity of TCDD to humans is rather uncertain; it is known to cause a skin condition called chloracne. TCDD has been a manufacturing by-product of some commercial products (see the discussion of 2,4,5-T, above), a contaminant identified in some municipal incineration emissions, and a widespread environmental pollutant from improper waste disposal. This compound has been released in a number of industrial accidents, the most massive of which exposed several tens of thousands of people to a cloud of chemical emissions spread over an approximately 3-square-mile area at the Givaudan-La Roche Icmesa manufacturing plant near Seveso, Italy, in 1976. 

Chlorinated Phenols

The chlorinated phenols used in largest quantities have been pentachlorophenol and the trichlorophenol isomers used as wood preservatives. Although exposure to these compounds has been correlated with liver malfunction and dermatitis, contaminant polychlorinated dibenzodioxins may have caused some of the observed effects.

Organosulfur compounds

Despite the high toxicity of H2S, not all organosulfur compounds are particularly toxic. Their hazards are often reduced by their strong, offensive odors that warn of their presence. Inhalation of even very low concentrations of the alkyl thiols, such as methanethiol, H3CSH, can cause nausea and headaches; higher levels can cause increased pulse rate, cold hands and feet, and cyanosis. In extreme cases, unconsciousness, coma, and death occur. Like H2S, the alkyl thiols are precursors to cytochrome oxidase poisons.

An oily, water-soluble liquid, methylsulfuric acid is a strong irritant to skin, eyes, and mucous tissue. Colorless, odorless dimethyl sulfate is highly toxic and is a primary carcinogen that does not require bioactivation to cause cancer.

                           [image: image104.emf]
Skin or mucous membranes exposed to dimethyl sulfate develop conjunctivitis and inflammation of nasal tissue and respiratory tract mucous membranes following an initial latent period during which few symptoms are observed. Damage to the liver and kidneys, pulmonary edema, cloudiness of the cornea, and death within 3–4 days can result from heavier exposures.

Sulfur Mustards

A typical example of deadly sulfur mustards, compounds used as military poisons, or “poison gases,” is mustard oil (bis(2-chloroethyl)sulfide), the structure of which is shown at the top of the next page. An experimental mutagen and primary carcinogen, mustard oil produces vapors that penetrate deep within tissue, resulting in destruction and damage at some depth from the point of contact; penetration is very rapid, so that efforts to remove the toxic agent from the exposed area are ineffective after 30 minutes. This military “blistering gas” poison causes tissue to become severely inflamed with lesions that often become infected. These lesions in the lung can cause death.
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Organophosphorus Compounds

Organophosphorus compounds have varying degrees of toxicity. Some of these compounds, such as the “nerve gases” produced as industrial poisons, are deadly in minute quantities. The toxicities of major classes of organophosphate compounds are discussed in this section.

Organophosphate Esters

Some organophosphate esters are shown in Figure 5.15. Trimethyl phosphate is probably moderately toxic when ingested or absorbed through the skin, whereas moderately toxic triethyl phosphate, (C2H5O)3PO, damages nerves and inhibits acetylcholinesterase. Notoriously toxic tri-o-cresyl phosphate, TOCP, apparently is metabolized to products that inhibit acetylcholinesterase. Exposure to TOCP causes degeneration of the neurons in the body’s central and peripheral nervous systems with early symptoms of nausea, vomiting, and diarrhea accompanied by severe abdominal pain. About 1–3 weeks after these symptoms have subsided, peripheral paralysis develops manifested by “wrist drop” and “foot drop,” followed by slow recovery, which may be complete or leave a permanent partial paralysis. Briefly used in Germany as a substitute for insecticidal nicotine, tetraethyl pyrophosphate, TEPP, is a very potent acetylcholinesterase inhibitor. With a toxicity rating of 6 (supertoxic), TEPP is deadly to humans and other mammals.

Phosphorothionate and Phosphorodithioate Ester Insecticide

Because esters containing the P=S (thiono) group are resistant to nonenzymatic hydrolysis and are not as effective as P=O compounds in inhibiting acetylcholinesterase, they exhibit higher insect:mammal toxicity ratios than their nonsulfur analogs. Therefore, phosphorothionate and phosphorodithioate esters (Figure 5.16) have been widely used as insecticides. The insecticidal activity of these compounds requires metabolic conversion of P=S to P=O (oxidative desulfuration). Environmentally, organophosphate insecticides are superior to many of the

organochlorine insecticides because the organophosphates readily undergo biodegradation and do not bioaccumulate.
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                                 Fig. 5.15:  Some organophosphate esters.
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             Fig. 5.16:  Phosphorothionate and phosphorodithioate ester insecticides:
                                   Malathion contains hydrolyzable carboxyester linkages

The first commercially successful phosphorothionate/phosphorodithioate ester insecticide was parathion, O,O-diethyl-O-p-nitrophenylphosphorothionate, first licensed for use in 1944. This insecticide has a toxicity rating of 6 (supertoxic). Since its use began, several hundred people have been killed by parathion, including 17 of 79 people exposed to contaminated flour in Jamaica in 1976. As little as 120 mg of parathion has been known to kill an adult human, and a dose of 2 mg has been fatal to a child. Most accidental poisonings have occurred by absorption through the skin. Methylparathion (a closely related compound with methyl groups instead of ethyl groups) is regarded as extremely toxic, and in August 1999 the U. S. Environmental Protection Agency proposed severely curtailing its use. In order for parathion to have a toxic effect, it must be converted metabolically to paraoxon (Figure 5.15), which is a potent inhibitor of acetylcholinesterase. Because of the time required for this conversion, symptoms develop several hours after exposure, whereas the toxic effects of TEPP or paraoxon develop much more rapidly. Humans poisoned by parathion exhibit skin twitching and respiratory distress. In fatal cases, respiratory failure occurs due to central nervous system paralysis.

Malathion is the best known of the phosphorodithioate insecticides. It has a relatively high insect: mammal toxicity ratio because of its two carboxyester linkages which are hydrolyzable by carboxylase enzymes (possessed by mammals, but not insects) to relatively nontoxic products. For example, although malathion is a very effective insecticide, its LD50 for adult male rats is about 100 times that of parathion.

Organophosphorus Military Poisons

Powerful inhibitors of acetylcholinesterase enzyme, organophosphorus “nerve gas” military poisons include Sarin and VX, for which structural formulas are shown below. (The possibility that military poisons such as these might be used in war was a major concern during the 1991 Mid-East conflict, which, fortunately, ended without their being employed.) A systemic poison to the central nervous system that is readily absorbed as a liquid through the skin, Sarin may be lethal at doses as low as about 0.0l mg/kg; a single drop can kill a human.
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5.12. TOXIC NATURAL PRODUCTS

Nature provides a wide variety of toxic substances. People can ingest toxic products in a variety of forms and food can be a source of mutagens that can be cancer suspect agents.one of the most toxic substances known is botulinum toxin produced by anaerobic clostridium bacteria. A number of organisms wage forms of chemical warfare. Venomous serpents produce venoms of various kinds to kill prey and for defence.

Food poisoning of different kinds may be caused by ingestion of natural products. One of the best forms of food poisoning is paralytic shellfish poisoning. Different varieties of shellfish accumulate toxins from single-celled dinoflagellates. These toxins block neuronal transmissions and can be fatal. Mytotoxins are toxic secondary metabolites from fungi that have a wide range of structures and a variety of toxic effects. Human and animal exposure to mycotoxins usually results from exposure of food upon which fungal molds have grown. Among the many kinds of molds that produce mycotoxins are Aspergillus flavus, Fusarium,Trichoderma, Aspergillus and penicillium. Perhaps the most well known mycotoxins are the aflatoxins, such as afaltoxin B1 produced by Aspegillus. Molds that produce mycotoxins grow on a variety of foods including corn, cereal grains, rice, apples, peanuts and milk. Other mycotoxins include ergot alkaloids, ochratoxins, fumonisins, trichothecenes, tremorgenic toxins, satratoxins zearalenone, and vomitoxin.                    
EXERCISES

1. List and discuss two elements that are invariably toxic in their elemental forms.

For another element, list and discuss two elemental forms, one of which is quite toxic and the other of which is essential for the body. In what sense is even the toxic form of this element “essential for life?”

2. What is a toxic substance that bonds to iron (III) in iron-containing ferricytochrome

oxidase enzyme, preventing its reduction to iron(II) in the oxidative phosphorylation process by which the body utilizes O2?

3. What are interhalogen compounds, and which elemental forms do their toxic effects most closely resemble?

4. Name and describe the three health conditions that may be caused by inhalation of asbestos.

5. Why might tetraethyllead be classified as “the most notable toxic organometallic compound”?

6. What is the most common toxic effect commonly attributed to low-molar-mass alkanes?

7. Information about the toxicities of many substances to humans is lacking because of limited data on direct human exposure. (Volunteers to study human health effects of toxicants are in notably short supply.) However, there is a great deal of information available about human exposure to phenol and the adverse effects of such exposure. Explain.

8. What is a major metabolic effect of aniline? What is this effect called? How is it manifested?

9. What are the organic compounds characterized by the N–N=O functional group?

What is their major effect on health?

10. What structural group is characteristic of carbamates? For what purpose are these compounds commonly used? What are their major advantages in such an application?

11. What is lipid peroxidation? Which common toxic substance is known to cause lipid peroxidation?

12. Biochemically, what do organophosphate esters such as parathion do that could classify them as “nerve poisons”?

13. Match each compound below with its description from the following list on the right.

      A) By-product of herbicide manufacture           1) Decabromodiphenyl ether

      B) Produced by fungus                                        2) Aflatoxin B1

      C) Carcinogenic                                                  3) TCDD                                                   

      D)  though potentially toxic, there are no          4) Dimethylnitrosamine            

            good substitutes for its uses.

14. Match each toxic substance from the list on the left with its effect or characteristic on the

       right.

      A) Methanol                                                         1) inhibits acetylcholinesterase

      B) Parathion                                                         2) carcinogen

      C) Phthalate easters                                             3) affects optic nerve leading to blindness

      D) Dimethylnitrosamine                                     4) very wide spread uses

UNIT 6
GREEN CHEMISTRY

Unit objectives: 

Student, at the end of this unit, you should be able to:

· define green chemistry

· understand the basic concepts of green chemistry

· mention the principles and aspects of green chemistry

· understand the concept of atom economy

· describe the design and applications of surfactants for supercritical co2
· explain the modern approaches to design synthetic, safe marine anti-foulants

6.1. INTRODUCTION

From the time the modern environmental movement was developed around 1970, enormous progress has been made in environmental quality. This has been done through a command and control approach based upon laws and regulations. Many of the measures taken to reduce pollution were end-of-pipe type in which water and pollutants were produced but removed before discharge to the environment. However, in those countries with good, well-enforced pollution control regulations, easy measures have been taken and small additional reductions in pollutant emissions require high expenditures. Furthermore, enforcement is a continuous, expensive, and challenging process. It has become obvious that, to the extent possible, production systems (chemical or physical) are needed to be inherently non-polluting and sustainable. From 1990s on wards, this need has been approached through a system known as green chemistry. 
Green chemistry is defined as a sustainable, safe and non-polluting practice of chemical science and manufacturing in a manner that consumes minimum amount of materials and energy while producing little or no waste product. All in one, green chemistry is sustainable chemistry.

Activity: Although synthetic materials require relatively more energy and nonrenewable resources for their fabrication, how may it be argued that they are often the best choice from an environmental viewpoint for construction of buildings?
  It is a well known fact that self-sufficiency in food has been achieved in developing countries since late 20th century by using fertilizers and pesticides and exploring improved methods of farming, good quality seeds, irrigation etc. But overexploitation of soil and excessive use of fertilizers and pesticides have resulted in the deterioration of soil, water and air. The solution of this problem does not lie in stopping the process of development that has been set in; but to discover methods, which would help in the reduction of deterioration of the environment. 

Paul Anastas is one of the key persons who first came up with the concept of green chemistry, which is about the design of chemical products and processes that reduce or eliminate the use and generation of hazardous substances. Green chemistry includes both chemicals of immediate hazardous concerns and more global issues such as climate change, energy production, and availability of clean water, food production, and the presence or spread of compounds of environmental concern. Green chemistry is studied as a compilation of 12 principles that serve as a guideline to create more environmentally benign products and processes.

Green chemistry is a way of thinking and is about utilizing the existing knowledge and principles of chemistry and other sciences to reduce the adverse impact on environment. Green chemistry is a production process that would bring about minimum pollution or deterioration to the environment. The byproducts generated during a process, if not used gainfully, add to the environmental pollution. Such processes are not only environmental unfriendly but also cost-ineffective. The waste generation and its disposal both are economically unsound. Utilization of existing knowledge base for reducing the chemical hazards along with the developmental activities is the foundation of green chemistry. 

Activity

Dear student, have you perceived the idea of green chemistry? 

Well! It is well known that organic solvents such as benzene, toluene, carbon tetrachloride etc., are highly toxic. One should be careful while using them. As you know, a chemical reaction involves reactants, attacking reagents and the medium in which the reaction takes place. Extent of any reaction depends upon physical parameters like temperature, pressure and use of catalyst. In a chemical reaction, if reactants are fully converted into useful environmentally friendly products by using an environment friendly medium then there would be no chemical pollutants introduced in the environment. During a synthesis, care must be taken to choose starting materials that can be converted into end products with yield approximately up to 100 per cent. This can be achieved by arriving at optimum conditions of synthesis. It may be worthwhile to carry out synthetic reactions in aqueous medium since water has high specific heat and low volatility. Water is cost effective, noninflammable and devoid of any carcinogenic effects.

Green Chemistry in day-to-day Life

(i) Dry Cleaning of Clothes

Tetrachloroethene (Cl2C=CCl2) was earlier used as solvent for dry cleaning. The compound contaminates the ground water and is also a suspected carcinogen. The process using this compound is now being replaced by a process, where liquefied carbon dioxide, with a suitable detergent is used. Replacement of halogenated solvent by liquid CO2 will result in less harm to ground water. These days hydrogen peroxide (H2O2) is used for the purpose of bleaching clothes in the process of laundary, which gives better results and makes use of lesser amount of water.

(ii) Bleaching of Paper

Chlorine gas was used earlier for bleaching paper. These days, hydrogen peroxide (H2O2) with suitable catalyst, which promotes the bleaching action of hydrogen peroxide, is used.

(iii) Synthesis of Chemicals

Ethanal (CH3CHO) is now commercially prepared by one step oxidation of ethene in the presence of ionic catalyst in aqueous medium with a yield of 90%.                                                 

H2C=CH2 + O2 → CH3CHO (90%) (in the presence of Pd (II)/Cu(II) ionic catalyst in water)

Green chemistry, in a nutshell, is a cost effective approach which involves reduction in material, energy consumption and waste generation. 
Think it Over
What is our responsibility as a human being to protect our environment? Some concepts, if followed by an individual, contribute towards a better quality of our environment and human life. Always set up a compost tin in your garden or any other place in your home and use it to produce manure for your plants to reduce the use of fertilizers. Use a cloth bag and avoid asking for plastic carry bags when you buy groceries, vegetables or any other item. See that all newspapers, glass, aluminum and other items in your area are recycled. We might have to take little trouble to locate such dealers. We must realize that we do not have solutions for every problem but we can concentrate on issues, which we feel strongly about and can do something about. We should take care to put into practice whatever we preach. Always remember environment protection begins with us. 

In summary, the 12 basic principles of green chemistry are:

1. Prevention

Try not to make waste, and then you do not have to clean it up.

2. Atom economy

The final product should aim to contain all the atoms used in the process. A key concept of green synthetic chemistry is the atom economy. In conventional synthesis, a high yield is obtained when the reaction goes to completion. But even with 100% yield, by-products inherent to the synthesis may be generated posing a disposal problem. Atom economy refers to the ratio of molecular mass of desired product to the total molecular masses of materials generated. The concept of atom economy can be illustrated in general by the reaction:

(Reactant)1 + (reactant)2 +…+ (reactant)n →product + by-product

The ultimate in atom economy is achieved when there is no by-product, and all the reagents are contained within the product. Although this is often not practically possible, it is desirable to device reaction schemes such that by-product << product. One of the greater needs in chemical research today is the development of reactions for the synthesis that have a high degree of atom economy.

3. Less hazardous chemical synthesis

Wherever it is possible, production methods should be designed to make substances that are less toxic to people or the environment.

4. Designing safer chemicals

Chemical products should be designed to do their job with minimum harm to people or the environment.

5. Safer solvents

When making materials try not to use solvents or other unnecessary chemicals. If they are needed then they should not be harmful to the environment in any way.

6. Design for energy efficiency

The energy needed to carry out a reaction should be minimized to reduce environmental and economic impact. If possible, processes should be carried out at ambient temperatures and pressures.

7. Use of renewable feedstocks

A raw material should be renewable wherever possible.

8. Reduce derivatives

Try not to have too many steps in the reaction because this means more reagents are needed and more waste is made.

9. Catalysis

Reactions that are catalyzed are more efficient than uncatalyzed reactions.

10. Design for degradation

When chemical products are finished with, they should break down into substances that are not toxic and do not stay in the environment.

11. Real-time analysis for pollution prevention

Methods need to be developed so that harmful products are detected before they are made.

12. Inherently safer chemistry for accident prevention

Substances used in a chemical process should be chosen to minimize the risk of chemical accidents, including explosions and fire.

6.2. MODERN APPROACHES TO SAFE MARINE ANTIFOULANTS

Activity: what are marine foulants? What are their impacts? Explain the progresses made in the design for environmentally friendly marine anti-foulants.

Marine bio-fouling is an undesirable accumulation of microorganisms, algae and animals on artificial surfaces immersed in seawater. The fouling process starts from the moment the surface is immersed in water and takes place in three main stages: formation of a conditioning film, micro-fouling and macro-fouling (Fig.6.1). The conditioning film, comprised of organic molecules (e.g. proteins) attached to the surface, forms within the first minutes and sets the scene for further attachments. In the next hours bacteria settle in, in two phases: first, by an instantaneous (∼1 minute) and reversible attachment via hydrodynamic and electrostatic interactions and second, via an irreversible attachment which occurs in the time scale of a few hours and involves covalent bonding between the bacteria and the substrate. [image: image109.png]! tubeworms
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Fig 6.1: Different phases of marine bio-fouling:Time-line evolution and respective roughness increase
The combination of the conditioning film and the slime of living and dead bacteria cells generates the first stage of micro-fouling, so-called the primary film. Further on, diatoms colonies, macro-algae and protozoa spores’ settlement increases the micro-fouling extent within the first 2–3 weeks, producing the secondary film. Finally, this micro-fouling stimulates the settlement of algae, spores and animal larvae, followed by the attachment of an adult marine organism, which is called macro-fouling. Bio-fouling in marine environments is therefore, a relatively fast, dynamic and cumulative process which spans over several sizes and time scales and constitutes a complex problem with several forefronts.
This natural phenomenon represents a major economic concern for marine industries, e.g. for ships and vessels, oil and wind-turbine sea-platforms, pipelines, water valves and filters, as it limits the performance of devices, materials and underwater structures and increases the costs related to transport delays, hull maintenance and repair, cleaning and desalination units, corrosion and structure break-down. In the last few decades, many efforts have been spent into developing efficient antifouling (AF) surfaces (coatings) combining advances in materials science and recent knowledge of marine chemistry and biology. However, the extensive use of toxic and harmful compounds in the formulations raised increasing health and environmental concerns leading to stricter regulations which pushed marine industries to search for new and greener AF strategies.

Recently, research progress is made in green strategies for AF coatings using non-toxic, non-biocide-release based principles for marine applications. In this section, the two main approaches: detachment of bio-foulants and prevention of bio-foulants attachment, are presented and new promising routes based on amphiphilic, (super)hydrophilic, and topographic (structured) surfaces are presented. 

A real revolution in AF systems started in the 1940s when new synthetic petroleum-based resins were developed, yielding polymer-based coatings with improved mechanical properties. Concurrently, the growing safety and health concerns prompted the use of airless spraying techniques and banned the use of organo-mercury and organo-arsenic compounds. In the mid 1950s, tributyltin (TBT) moieties were first introduced as antifouling agents. The use of triorganotin derivatives increased in a short time due their wide-range activity, absence of corrosion effects and of colour. Also, since a change of the anion seems to have no significant effect on the biological activity of triorganotin compounds, variation of different parameters such as solubility and leaching made variations of the formulations possible. Taken all together, these properties seemed to be the answer to a number of problems of the previous AF systems. In the late 80s, environmental concerns with TBT started to be raised; oysters showed a significant shell-thickening, some marine organisms became locally extinct (e.g. Nucella) due to an inability of reproduction and bioaccumulation of tin was detected for fish, seals and even ducks. TBT-based AF coatings on ships and vessels were then restricted in most European countries and finally banned worldwide in 2008, as a follow up from an International Convention which was held in 2001.

With new and strict environmental and health restrictions imposed to materials for marine applications, it became imperative to find alternative materials and strategies for AF coatings. The current advancement on this subject may be divided in two main approaches: biocide-release and non-biocide-release based AF coatings (Fig.6.2).
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Fig.6.2: Schematic of marine AF coating approaches: (a and c) Biocide-release based strategies; (b and d) non-biocide-release based strategies.

Biocide-release based AF coatings apply the same principle as the TBT-based systems, but with non-toxic components. These coatings are based on the dispersion of additives in different types of polymeric binders which release the pigments into the seawater over time. Depending on the release mechanism, it is possible to differentiate the release based AF coatings into two main categories, insoluble or soluble matrix coatings (Fig.6.2a and c, respectively).
Insoluble matrix coatings – often also referred to as contact leaching – contain AF pigments embedded in a polymer matrix that does not dissolve, polish or erode after immersion in water (Fig. 6.2a). Typically they are mechanically robust, not susceptible to cracking and generally resistant to atmospheric exposure in non-aqueous environments (i.e., stable to oxidation and photodegradation) because a water-insoluble matrix is used. However, after a certain service time, the pigments dispersed in the matrix have to diffuse through such a thick leached layer that the rate of release becomes lower than the minimum value required to prevent fouling, which causes short lifetimes of around 12 to 18 months. Due to this short lifetime, insoluble matrix coatings are currently less commonly used.

The soluble matrix coatings (Fig.6.2c) typically contain high proportions of rosin with a binder incorporated which can be dissolved in seawater. More recently, tin-free organically synthesized resins, commonly addressed as controlled depletion paints (CDPs), also started to be used. Other independent categories, such as self-polishing copolymers (SPC), have been proposed as well. In both cases, the balance between good AF characteristics (high resin content) and good mechanical properties (higher co-binder and plasticizer content) is important. As this balance is achieved, these paints are less expensive as compared to insoluble matrix coatings, have a good roughness control and have a lifetime longer than 3 years, and therefore nowadays they are preferred. 

Current research focuses on development and advancement of non-biocide-release based AF coatings approaches which are highly preferred since they are the greener alternatives, compliant with the current environmental and health regulations. Within the non-biocide-release approach there are two main strategies based on their working principle: detachment of settled bio-foulants by the water flow upon ship navigation (Fig.6.2b) and prevention of attachment of bio-foulants (Fig.6.2d).
6.3. SURFACTANTS FOR SUPERCRITICAL CARBON DIOXIDE

Activity: what features make CO2 a good solvent as alternative for industrial and chemical processes?

More than 30 billion pounds of organic and halogenated solvents are used worldwide each year as process aids, cleaning agents, and dispersants; and solvent intensive industries are considering alternatives that can reduce or eliminate the negative impact that solvent emissions can have on the environment. Because of its low cost, wide availability, and environmentally and chemically benign nature, CO2 is an attractive solvent alternative for a wide variety of chemical and industrial processes. Since the 1950s, the use of supercritical CO2 (scCO2) as a solvent has been investigated by academia and industry. Research offers new opportunities in areas such as microelectronics, caffeine extraction, dry cleaning, nanotechnology, organic synthesis, biological processing and enhanced oil recovery.

Although this ‘green’ scCO2 solvent has many desirable properties, technically speaking it is a very ‘weak’ solvent: the polarity, dielectric constant and dipole moment are less than that of most conventional organic solvents. Consequently, high-molecular-weight polymers, proteins and polar molecules are only sparingly soluble or even insoluble in scCO2. One effective way to make scCO2 able to dissolve high-molecular-weight or polar compounds is by using suitable additives, or surfactants, to produce nanometre-sized domains in the scCO2 by forming micelles or microemulsions (Fig.6.1). The problem is the naturally very low solubilities of readily available surfactants with scCO2. Therefore, during the last two decades, many research groups have tried to design new surfactants compatible with scCO2 (Hoefling, Enick and Beckman, 1991). To date, the most effective compounds for this purpose contain high levels of fluorine in the molecules, which is needed to boost the solubility in scCO2. Unfortunately, fluorinated surfactants are not a good way to solve the problem, being both expensive and environmentally harmful. Some efforts have been made to investigate fluorine-free surfactants (Eastoe et al., 2006b) for CO2. The significance is that these surfactants are generally cheaper and less environmentally hazardous than the fluorine-bearing analogues.

There is currently great interest in designing and understanding the nature of fluorine-free CO2-compatible hydrocarbon surfactants. Research has shown that branched and methylated surfactants and those with a ‘stubby’ molecular shape, can be used to stabilise water-in-CO2 (w/c) microemulsions (Figure 1), presumably because of higher solvation and lower intermolecular interactions. With the underlying philosophy and strategy previously explored, some success has been achieved at the University of Bristol with new CO2-philic hydrocarbon surfactants, including highly branched and oxygenated surfactants (Table 6.1). The special aspects of the chemical structures that give rise to high solubility in scCO2 are described later in this article.

[image: image111.emf]
Fig.6.3: Schematic structure of reverse micelles and water-in-CO2 (w/c) micro-emulsions
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sodium bis(3,5,5-trimethyl-1-hexyl) sulfosuccinate                   sodium 1,4-bis(neopentyloxy)-3-(neopentyloxycarbonyl)-1,4- (AOT4)                                         dioxobutane-2-sulfonate (TC14) 

                                    Fig.6.4: CO2-philic Hydrocarbon anionic surfactants
The following sections discuss current understanding of CO2-philic hydrocarbon surfactants.

1. Fundamental properties of supercritical CO2
According to the fifth principle of green chemistry (safer solvents and auxiliaries), alternative solvents with better environmental performance need to be developed as a priority. This has motivated many researchers to look for cleaner and greener, environmentally benign media to facilitate chemical reactions and processing, compared with the traditionally used petrochemical-derived solvents.
Under supercritical fluid condition, CO2 has beneficial physico-chemical properties. 

Activity: What is meant by the term ‘supercritical fluid’?
Essentially, a supercritical fluid refers to the state achieved above a certain critical temperature (Tc) and pressure (Pc) (Table 6.1 and Fig.6.5). Above this critical point (Tc, Pc), any difference between liquid and gas phase vanishes. Surprisingly, the supercritical fluid cannot be liquefied by raising pressure, nor can gas be formed by increasing temperature. Thus, the key physico-chemical properties of a supercritical fluid such as density, diffusivity and dielectric constant can be easily controlled by changing the pressure and/or temperature, without ever crossing phase boundaries. Table 6.1 shows values of the critical points Tc and Pc for common solvents: clearly, Tc is lowest for CO2, meaning that the supercritical fluid state is the most accessible of any common solvent, being only just above room temperature.

In its gaseous form, CO2 is essentially a non-solvent but, in the supercritical fluid state above its critical point (Tc of 31.1 °C and Pc of 7.38 MPa), the density and solvation capabilities of CO2 change dramatically compared with the gas. Simply put, scCO2 is almost like a different substance compared with the gas form, and it has liquid-like properties.

                  Table 6.1: Critical pressures and temperatures of some common solvents 

	Solvent
	      Pc/MPa
	                   Tc/°C

	CO2 
	            7.38 
	                     31.1

	Water
	          22.05
	                   374.2

	Cyclohexane 
	            4.07
	                   280.4

	Pentane 
	             3.37
	                   196.6

	Toluene 
	             4.10
	                   318.7


The ability to change the density of scCO2 allows for manipulation of chemical reactions by tuning physical properties including solvent power, diffusivity and viscosity. Thus, the dissolving power or solvent power can be easily adjusted by changing the pressure and/or temperature. This means that scCO2 is more favourable for mass transfer compared with normally used liquid solvents, especially if it is used as a processing medium for extraction and separation. In addition, scCO2 promises to be an attractive alternative to conventional solvents because it is plentiful and inexpensive, and the use of CO2 in these ways does not contribute directly to the greenhouse effect or global warming.
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Fig.6.6: Schematic pressure versus temperature phase diagram for CO2, showing the critical point (Tc, Pc) and the supercritical fluid region
In fact, most of the CO2 sold today for chemical and food processing is isolated as a by-product from primary sources such as from the production of ethanol, ammonia and hydrogen. The main problem is that liquid CO2 and scCO2 will dissolve only a small number of compounds, mainly of low polarity and low molecular weight; in other words, it is a weak and poor solvent.

2. CO2-soluble micelles and water-in-CO2 (w/c) micro-emulsions

Solubility is very important for potential applications in the food and pharmaceutical industries, where health and safety legislation places severe restrictions on solvents that can be used. By addition of a soap-like surfactant to scCO2, the resulting formation of micro-emulsions helps to overcome these limitations of solubility in scCO2, making it possible to dissolve highly polar, ionic and also high-molecular-weight species in the internal domains formed (Fig.6.3). A very useful feature of w/c micro-emulsions is the creation of polar water pool domains inside the bulk CO2. These domains (~2–5 nm, also called reverse micelles) act as pools for dissolving polar molecules. Addition of these surfactants can change scCO2 from being rather a weak solvent into a very useful ‘universal solvent’.

One other important problem to overcome is the low viscosity of scCO2. Since interesting and potentially valuable applications are envisaged for scCO2 as a fluid for enhanced oil recovery, where high viscosities are essential, ways must be found to enhance its viscosity. This can only be achieved by designing CO2-soluble additives that can serve as viscosity modifiers, such as surfactants and polymers.

A micro-emulsion is a thermodynamically stable dispersion of two immiscible liquids (such as oil/water or scCO2/water) stabilized by surfactants. Surfactants adsorb at the fluid–fluid interface and reduce the interfacial tension via a balance of hydrophilic and hydrophobic interactions. The unique properties and chemical structures of surfactants enable them to form spherical aggregates by using hydrophilic parts known as head groups, while hydrophobic parts called tails interact with the non-polar solvent. Micro-emulsions and reverse micelles have the remarkable property of solubilizing polar compounds such as water by providing stable microenvironments in the background scCO2 medium. Systems of this kind thus have the potential to enhance solubility in scCO2. As such, w/c micro-emulsions are ideal candidates as universal solvents for use in fields such as pharmaceutical, food and cosmetic industries.

It is known that most commercially available ionic and non-ionic surfactants are almost entirely ineffective for w/c micro-emulsions. The main factor contributing to this is poor interactions of the surfactants of this type with scCO2, limiting the ability to stabilize the necessary micelle association structures. Because of these problems, it was necessary to design and synthesize highly scCO2-soluble surfactant molecules, which were fluorine-bearing surfactants. This breakthrough proved that modification by inserting fluorinated groups into the surfactant alkyl chains provides favourable interactions between the tails and the external scCO2 solvent medium. In fact, it is known that fluorine-bearing organic compounds are much more soluble in scCO2 than molecules that contain carbon and hydrogen only. The most effective compounds reported so far for stabilization of w/c micro-emulsions are partially or fully fluorinated surfactants (Fig.6.7), particularly fluorinated analogues of the commercially available common hydrocarbon compounds. Although these fluorinated surfactants are very successful in scCO2, their environmental and biological persistence and their expense have prevented use in commercial applications. Thus, less expensive, biodegradable and more economical CO2-philic surfactants are needed.

3. Design of hydrocarbon CO2-philic surfactants

Research efforts continued and it become apparent that, in order to advance the field, a basic understanding of solvation of the surfactant tails by CO2 was required. Spectroscopic evidences for specific CO2–surfactant interactions showed that favourable van der Waals intermolecular interactions take place between fluorinated surfactants and CO2, highlighting the importance of specific tail–fluid interactions. Even though arguments about the exact nature of the interactions between CO2 and fluorosurfactants continue, favourable interactions between surfactant tails and CO2 are understood to be the key factor in designing new surfactants for CO2.
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               8FS(EO)2                                                       Phosphate fluorosurfactant (F/F)
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                     di-CF4                                                             di-HCF4

      Fig.6.7: CO2-philic fluorocarbon surfactants

The solubility and water-loading in scCO2 of the non-fluorinated surfactants (Fig.6.8) were studied. Comparing surfactant structures, as shown in Fig.6.8, Ls-36 has three hydrophilic ethylene oxide (EO) groups and six hydrophobic propylene oxide (PO) groups, whereas Ls-45 has four EO groups and five PO groups. Research showed that both surfactants are quite soluble in CO2, at approximately 4 wt% (pressure 19–22 MPa and temperature 37–47 °C).

The specially modified acylated (Ac) sugars: α- and β-1,2,3,4,6-pentaacetyl-D-glucose and β-1,2,3,4,6-pentaacetyl-D-galactose (Fig.6.4) exhibit high solubilities in scCO2. The strategy for enhancing solubility involves using carbonyl groups in the Ac parts of the adapted solutes. The high solubility was attributed to Lewis acid–Lewis base interactions between CO2 and the CO2 philic sugars, with the carbonyl groups providing Lewis base functionality. Specific beneficial interactions between CO2 and the carbonyl groups were confirmed by spectroscopic studies. This demonstrates the favourable interactions between CO2 and acetylated groups, especially the pendent carbonyl parts.
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           Ls-36 and Ls-45                                                         β-1,2,3,4,6-pentaacetyl-D-galactose
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                                                              α- and β-1,2,3,4,6-pentaacetyl-D-glucose

                               Fig.6.8: CO2-philic hydrocarbon surfactants

Efficient CO2-philic hydrocarbon surfactants can be readily synthesized from inexpensive, commercially available reagents. The major rationale in designing hydrocarbon surfactants is to increase the density of the terminal CO2-philic methyl groups. This is the region where CO2 comes into intimate contact with surfactant molecules, and optimizing the surfactant–CO2 solvent intermolecular interactions in this ‘chain tip’ region is now known to be of key importance for generating CO2-soluble surfactants.

Based on this approach, the twin-tailed, branched, hydrocarbon-based ionic surfactant AOT4 (Fig.6.4) was designed and synthesized, and it was found to have good CO2 compatibility and to form dry reverse micelles in pure CO2 (50 MPa, 33 °C). The results revealed that molecular structures with branched and pendent methyl groups (chain tips) serve to boost compatibility in scCO2. Furthermore, the methylation of chain tips and addition of carbonyl functional groups in the surfactant successfully lead to CO2 solubility with another new tri-chain hydrocarbon surfactant, TC14 (Fig.6.4). The tri-chain TC14 exhibited good compatibility with CO2 resulting in homogeneous, optically transparent solutions under mild conditions (15 MPa, 25 °C). Compared with the di-chain analogue AOT4, the introduction of third surfactant chain has a dramatic improvement on surfactant–CO2 solvent intermolecular interactions, allowing the formation of reverse micelles in CO2. Significantly, the addition of a third surfactant chain also improves the space-filling efficiency of the surfactant tails, which is expected to favour formation of reverse micelles by providing better separation between CO2 and water across the interface.

There are two main considerations if CO2-philic surfactants are to be commercialized: minimization of raw material costs and reduction of working pressure, thereby reducing engineering demands on processing rigs and plant. Research is still pointing to new directions for the programmed and rational molecular design of surfactants for handling scCO2, a material that presents a significant technological and scientific challenge.
4. Future prospects
In conjunction with growing public sentiment, political pressure and more stringent environmental laws, the utilization of waste CO2 emissions represents an important challenge in waste management and in achieving greener industrial applications. The potential of scCO2 as a green solvent is recognized throughout the chemical and materials research communities. In the future, the development of CO2 capture and liquefaction will make this solvent readily abundant and cheap (although it could also present storage problems if huge volumes are to be produced). However, throughout this section, it has been emphasized that scCO2 is a very un-cooperative solvent, being incompatible with the vast majority of commercial solutes and surfactants. Despite uses in some applications such as dry cleaning, extraction and microelectronics, scCO2 has not yet reached its full potential in terms of commercial uses. Doubtless, the CO2 age is coming … soon.

For the development of new CO2-based technologies, it is necessary to develop CO2-philic surfactants that can assist the solubilization of polar molecules and polymers. Research into designing hydrocarbon CO2-philic surfactants recently reached a milestone from a scientific standpoint with the synthesis of TC14. Collaborations between scientists and engineers will be needed to realize the commercial applications of a range of CO2-based technologies.

     EXERCISES

1. What is green chemistry? Explain with examples.

2. Which of the followings is a major problem in your area? What do you think the solution is? a) Solid waste disposal  b) Plastic waste disposal  c) Release of inorganic pollutants

d) water pollution  e) Air pollution

3. What is a surfacant? What are its desirable properties?

4. Express the progresses made in the production of safe marine antifoulants.

5. Describe, with an example, if possible, what is meant by “end of pipe” measures for pollution control. Why are such measures sometimes necessary? Why are they relatively less desirable? What are the alternatives?

6. Consider the reaction between two reactants, A & B, to give a product C, and a 

by-product D. 180 Kg A and 144 Kg B were mixed and allowed to react stoichiometrically. After completion of the reaction, 29 kg A and 23 Kg B were left over while 164 Kg C and 108 Kg D were generated. 

Calculate the

a) % yield of the reaction

b) % atom economy

  ANSWER KEYS FOR EXERCISES

Unit 1:

1) d) none  2) a) lithosphere  3) b) biosphere   4) b) Afforestation  5) c) Intensive farming    6) b) Sulfur dioxide and nitrogen oxide 7)   a) increased drought in parts of Africa     8) b) geosphere    9) c) decreases and increases alternately

Unit 2:

1) b) Atmospheric chemistry  2) a) acid mine water    3) d) None   4)  c) nitrogen    5) c) filters harmful UV-radiation in the stratosphere    6)  a) Reducing temperature extremes between day and night.    7) b) Atmospheric pressure decreases in a regular way as one progresses from lower to higher altitudes   8) c) stratosphere     9) b) the absorption of intense solar radiation by oxygen molecules (O2)  10)  b) the unpaired electron of a free radical has a strong tendency of pairing  11)  d) None  12) b) HO•     13) a) the formation of hydroxyl radical at higher altitudes    14)  c) NH4 + HO• → H3N• + H2O     15) a) the presence of a low level of carbon dioxide
Unit 3:

1. c) CO2   2)     a) atmospheric oxygen   3)  c) part of this oxygen is used up by the algae itself as part of their metabolic processes  4)  b) decreases dissolved oxygen     5) b) has a high pH value     6) b) is not fit for an intended purpose

Unit 4: 

7) (a) increase NO3- production 8) (a) removal of metal cations by roots     16)    21) 1. (c) Waterlogged soil 2. (d) Soil, the fertility of which can be improved by adding limestone.

3. (a) “Cat clays” containing initially high levels of pyrite, FeS2   4. (b) Soil in which biodegradation has not occurred to a great extent

21) 1. (c) B horizon of soil 2. (b) Largest particle size fraction (2–60 mm) according to                                  the United Classification System 3. (d) Layer of maximum biological activity in soil that contains most of the soil organic matter 4. (a) Weathered parent rocks from which the soil originated

Unit 5:

8) methemoglobinemia 9) nitrosamines 13) A. 3) TCDD    B. 2) Aflatoxin B1  C. 4) Dimethylnitrosamine   D. 1) Decabromodiphenyl ether 14) A. 3) affects optic nerve leading to blindness B. 1) inhibits acetylcholinesterase   C. 4) very wide spread uses  D. 2) carcinogen                                                                                                                 

Unit 6: 

6) a) 83.95% b) 60.29%

GLOSSARY

Environment: All the external factors that affect an organism.

Atmosphere: The mixture of gases surrounding any celestial object that has a gravitational field strong enough to prevent the gases from escaqping; especially the gaseous envelope of Earth.

Ecosystem: organisms living in a particular environment, and the physical parts of the environment that affect them.

Geosphere: The solid earth, including soil, which supports most plant life.

Hydrosphere: Earth’s water.

Biosphere: All living things on Earth.

Anthroposphere: That part of the environment made or modified by humans and used for their activities.

Fauna and Flora: Animals and Plants collectively.

Ozone layer: a thin layer in the upper atmosphere that is rich in O3 molecules and serves to shield Earth from the Sun’s harmful ultraviolet rays.

Fossil fuel: The organic matter of wood, or the hydrocarbons of natural gas, coal, petroleum etc. that have been formed from the partially decayed animals and vegetable matter of living things that inhabited the Earth in eras long past.

Pollution: The presence of an excess of a substance generated by human activity in the wrong environmental location.

Acid rain : Rain having abnormally high acidity as a result of interactions with atmospheric pollutants.

Photochemical smog: Air pollution produced when sunlight causes hydrocarbons and nitrogen oxides from automotive exhaust to combine.

Greenhouse Effect: the warming of the Earth by solar heat trapped through the insulating effect of atmospheric gases.

Global Warming: Increase in the average temperature of the atmosphere.

Water Pollution: Water Pollution, contamination of streams, lakes, underground water, bays, or oceans by substances harmful to living things.

Air Pollution: addition of harmful substances to the atmosphere resulting in damage to the environment, human health, and quality of life.

Hazardous Wastes: solid, liquid, or gaseous wastes that can cause death, illness, or injury to people or destruction of the environment if improperly treated, stored, transported, or discarded.

Soil horizons: Development of soil in a series of layers

Climate: the prevailing weather condition in a particular region
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Instructions: 

i. Your answers must be neat, readable and precise.

ii. Your answers should not exceed 4 pages maximum.

             iii.        Copying is absolutely forbidden, your assignment may be    
                         disqualified.

1. What is environmental pollution?

2. What is atmospheric pollution?

3. List reasons for global warming, green house effect and acid rain?

4. What are the causes of ozone layer depletion? What are its effects?

5. What are the causes of water pollution? Mention strategies to prevent water pollution. 

6. Discuss the international standards for quality of drinking water.

7. What are the causes of soil pollution? What makes soils acidic?

8. List and discuss two elements that are invariably toxic in their elemental forms. For another element, list and discuss two elemental forms, one of which is quite toxic and the other of which is essential for the body. In what sense is even the toxic form of this element “essential for life?”

9. With regard to toxicity, explain the meaning synergism, antagonism and potentiation. What does LD 50 mean?

10. With the help of simple examples other than those explained in the module, explain what green chemistry is about.

CO2





O2





Gas exchange between atmosphere and aquatic body 





HCO3- + hν                              {CH2O} + O2 + CO32-   





Photosynthesis





CO32- + H2O                                HCO3- + OH-     





Acid - base





Ca2++ CO32-                                  CaCO3              





   Precipitation





2{CH2O} +SO42-+2H+                                     


                              


                                H2S(g) + 2H2O + 2CO2(g)





 Microbial action





Sediment





Leaching





Uptake





NH4+





NO3-





Redox





Cd2+





Chelation









Page i
DMU, NCS, Department of Chemistry, 2019 G.C.

