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Nonmetal Materials

Unit 1.1 Physical Chemistry of Silicate

+
+
+
+
+
+
+
+

Silicates are the most common form of minerals in the earth’s system, and probably also
beyond. Chemically, they consist of silica tetrahedras ( SiO,) which are combined with
metal cations, such as Mg’" or Fe’" in a lattice structure. In crystalline lattice structures,
the tetrahedras, can share their oxygen atoms with other tetrahedras to form different
structures of silicateé: Nesosilicates (Island Silicates), Sorosilicates ( Double Island Sili-
cates), Cyclosilicates ( Ring Silicates ), Inosilicates ( Chain Silicates ), Phyllosilicates
( Sheet Silicates), Tectosilicates ( Framework Silicates) and Isomorphous Replacement.
The replacement of one cation by another is extremely common in silicates, which consti-

tutes the variety of silicate minerals..

B e T S e T e S S B S s e S S e S e S S o

§

Text 1 Silicate Structures and Structural Formula

(1) As we discussed in a previous lecture, the relative abundance of elements in the earth’s crust
determines what minerals will form and what minerals will be common. Because Oxygen and Sili-
con are the most abundant elements, the silicate minerals are the most common. Table 1. 1.1 gives
the contents of elements in the earth’s crust. Since oxygen is the most abundant element in the

crust, oxygen will be the major anion that coordinates the other cations.

Table 1.1.1 The contents of elements in the crust

Element Wt % At. % Volume% Element Wt. % At % Volume%
0 46.60 62.55 ~94 Na 2.83 2.34
Si 27.72 21.22 ~6 K 2.59 1.42
Al 8.13 6.47 Mg 2.09 1.84
Fe 5.00 1.92 Total 98.59 100.00 100
Ca 3.63 1.94
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In order to discuss the silicates and their structures it is first necessary to remember that each at-
om or ion-the silicates are most probably built up of ions-tries to surround itself with ions of oppo-
site charge in such a manner that all bring their maximum influence to bear on one another. We
might say that their spheres of influence are in contact. The radii of these spheres are significant
but more important are the ratios of the radii, which depend on the way atoms are packed together
or coordinated by larger anions, of the cations to those of the anions which surround them. In the
common silicates the cations are usually smaller than the most abundant anion O. Table 1.1.2 and
Table 1. 1.3 list the radii of the most important ions and the radius ratio of the cation to the anion,

R_/R, in silicates.

Table 1.1.2 Effective radii of ions of some of the elements in silicates ( nm)
Be?* 0.034 Fe?* 0.083 K* 0.133
Si** 0.039 In** 0.083 Ba®* 0.143
AP+ 0.057 Sc** 0.083 0" 0.132
Ti*+ 0.064 it 0.087 F- 0.133
Fe’* 0.067 Mn?* 0.091 OH- 0.14 ~0.15
Mn®* 0.070 Na* 0.098 s*- ' 0.174
Mg+ 0.078 Ca®* 0.106 c- 0.181
Li* 0.078 St 0.127

Table 1.1.3 Radius ratio of the cation to the anion,R,/R_, C. N.
and type of crystallization structures

R./R, C.N. Type R/R, C.N. Type
1.0 12 Hexagonal or cubic closest packing || 0.414 ~0.225 4 Tetrahedral
1.0~0.732 8 Cubic 0.225~0.155 | 3 Triangular
0.732 ~0.414 6 Octahedral <0.155 2 Linear

Thus, for the major ions that occur in the crust, we can make the following Table 1. 1. 4 showing

the coordination and coordination polyhedra that are expected for each of the common cations.

Table 1.1.4 The typical cations's C. N, , coordination and coordination polyhedra

Ion C.N. (with oxygen) Coord. polyhedron Ionic radius(nm)
K* 8~12 cubic to closest 1.51(8) ~1.64(12)
Na* 8~6 . 1.18(8) ~1.02(6)
" cubic to octahedral
Ca** 8§~6 1.12(8) ~1.00(6)
Mn?* 6 0.83
Fe?* 6 0.78
Mg 6 0.72
p octahedral
Fe’* 6 0.65
Ti** 6 0.61
A13 + 6 0.54
AP* 4 0.39
- tetrahedral
Si 4 0.26
cé 3 triangular 0.08
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The radius ratio of Si** to O®" requires that Si** be
coordinated by 40" ions in tetrahedral coordination whose edge
is 0. 26 ~ 0. 27nm in length. In order to neutralize the +4
charge on the Si cation, one negative charge from each of the
Oxygen ions will reach the Si cation. Thus, each oxygen will be
left with a net charge of — 1, resulting in a SiO; " tetrahedral
group that can be bonded to other cations. It is this SiO}~ tetra- Sio4

hedron that forms the basis of the silicate structures including Fig 1.1.1 Si0%" tetrahedral group
quartz and other Si0, modifications, as is shown in Fig. 1. 1. 1.

Since Si** is a highly charged cation, Pauling’s rules state that it should be separated as far as
possible from other Si** ions. Thus, when these SiO} ™ tetrahedrons are linked together, only comer
oxygens will be shared with other Si0}~ groups. Several possibilities exist and give rise to the dif-
ferent silicate groups.

(2) In orthosilicates, Si0, groups are never in direct contact with one another. How two SiO,
tetrahedra may have one comer in common forming an Si, 0, group is shown in Fig. 1.1.2. This
grouping exists in the melilite silicates. Fig. 1. 1.2b shows a linking of three SiO, groups giving
one large Si, 0, aggregate as found in benitoite. A ring of six SiO, tetrahedra resulting in a Sig0,5
group has been discovered in beryl.

@ (b) (©

Fig. 1.1.2  (a)Si,0, group; (b) Si, 0, group; (c) Sig0,4 group(beryl ring)

Single chains (Fig.1.1.3) exist in the pyroxenes. Due to this linking of the tetrahedra the ratio
of Si: O becomes 1: 3, which is that of the metasilicates. The discovery of endless double chains
(Fig.1.1.4) in the amphiboles has added much to the understanding of these complex structures.
The unit Si,0,, occurs in them as will be shown later. Endless sheets of SiO, groups in which three
of the four tetrahedral comers of each SiO, group are linked to adjoining SiO, groups are shown in
Fig.1.1.5. They give rise to Si,O,, units as in the micas and talc. Another complex type of SiQ,
grouping is the feldspar type which consists of frameworks of SiQ, groups(Fig.1.1.6). Each tet-
rahedron shares its four corners with four adjacent SiQ, tetrahedra resulting in a ratio 1 : 2 for Si to
0. Cations other than Si may have four or more valency coordinates. Their coordinate number
seems to depend less on chemical valency than on their sizes and more complicated factors, some of

them little understood. Aluminum may be the center of a tetrahedral AlO, group which strongly re-
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sembles the SiO, group. It is, however, slightly larger and more distorted on account of the larger
size of the Al cation. Aluminum frequently is the center of a somewhat distorted octahedron in
which position it has a valency of six valency coordinates to the six corners of the octahedron.
These corners are the centers of O, F, or OH anions as a rule. The behavior of Al shows that an el-
ement may have more than one coordinate number even in the same structure as will be shown in
andalusite, for example, in which half of the Al ions have the coordinate number 5,'the other half
the number 6. Mg, Fe’* and Na usually behave like Al with six coordinates, while Ca more often
has eight coordinates. Beryllium on the other hand, is at the center of a tetrahedron like Si. Boron
behaves the same way though it may have only three coordinates. The reader may have noticed that
as a general rule the larger cations have the larger number of valency coordinates.- This is a natural
consequence of the empirical law stated earlier that each cation tries to gather as many anions

about itself as will closely fit around it.

Fig. 1. 1.3 SiO, endless chain in pyroxenes

Fig. 1.1.5 Si,0,, endless sheet in mica Fig. 1.1.6 SicAlL0,, framework in sodalite l

Notwithstanding the fact that in crystals an ion with a certain chemical valency may be re-
placed by one with a different valency, the total positive and negative valencies must balance in
any stable structure. Pauling has gone farther and has proposed his “rule of compensation of e-
lectrostatic valency” which has been found valid within certain limits for the structures investi-
gated. It states that in a stable structure, the electric charge of each anion is approximately or
exactly compensated by the strength of the electrostatic valency bonds reaching it from the cat-

jons to which it is linked directly. An example will illustrate this rule in olivine ( forsterite,
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Mg,SiO,) each O ion is linked to one Si and three Mg ions. Si has a valency 4, and each of its
four bonds has a value 1. Mg has a valency 2. Each of its six coordinates is equal to one-third

of a positive charge. The two negative charges of O are compensated exactly by (3 x1/3 +1)

=2 positive charges.

Vocabulary:

silicate [ "silikit ]n. FERRER

minerals [ 'minaral ] n. 88, 772, B2 5

silica [ "silikoln. FEfa, &Lt

cation [ "ketaion |n. PHEF

lattice [ leetis n. 1. ¥8FHELE ;2. KUK TF
LRI

crystalline [ "kristolin, - lain, - li;n]adj. K
i UK R, SN o SN, 25
E :
nesosilicates [ b ] S REBR LR (4% Si0}” =
i) Fok AR F)

cyclosilicates HEEEREL

formula [ fo:mjula]n. 1. #AER, JRW;2. A
X, HERX;3. B

anion [ =naion |n. BIETF

maximum [ mazksimom | adj. B AMEK, &
REH n BRWE AR BES

radii [ reidiai |n. 4%

polyhedra [, poli "hi:dro]n. ZH & (poly-
hedron HJE %)

Questions:

tetrahedral [ tetrs " hedrol ] adj. & PUE A,
UK

neutralize [ nu:tra , laiz, " nju:-]vt. ffH5
B, HEH , o

bonded [ hondid]adj. (#7¥}) #EEH -

quartz [ kwa:tsn. (F") 1K

melilite [ melilait jn. KA

mica [ maiks n. &

tale [ telk In. 3§46, =

feldspar [ " feldspa: Jn. {4

adjacent [ o dzeisont ]adj. 4PiLH)

valency [ veilansi |n. fft,{b&#

resemble [ ri ' zembl]vt. .-+, 2(fRlF

octahedron [, okto "hedran[n. \FH{&

andalusite [, ®endo "lu;sait |n. ZLEEA

beryllium [ ba 'riljom |n. g% (JCEMSFS Be)

crystal ["kristal | n. 7K &%, 455 ()

electrostatic [ i’ lektrou "steetik ] adj. EFH1 ),
FH2EIN

olivine [, oli "vi:n]n. ¥, HE

1. Which factors influence their structures of the Silicates?

2. Please give the difference among Si, 0, ,Si, 0, .Si;O,; group.

Text 2 The Classification of Silicates

(1) The Classification of Silicates

Nesosilicates (Island Silicates, Orthosilicate ) : If the corner oxygens are not shared with other
Si0; " tetrahedrons, each tetrahedron will be isolated. Thus, this group is often referred to as the is-
land silicate group. The basic structural unit is then SiQj~ . In this group the oxygens are shared
with octahedral groups that contain other cations like Mg**, Fe’*, or Ca®*. Olivine is a good exam-
ple: (Mg, Fe), SiO,.

Sorosilicates ( Double Island Silicates) : If one of the corner oxygens is shared with another tet-
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rahedron, this gives rise to the sorosilicate group. It is often referred to as the double island group
because there are two linked tetrahedrons isolated from all other tetrahedrons. In this case, the bas-
ic structural unit is Si,057. A good example of a sorosilicate is the mineral hemimorphite-
Zn,Si,0,( OH) - H,0. Some sorosilicates are a combination of single and double islands, like in
epidote -Ca,(Fe’*, Al) AL, (Si0, ) (Si,0,) (OH).

Cyclosilicates ( Ring Silicates) : If two of the oxygens are shared and. the structure is arranged
in a ring, such as that shown here, we get the basic structural unit of the cyclosilcates or ring sili-
1
1

cates. Shown here is a six membered ring forming the structural group SigO}2~. Three membered

rings, Si, 05, four membered rings, Si,05; , and five membered rings Si;0}5 " are also possible. A
good example of a cyclosilicate is the mineral Beryl-Be, Al,SigO;.

Inosilicates ( Single Chain Silicates ) : If two of the oxygens are shared in a way to make
long single chains of linked SiQ, tetrahedra, we get the single chain silicates or inosilicates. In
this case the basic structural unit is Si,Of~ or SiO2~. This group is the basis for the pyroxene
group of minerals, like the orthopyroxenes ( Mg, Fe) SiO, or the clinopyroxenes Ca( Mg, Fe) -
Si, 0. ,

Nosilicates (Double Chain Silicates) : If two chains are linked together so that each tetrahedral
group shares 3 of its oxygens, we can form double chains, with the basic structural group being
Si, 05, . The amphibole group of minerals are double chain silicates, for example thetremolite-ferro-
actinolite series-Ca,( Mg, Fe) 5Si;O,( OH) ,.

Phyllosilicates ( Sheet Silicates): If 3 of the oxygens from each tetrahedral group are shared
such that an infinite sheet of Si0Q, tetrahedra are shared we get the basis for the phyllosilicates or
sheet silicates. In this case the basic structural group is Si, 02~ . The micas, clay minerals, chlorite,
tale, and serpentine minerals are all based on this structure. A good example is biotite-
K( Mg, Fe) ,(AlSi; ) O,,( OH) ,. Note that in this structure, Al is substituting for Si in one of the
tetrahedral groups.

Tectosilicates ( Framework Silicates ) : If all of the corner oxygens are shared with another
Si0, tetrahedron, then a framework structure develops. The basic structural group then becomes
Si0,. The minerals quartz, cristobalite, and tridymite all are based on this structure. If some of the
Si** ions are replaced by Al’* then this produce charge imbalance and allows for other ions to be
found coordinated indifferent arrangements within the framework structure. Thus, the feldspar and
feldspathoid minerals are also based on the tectosilicate framework.

(2) Isomorphous Replacement

The replacement of one cation by another is extremely common in silicates. There seems to be little
doubt that the amount of O in a silicate is practically a constant and should be treated as such. The
O ion is so large that it is improbable that additional O ions could enter a stable structure. The F
ion or the OH radical, which are of about the same size as O, could possibly take its place, but it is
more common for F to replace OH, or vice versa. We only need to mention the plagioclase feldspars
in which Na and Si are replaced by Ca and Al, respectively. It is not possible, however, for Ca to
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replace Na without a corresponding substitution of Al for Si. In-general such replacements may be
complicated. For example in the micas the number of O ions in the unit cell remained practically
constant. The greatest possible variation exists in micas, however, not only in the amount of substi-
tution of one metal for another, but also in the number of metals that may replace one another. The
metals which are difficult to assign in the determination of a structure are those whose cations have
two different coordinate numbers. Aluminum is a typical example. It frequently takes the place of Si
with four coordinates, but it may also replace Mg, Mn, Fe’*, Ti and Cr with six. Table 1. 1. 4 which
gives the radii of common ions is helpful in this respect. An ion will replace another only if the
difference between their radii is relatively small.

(3) General Formula for Silicates

Based on these basic structural units, we can construct a general structural chemical formula for the
silicates. But one substitution in particular tends to mess things up a bit. This is Al’*, the third

>* has an ionic radius that varies between 0. 54nm

most abundant element in the Earth’s crust. A
and 0. 39nm depending on the coordination number. Thus, it could either fit in 6-fold coordination
with oxygen or 4-fold coordination with oxygen. Because AI’* will go into 4-fold coordination with
oxygen, it sometimes substitutes for Si**. If such a substitution takes place, it creates a charge im-
balance that must be made up elsewhere in the silicate structure.

The other common elements in the Earth’s crust that enter the silicates do so in other types of
coordination. Ions like AI’*, Mg®*, Fe’*, ‘Fe“ , Mn’*, and Ti** enter into 6-fold or octahedral
sites. Larger ions like Ca’*,and Na*, are found in octahedral coordination or 8-fold, cubic coordi-
nation sites. Very large cations like K*, Ba’*, and sometimes Na* are coordinated by 12 oxygens
in 12-fold coordination sites.

We can thus write a general structural formula for the silicates as follows:
X,Y.(2,0,)W,

where X represents an 8-fold to 12-fold coordination site for large cations like K*, Rb*, Ba®*,
Na*, and Ca’*.Y represents a 6-fold (octahedral) site for intermediate sized cations like AI’*,
Mg>*, Fe’*, Fe’*, Mn’*, and Ti**. Z represents the tetrahedral site containing Si**, and Al3+ .
The ratio p : ¢ depends oﬁ the degree of polymerization of the silica (or aluminaj tetrahedrons, or
the silicate structural type as discussed above. O is oxygen, and W is a hydroxyl (OH") site into
which can substitute large anions like F~ or C1™. The subscripts m, n, and r depend on the ratio. of
p to g and are chosen to maintain charge balance. ,
This is summarized in the Table 1. 1.5 shown here. In this table note that there is very little sub-
stitution that takes place between ions that enter the X, Y, and Z sites. The exceptions are mainly
substitution of AI’* for Si**, which is noted in the Table, and whether the X site is large enough to

accept the largest cations like K*, Ba**, or Rb*.
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Table 1.1.5 The typical ion and their site at a general structural formula .

Site C.N. Ton : Site C.N. Jon
Si*+
zZ 4 5 Na*t
AP 8
ART Cat
Fe*+
X +
F eZ + K
Y 6 "
R
Mg 8 ~12 Ba*
an +
R
Ti*+ Rb
Vocabulary:
classification [, klesifi " keifon]n. 433, 432%, chlorite [ 'klo:rait|n. WML, S RA

biotite [ ' baiotait |n. B}

KA, Pk, 1126

orthosilicate [, 5: 05 "silokeit | n. IEFEESEL
sorosilicate [, sora  silikit | n. {EREBEE £
hemimorphite [, hemi 'mos;fait | n. BARH"
epidote [ " epidout |n. A5 A

FEREm:

pyroxene [ pai’ roksi :n]n. A

amphibole [ smfibaul | n. (A

ferroactinolite [, feroak 'tina , lait | n. kAR A

inosilicates

cristobalite [ kris ' touboalait ]n. 7 #

tridymite [ traido , mait ] n. 8§ 3%

feldspathoid [ feld spz8oid 1n. I A

vice versa [, vaiso 'v3:s9,, vais | adv. FZ5 3
a2

plagioclase [ ' pleidzioukleis |n. £ 5
polymerization [, polimorai " zeifonn. B4
subscript [ "sab , skript ]adj. FARKI, BIRERG

clay [klei]n. &+, + n. iR, RIS

Questions: A
1. How to distinguish the different kind of silicates?

2. What is the general formula for silicates?
Text 3 The Typical of Silicates Forming Minerals

(1) The Typical of Silicates Forming Minerals
Orthosilicates: We now turn our discussion to a systematic look at the most common rock forming
minerals. In orthosilicates the ratio Si: O is 1: 4 or greater. The SiO, tetrahedra are separated from
one another by the remaining cations of the structure which will just neutralize the negative chargés
of the Si0, groups. As discussed above, orthosilicates are based on the isolated SiO}~ tetrahedral
groups, also called the nesosilicates or island silicates. Among these are the olivines, garnets,
Al,Si04 minerals, staurolite, and sphene. '
Olivine Group. In the olivines, the remaining corner oxygens form octahedral groups that coor-
dinate Mg®* and Fe®* ions. They consist of a complete solid solution between Mg,SiO, ( forsterite,
Fo) and Fe,Si0, ( fayalite, Fa ). There is limited substitution of the following end members:



