FUNDAMENTALS OF SOIL SCIENCE

13. refresh notes of chemistry

a. Basic Concepts of Matter
Matter is the physical material of the universe, it is anything that occupies space and has mass. Matter can exist in three physical states: 

· gas or vapor 

· liquid 

· solid 

Gas
A gas or vapor has no fixed volume or shape, it conforms to the volume and shape of its container. Gases can be in either a compressed or expanded state to occupy different volumes. 

Liquid
A liquid has a distinct volume, independent of its container, but it has no specific shape. It assumes the shape of the container it is in. Liquids cannot be appreciably compressed. 

Solid
A solid has a definite shape and volume, it is rigid. Solids cannot be appreciably compressed. 

Substances
A pure substance has a fixed composition and distinct properties. Most matter we come in contact with in our daily lives is not a pure substance, but a mixture of substances. 

Physical and Chemical Properties
Every pure substance has a unique set of properties - characteristics which allow us to distinguish it from other substances. These properties fall into two general categories physical and chemical. Physical properties are properties that we can measure without changing the basic identity of the substance. Chemical properties are properties that describe the way a substance may change or react to form other substances. 

Physical and Chemical Changes
Substances can undergo various changes in properties, these changes may be classified as either physical or chemical. Physical changes is where a substance changes its physical appearance but not its basic identity. All changes of state (ie. solid to liquid to gas) are physical changes. Chemical changes (also known as chemical reactions), is where a substance is transformed into a chemically different substance. 

Mixtures
Mixtures refer to combinations of two or more substances in which each substance retains its own chemical identity and hence its own properties. Heterogenous mixtures are not uniform throughout the sample, and have regions of different appearance and properties. Homogenous mixtures are uniform throughout the sample, however, the individual substances retain their individual chemical and physical nature. Homogenous mixtures are also called solutions, however, the most common type of solution is described by a solid (the solute) dissolved in a liquid (the solvent). 

An important characteristic of mixtures is that the individual components retain their physical and chemical properties. Thus, it is possible to separate the components based on their different properties. For example, we can separate ethanol from water by making use of their different boiling temperatures, in a process known as distillation. 

The Atomic Theory of Matter
Chemists make their observations in the macroscopic world and seek to understand the fundamental properties of matter at the level of the microscopic world (ie. molecules and atoms). The reason why certain chemicals react the way they do is a direct consequence of their atomic structure. 

The word atom is derived from the Greek word atomos, meaning indivisible. The philosopher Democritus (460-370 B.C.) believed that matter was composed of fundamentally indivisible particles, called atomos. 

Dalton's atomic theory of 1803: 

· Each element is composed of extremely small particles called atoms. 

· All atoms of a given element are identical; the atoms of different elements are different and have different properties (including different masses). 

· Atoms of an element are not changed into different types of atoms by chemical reactions; atoms are neither created nor destroyed in chemical reactions. 

· Compounds are formed when atoms of more than one element combine; a given compound always has the same relative number and kind of atoms. 

Atoms are the basic building blocks of matter, they are the smallest units of an element: 

· An element is composed of only one kind of atom. 

· In compounds the atoms of two or more elements combine in definite arrangements. 

· Mixtures do not involve the specific interactions between elements found in compounds, and the elements which comprise the mixture can be of varying ratios. 

Atoms are the smallest particle of an element which retains the chemical properties of that element. 

Simple "laws" (i.e. theories) of chemical combination which were known at the time of Dalton: 

· The law of constant composition (in a given compound the relative number and kind of atoms are constant). 

· The law of conservation of mass (the total mass of materials present after a chemical reaction is the same as the total mass before the reaction). 

Dalton used these "laws" to derive another "law" - the law of multiple proportions (if two elements, A and B, can combine to form more than one compound, then the ratios of the relative masses of each element which can combine can be represented by characteristically small whole numbers). 

Hydrogen and oxygen gas can react to form water (H2O). This is a violent reaction which liberates considerable amounts of heat. A large child's balloon will hold about four liters of gas. This would represent about 5 grams of oxygen and 0.3 grams of hydrogen if we mixed them in the appropriate (molar) ratios. Thus, we would expect, at most, to form about 5.3 grams of water (about 1 tablespoon full). Since some gasses escape before reacting, and since we may not add the gasses in exactly the correct ratio, the amount of water formed may be far less. The water that is formed is going to be in the vapor phase. 

This demonstrates one of the attractive aspects of hydrogen as a fuel:  the only pollution (ie. product) is water!

b. The Atom
An atom is the smallest unit in nature that retains the characteristics of a specific element. There are several types of particles contained in an atom. At its central core is a nucleus that consists of positively charged particles, called protons and uncharged particles, called neutrons. Surrounding the nucleus and orbiting it are negatively charged particles, called electrons. 

The nucleus of an atom occupies only a tiny fraction of the atom's total volume, but it contains almost all of the atom's mass (weight). A proton is an elementary particle that is contained in the nucleus that has a single positive electrical charge. The mass of a proton is about 1,840 times the mass of an electron and is slightly less than the mass of the neutron. In the case of hydrogen, a single proton constitutes the nucleus of the atom. The nucleus of every atom contains one or more protons. A neutron is another elementary particle that is contained in the nucleus of an atom and is uncharged or electrically neutral. With the exception of hydrogen, which does not contain any neutrons and elements in their radioactive state, the number of protons and neutrons that are contained in the nucleus of an atom are equal. The mass of a neutron is slightly more than the mass of a proton. 

	
	An electron is another elementary particle contained in an atom that has an electricity negative charge. Each atom has an equal number of protons and electrons. Electrons orbit around the nucleus of an atom, forming the electron cloud of charge. Generally, there are just enough negatively charged electrons to balance the positive charge of the protons in the nucleus of the atom, so the atom is said to be electrically neutral. When electrons are added or removed from the atom, a net charge results and the atom is said to be ionized. Electrons in the outermost orbits around the nucleus determine the atom's chemical and electrical properties. The electron is the lightest known particle known to exist, having a non-zero mass.


The number of protons contained in an atom's nucleus is called the Atomic Number. Atoms with the same atomic number make up a chemical element and the elements are arranged in the Periodic Table of Elements in the order of their atomic number. 

The sum of the protons plus the neutrons in the nucleus of an atom determines the characteristic mass or Mass Number of an element, which is also a close approximation of the element's atomic weight. Since hydrogen contains only 1 proton and no neutrons we know that it has an atomic number of 1, it has a mass number equal to 1, and an atomic weight which is the sum of the protons plus neutrons, and that is also equal to 1. Magnesium on the other hand contains 12 protons, meaning that the atomic number is 12, the mass number is 24 (12 protons plus 12 neutrons), and an atomic weight of 24 (actually 24.305). Generally speaking, with the exception of elements in their radioactive states (uranium, plutonium, etc.), we can say that the number of protons and neutrons that are contained in the nucleus of an atom are equal. But, as we seen with hydrogen, there are exceptions since hydrogen contains 1 proton and no accompanying neutron. However, hydrogen is the only exception. 

The Atomic Weight is the mass of an element and is usually expressed in terms of Atomic Mass Units (AMU). The atomic mass unit is defined as exactly 1/12 the mass of a carbon (C12) atom. Each proton or neutron weighs about 1 AMU, so the atomic mass of an element is always close to the total number of protons plus neutrons in the nucleus or the mass number. 

Electron Orbitals
Electron orbitals are a set of concentric rings containing electrons that surrounds the nucleus of an atom. Using our solar system as an example, the Sun would represent the nucleus, while the path that the planets orbiting around the Sun travel in would represent the orbitals. The planets, such as Mars and Earth, would represent electrons and orbit around the nucleus. 

In the orbitals surrounding the nucleus, each electron contains 1 negative charge. This negative charge of the electron balances the positive charge of the protons in the nucleus. Although the electron accounts for essentially none of the mass (weight) of an atom (an electron is only 1/1837th the mass of a proton or neutron), in its orbit around the nucleus, it does account for 100,000 times the volume or esssentially all of the total volume of the atom. 

Using our example of the solar system and the planets orbiting around the Sun, electrons also orbit around the nucleus of an atom at different distances. Each atom contains a series of rings around the nucleus and each ring contains a specific number of electrons. These rings are called shells. 

[image: image1.png]nnnnnn

||||||




The shell nearest the nucleus of an atom is labeled the k shell. The next shell is called the l shell, followed by the m shell, and so on. Each of these shells contain a specific number of electrons, depending on where the shell is located. The k shell (nearest the nucleus) can contain a maximum of 2 electrons, the l shell can contain a maximum of 8 electrons, the m shell can contain a maximum of 18 electrons, and so on. The formula that is used to calculate the number of electrons that can be contained in a shell is: 

2n2
Where n refers to the number of the shell (k shell equals 1, l shell equals 2, m shell equals 3, n shell equals 4, etc.). So, the maximum number of electrons that can be contained in the shells would be: 

	k shell
	= 2 x 12
	= 2 electrons

	l shell
	= 2 x 22
	= 8 electrons

	m shell
	= 2 x 32
	= 18 electrons

	n shell
	= 2 x 42
	= 32 electrons


The outtermost shell that contains electrons, whether that is the k shell as is the case with hydrogen or the l shell as is the case with oxygen, is termed the valence electron shell. The valence of an atom is determined by the number of electrons in its valence electron shell and atoms exist in their most stable configuration when the valence electron shell is completely filled. 
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All atoms have basically the same structure, a nucleus containing protons and neutrons and electrons contained in the orbitals surrounding the nucleus. Atoms do however differ in the number of protons, neutrons, and electrons that they contain from element to element. For example, an atom of hydrogen contains 1 proton (1p) and 1 electron, where an atom of oxygen contains 8 protons (8p), 8 neutrons (8n), and 8 electrons. 

In the nucleus, protons each have a positive charge while the neutrons are uncharged or neutral. Both the protons and neutrons have approximately the same mass (approximately equal to 1) and together they occupy a space equal to 1/100,000th of the electrons that are contained in their orbitals. 

The number of protons in the nucleus determines the atomic number of an atom. For example, the number of protons contained in hydrogen is 1 and hydrogen has an atomic number of 1. The number of protons contained in the nucleus of oxygen is 8, therefore the atomic number of oxygen is 8. 

Oxygen has an atomic weight of 16. From this we know that the weight of oxygen is due solely to the number of protons and neutrons in the nucleus, since the electrons have essentially no mass. We also know that the atomic number of oxygen is equal to the number of protons in the nucleus and since oxygen's nucleus contains 8 protons and 8 neutrons, the atomic number is 8. Because oxygen is neutral, we also know that is must have 8 electrons to counterbalance the positive charge of the protons and these electrons orbit the nucleus at fixed distances in concentric rings around the nucleus called shells. 

The configuration of the electrons in the shells surrounding the nucleus of oxygen would be 2 electrons in the k shell and 6 electrons in the l shell and we know this by using our 2n2 equation. Since oxygen contains 8 electrons, 2 electrons would be contained in the k shell, leaving only 6 electrons for the l shell. In other words, there are still 2 spaces available in the l shell for electrons in the oxygen atom. 

It is because of these open shells that elements react with each other. Oxygen will try to fill these open spaces by sharing 2 electrons with another element. By sharing 2 electrons, it will fill its l shell thus obtaining what we call a stable configuration and will remain unreactive until the electrons that it is sharing are taken away. 

Inert elements, such as helium and neon, already have stable configurations and are unreactive. In other words, their shells are full of electrons. Helium has an atomic weight of 4, meaning that there are 2 protons and 2 neutrons. Since there are 2 protons (+ charge), these must be balanced by 2 electrons (- charge). Using our 2n2 equation, we know that these electrons will fill the k shell completely. In the case of neon, it has an atomic weight of 20, meaning that there are 10 protons and 10 neutrons. Since the 10 protons must be balanced by an equal number of electrons, 2 electrons fill the k shell and the remaining 8 electrons fill the l shell.

c. Molecules and Ions
Although atoms are the smallest unique unit of a particular element, in nature only the noble gases can be found as isolated atoms. Most matter is in the form of ions, or compounds. 

Molecules and Chemical Formulas
A molecule is comprised of two or more chemically bonded atoms. The atoms may be of the same type of element, or they may be different. Many elements are found in nature in molecular form - two or more atoms (of the same type of element) are bonded together. Oxygen, for example, is most commonly found in its molecular form O2 (two oxygen atoms chemically bonded together). Oxygen can also exist in another molecular form where three atoms are chemically bonded. O3 is also known as ozone. Although O2 and O3 are both compounds of oxygen, they are quite different in their chemical and physical properties. There are seven elements which commonly occur as diatomic molecules. These include H, N, O, F, Cl, Br, I. 

An example of a commonly occurring compound that is composed of two different types of atoms is pure water, or H2O. The chemical formula for water illustrates the method of describing such compounds in atomic terms: there are two atoms of hydrogen and one atom of oxygen (the 1 subscript is omitted) in the compound known as water. There is another compound of Hydrogen and Oxygen with the chemical formula H2O2, also known as hydrogen peroxide. Again, although both compounds are composed of the same types of atoms, they are chemically quite different: hydrogen peroxide is quite reactive and has been used as a rocket fuel (it powered Evil Kenievel part way over the Snake River canyon). 

Most molecular compounds (i.e. involving chemical bonds) contain only non-metallic elements. 

Molecular, Empirical, and Structural Formulas
· Molecular formulas refer to the actual number of the different atoms which comprise a single molecule of a compound.

· Empirical formulas refer to the smallest whole number ratios of atoms in a particular compound.

	Compound
	Molecular Formula
	Empirical Formula

	Water
	H2O
	H2O

	Hydrogen Peroxide
	H2O2
	HO

	Ethylene
	C2H4 
	CH2

	Ethane
	C2H6 
	CH3


Molecular formulas provide more information, however, sometimes a substance is actually a collection of molecules with different sizes but the same empirical formula. For example, carbon is commonly found as a collection of three dimensional structures (carbon chemically bonded to carbon). In this form, it is most easily represented simply by the empirical formula C (the elemental name). 

Structural Formulas
Sometimes the molecular formulas are drawn out as structural formulas to give some idea of the actual chemical bonds which unite the atoms. 
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Structural formulas give an idea about the connections between atoms, but they don't necessarily give information about the actual geometry of such bonds. 

Ions
The nucleus of an atom (containing protons and neutrons) remains unchanged after ordinary chemical reactions, but atoms can readily gain or lose electrons. 

If electrons are lost or gained by a neutral atom, then the result is that a charged particle is formed - called an ion. 
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For example, Sodium (Na) has 11 protons and 11 electrons. However, it can easily lose 1 electron. The resulting cation has 11 protons and 10 electrons, for an overall net charge of 1+ (the units are electrons). The ionic state of an atom or compound is represented by a superscript to the right of the chemical formula: Na+, Mg2+ (note the in the case of 1+, or 1-, the 1 is omitted). In contrast to the Na atom, the Chlorine atom (Cl) easily gains 1 electron to yield the chloride ion Cl- (i.e. 17 protons and 18 electrons). 

In general, metal atoms tend to lose electrons, and nonmetal atoms tend to gain electrons. 

Na+ and Cl- are simple ions, in contrast to polyatomic ions such as NO3- (nitrate ion) and SO42- (sulfate ion). These are compounds made up of chemically bonded atoms, but have a net positive or negative charge. 

The chemical properties of an ion are greatly different from those of the atom from which it was derived. 

Predicting Ionic Charges
Many atoms gain or lose electrons such that they end up with the same number of electrons as the noble gas closest to them in the periodic table. The noble gasses are generally chemically non-reactive, they would appear to have a stable arrangement of electrons. Other elements must gain or lose electrons, to end up with the same arrangement of electrons as the noble gases, in order to achieve the same kind of electron stability. 

Example: Nitrogen 

Nitrogen has an atomic number of 7; the neutral Nitrogen atom has 7 protons and 7 electrons. If Nitrogen gained three electrons it would have 10 electrons, like the Noble gas Neon (10 protons, 10 electrons). However, unlike Neon, the resulting Nitrogen ion would have a net charge of N3- (7 protons, 10 electrons). 

The location of the elements on the Periodic table can help in predicting the expected charge of ionic forms of the elements. This is mainly true for the elements on either side of the chart. 

Ionic Compounds
Ions form when one or more electrons transfer from one neutral atom to another. For example, when elemental sodium is allowed to react with elemental chlorine an electron transfers from a neutral sodium to a neutral chlorine. The result is a sodium ion (Na+) and a chlorine ion, chloride (Cl-): 
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The oppositely charged ions attract one another and bind together to form NaCl (sodium chloride) an ionic compound. An ionic compound contains positively and negatively charged ions. It should be pointed out that the Na+ and Cl- ions are not chemically bonded together. Whereas atoms in molecular compounds, such as H2O, are chemically bonded. 

Ionic compounds are generally combinations of metals and non-metals. Molecular compounds are general combinations of non-metals only. 

Pure ionic compounds typically have their atoms in an organized three dimensional arrangement (a crystal). Therefore, we cannot describe them using molecular formulas. We can describe them using empirical formulas. 
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If we know the charges of the ions comprising an ionic compound, then we can determine the empirical formula. The key is knowing that chemical compounds are always electrically neutral. Therefore, the concentration of ions in an ionic compound are such that the overall charge is neutral. 

In the NaCl example, there will be one positively charged Na+ ion for each negatively charged Cl- ion. 

What about the ionic compound involving Barium ion (Ba2+) and the Chlorine ion (Cl-)? 

1 (Ba2+) + 2 (Cl-) = neutral charge 

Resulting empirical formula: BaCl2
d. Valence
The valence of an atom (also refered to as the atom's oxidation state), refers to the combining capacity of an atom. Valence is expressed as the number of single bonds that an atom can form or the number of electrons that are given up or accepted when reacting to form a chemical compound. The valence of an atom is determined by the number of electrons in its valence electron shell. 

When an atom combines with other atoms, it tends to gain or lose valence electrons (electrons contained in the valence electron shell) in order to attain a stable configuration. We determine the valence of an atom by measuring their ability to combine with hydrogen or, to replace hydrogen in an existing compound. 

Although not politically correct, for our purposes, we will refer to the valence as being either a positive or negative number. The value associated with the valence is actually an unsigned integer. This is just a fancy way of saying that it is a number that is neither positive or negative. For example, 2 is an unsigned integer, +2 and -2 are signed integers. 

We discussed filling the electron shells to obtain a stable configuration for an atom using the 2n2 formula to determine the number of electrons that any one shell can contain. For all practicle purposes, valence refers to the number of electrons that an atom must gain, lose, or share in order to fill it's valence electron shell to obtain a stable configuration. 
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	Here we see that hydrogen has 1 electron in the k shell (the shell closest to the nucleus). Since the k shell has a capacity to hold a maximum of 2 electrons and there is only one present, hydrogen has an unstable configuration. We can also say that hydrogen has a valence of 1 since there is one open position in the outter shell (the k shell in this case). 
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	Here we see that helium has 2 electrons in the k shell and again, since the k shell has a capacity to hold 2 electrons and there are 2 electrons present, helium has a stable configuration. We can also say that helium has a valence of 0 since there are no open positions in the outter shell. 


Bonding
To see how elements bond together, lets take another look at the oxygen atom. 

	[image: image9.png]Oxygen

Atomic Rumber = 1
Atomnic Weight = 16




	The atomic weight of oxygen is 16 atomic mass units. This means that there are 8 neutrons and 8 protons in the nucleus and for this atom to be neutral, it must contain 8 electrons in it's electron shells. According to our formula for the electron capacity for the various shells, we know that we can fit 2 electrons in the k or first shell and 8 in the second or l shell.


In the case of oxygen, if we place 2 electrons in the k shell and the remaining 6 electrons in the l shell, we find that there is still room for 2 more electrons in the outter shell. We know then that strictly speaking, we have a valence of 2, or in other words, oxygen has a combining capacity of 2. Oxygen will tend to share 2 electrons with other atoms, such as hydrogen, to complete its outter shell, thus giving it a stable configuration. 
For our purposes, it is sufficient to distinguish between only 2 types of bonds, these are covalent and ionic bonds. The difference between the two type of bonds is only in the degree in which electrons are captured or shared. In an ionic bond, there is a complete capture or loss of valence electrons to obtain a stable configuration. In other words, when 2 atoms come together and instead of sharing electrons, one atom allows it's electrons to spend all of their time in the vacinity of the other atom, we then have an ionic bond. The most common example of an ionic bond is that of common table salt, NaCl. When salt is dropped in water, the salt dissociates into its constituents sodium, with a positive 1 charge and chloride, with a negative 1 charge. The sodium positive (Na+) is known as a positive ion or cation and the chlorine negative (Cl-) is known as a negative ion or anion. 

Covalent bonds are characterized by the sharing of electrons to fill a valence electron orbital. Consider two hydrogen atoms approaching each other. We know that each hydrogen atom contains 1 electron, so that it's k shell is not filled. Because the capacity of the k shell is 2 electrons, each hydrogen must find some way to complete its shell to reach a stable configuration. As the distance between these 2 atoms decreases, each electron begins to feel the attraction not only of its own nucleus, but also that of the other hydrogen atom. Because of this attraction, the electrons begin to spend more of their time in the region between the 2 nuclei where the attraction forces are the greatest. The elctrons are free to travel about the nuclei of both atoms. 

Pure covalent and pure ionic bonds are the exception rather than the rule, most bonds are intergrates. Collectively, they are known as polar covalent or dative bonds and they are the result of differences in electronegativity of atoms of different elements. For example, imagine a molecule of water, this is an intergrate bond. As we mentioned earlier, oxygen tends to almost completely capture the electron from a hydrogen atom. What we then have is the shared electrons are spending more of their time around the oxygen nucleus than around the hydrogen nucleus. Thus, unequal sharing of electrons due to differences in electronegativity is what constitutes a polar covalent or dative bond. If we had complete, equal sharing of electrons, such as between two atoms of the same element, then we would have a pure covalent bond. For our purposes though, we can say that polar covalent bonds will act the same way in a chemical reaction as pure covalent bonds.

d. Equivalent Weights

By definition, an Equivalent Weight is that weight of an element which will combine with or displace 8 grams of oxygen or the equivalent weight of any other element.

When we talk about an equivalent weight of something, we are refering to a chemically equivalent weight. What this means is that if we have the chemically equivalent weight of two different elements and these elements will combine together completely with nothing left over. In other words, if we had the equivalent weights of 2 elements and they were combined, their electron needs would be satisfied exactly, with no electrons left over.

Lets use the formation of water as an example. Water is made up of oxygen and hydrogen (H2O). Oxygen has a valence of 2-, meaning that each atom of oxygen has a need of 2 electrons to give it a stable configuration. Hydrogen has a valence of 1+, meaning that each atom of hydrogen has a need to donate or share an electron. If we wanted these 2 elements to react with nothing left over, we would need 2 times as much hydrogen as oxygen to satisfy the electron needs of oxygen exactly. Since the atomic weight of hydrogen is 1 gram and the atomic weight of oxygen is 16 grams, we would need 1 grams of hydrogen for every 8 grams of oxygen. These quantities are said to be chemically equivalent.

To be chemically equivalent, there must be an equal numbers of charges. In other words, 1 gram of hydrogen must have as many positive charges available as 8 grams of oxygen has negative charges available. Or we can say, an equivalent weight of one element must have as many charges as an equivalent weight of another element.

An equivalent weight of any element contains Avogadro's Number of charges, which is 6.02 x 1023 or:

602,000,000,000,000,000,000,000 charges

Since 1 gram of hydrogen contains 6.02 x 1023 positive charges and 8 grams of oxygen contains 6.02 x 1023 negative charges charges, they will combine exactly with no hydrogen or oxygen left over.

How do we find the equivalent weight of an element? Hydrogen has an atomic weight of 1 gram, a valence of 1, and we know that its equivalent weight is 1 gram. We also know that oxygen has an atomic weight of 16 grams, a valence of 2, and an equivalent weight of 8 grams. Do you detect a pattern here? To calculate the equivalent weight of any element, we divide the atomic weight by the valence. For hydrogen, the equivalent weight is equal to:
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For oxygen, the equivalent weight is equal to:
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Equivalent weight is important because all elements will combine with each other according to their equivalent weight. When we talk about the negatively charged exchange sites on clay minerals (cation exchange capacity) attracting positively charged cations, we will also be speaking in terms of equivalents.

If a clay mineral has 6.02 x 1023 cation exchange sites, we know that it will be able to attract 6.02 x 1023 positively charged cations or an equivalent weight of an element to its surface.
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