
CHAPTER II

BACKGROUND AND LITERATURE REVIEW

2.1 Background

2.1.1 Fly Ash Classification

The definition of fly ash used in this study follows the ASTM c  618 (1997): 
fly ash is a fine particle residue produced by burning coal. Currently fly ash comes 
primarily from coal-fired electricity generating power plants. These micron-sized 
compounds are captured from the exhausted gases and collected by bag house. Fly ash 
consists primarily of silica, alumina, and iron. It can be classified into two types by 
the summation of the oxides Si02, Fe20?, and AI2O3.

1. Fly ash Class F

Class F fly ash is produced from the combustion of anthracite or bituminous 
coals, in which has the summation of the oxides SiC>2, Fe2Û3, and AI2O3 is higher than 
70%. Most fly ash in this type consists of low calcium (less than 10%).

2. Fly ash Class c

Class c  fly ash is generated from Lignite or sub-bituminous coal combustion. 
Its total amount of SiC>2, Fe2(>3, and AI2O3 is higher than 50% but lower than 70%. It 
tends to have a high calcium content (higher than 10%).

The hydration and leaching properties of fly ash are significantly influenced 
by the mineralogy of the fly ash, which includes the relative proportion of the glassy 
phase and crystalline phase materials, the size distribution of the ash, the chemical 
nature of glass phase, and the type of crystalline material. Thus this current criterion is 
not enough to classify fly ash, which has a broad chemistry range. There are many 
factors that influence the ash’s reactivity.
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2.1.2 Physical Properties of Fly Ash

Fly ash is usually in powder form and black or brown in color. The color is 
depended on the amount of Fe2Û3 and carbon present in the fly ash. It is the best 
known, and one of the most commonly used, pozzolan in the world. The major 
constituents of fly ash are SiÜ2, AI2O3, Fe2Û3, and CaO and the minor constituents are 
MgO, Na2Û, K2O, and SO3. The particle size of fly ash collected from a power plant 
has a broad range from below 0.5 pm to greater than 200 pm. It is shown that the 
fineness of fly ash can affect the quality of the concrete. The fine-grained fly ash 
increases the structural strength and durability. Fly ash exhibits a continuous 
distribution of true particle density (TPD) <0.8 to >4.0 g.cm'3 (Hemmings and Berry, 
1986). Most fly ashes are spherical in shape, allowing them to flow and blend freely 
in mixtures. That capability is one of the properties making fly ash a desirable 
admixture for concrete. Fly ashes are highly complex multiphase materials containing 
various amorphous and crystalline phases. Due to the highly heterogeneous nature of 
the coal utilization, as well as variations in the combustion process, the physical and 
chemical properties of the ashes vary on a plant by plant basis (Towler, 2002).

2.1.3 Chemical Reaction of Fly Ash in the Cementing Process

The definition of pozzolan is given by the ASTM C618 as a siliceous or 
siliceous and aluminous material which, in itself, possesses little or no cementitious 
value but which will, in finely divided form in the presence of moisture, react 
chemically with calcium hydroxide at an ordinary temperature to form compounds 
possessing cementitious properties. In a hydration reaction, CSH or calcium silicate 
hydrate (CaO.2SiO2.3H2O), which is a binding material, is produced. The cement 
hydration is presented in the following reaction.

2[3 Ca0.Si02] + 6H2O -> 3 Ca0.2Si02.3H20  + 3Ca (OH)2 

2[3 Ca0.Al20 3] + 6H20  3 CaO.2Al2O3.3H2O + 3Ca (OH)2 (2.1)

The mixing of pozzolan in cement hydration can form an additional CSH gel 
in the mix as silica and alumina compounds released from the glassy phase of fly ash. 
This CSH gel reacts with calcium hydroxide which is a by-product of the hydration
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reaction of cement. As it is diffusion dependent, the reaction rate is very slow. 
Consequently it can slowly contribute strength to the concrete. The reactivity of fly 
ash is depended on the presence of the glassy phase of the fly ash, hydroxide ion 
content, and the initial heat of the hydration reaction (Department of Civil 
Engineering, 2003). The reaction between fly ash and calcium hydroxide is shown 
below.

3 Ca (OH)2 + 2 Si02 3 Ca0.2Si02.3H20  

3 Ca (OH)2 + 2 A120 3 3 Ca0.2Al20 3.3H20  (2.2)

The increase of calcium silicate hydrate (CSH) formation and the reduction of 
calcium hydroxide affect a higher durability of concrete. Fly ash concrete is more 
resistant to attack from sulfate, mild acid, and chloride in seawater. Moreover the 
pozzolanic reaction between fly ash and lime generates less heat, resulting in lower 
thermal cracking when fly ash is used as a cement replacement. Thus the dependable 
concrete is consented for longer working time (Committee of Civil Engineering 
Department, 2000).

2.1.4 Fly Ash Structure

Fly ash is composed of various phase, i.e. the glassy and crystalline phases. 
The major glassy phase in Class F fly ash is silica or alumono-silicate, whereas the 
major glassy phase in Class c  fly ash is calcium-alumino-silicate. During the 
combustion process, temperatures in the boiler may be higher than 1600°c and melt 
the inorganic material in the coal. In the exit chamber, the droplets cool down rapidly 
producing the glassy form of the fly ash. However, if it cools down slowly, the 
crystalline form, such as mullite, quartz, magnetite or ferrite spinel, and hermatite, is 
occurred (Hemmings and Berry, 1988). Glass science can be applied for fly ash study 
because composition of fly ash contains about 66-68% glassy phase. Since the glassy 
phase has a weaker structure than the crystalline phase, the reactive components in fly 
ash are normally contributed from the glassy phases. So fly ash which has a high 
glassy phase tends to be pozzolanic and contribute chemicals to the formation of 
hydration products when it is attacked by hydroxides released from Portland cement 
hydration (Dewey et al., 1996).
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Si(>2 crystal consists of three-dimensional, long-range tetrahedral structures 

while SiC>2 glass consists of short-range order. Oxygen that forms with Si in 
tetrahedral is called bridging oxygen (BO).

However, most glasses are more complex than silicate glass. They are an 
association between silica and other oxides. These oxides including alkali and alkaline 
earth (e g. Na, K), are called “network modifiers.” When network modifiers are 
present, the Si-0 networks are broken and non-bridging oxygen bonds (NBO) are 
formed. The separation of the network and placement of a cation in the gap reduce the 
strength of the glass. Therefore, these glasses are easily dissolved in water. Other 
oxides, with coordinated number of 3 or 4 (e.g. Si, Al, and B), are called “network 
formers.” They are capable for repairing the broken network bonds and forming BO 
bonds.

Oxides other than network formers and network modifiers are classified as 
intermediates. In high polymerization glass, intermediates are present as network 
modifiers. On the other hand, in low polymerization glass, they act as network 
formers. Calcium oxide is always considered as an intermediate (Feng and Metzger, 
1997).

The mineralogical structure of ash is a key variable determining reactivity. 
When the silicate phases have an amorphous structure, rather than crystalline, they 
tend to be pozzolanic and contribute to the formation of hydration products when they 
are attacked by hydroxides released from cement hydration. The increase of calcium 
compounds present in coals results in the production of fly ashes with an increased 
modification of the amorphous phases. These higher calcium fly ashes tend to be both 
cementitious and pozzolanic (Dewey et al., 1996).

2.1.5 Chemical durability of glasses

The chemical durability of glass is probably the most important property. It 
has been used to assess the resistance of glass from the attack of aqueous solutions 
and atmosphere agents. However it is a property that is difficult to quantify.
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2.1.5.1 Reaction mechanism of glasses with an aqueous solution

The leaching of glass is a heterogeneous mechanism when viewed on a 
molecular scale. When a piece of ordinary glass is brought into contact with an 
aqueous solution, three mechanisms can be occurred. These are the leaching 
mechanism, network dissolution, and precipitation of reaction product (Adams, 1988; 
Barkatt, 1988; Doremus, 1988; andHench, 1988).

1. Diffusion mechanism or ion exchange

The initial mechanism is the ion exchange process, in which alkaline or 
alkaline earth ions from the glass are replaced by hydrogen ions from the solution. 
Silanols are formed but the remaining constituents of the glass are not changed during 
this process. This can result in the formation of a hydrated silica-rich layer on the 
surface of the glass. Ion exchange reactions are diffusion controlled. Thus, the rate of 
this reaction varies with the square root of time as shown in Equation 2.3 (Adams, 
1998).

r = a * t1/2 (2.3)

An alkaline-hydrogen ion exchange occurs in only a short period depending 
on the glass structure. The rapid leaching of alkaline affects the thickness of hydrated 
silica layer. The leaching rate increases with a higher alkaline content. The ion 
exchange reaction is shown in the Equation 2.4 (Hench, 1988).

o —!? „  ? ? ?Si—ONa + H20  -> o —Si—o —Si—OH + NaOHA (2.4)

(glass) (glass)

Within the subsurface layer of glass, two hydroxyl groups recombine to form 
bridging oxygen (-Si-0-Si=) and an interstitial water molecule. The former one leads 
to improving the resistance of the leached layer towards dissolution, the latter one 
enhances mobility within the ion exchange layer. The repolymerization of hydroxyl 
groups or the silanol form is shown in Equation 2.5 (Hench, 1988).
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=Si—OH + OH—Si= -> =Si—O—Si= + H20  (2.5)

Silanols form Silanols form Silicate form

2. Network dissolution or etching mechanism

Network dissolution is a mechanism that breaks down of the silica structure. 
The reaction rate of this stage is shown as the following equation (Adams, 1998).

r = ๖* t (2.6)

The etching reaction is shown in Equation 2.7 (Hench, 1988). The addition of 
the alkaline ion, such as Na or K, tends to raise the ion exchange rate, which affects 
the dissolution rate that also increases.

o  o
-รุ่i—o —ร่i-
o Ô

+ OH-  -> ? ?—Si—OH + —Si—o
I  Io  o

(2.7)

(glass) (NBO)

The non-bridging oxygen (NBO) formed in the above reaction was attacked 
further by a molecule of another water-producing hydroxyl ion, which then attacked 
the structure as shown in Equation 2.7. OH was the catalysis of the reaction (Geasee,
1993).

The presence of network modifiers of high electric field strength in the glass, 
such as Ca+2 or Al+3, greatly decreases the thickness of the silica-rich films, and 
increases the film density and glass durability. Moreover, the addition of phosphate, 
calcium or aluminium can generate secondary films, such as the CaO-P205 or A12C>3- 
Si02 layers. These dual layers will be formed on top of the silica rich layer film after a 
rapid ion exchange reaction. These dual layers effectively restrains corrosion from the 
hydrated silica layer (Hench, 1988).
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The mechanisms of leaching and network dissolution are show in the figure 

below (Geasee, 1993).

Leachant Glass

Leachant

Figure 2.1 ะ Reaction mechanisms: Leaching and network dissolution of glass in an 
aqueous solution.

3. Precipitation of the reaction product

The leached or dissolved species from the glass accumulates in the solution 
and changes their activities. If their solubility limit is reached, then compound 
formation and precipitation will occur, preferentially in the vicinity of the glass 
surface.

The formation of the precipitated phases does not necessarily result in 
complete retardation of the glass dissolution process. When the crystalline phase is 
formed by precipitation in the solution, the corrosion process continues even through
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the aqueous phase has approached saturation w ith  respect to  the g lass. This 
m ech an ism  w o u ld  cau se the corrosion rate to resum e its in crease w ith  tim e after a 
tem porary slo w d o w n  (Barkatt, 1988).

In the lon g  term , m echanism s controlling corrosion  is  a com b in ation  o f  m atrix 
d isso lu tion  fo llo w e d  by incongruent d issolu tion  and solu tion /p recip itation  reactions 
(H en ce , 1988). W hen a sp ec ies  reaches the saturation con d ition , there is n o  longer  
any driv ing force for that sp ecies  to  leave. C on sequ en tly  the sp e c ie s  con tin u ou sly  
accum ulate on  the g lass so lution  interface as the m atrix d isso lv e s  (H en ce , 1988).

Ion exch a n ge  d issolu tion  com m only occurs in m ost g lass. In the unstable or 
reactive g la ss, the k inetics o f  ion exchange and d isso lu tion  is so  fast that precipitation  
cannot occur. T he m ost controlling factor determ ining w h eth er the predom inant 
m ech an ism  w ill be ion  exch an ge or d issolution  is the pH o f  the con tact so lution . Ion 
exch an ge d om inates in the acid  range whereas netw ork d isso lu tio n  dom inates in the 
alkaline regim e, increasing dram atically as pH  increases.

2 .1 .5 .2  Factors influencing glass durability (H en ch , 1988)

T he factors a ffectin g  the reactivity or d isso lu tio n  rate o f  g la ss  during the 
S in g le  pass f lo w  through (SP F T ) test are show n as fo llow s:

1. B u lk  g lass com p osition
2. Tem perature
3. E xposure tim e
4. S o lu tion  pH and solution  concentration
5. Surface area to vo lu m e (S /V )
6 . C rystallization  percentage
7. C orrosion  behavior o f  pow dered glass
8 . Surface feature
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2.1.6 Kinetic Rate

G lass leach ing can be m od eled  as a com b ination  o f  d iffu sio n  and d issolu tion  
reactions. The leach ing k inetics o f  silicate  g la ss can be typ ica lly  exp ressed  in terms o f  
the eq u ation  b e lo w  (H olland, 1966).

F(t) =  k it0 '5 +  t o  (2 .8 )

W here F(t) is the leach ing as a fun ction  o f  tim e t and k l and k2 are diffusion  
and d isso lu tio n  co effic ien ts  respectively. M u ch  research has b een  done to determ ine 
m ech an ism s for controlling the leach ing o f  g lass. The factors in flu en cin g  the leaching  
o f  g la ss  can b e separated by their region: im p osed  test con d ition  and glass 
com p osition . The test param eters are pH and so lu tion  com p osition ; S i(O H )'4, H4 S i0 4 , 
A l(O H )4, C a(O H )2, tem perature, and surface area (H en ch , 1988). The pH  o f  the alkali 
so lu tion  a ffects  the d isso lu tion  rate b ecau se o f  the ion ization  o f  s ilic ic  acid  form ed in  
the ion  d iffu sion  o f  water. A t pH  < 8 , the e ffec t o f  pH on  the d isso lu tio n  rate is not 
sign ifican t as long as the pH is m aintained constant. A b o v e  a pH  o f  8 , the surface o f  
g lass rapidly d isso lv e s  and no ion  d iffu sion  occurs.

2.2 Literature Review

A S T M -6 1 8  c la ss ifie s  fly  ash into tw o  typ es, C lass c  and C lass F, by the sum  
o f  o x id es  S i 0 2, A 12 0 _1 , and F e2 C>3 . H ow ever  it d oes not d irectly relate to p ozzolan ic  
activ ity. T he m ost important factors are the quantity o f  reactive m aterials present and 
the rate at w h ich  the reactive com p onen ts enter into the hydration reaction  
(B um rongjaroen  and L ivingston , 20 0 4 ). T he reactive com ponents for pozzolanic  
activ ity  o f  fly  ash  are silica  and alum ina. H ow ever, the leach in g  rate o f  these  
com p on en ts depends on  the durability o f  the ash, w h ich  is in flu en ced  by a network  
m od ifier  or alkali and alkali earth. T hey create non-bridging o x y g e n  (N B O ) and 
reduce the strength o f  the fly  ash. V arshneya (1 9 9 7 )  states that the creation  o f  N B O  
d ecreases the con n ectiv ity  o f  the g lass netw ork, so  flu idity increases. Increasing  
flu id ity m akes it easier  for a m elt to rearrange the structure.
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S in ce  f ly  ash is m ain ly com p osed  o f  g lassy  phase, the techn iqu es com m on ly  

used  to characterize its reactivity are Scan E lectron M icrosco p e  (SE M ), X -R ay  
diffraction  (X R D ), and ch em ica l m ethods. T he X R D  can b e u sed  to  quantify both the  
g la ssy  phase and crysta llin e  phase. The typical crystalline p h ases found  in fly  ash are 
quartz, m u llite , m agnetite, ferrite sp inel, and hem atite (H em m in g s and Berry, 1988).

T he e ffec ts  o f  a netw ork m odifier on  glass characteristic w ere in vestigated  by  
M auro (2 0 0 0 ). T he results sh ow ed  that a greater netw ork m od ifier  increased  the 
density  o f  glass. Furtherm ore, it a lso  affected  the refractive index. The refractive  
in d ex  reduced  w h en  tetrahedral bonds w ere form ed but it rose w h en  N B O  w as created. 
H igh  a lk alis  con ten t in flu en ced  a decreasing o f  the band gap o f  en ergy  as w ell. The  
energy that an e lectron  required to reach the excitin g  state w as reduced w ith  m ore  
alk alis content. M oreover a lkalis influent to the leach in g rate o f  sod iu m  silica te  glass  
w as rapidly increased. Thus, the presences o f  alkalis cau sed  lo w  ch em ica l durability  
o f  glass.

T o assess  the leach in g  rate o f  chem ical com p osition  from  fly  ash, the analysis  
o f  the leachate that is  typ ica lly  used  for g lass can be applied  to  fly  ash. T he A S T M
(1 9 9 4 ) sp ec ifica tio n  C l 2 8 5 -9 4 , the Product C on sisten cy  T est (P C T ), is com m o n ly  
used  to a ssess  the leach in g  rate from  different types o f  glass. T h is test m ethod is static  
and can  eva lu ate the ch em ica l durability o f  h om ogen eou s and d evitr ified  g la sses  by  
m easuring the concentrations o f  the chem ical sp ecies  released  from  a crushed  g lass to  
a test so lution .

L asaga (1 9 9 5 )  constructed  a m odel from  the leach in g  tests. T h e results had  
sh ow n  that m any m od els  w ere problem atic because they w ere b ased  on  the results o f  
batch lea ch in g  tests. S in ce the g lass leaching rate is typ ica lly  h igh , it is  d ifficu lt to 
m aintain  far from  saturation condition. For m ore accurate pred iction  on the g lass  
leachability , M cG rail et al. (2 0 0 0 )  studied on  sin gle-p ass flow -th rou gh  tests (SP F T ), 
w h ich  is  d esig n ed  to  con tin u ou s f lo w  and to estab lish  steady-state conditions. In the  
experim ent, pH  and tem perature w ere varied to  in vestigate  the e ffec t o f  they had on  
the lea ch in g  rate. T he flow -through rate for experim ents at 2 3 ° c  w ere relatively  s lo w  
(20  m l/d ) and at 9 0 ° c  w ere as fast as 100 m l/d. The results h ave b een  con clud ed  that 
w h en  the f lo w  rate per surface area ratio increased, the lea ch in g  rate increased and 
then reached a constant value. The e ffect o f  pH w as a lso  in vestigated  and it w as
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found that w hen the pH increased, the leach in g rate increased  w ith  a constant value. 
Furtherm ore, the result sh ow ed  that tem perature had a p o sitiv e  e ffec t on  the leaching  
rate.

In addition to  above studies, A braitis et al. (2 0 0 0 )  stud ied  the in flu en ce o f  
d isso lv ed  Si and A1 on the leach ing rate. The rate-in fluencing e ffec t o f  d isso lv ed  A1 is 
far m ore sign ifican t than Si. T hese findings ind icate that p rocesses w h ich  m oderate A1 
so lu b ility  are lik e ly  to in fluence the leach ing rate o f  glass. Jiricka and Helebrant
(1 9 9 8 )  is a lso  studied the SPFT test and com pared it w ith  the static test. The 
experim ent con clud ed  that the solution  pH in unbuffered static tests changed  rapidly 
during the first 24  h, w h ile  in SPFT tests, the pH ch an ged  w as not sign ificant. The 
activation  energy o f  the leach ing rate based on  the norm alized  Si release  w as 47 .4± 4  
kJ/m ol for sod a-lim e glass. Jantzen (1 9 8 8 ) a lso  studied the e ffec t o f  pH on  the glass  
durability. It w as found that at pH values o f  greater than 9 .5 , the so lu b ility  o f  silica  
increased  rapidly due to d issociation  o f  s ilic ic  acid. T o  determ ine the g la ss  durability, 
both the g lass com p osition  and pH o f  the environm ent shou ld  b e taken into account.

For g la sses , the overall leach ing process is irreversib le and no overall 
equilibrium  is attainable. The leach ing o f  s ilica  polym orphs is  govern ed  by the 
siloxa n e  h ydrolysis reaction (A braitis et al., 2 0 0 0 ) and the rates o f  leach in g  are 
catalyzed  by an aqueous cation such  as N a  (B erger et a l., 19 93 ) and inhibited by a 
variety o f  m etals including A l, Fe, Zn, Cu, B e , and Ga. T he factors a ffectin g  glass 
durability are the ( 1 ) exp osed  surface area o f  the g lass sam p le, ( 2 ) tem perature o f  
leach ing, (3 ) pH  o f  the leaching solution , and (4 )  g lass co m p o sitio n  (D orem u s, 1994).

Paul (1 9 8 2 )  conducted a study on h o w  the surface area o f  g la ss to the vo lu m e  
o f  the leach in g  solution  in fluenced  the quantity o f  m aterial extracted  from  silicate  
glass. T he result sh ow ed  that the higher surface area per v o lu m e ratio affected  an 
increasing o f  the pH  in the solution. The netw ork d isso lu tio n  rate w a s raised along  
w ith  pH. B y  contrast, the accum ulated reaction products w ere ab le  to  s lo w  d ow n  the 
d isso lu tion  rate in a c lo sed  system  to  alm ost zero.
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M auro (2 0 0 0 )  com pared  the effec ts  o f  netw ork form ers and netw ork m odifiers  

on the properties o f  glass. T he sam p les w ere prepared by u sin g  various alkali 
concentrations to  determ ine h o w  alkali content affected  g la ss properties. T he results 
are interpreted that adding alkali m odifiers to  SiC>2 g lass created  N B O  sites 
throughout the g la ss netw ork. H ow ever, i f  an alkali w as added into B 2O 3 g la ss , it 
d id n ’t a lw a ys create N B O  as in s ilica tes glass. T he alkali m ay instead  con vert boron  
from  a 3-coord in ation  to a 4-coord ination  state, thereby m ak ing it tetrahedrally  
coordinated  that increases the con n ectiv ity  o f  the network. T he fraction o f  boron 
atom s in tetrahedral coordination  increases until about 3 5 -4 0  m o le  % alkali. The 
form ation o f  N B O  b eco m es apparent at greater alkali concentrations.

S in ce  fly  ash is com p o sed  o f  various com p oun d s, a graphical presentation  o f  
the data is  problem atic. T herefore, cem en t chem istry typ ica lly  u ses the ternary system  
Ca0 -A'i2 0 3 -S i0 2 . H ow ever, th is om its several im portant e lem en ts to g la ss sc ien ce  
(D orem u s, 1994). H en ce, Bum rongjaroen and L ivingston  (2 0 0 4 )  interpreted the fly  
ash characterization using a triaxial diagram o f  fly  ash com p osition . H ow ever , the 
exp erim ent used  triaxial p lots o f  the data w ith  the axes: A l2 C>3 + S i0 2 + F e 2 0 3 , 
N a 2Û + K 2 0 , and CaO , know n as g lass netw ork form ers, netw ork m od ifiers, and 
in term ediates, respectively . T h is can a lso  be very usefu l for studying the reactiv ity o f  
g lassy  p h ases b ecau se  a high N a 2 0 +K 2 0  content favors lea ch in g  in an aqueous 
solution.

O elk ers and G islason  (2 0 0 1 ) , estim ated  the overall uncertainties to  b e  on  the  
order o f  30% . H ow ever , at least 10% com e from  uncertainties in  the estim ate o f  the 
surface area and its change over  the course o f  the experim ent. M oreover, M cG rail et 
al. ( 2 0 0 0 ) a lso  stated  that the uncertainty o f  the leach in g  rate m ay b e  m uch greater 
than the typ ica l 35  %.
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