
CHAPTER II

BACKGROUNDS AND LITERATURE REVIEW

This research is importance to study the theory, concept, and literature review 
as follow:

2.1 Sugar Production
2.2 Lead and Chromium
2.3 Theory of Adsorption
2.4 Theory of Reduction of Cr(VI)
2.5 Portland Cement
2.6 Solidification and Stabilization (ร/ร) Process
2.7 Concrete Blocks

2.1 Sugar Production

Sugarcane is an ephemeral herb belonging to the grass family that is native to 
tropical and subtropical regions of the world like Thailand. This tropical grass has 
pointed leaves, 10-24 feet in height, and several stalks. The segmented stalks have a 
bud at each joint and as the plant matures, small flowers appear. Mature sugarcanes 
are cut at ground level. Removed the leaves and trimmed off the top by cutting off the 
last mature joint. Then place the sugarcane into large piles and picked up, tied, and 
transported to a sugar factory. (Chetthamrongchai, et al., 2001)

2.1.1 Sugar Industry in Thailand

D em and form  d om estic  and international m arkets have b een  rising  and have
contributed to the econ om ic  grow th  o f  the nation. Sugar cane grow in g  and processing
into raw sugar is  one o f  the largest industries in the country. T hailand is  one o f  the
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largest sugar exporters in the world. The total export of white and raw sugar was 3.22 
million tons in 2000. The Office of the Cane and Sugar Board under the Ministry of 
Industry has reported the total value of sugar exports for the crop-year 1998-1999 at 
21.21 billion baht and total sales of sugar cane of nearly 24 billion baht for the crop 
1999-2000 (Chetthamrongchai, et al., 2001).

2.1.2 Sugar Production Process

Sugar production process summarizes form Chansakran (1999), 
Chetthamrongchai, et al. (2001), and Jarutawai (2002) that follow:

1. Grinding: A machine led by a series of rotating knives, shreds the sugarcane 
into pieces. During grinding, hot water is sprayed on to the sugarcane to dissolve any 
remaining hard sugar. The smaller pieces of sugarcane are spread out on a conveyer 
belt.

2. Milling: The shredded pieces of sugarcane pass through a series of heavy- 
duty rollers by conveyer. The juice is extracted from the pulp.

3. Clarifying: Use the milk of a lime added to the liquid sugar mixture. Then 
heat them to the boiling point. The calcium carbonate is form when the carbon 
dioxide travels through the liquid. It attracts non-sugar debris such as fats, gums, and 
wax from the juice. And remove them from the sugar juice in a clarifier tank.

4. Evaporation: Boil the clear juice under a vacuum and low temperature. It is 
heated until it forms into a thick and brown syrup. In this process can remove water 
about 75%.

5. Crystallization: The little water is left in the sugar syrup by evaporating and 
generated crystallization. Inside a sterilized vacuum pan, pulverized sugar is fed into 
the pan and then formation of crystals. The remaining mixture is a thick mass of large
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crystals which is sent to a centrifuge to spin and dry the crystals. The dried product is 
raw sugar which still inedible.

6. Refinery or Purification: Transport the raw sugar to a refinery process for 
the removal molasses, minerals and other non-sugar which still contaminate in sugar. 
Raw sugar is mixed with a solution of sugar and water to loosen the molasses from 
the outside of the raw sugar crystals, producing a thick matter known as magma. 
Separate the molasses from the crystals by filter under high pressure or spin. Crystals 
are washed, dissolved and filtered to remove impurities. The golden syrup which is 
produced and then sent through resin filters to remove the color and water. The 
concentrated and clear syrup are generated and then fed it into a vacuum pan again. 
Sugar production process was shown in Figure 2.1.

2.1.3 Waste form Sugar Factory

Bagasse and bagasse fly ash for this research was collected from Saraburi 
Sugar Co., Ltd. in the province of Saraburi, Thailand. Byproducts of the factory are 
bagasse, filter cake, and molasses. All of them are utilized in many activities. The 
filter cake is generated about 3 % of total sugar cane input and used as fertilizer. 
While, molasses is generated about 5 % of total sugar cane input and used as raw 
material for brewery, MSG, citric acid, ethanol, and animal feed industry. The major 
portion, bagasse is generated at about 30 % of total sugar cane input and used as fuel 
for boilers (shown in Figure 2.1) to generate steam and electricity for the factory. 
Excess electricity is sold to Electricity Generating Authority of Thailand (EGAT). 
The factory has bagasse fly ash management as shown in Figure 2.2. Bagasse and 
bagasse fly ash are generated in large amount. As a result, they still create waste 
management problem for the factory.
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;

Figure 2.1 Process of Sugar Production (adapted from Jarutawai, 2002)
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Figure 2.2 Process of Bagasse Management (adapted from Jarutawai, 2002)

2.1.4 Characteristic of Waste form Sugar Factory

Gupta and Ali (2000) studied characteristic of bagasse fly ash collected from 
a local sugar factory at Iqbalpur, (U.P.), India. They found that it was stable in water, 
dilute acids and bases. The oxide composition of the bagasse fly ash was SiC>2 = 
60.5%, AI2O3 = 15.4%, CaO = 2.90%, Fe20 3 = 4.90%, and MgO = 0.81%. The loss 
on ignition was found to be 16.00% by weight. The density and porosity were 1.01
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g/cm3 and 0.36 fractions, respectively. The surface area of particle size 200-250 pm 
was 450 m2/g. Compared with Portland Cement, it consist of main oxides, SiC>2 (17- 
25%), AI2O3 (3-8%), CaO (60-67%), Fe203 (0.5-6.0%), and sub oxide such as MgO 
(0.1-5.5%).

Katyal, Thambimuthu, and Valix (2003) reported that bagasse contained 
about 45-50% moisture, 43-52% fiber, and 2-6% soluble solids. The typical 
composition of bagasse fiber was about 26.6-54.3% cellulose, 22.3-29.7% 
hemicellulose, and 14.3-24.45% lignin. Bagasse is characterized as a low-density 
fiber and by its wide particle size distribution (less than 100 pm to grater than 10 cm).

Kosayothin (2002) reported that the chemical compositions of bagasse are 
analyzed using dry weight. The bagasse consists of fiber and soluble substance. The 
fiber contains 44-45% of cellulose, 25% of pentosan, 20% of lignin, and 10% of
other.

2.2 Lead and Chromium

Lead and chromium are heavy metals. The term, heavy metal, is used loosely 
to refer to almost any metal with an atomic number higher than that of calcium (20). 
The basic information, usefulness in manufacture, adverse effect, and treatment of 
lead and chromium is show in Table 2.1.

Sorption is the dominant mechanism controlling the distribution of lead in the 
aquatic environment. Lead solubility is very low (< 1 g/L at pH 8.5-11) in water 
containing carbon dioxide and sulfate. At constant pH, the solubility of lead decreases 
with increasing alkalinity. Lead is not very mobile under normal environmental 
conditions. It is retained in the upper 2.5 cm of soil, especially soils with at least 5 % 
organic matter of a pH of 5 or above. Predominance diagrams in aqueous solution of 
lead species show in Figure 2.3. The solubility of Pb is 10 pg/L above pH 8, while 
near pH 6.5 the solubility can exceed 100 pg/L (Cotton, et al., 1999).
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In natural waters, dissolved chromium exists as either Cr(III) cations or in 
anions such as chromate (CrC>42’) and dichromate (O 2O72'), where it is hexavalent 
with oxidation number +6. It generally is present at low concentrations in natural 
waters. Predominance diagrams in aqueous solution of Cr(VI) species, for chromium 
concentration of 7*1 O'4 M, is shown in Figure 2.4. Background levels in water 
typically range between 0.2-20 pg/L, with an average of 1 pg/L. The hexavalent form 
of chromium, existing in negatively charged complexes, is not sorbed to any extent by 
soil or particulate matter and is much more mobile than Cr(III). However, Cr(VI) is a 
strong oxidant and reacts readily with any oxidizable organic material present (Eisler,
2000).

Table 2.1 Information of Lead and Chromium

Name Lead Chromium
Basic information
Symbol Pb Cr
Atomic Number 82 24
Atomic Radius 175 pm 129 pm
Atomic Mass (amu) 207.17 51.9964
Melting Point 3 2 7 .4  ° c 1 8 5 7 .0  ° c

(600.55 K, 649.9 °F) ( 2 1 3 0 .1 5  K , 3 3 7 4 .6  °F )
Boiling Point 1 7 5 5 .0  ° c 2 6 7 2 .0  ° c

(2 0 2 8 .1 5  K , 3 2 1 6 .6  °F ) ( 2 9 4 5 .1 5  K , 4 8 4 1 .6  °F )
Number of Protons 82 24
Number of 125 2 8
Neutrons
Classification transition metal transition metal
Density at 293 K 11.35 g/cm3 7.19 g/cm3
Color gray gray
Valence states Zero, two and four Zero to six
Predominant form Pb(II) Cr(III) and Cr(VI)
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Table 2.1 (Cont.)

Name Lead Chromium
Natural sources

Weathering of minerals Weathering of rocks and soil
Particularly galena

Usefulness in 
manufacturing

Make grids, connectors, and 
terminals in storage batteries

Alloys

Pigments Electroplating
Glass colorizers Dyes and paint pigments

Heat stabilizers in plastics Preservation of wood
Mining, milling and smelting Leather tanning
of Pb and metals associated

with Pb
Electroplating Corrosion inhibitor (cooling

tower)
Construction materials Protective coating on metals

Ceramics Decorative and wear-resistant
dyes catalysts

Radiation and cable shielding Magnetic taps
Ammunition Cement

Paints Paper
Glassware Floor covering

Solder and piping rubber
Adverse effect 
Chronic exposure Cancer, damage the blood Cancer, mutation, damage to

forming, nervous, urinary and the liver, kidney circulatory,
reproductive systems and nerve tissues, dermatitis
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Table 2.1 (Cont.)

Name Lead Chromium
Acute exposure Acute encephalopathy (brain 

disease) may progress to 
seizure, coma and death from 

cardiovascular arrest

Skin irritation and ulceration

Treatment Precipitation, solvent 
extraction, ion exchange, and 

adsorption on activated carbon

Precipitation, solvent 
extraction, ion exchange, and 

adsorption on activated carbon
Drinking water 
standards

zero 0.1 mg/L (total Cr)

Effluent standards < 0.2 mg/L Cr (HI) < 0.75 mg/L 
Cr(IV) < 0.25 mg/L

Notation: collected from Jones and Atkins, 2002; Cotton, et al., 1999; Eister, 2000; 
Landis and Yu, 1999.

Figure 2.3 Predominance Diagrams in Aqueous Solution of Lead Species (Herreta- 
Urbina and Fuerstenau, 1995)
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Figure 2.4 Predominance Diagrams in Aqueous Solution of Cr(VI) Species, for 
Chromium Concentration of 7*10'4 M. (Gimenez, et al., 1996)

2.3 Theory of Adsorption

Adsorption is the physical and/or chemical process that substance is 
accumulated at an interface between phases. Adsorption involves the interphase 
accumulation or concentration of substances at a surface of interface. The process can 
occur at an interface between any two phases, such as, liquid-liquid, gas-liquid, gas- 
solid, or liquid-solid interfaces. The material being concentrated of adsorbed is the 
adsorbate, and the adsorbing phase is termed the adsorbent (Weber, 1972).

For the purposes of water treatment, adsorption from solution occurs when 
impurities in the water accumulate at a solid-liquid interface. The adsorbent is the 
solid phase that the accumulation occurs and adsorbate is the substance being 
removed from the liquid phase to the interface. In the process of adsorption may be 
classified as physical and/or chemical force. The physical adsorption is the van der 
Waals forces and dispersion force, while chemical adsorption includes the transfer of 
electron and formation of chemical bonding. The surface charge on the adsorbent can 
adsorb the opposite charge. This condition is similar to the ion exchange process 
(Ruangchainikom, 2002 and Kanokporn, 2002).
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2.3.1 Adsorption Mechanism

The removal of heavy metal by adsorptive process involves the steps (Weber, 
1972; Ruangchainikom, 2002; and Kanokporn, 2002) as follow:

2.3.1.1 Adsorptive Transport: The molecules are transported from 
solution to the boundary layer of water surrounding adsorbent. This transport occurs 
by water transportation or turbulent mixing.

2.3.1.2 Film Diffusion Transport: The adsorbates are transported by 
molecular diffusion through the layer of water that surrounds the adsorbent particles.

2.3.1.3 Pore Diffusion Transport: The adsorbent has many pores in the 
particles. After passing through the film of water, the adsorbates are transported 
through the adsorbent’s pore to available adsorptive sites.

2.3.1.4 Adsorptive Process: After transport to an available site, the 
adsorptive bond is formed between the adsorbate and adsorbent. This reaction is 
occurred by physical adsorption that is very rapid. However, it can be occurred by 
chemical reaction that is slower than the diffusion reaction.

2.3.2 Rate of Adsorption

There are three consecutive steps in the adsorption of materials from solution 
by porous adsorbents (Chermisinoff, 1978) as follow:

2.3.2.1 The transport of the adsorbate through a surface film to the 
exterior of the adsorbent.

23.2.2 Sorption by porous adsorbents.
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2.3.2.3 Adsorption of the solute on the interior surfaces bounding the 
pore and capillary spaces of the adsorbent.

2.3.4 Types of Adsorbents

There are three types of adsorbents (American Water Works Association, 
1990) as follow:

2.3.4.1 Inorganic substances: There have the surface density about 50- 
200 m2/g. For example, magnesium oxide, bone char, and activated carbon, etc. 
Activated carbon can adsorb ions better than the other inorganic substance. The 
surface density is about 600-1,000 m2/g. Although the activated carbon can be 
regenerated and reused, the regeneration of activated carbon must use of high 
temperature and expensive operation cost.

2.3.4.2 Organic substance: It produced from natural material such as 
bark, fiber, shell, and peel, etc. It has a functional group for the adsorption of opposite 
ions similar to the synthetic resin.

2.3.4.3 Synthetic resin: It has functional groups that have been used for 
the adsorption of opposite ions. A fell resins are called macroporous resin of 
adsorbent resin such as styrene divinylbenzene (SDVB) resin and phenol- 
formaldehyde (PF) resin. The surface density is about 300-500 m2/g that less that the 
activated carbon. However, the synthetic resin can be regenerated and lower operation 
cost than the activated carbon.
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2.3.5 Factors Influencing Adsorption

There are six factors influencing adsorption (Weber, 1972; Chermisinoff, 
1978; Ruangchainikom, 2002; and Kanokporn, 2002) as follow:

2.3.5.1 Surface Area

Adsorption is a surface phenomenon; the extent of adsorption is 
proportional to specific surface area. The extent of a surface reaction will vary with 
available surface area, adsorption rate should exhibit a monotocic increase with some 
function of the inverse of the diameter of the adsorbent particles. If the mechanism of 
uptake is one of adsorption on external sites of a nonporous adsorbent, the rate should 
vary reciprocally with the first power of the diameter for a given mass of adsorbent. 
This inverse relationship holds also for porous adsorbents when the rate of transport 
to internal surface areas is controlled by an external resistance. Conversely, for cases 
in which intra-particle transport controls the sorption rate, the variation should be with 
the reciprocal of some higher power of the diameter.

2.3.5.2 Nature of the Adsorbate

The solubility of the solute is, to a large extent, a controlling factor for 
adsorption equilibria. A general rule for prediction of the effect of solute polarity on 
adsorption is that a polar solute will prefer the phase which is more polar. In other 
words, a polar solute will be strongly adsorbed from a nonpolar solvent by a polar 
adsorbent, but will much prefer a polar solvent to a nonpolar adsorbent.

2 .3 .5 .3  pH

The pH of a solution may influence the extent of adsorption. Because 
hydrogen and hydroxide ions are adsorbed quite strongly, the adsorption of other ions 
in influenced by the pH of the solution. Furthermore, to the extent to which the
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ionization of an acidic or basic compound affects its adsorption, pH affects adsorption 
in that it governs the degree of ionization.

2.3.5.4 Temperature

Adsorption reactions are normally exothermic: thus the extent of 
adsorption generally increases with decreasing temperature. The changes in enthalpy 
for adsorption are usually of the order of those for condensation of crystallization 
reactions. Thus small variations in temperature tend not to alter the adsorption process 
to a significant extent.

2.3.5.5 Adsorption of Mixed Solutes

In the application of adsorption for purification of waters and 
wastewaters the material to be adsorbed commonly will be a mixture of many 
compounds rather than a single one. The compounds may mutually enhance 
adsorption, may act relatively independently, or may interfere with one another. 
Mutual inhibition of adsorption capacity can be predicted to occur provided: 
adsorption is confined to a single or a few molecular layers; the adsorption affinities 
of the solutes do not differ by several orders of magnitude; and there is not a specific 
interaction between solutes enhancing adsorption. Similarly, because the adsorption 
of one substance will tend to reduce the number of open sites, hence the concentration 
of adsorbent available as a driving force to produce adsorption of the other substance, 
mutually depressing effects on rates of adsorption may be predicted.

2.3.5.6 Nature of the Adsorbent

The physicochemical nature of the adsorbent can have profound effects 
on both rate and capacity for adsorption. Every solid is a potential adsorbent, but 
consideration of the surface character of every type of solid material is outside the 
scope or the present discussion.
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2.3.6 Adsorption Isotherm

An isotherm is the relationship that shows the distribution of adsorbate 
(material adsorbed) between adsorbed phase (that adsorbed on the surface of the 
adsorbent) and solution phase at equilibrium. There are divided to two types 1) GAC 
Isotherms and 2) Polymeric, Clay, Zeolite, Molecular Sieve Isotherms. Only the GAC 
Isotherms will be used in this research.

Isotherms are generally recognized mathematical relationships developed to 
describe the equilibrium distribution of a solute between the dissolved (liquid) and 
adsorbed (solid) phased. These relationships help interpret the adsorption data 
obtained during constant temperature tests, referred to as adsorption isotherms. There 
are divided into three types as follows:

2.3.6.1 Langmuir isotherm has been used by many workers to study 
sorption of a variety of compounds (Gupta and Ali, 2001). The model assumes 
uniform energies of adsorption onto the surface and no transmigration of adsorbate in 
the plane of the surface (Gupta and Ali, 2001). The Langmuir isotherm relationship is 
of a hyperbolic form as shown in Equation 2.1. The Langmuir relationship can be 
linearized by plotting ether 1/q vs 1/Ce- The linear form of the Langmuir isotherm is 
given by Equation 2.2.

q = Qo b c e/ (1+b Ce) 2.1)

1/q = 1/Qo + 1/b Qo Ce 2.2)

Where: q is the amount of sorbate adsorbed per unit weight of adsorbents and 
c e is the equilibrium concentration of the adsorbate (mg/L). Langmuir constants, Qo 
and b are related to maximum adsorption capacity and energy of adsorption through 
the Arrhenius equation, respectively. Qo can also be interpreted as the total number of 
binding sites that are available for sorption. When m/x or 1/q is plotted against 1/Ce, a 
straight line with slope 1/b Qo is obtained and intercept is correspond to 1/Qo.
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The essential characteristics of a Langmuir isotherm can be expressed in terms 
of a dimensionless separation factor, r, which describes the type of isotherm and is 
defined by Equation 2.3)

r = 1/ (1+b Co) 2.3)

Where: b is a Langmuir constant and Co is the initial concentration of sorbate 
(Gupta and AH, 2000).

If, r >  1 u n fa v o ra b le
r =  1 lin ear
0  <r <  1 fa v o ra b le
r =  0 irrev ersib le

2.3.6.2 The Brunauer, Emmet, and Teller (BET) equation also assumes 
that the adsorbent surface is composed of fixed individual sites. However, the BET 
equation assumes that molecules can be adsorbed more than one layer thick on the 
surface of the adsorbent. The BET equation assumes that the energy required to 
adsorb the first particle layer is adequate to hold the monolayer in place.

2.3.6.3 The Fruendlich isotherm equation assumes that the adsorbent 
has a heterogeneous surface composed of adsorption site with different adsorption 
potentials. The Freundlich isotherm relationship is exponential, given by the Equation
2.4). The linear form of the Langmuir isotherm is given by Equation 2.5).

Q = KfCe(1/n) 2.4)

log q = log Kf + 1/n log Ce 2.5)

where Kf and ท are the Freundlich constants that are associated with 
adsorption capacity and adsorption intensity, respectively. The value of ท between 2 
and 10 shows good adsorption (Nassem and Tahir, 2001). The other parameters have
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been defined as in equation 2.1) and 2.2). A plot of log q against log Ce gives a 
straight line, the slope and intercept of which correspond to 1/n and log Kf, 
respectively (Gupta and Ali, 2001).

2.3.7 Bagasse and Bagasse Fly Ash as Adsorbent for Heavy Metal 
Removal

Bagasse supplies fuel for the generation of steam in sugar factories. However, 
most factories have an excess of bagasse during regular grinding season. Lignin from 
sugarcane bagasse, can adsorb heavy metals. Peternele et al. (1999) studied 
adsorption of Cd(n) and Pb(H) onto functionalized formic lignin form sugarcane 
bagasse. They studied the effects of temperature, pH and ionic strength on adsorption 
of Cd(II) and Pb(II) onto carboxymethylated lignin form sugarcane bagasse. 
Sugarcane bagasse was extracted sequentially with /1-hexane, ethanol, and water in a 
soxhlet system. The sample obtained was air dried and then added formic acid to pre­
extract and heated until reflux, when HC1 was added to obtain a 1% solution. After 3 
h in reflux, filtered and washed sample with concentrated formic acid and 
concentrated at reduced pressure until a viscous liquid was formed. This liquid was 
poured on cooled -water and precipitated lignin was obtained. The result showed that 
the adsorptions were fitted to the Langmuir model. The most important variables are 
temperature and ionic strength for the Pb(II) adsorption in single and binary system, 
respectively. For both metals, maximum binding capacity decreased with the ionic 
strength increase. Increasing pH the Pb(II) adsorption is enhanced. 
Carboxymethylated lignin adsorbed Pb(II) selectively at pH 6.0, 30°c and 0.1 mol/dm 
of ionic strength.

In recent years, many researchers have focused their interests on production of 
low-cost adsorbents instead of activated carbon, which remains an expensive material. 
Bagasse fly ash, a waste generated form the sugar industry, many researchers 
successfully used wastes of several prime industries to remove metals and other toxic 
substances. The developed adsorbents were very useful, economic, and reproducible 
for the removal toxic substances. Gupta and Ali (2000) investigated to utilization of
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bagasse fly ash (a sugar industry waste) for the removal of copper and zinc from 
wastewater. They varied pH, adsorbent dose, initial metal ion concentration, 
temperature, and particle size and tested in batch and column experiment. These 
researchers had found that the adsorption reaction was endothermic and followed 
Langmuir and Freundlich model. Copper and zinc were sorbed by the developed 
adsorbent up to 90-95% at a pH of 4.0 for copper and 5.0 for zinc with and adsorbent 
of particle size 200-250 pm, and dose of 10 g/1. The equilibrium was attained in 60 
and 75 min for copper and zinc, respectively. The removal of these two metal ions 
was achieved up to 93-98% in column experiments at a flow rate of 0.50 ml/min.

Some researches studied the comparison of efficiency between bagasse and fly 
ash to remove heavy metals. Rao, Parwate, and Bhole (2002) studied removal of 
Cr6+ and Ni2+ from aqueous solution using raw bagasse and fly ash. They pretreated 
raw bagasse with 0.1N NaOH and 0.1N CH3COOH. The batch experiment, studied 
effect of hydrogen ion concentration, contact time, adsorbent dose, initial 
concentration of adsorbate and adsorbent, and particle size. The results showed that 
the kinetics of adsorption and extent of adsorption at equilibrium depended on 
physical and chemical characteristics of adsorbent. The adsorption reactions correlate 
with Langmuir, Freundlich, Bhatacharya, Venkobachar model. The efficiencies of 
adsorbent materials for the removal of Cr(VI) and Ni(II) were found to be between
56.2 and 96.2% and 83.6 and 100% , respectively. The removal efficiency for Cr6+ is 
Activated Carbon > Bagasse > Fly Ash. For Ni2+, is Activated Carbon > Fly Ash > 
Bagasse.

2.3.8 Bagasse Fly Ash as Adsorbent for Removal of Other Substances

Not only was bagasse fly ash used to remove heavy metals, but to remove 
organic and inorganic water pollutant as well. Gupta and Ali (2001) investigated to 
removal of DDD [2,2-Bis(4-chlorophenyl)-l,l-dichloroethanel] and DDE [2,2-Bis(4- 
chlorophenyl)-l,l-dichloroehenel] pesticides from wastewater using bagasse fly ash, a 
sugar industry waste. They found that the DDD and DDE were removed up to 93% at 
pH 7.0, with the adsorbent dose of 5 g/L of particle size 200-250 pm at 30°c and

หอสบุดกลาง สำนักงานวิทยทรัพยากร 
จุฬาลงกร tu มหาวิทยาลัย
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shaking time of 80 min. The removal of these two pesticides was achieved up to 97- 
98% in column experiments at a flow rate of 0.5 mL/min. The adsorption was found 
to be exothermic in nature, takes place by particle diffusion mechanism and follows 
both Langmuir and Freundlich models.

Gupta et al. (2002) studied removal of lindane and malathion from 
wastewater using bagasse fly ash-a sugar industry waste. They found that the 
optimum contact needed to reach equilibrium was found to be 60 min. Maximum 
removal takes place at pH 6.0 the removal of the pesticides increases with an increase 
in adsorbent dose and decreases with adsorbent particle size. The optimum adsorbent 
dose is 5 g/L of particle size 200-250 pm. The material exhibited good adsorption 
capacity and followed both Langmuir and Freundlich models. At lower 
concentrations, adsorptions was controlled by film diffusion, while at higher 
concentrations, it was controlled by particle diffusion mechanisms.

2.3.9 Low-Cost Materials as Adsorbent for Heavy Metals Removal

However, some research studied other inexpensive absorbent. For example, 
Gupta (1998) studied equilibrium uptake, sorption dynamics, process development, 
and column operations for the removal of Copper and Nickel form aqueous solution 
and wastewater using activated slag, a low-cost adsorbent. The results showed that the 
waste material can be fruitfully employed for the removal of these metals in a wide 
range of concentrations.

Namasivayam and Senthilkumar (1998) investigated to removal of Arsenic
(V) from aqueous solution using industrial solid waste that focus on adsorption rates 
and equilibrium studies. Gupta and Sharma (2002) studied the removal of Cadmium 
and Zinc from aqueous solutions using red mud which is an aluminum industry 
wastes. Naseem and Tahir (2001) studied removal of Pb(II) using bentonite as an 
adsorbent. Bereket and others (1997) studied removal of Pb(II) ,Cd(II), Cu(II), and 
Zn(II) by adsorption onto bentonite. Yu and others (2001) investigated the removal 
of lead and copper by sawdust.
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2.3.10 Adsorption and then Cement Fixation

This research is aim to treatment metal by bagasse and bagasse fly ash and 
cement fixation, some researches focus on fly ash. Weng and Huang (1994) studied 
treatment of metal industrial wastewater by fly ash and cement fixation. The results 
showed that the fly ash has been demonstrated to be a potential heavy metal adsorbent 
for Zn(n) and Cd(II) in dilute industrial wastewaters. Fly ash adsorption capacities 
for Zn(II) and Cd(II) were 0.27 and 0.05 mg/g, respectively. Although fly ash has low 
metal adsorption capacity compared to that of activated carbon, it can be obtained 
cheaply in large quantities and used as a neutralizing agent in the treatment process. 
The compressive strength of the mortars decreased with increasing content of fly ash 
or metal-laden fly ash. However, by replacing the cement with up to 10% metal-laden 
fly ash, the strength of mortar cured for 56 days is about the same as or even greater 
than that of the reference samples. The results indicated that, for an extended curing 
time, it was possible to prepare mortars with metal-laden fly ash that have strength as 
high as that with cement only. Leachate from the fixed metal-laden fly ash, obtained 
using both the ASTM and USEPA-EP, exhibited metal concentrations lower than the 
drinking water standards. The fixation process can be environmentally safe. 
Compressive strength and leaching test results suggest that metal-laden fly ash can be 
considered for use in secondary construction materials.

2.4 Theory of Cr(VI) Reduction

2.4.1 Concepts and Definitions

Chemical reduction is a process in which the oxidation state of a substance is 
reduced. Conversely, chemical oxidation is a process in which the oxidation state is 
increased. For simple inorganic oxidation-reduction (redox) reaction, oxidation is 
equivalent to a loss of electrons, and reduction to a gain of electrons. This definition is 
not directly applicable to organic reactions. The purpose of oxidation/reduction in 
water and wastewater treatment is one of converting undesirable chemical species to 
species which are neither harmful nor otherwise objectionable (Weber, 1972).
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A n y  m a te r ia l w h ic h  fu n c tio n s  as an  e lec tro n  a c c e p to r  is an  o x id iz in g  a g en t and 
a  re d u c in g  a g e n t is an y  m a te ria l w h ic h  se rv es as an  e le c tro n  d onor. In  th is  reaso n in g , 
a  g iv e n  e le m e n t c a n  a ssu m e  th e  ro le  o f  e ith e r an  o x id iz in g  a g e n t o r  red u c in g  agent, 
d e p e n d in g  u p o n  its  o x id a tio n  s ta te  and  on  reac tio n  co n d itio n s . F o r  ex am p le , eq u a tio n
6 ), iro n (II)  is a  re d u c in g  a g en t w h en  reac tin g  w ith  m a n g a n e se  d io x id e ,

2 F e2+ +  M n 0 2 +  2 H 20  +  2 0 H ' ------------- ►  M n 2+ +  2 F e (O H ) 3 2 .6 )

w h e re  as iro n (III)  o x id izes  h y d ro g en  su lfid e  to  e le m e n ta l su lfu r as sh o w n  in 
e q u a tio n  7):

2 F e3+ +  H 2S ------------------►  2 F e2+ +  ร 0 +  2 H + 2 .7 )

S in ce  n o  o x id a tio n  reac tio n  o ccu rs  w ith o u t a c o n c o m ita n t re d u c tio n  reac tio n , 
th e  o v e ra ll p ro c e ss  is re fe rred  to  as an  o x id a tio n -red u c tio n  ( re d o x )  reac tion .

T h e  c o n c e p t o f  e lec tro n  ex ch an g e  is still v e ry  u se fu l, p a r tic u la r ly  fo r  in o rg an ic  
re a c tio n , as  it a ffo rd s  a  q u ick  and  s im p le  m ean s fo r b a la n c in g  re d o x  reac tio n s . W ith  
re g a rd  to  a  m e c h a n is tic  in te rp re ta tio n  o f  o x id a tio n  p ro cesse s , h o w ev e r, th e re  a re  tw o  
d ra w b a c k s  a s so c ia te d  w ith  th e  e lec tro n  tran sfe r  co n cep t 1 ) it d o se  n o t re p re se n t th e  
a c tu a l s ta te  o f  a ffa irs  (i.e ., m any  re d o x  reac tions, fo r w h ic h  a  v e ry  s im p le  o v era ll 
e q u a tio n  can  b e  w ritte n , do n o t p ro ceed  v ia  a  d irec t tra n s fe r  o f  e lec tro n s) and  2 ) w ith  
re sp e c t to  o rg a n ic  o x id a tio n s  (in v o lv in g  co v a len t b o n d s), th e  c o n c e p t is n o t d irec tly  
a p p lic a b le  b e c a u se  it is d ifficu lt to  d is tin g u ish  b e tw een  d iffe re n t o x id a tio n  sta tes  
(W e b e r, 1972).

2.4.2 Role of pH in Chemical Oxidations

O x id a tio n  ra te s  m ay  be  a ffec ted  by  p H  as a re su lt o f  o n e  o r  a  co m b in a tio n  o f  
th e  fo llo w in g  e ffe c ts  (W eb er, 1972):
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1. C h an g es  in  free  en e rg y  o f  th e  o v e ra ll re a c tio n
2 . C h an g es  in  th e  re a c tiv ity  o f  re a c tan ts
3. S p ec ific  O H ' io n  o r  แ 3 อ + io n  ca ta ly s is

p H  is o n e  o f  th e  m o st in flu en tia l p a ra m e te rs  in  o x id a tio n  reac tio n s , and  th a t it 
sh o u ld  b e  ca re fu lly  m o n ito red  an d /o r co n tro lled  in  ch em ica l o x id a tio n  p rocess.

2.4.3 Nature of Reactants

E ffec tiv en ess  is o ften  in c reased  by  a d ju s tin g  p H  and  by  a d d itio n  o f  c a ta ly s ts  to  
th e  re a c tio n  system . T h e  free -en e rg y  ch an g e , a c tiv a tio n  en erg y , and  th e  ac tua l 
re a c tio n  m ech an ism  n a tu ra lly  d ep en d  o n  th e  n a tu re  o f  b o th  th e  o x id iz in g  and  th e  
re d u c in g  agen t. In  fac t severa l in d e p e n d e n t m e c h a n ism s m ay  b e  o p e ra tiv e  
s im u lta n e o u s ly  fo r tw o  g iv en  re a c tan ts  (W eb er, 1972).

2.4.4 Cr(VI) Reduction by Chemical Processes

Ronald et al. (1 9 9 7 ) in v es tig a ted  to  re d u c tio n  o f  C r(V I) by  a m o rp h o u s  iron  
su lfid e , th ey  found  th a t am o rp h o u s  iro n  su lf id e  m in e ra ls  lik e  m ack in a w ite  (FeSi-x) 
h av e  th e  p o ten tia l to  red u ce  la rg e  q u a n titie s  o f  C r(V I) and  in  th e  p ro cess  fo rm  very  
s tab le  [C r, Fe] (O H )3  so lids and  it can  re d u c e d  b e tw e e n  85% and  100%. Bond et al. 
(2 0 0 3 ) stud ied  k in e tic s  and  stru c tu ra l c o n s tra in ts  o f  c h ro m a te  red u c tio n  by  g reen  ru s ts  
( fe rro u s-fe rr ic  iro n  ox ides). T h e  re su lts  in d ica ted  th a t  th e  ra te s  o f  red u c tio n  are  
c o n tro lled  by  th e  co n cen tra tio n  o f  fe rro u s  iron , su rface  area , and  ch em ica l s tru c tu re  o f  
th e  g re e n  ru s t in c lu d in g  lay e r spac ing . G re e n  ru s t  ch lo rid e  is th e  m o st rap id  red u c tan t 
o f  C r(V I) fo llo w ed  by  G R C O 3 and  G R S O 4 , w ith  p se u d o -f irs t-o rd e r  ra te  co e ffic ien ts  
ra n g in g  fro m  1.22 X 1 er3 to  3 .7  X 10 '2 ร '1. Williams and Scherer (2 0 0 1 ) stud ied  
k in e tic s  o f  C r(V I) re d u c tio n  b c a rb o n a te  g re e n  ru st. T h e  re su lts  sh o w  th a t th e  ra te  o f  
C r(V I) red u c tio n  w a s  p ro p o rtio n a l to  th e  g re e n  ru s t su rface  a rea  co n cen tra tio n , and 
p se u d o -f irs t-o rd e r  ra te  co e ffic ien ts  ra n g in g  fro m  1.2 X 10'3 to  11.2 X 10‘3 ร '1 w ere  
d e te rm in ed . T h e  e ffe c t o f  p H  w a s  sm a ll w ith  a  5 -fo ld  d e c re a se  in  ra te  w ith  in c reas in g  
p H  (fro m  5.0 to 9 .0 ). G r ie n d  (2 0 0 2 ) investigated fo r  kinetics and  mechanism o f
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c h ro m a te  re d u c tio n  w ith  h y d ro g e n  p e ro x id e  in  base . T h e  re su lts  in d ic a te d  th a t  th e  
re a c tio n  is  f irs t o rd e r  in  C r(V I) and  in h ib ited  by  h y d ro x id e . H y d ro g e n  p e ro x id e  an ion  
in itia lly  a tta c k s  ch ro m ate , and  su b seq u en t e q u ilib riu m  s tep s  th a t  ex c h a n g e  0 X 0  group  
fo r th re e  p e ro x o  g ro u p s  p reced e  a  ra te -d e te rm in in g , o n e -e le c tro n , in tram o lecu la r  
re d u c tio n  step . Maxcy et al. (1998) stud ied  a  k in e tic  o f  re d u c tio n  o f  C r(V I) to  C r(III) 
by  th io u rea . T h e y  fo u n d  th a t rep ro d u c ib le  k in e tic  d a ta  w e re  o b ta in ed  fo r  th e  red u c tio n  
o f  C r(V I) by  th io u re a  in  th e  p H  ran g e  o f  4 .0  to  5 .0  and th e  reac tio n  ra te  in c rea se s  w ith  
in c re a s in g  co n c e n tra tio n s  o f  C r(V I), th io u rea , h y d ro g en  ion, and  a c e ta te  buffer.

2.4.5 Cr(VI) Reduction by Biological Processes

In  a d d itio n  to  ch em ica l m eth o d s, th e  p o ten tia l fo r b io lo g ic a l tre a tm e n t o f  C r
(V I) has b e e n  d em o n stra ted . M an y  m ic ro o rg an ism s o f  g e n e ra  can  re d u c e  C r(V I) such  
as, Wang and Shell (1997) stud ied  m o d e lin g  C r(V I) re d u c tio n  by  p u re  b ac te ria l 
cu ltu res . T h e y  fo u n d  th a t each  C r(V I)-red u c in g  sp ec ies  m ay  p o sse ss  a fin ite  C r(V I) 
re d u c tio n  cap ac ity , w h ic h  is n o t in flu en ced  by  su b se q u e n t cell g ro w th  d u rin g  C r(V I) 
red u c tio n . Konovalova et al. (2003) in v estig a ted  to  C r(V I) re d u c tio n  in  a  m em b ran e  
b io re a c to r  w ith  im m o b iliz ed  P seu d o m o n a s  cells. T h e  re su lts  sh o w  th a t  red u c tio n  is 
su p p re sse d  by  h ig h  m e tab o lite  co n cen tra tio n s , w h ic h  reaced  o n  th e  s ix th  step  o f  
c h ro m a te  a d d in g  in  s tu d ied  system . Guha et al. (2001) s tud ied  k in e tic s  o f  C r(V I) 
re d u c tio n  by  a  ty p e  s tra in  S h ew an ella  a lg a  u n d e r d iffe re n t g ro w th  co n d itio n s , th e ir  
s tu d ied  sh o w  th a t, su ccessfu l in  s itu  b io re m e d ia tio n  o f  C r(V I) is d e p e n d e d  o n  th e  type  
o f  su b s tra te s  (e le c tro n  d o n o rs. Chirwa and Wang (2000) in v e s tig a te d  to  
s im u lta n e o u s  C r(V I) red u c tio n  and  p h en o l d e g rad a tio n  in an  a n a e ro b ic  co n so rtiu m  o f  
b ac te ria . T h is  s tu d y  illu s tra te s  th a t p h en o l c an  be  u sed  as th e  so le  ad d ed  c a rb o n  so u rce  
fo r  C r(V I)  re d u c tio n  in  an  an ae ro b ic  co n so rtiu m . H o w ev e r, th e  sy s te m  re lied  on  th e  
a v a ila b ility  o f  o rg a n ic  ac id  in te rm ed ia te s  d u rin g  an ae ro b ic  p h en o l d eg rad a tio n .

2.4.6 Low-Cost Materials as Reductant

M a n y  lo w -c o s t m a te ria ls  w e re  ex am in ed  fo r th e  tre a tm e n t o f  ch ro m ate - 
c o n ta in in g  so lu tio n , as an  a lte rn a tiv e  and  m o re  eco n o m ica l re d u c in g  a g e n t fo r  C r(V I)
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su ch  as Reddad et al. (2003) s tud ied  m ech an ism  o f  C r(III)  and  C r(V I) rem o v al by 
u s in g  su g a r b e e t pulp . T hey  fo u n d  th a t  th e  re d u c tio n  m e c h a n ism  fo r  C r(V I) w as 
ach ie v e d  a t ac id ic  p H  va lues. T h e  ca rb o x y lic  g ro u p s  o f  th e  su g ar b ee t pulp  w ere  
fo u n d  to  b e  th e  m a in  red u c tio n  sites o f  C r(V I) species. Erdem et al. (2004) stud ied  
re d u c tio n  o f  C r(V I) by  siderite . T h e  re su lts  sh o w  tha t, th e  C r(V I) red u c tio n  e ffic iency  
o f  th e  s id e rite  w as  found  to  be  s tro n g ly  d e p en d ed  o n  ac id  co n te n t o f  th e  so lu tion . T he 
m a x im u m  C r(V I) red u c tio n  y ie ld  fo r  50 m g /L  in itia l c o n c e n tra tio n  is ob ta in ed  in the 
p re se n c e  o f  20  g /L  siderite  fo r 120 m in. T h e  re d u c tio n  cap ac ity  o f  s id e rite  w as 
c a lc u la ted  as ab o u t 17 m g -C r(V I)/g  siderite . Gardea-Torresdey et al. (2000) 
in v e s tig a te d  to  ch a rac te riz a tio n  o f  C r(V I) b in d in g  and  re d u c tio n  to  C r ( n i )  by  th e  
ag ric u ltu ra l by  p ro d u c ts  o f  A ven a  n o n ida  (O at) b io m ass . T h e  re su lts  su g g est th a t 
b in d in g  o f  C r(V I) and  su b seq u en t red u c tio n  o f  C r(V I) to  C r(III)  is so m eh o w  cata lyzed  
by  th e  o a t b io m ass. Park et al. (2004) stud ied  re d u c tio n  o f  C r(V I) w ith  th e  b ro w n  
seaw eed  E ck lo n ia  b io m ass. T h ey  fo u n d  th a t th e  C r(V I) re m o a l e ff ic ien cy  w as a lw ays 
100%  in th e  p H  1-5. T he  ra te  o f  C r(V I) re d u c tio n  in c rea sed  w ith  d ec rea s in g  th e  pH  
and  th e  e le c tro n s  req u ired  fo r th e  C r(V I) red u c tio n  a lso  cau sed  th e  o x id a tio n  o f  the  
o rg a n ic  c o m p o u n d s  in th e  b io m ass. O n e  g ram  o f  th e  b io m a ss  cou ld  red u ce  4 .49  0 .12 
m m o l o f  C r(V I). Zouboulis et al. (1995) stud ied  re m o v a l o f  C r(V I) an ions from  
so lu tio n s  b y  p y rite  fin es (an  in d u stria l b y -p ro d u c t). T h ey  fo u n d  th a t th e  C r(III) ions 
g e n e ra te d  by  th e  C r(V I)/p y rite  in te rfac ia l re d u c tio n  p ro c e ss  a re  su bsequen tly  
h y d ro ly sed . T h e  in te rfac ia l re d u c tio n  o f  c h ro m iu m  w a s  fo u n d  to  p ro ceed  fa s te r in the  
ac id ic  p H  ran g e  (a ro u n d  1-2). Stasinakis et al. (2004) s tu d ied  in v es tig a tio n  o f  C r(V I) 
re d u c tio n  in  c o n tin u o u s-flo w  ac tiv a ted  slu d g e  sy stem s, th e y  found  th a t, red u c tio n  o f  
C r(V I) by  a c tiv a te d  sludge  w as  in d e p e n d e n t o f  th e  a c c lim a tiz a tio n  o f  b io m ass  to  C r 
(V I) and  it w as  en h an ced  by an  in c rease  o f  re ten tio n  tim e  and  o rg an ic  su b stra te  ac ts  as 
an  e le c tro n  d o n o r  fo r C r(V I) reduction .

2.4.7 Adsorption and Reduction of Cr(VI)

Aggrawal et al. (1999) in v es tig a ted  to  a d so rp tio n  o f  c h ro m iu m  by  ac tiva ted  
c a rb o n  fo rm  a q u e o u s  so lu tion . T h ey  fo u n d  th a t  th e  q u in o n ic  g ro u p s  in  ac tiva ted  
c a rb o n  c a n  ca u se  re d u c tio n  o f  C r(V I) in to  C r(III)  ions. In  case  o f  o x id ix ed  carbons
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2.5 Portland Cement

P o rtlan d  c e m e n t is th e  n am e g iv en  to  a  cem en t o b ta in e d  b y  in tim a te ly  m ix in g  
to g e th e r  c a lc a re o u s  and  a rg illaceo u s, o r  o th e r silica-, a lu m in a -, an d  iro n  o x id e -b ea rin g  
m a te ria ls , b u rn in g  th e m  a t c lin k erin g  tem p e ra tu re , and  g r in d in g  th e  re su ltin g  c lin k e r 
(N e v ille  and  B ro o k s , 1994)

2.5.1 Constituents of Portland cement

A t th e  h ig h e r  b u rn in g  tem p e ra tu res  u sed  in  P o rtla n d  c e m e n t p ro d u c tio n , 
a p p ro x im a te ly  1450 ° c ,  all th e  S i0 2 -co n ta in in g  c o m p o n e n ts  (c lay s, q u a rtz , e tc .)  reac t 
to  ach iev e , v e ry  n early , an  eq u ilib riu m  p h a se  a ssem b lag e . F o u r  co m p o u n d s  are 
re g a rd e d  as th e  m a jo r co n stitu en ts  o f  cem en t: th ey  a re  lis ted  in  T a b le  2 .2  to g e th e r 
w ith  th e ir  a b b re v ia te d  sym bols. F ro m  th is  tab le , it w ill be  n o te d  th a t  th e  q u an titie s  do 
n o t ad d  u p  to  100% , th e  m issin g  p e rcen tag es  b e in g  a c c o u n te d  fo r by  im p u ritie s . E ach  
o x id e  fo rm u la  is ab b rev ia ted  to  a sing le  cap ita l le tte r, w ith  th e  n u m b e r o f  ox id e  
fo rm u la s  in  th e  co m p o u n d  d esig n a ted  by  a su b sc r ip t p la c e d  a f te r  th e  le tte r. T he 
sh o rten ed  n o ta tio n , nam ely : C aO  =  C; S i0 2  =  ร; AI2O 3 =  A ; an d  F e 2C>3 =  F. L ik ew ise , 
H 20  in h y d ra te d  cem en t is d en o ted  by  H  (T ay lo r, 1992; N e v ille  an d  b ro o k s , 1994; 
N ev ille , 2 0 0 3 ; and  M in d ess , Y o u n g  and D arw in , 2 0 0 3 ).

T h e  b a tc h in g  and  ca lc in a tio n s  shou ld  en su re  th a t  s ilica  is ch em ic a lly  co m b in ed  
as C 3 S and  C 2 S, w h ile  free  C aO  is red u ced  to  n ea r ze ro . T h e  re su ltin g  p ro d u c t, w h ich  
p a rtia lly  m e lts  an d  sin te rs  d u rin g  ca lc in a tio n s , is k n o w n  as c lin k e r. T h e  w e ll- in d u ra te d  
c lin k e r is m ix ed  w ith  2 -5 %  g y p su m  and  g ro u n d  to  fine  p o w d e r  h av in g  a  sp ec ific  
su rface  o f  3 0 0 0 -4 0 0 0  cm 2/g.

T h e  s ilica te , C 3 S and C 2 S, are th e  m o st im p o rta n t co m p o u n d s , w h ic h  are 
re sp o n s ib le  fo r  th e  s tren g th  o f  h y d ra ted  cem en t p a s te . In  rea lity , th e  s ilic a te s  in  
c e m e n t a re  n o t p u re  co m p o u n d s, b u t co n ta in  m in o r  o x id e s  in  so lid  so lu tio n . T hese  
o x id es  h a v e  s ig n if ic a n t e ffec ts  o n  th e  a to m ic  a rra n g e m en ts , c ry s ta l fo rm , and 
h y d ra u lic  p ro p e rtie s  o f  th e  s ilica te s  (F ig u re  2 .5 ).
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Table 2.2 M ain  C o m p o u n d s  in  O rd in a ry  P o rtla n d  C e m e n t (M in d ess , Y o u n g  and 
D arw in , 2 0 0 3 )

Name of compound Oxide composition Abbreviation Weight percent
T ric a lc iu m  s ilica te 3 C a 0 - S i0 2 C 3S 55

D ica lc iu m  s ilica te 2 C a 0 - S i0 2 C 2S 18

T rica lc iu m  a lu m in a te 3 C a O ‘AI2 O 3 c 3a 1 0

T e traca lc iu m 4 C a 0 -A l2 0 3 ’Fe203 c 4a f 8

a lu m in o fe rrite
C a lc iu m  su lfa te  d eh y d ra te C a S 0 4 -2 H 20 c s h 2 6

(g y p su m )

T h e  p resen ce  o f  C 3 A  (F ig u re  2 .5 )  in  cem en t is u n d e s ira b le  b ecau se  it 
co n trib u te s  little  o f  n o th in g  to  th e  s tren g th  o f  c em en t ex cep t a t early  ages. A n d  w hen  
h a rd en ed  cem en t p a s te  is a tta c k e d  by  su lp h a tes , th e  fo rm a tio n  o f  ca lc iu m  
su lp h o a lu m in a te  (e ttr in g ite )  m ay  ca u se  d isru p tio n . H o w ev er, C 3 A  is b en e fic ia l in  th e  
m a n u fa c tu re  o f  c em en t in  th a t it fa c ilita te s  th e  co m b in a tio n  o f  lim e  and  silica.

C 4A F (F ig u re  2 .5 )  is a lso  p re se n t in  c em e n t in  sm all q u a n titie s  w h e n  co m p ared  
w ith  th e  o th e r th re e  co m p o u n d s. I t does n o t a ffec t th e  b e h a v io u s  s ig n ifican tly , 
ho w ev er, it reac ts  w ith  g y p su m  to  fo rm  ca lc iu m  su lp h o fe rrite  and  its  p re se n c e  m ay 
ac c e le ra te  th e  h y d ra tio n  o f  th e  silica tes .

In  ad d itio n  to  th e  m a in  c o m p o u n d s  lis ted  in  T ab le  2 .2 , th e re  ex is t m inor 
co m p o u n d s, such  as M g O , TiC>2 , M n 2Û 3 , K 2O and  N a 2Û. A  g en e ra l id ea  o f  the  
c o m p o sitio n  o f  c e m e n t can  b e  o b ta in ed  fro m  T ab le  2 .3 , w h ic h  g iv e s  th e  ox ide 
c o m p o sitio n  lim its  o f  P o rtla n d  c e m e n ts  (T ay lo r, 1992; N e v ille  an d  b ro o k s , 1994; 
N ev ille , 2003 ; and  M in d ess , Y o u n g  and  D a rw in , 2003).
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(c) (d )
Figure 2.5 S tru c tu re  M o d e ls  o f  C lin k e r M a jo r C o m p o n en ts  (a ) C 3 S, (b) C 2 S, (c) C 3A,
(d ) C 4A F  (B e n s te d  and  B arnes, 2002)

T a b le  2 .3  A p p ro x im a te  C o m p o sitio n  L im its  o f  P o rtlan d  C e m e n t (N e v ille  and  B ro o k s, 
1994)

Oxide Content (percent)
C aO 6 0 -6 7
S i 0 2 17-25
A120 3 3-8
F e 2 0 3 0 .5 -6 .0
M g O 0.1-4.0
A lk a lis  (N a20  an d  K 2 0 ) 0.2-1.3
S 0 3 1-3
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2.5.2 Hydration of cement

T h e  te rm  ‘h y d ra tio n ’ d e n o te s  th e  to ta lity  o f  th e  c h a n g e s  th a t  o ccu r w hen  
a n h y d ro u s  cem en t, o r  o n e  o f  its  c o n s titu e n t p h ases, is m ix e d  w ith  w ate r. W hen  
P o rtlan d  ce m e n t is m ix ed  w ith  w a te r , its  c o n s titu e n t co m p o u n d s  u n d e rg o  a series o f  
ch em ica l re ac tio n s  th a t a re  re sp o n s ib le  fo r  th e  ev en tu a l h a rd e n in g  o f  concrete . 
R e a c tio n s  w ith  w a te r  are  d e s ig n a ted  h y d ra tio n , and  th e  n e w  so lid s  fo rm ed  on  
h y d ra tio n  are  co lle c tiv e ly  re fe rre d  to  as h y d ra tio n  p ro d u c ts . In  th e  p resen ce  o f  w ate r, 
th e  s ilic a te s  and a lu m in a te s  o f  P o rtlan d  cem e n t fo rm  p ro d u c ts  o f  h y d ra tio n  o f  
h y d ra te s , w h ic h  in  tim e  p ro d u c e  a  firm  an d  h a rd  m a ss-th e  h a rd e n e d  cem en t paste. A s 
s ta ted  earlie r, th e  tw o  ca lc iu m  s ilic a te s  (C 3 S and  C 2 S) are  th e  m ain  cem en titio u s  
c o m p o u n d s  in  cem en t, th e  fo rm e r  h y d ra tin g  m u c h  m o re  ra p id ly  th a n  th e  la tter. T he 
p ro d u c t o f  h y d ra tio n  o f  C 3 ร is th e  m ic ro c ry s ta llin e  h y d ra te  C 3 S 2H 3 w ith  som e lim e 
sep a ra tin g  o u t as c ry s ta llin e  C a (O H )2. C 2 S b e h av es  s im ila rly  b u t c lea rly  co n ta in s less 
tim e  (T ay lo r, 1992; S p ence , 1992; N e v ille  an d  B ro o k s , 1994; M in d ess , e t al., 2003). 
T h e  C 3 S 2H 3 a re  d e sc rib ed  as C -S-PI, th e  ap p ro x im a te  h y d ra tio n  reac tio n s  be ing  
w ritte n  as sh o w n  in  e q u a tio n  2 .8 ), 2 .9 ), and  2 .10):

F o r  C 3 S:

2 C 3 ร +  6 H  ---------------------- ►  C 3 S2H 3 +  3 C a (O H ) 2 2 .8 )
[100 ] [24] [75] [49]

F o r  C 2 S:

2 C 2S +  4 H  ------------------- ►  C 3 S 2H 3 +  C a (O H ) 2 2 .9 )
[100 ] [21] [99] [22]

F o r  C 3A:

►C 3A  +  6 H  
[1 0 0 ] [40]

C 3A H 6

[140]
2.10)
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T h e  n u m b e rs  in  th e  sq u are  b rack e ts  are  th e  co rre sp o n d in g  m asse s , an d  on  th is 
b a s is  b o th  s ilic a te s  req u ire  ap p ro x im a te ly  th e  sam e a m o u n t o f  w a te r  fo r  h y d ra tio n . 
B u t C 3 ร p ro d u c e s  m o re  th an  tw ice  as m u ch  C a(O H )2  as is fo rm e d  b y  th e  h y d ra tio n  o f  
C 2 S. T h e  a m o u n t o f  C 3 A  in  m o st cem en t is co m p ara tiv e ly  sm a ll; its  h y d ra te  s tru c tu re  
is o f  a c u b ic  c ry s ta llin e  fo rm  w h ic h  is su rro u n d ed  by  th e  c a lc iu m  s ilic a te  hyd ra tes . 
T h e  re a c tio n  o f  p u re  C 3A  w ith  w a te r  is v e ry  rap id  and w o u ld  lead  to  a  f la sh  set, w h ich  
is p re v e n te d  by  th e  ad d itio n  o f  g y p su m  (C a S 0 4  2 H 20 )  to  th e  c e m e n t c lin k er. T h e  
re a c tio n  ra te  o f  C 3A  is q u ick e r th an  th a t o f  th e  ca lc iu m  s ilica te s . T h e  b rack e ted  
m a sse s  o f  C 3 A  h y d ra tio n  sh o w  that, a  h ig h er p ro p o rtio n  o f  w a te r  is re q u ire d  th a n  fo r 
th e  h y d ra tio n  o f  s ilica tes . T h e  h y d ra tio n  ch a rac te ris tic s  o f  th e  c e m e n t c o m p o u n d s  are  
su m m a riz e d  in  T a b le  2.4.

T a b le  2 .4  C h a ra c te ris tic s  o f  H y d ra tio n  o f  th e  C em en t C o m p o u n d s  (M in d e ss , e t a l ,  
2 0 0 3 )

Compounds Reaction
rate

Amount of Contribution to cement
heat liberated Strength Heat liberation

c 3 ร m o d e ra te m o d era te h ig h h ig h
C2S slo w low lo w  (in itia lly ) , lo w

h ig h  ( la te r)
c 3a  +  c s h 2 fa s t v ery  h ig h lo w v e ry  h ig h
c 4a f  +  c s h 2 m o d era te m o d era te lo w m o d e ra te

T h e  g e n e ra l n a tu re  o f  P o rtlan d  cem en t h y d ra tio n  a p p e a rs  to  in v o lv e  b o th  
d is so lu tio n -p re c ip ita tio n  reac tio n s  as w ell as  d irec t a tta ck  o f  w a te r  o n  g ra in s  o f  
a n h y d ro u s  cem en t. T h ro u g h -so lu tio n  m ech an ism s, in  w h ic h  a n h y d ro u s  so lid  cem en t 
c o m p o n e n ts  d isso lv e , su p e rsa tu ra te  th e  aq u eo u s phase , an d  f in a lly  rep rec ip ita te , 
m a in ly  as h y d ra te s , a re  p ro b ab ly  o f  g re a te s t im p o rtan ce  d u rin g  th e  in itia l se t and 
h a rd e n in g : so lu tio n -p re c ip ita tio n  is v e ry  e ffec tiv e  in  tra n sp o r tin g  m a te r ia l an d  g e llin g  
th e  a q u e o u s  p h a se  (S p en ce , 1992). F ig u re  2 .6  su m m arizes  so m e  o f  th e  p ro cesse s  
in v o lv e d  in  e a rly  h y d ra tio n .
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Figure 2.6 S ch em atic  V iew  o f  H y d ra tio n  P ro cesse s  O c c u rrin g  D u rin g  th e  F irs t Few  
H o u rs  o f  D ay s (S pence , 1992)

2.5.3 Pozzolanic Reaction

T h is reac tio n  is th e  second  step  c o n tin u in g  fro m  th e  h y d ra tio n  reac tion . In th is 
step , ca lc iu m  h y d ro x id e  (C a (O H )2) d ev e lo p ed  fo rm  th e  h y d ra tio n  reac tio n , reac ts  w ith  
s ilica  ( S i0 2) and a lu m in a  (A l20 3 ) fro m  p o z z o la n a  m ate ria l. T h e  ch em ica l eq u a tio n  
(T ay lo r, 1990) as sh o w n  in e q u a tio n  2 .1 1 ) and  2 .12):

3 C a (O H )2 +  2 S i0 2 ------------------------► 2 C aO  2 S i 0 2 3 H 20 2.11)

3 C a (O H )2+ 2  A120 3 --------------► 2 C aO  2A120 3 3 H 20 2.12)

C a lc iu m  s ilic a te  h y d ra te  (2 C aO  2 S i0 2 3 H 20 )  and  ca lc iu m  a lu m in a te  h yd ra te  
(2 C aO  2 A 12 0 3  3 H 20 )  s tren g th en  th e  b o n d  s tre n g th  o f  c o n c re te  itself. T hese  
su b s tan ces  in c rease  b o n d s b e tw e e n  p a rtic le s  o f  c em en t p a s te  in c re a s in g  th e  s tren g th  o f  
co n cre te .

2.5.4 Strength of concrete

S tren g th  u su a lly  g iv e s  an  o v e ra ll p ic tu re  o f  th e  q u a lity  o f  c o n c re te  b ecau se  it is 
d irec tly  re la te d  to  th e  s tru c tu re  o f  c e m e n t paste . F a c to rs  a ffe c tin g  s tre n g th  as fo llow :
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2 .5 .4 .1  W a te r-to -C em e n t R a tio  and P o ro sity

C o n c re te  th a t is n o t p ro p erly  co m p ac ted  w ill co n ta in  la rg e  vo ids, 
w h ich  c o n tr ib u te  to  its  po ro sity . T hus, at lo w er w a te r- to -ce m e n t ra tio s , lu ll 
c o m p ac tio n  is d iff ic u lt to  ach ieve. P o ro s ity  is a p rim ary  fa c to r  in flu en c in g  th e  s tren g th  
o f  co n cre te ; it d e p e n d s  u p o n  th e  w a te r-to -ce m e n t ratio  and o n  th e  d eg ree  o f  h y d ra tio n . 
T h e  p aste  c o n s is ts  o f  h y d ra te s  o f  th e  v a rio u s  cem en t co m p o u n d s  and  o f  C a (O H )2 , and 
th e  g ro ss v o lu m e  a v a ilab le  fo r all th e se  p ro d u c ts  o f  h y d ra tio n  co n sis ts  o f  th e  sum  o f  
th e  ab so lu te  v o lu m e  o f  th e  dry cem en t and o f  th e  v o lu m e  o f  th e  m ix  w a te r . In 
c o n seq u en ce  o f  h y d ra tio n , th e  m ix  w a te r  tak es  one o f  th re e  fo rm s n am ely ; co m b in ed  
w ate r, gel w a te r  an d  cap illa ry  w a te r. F ig u re  2 .7  show  th e  d iag ra m m a tic  re p re se n ta tio n  
o f  th e  v o lu m e tr ic  p ro p o rtio n s  o f  hy d ra tio n .

T h e  g e l w a te r  is th e  w a te r  th a t is held  p h y s ica lly  o r  is ad so rb e d  o n  the  
la rg e  su rface  a re a  o f  th e  h y d ra te s  in  cem en t gel. It has b een  e s ta b lish e d  th a t  the  
v o lu m e  o f  g e l w a te r  is 28%  o f  th e  v o lu m e  o f  cem en t gel. T h e  co m b in ed  w a te r  is 
w a te r  w h ic h  is c o m b in e d  ch em ica lly  o r  p h y sica lly  w ith  th e  p ro d u c ts  o f  h y d ra tio n  by 
v ery  firm ly . T h e  so lid  p ro d u c ts  o f  h y d ra tio n  occupy  a v o lu m e  w h ic h  is le ss  th a n  the  
sum  o f  th e  a b so lu te  v o lu m e  o f  th e  o rig ina l d ry  cem en t and  o f  th e  co m b in ed  w ater. 
T hen , th e re  is a  re s id u a l sp ace  w ith in  th e  g ro ss  v o lu m e  o f  th e  paste . F o r fu lly  h y d ra ted  
cem en t, w ith  no  ex cess  w a te r  abo v e  th a t requ ired  fo r h y d ra tio n , th is  re s id u a l space  
rep resen ts  a b o u t 18 .5%  o f  th e  o rig in a l v o lu m e  o f  d ry  cem en t. T h e  re sid u a l sp a c e  tak es 
th e  fo rm  o f  v o id s  o r  cap illa ry  p o res, w h ich  can  be em p ty  o f  fu ll o f  w a te r , d ep en d in g  
on  th e  q u a n tity  o f  o rig in a l m ix  w a te r  and w h e th e r ad d itio n a l w a te r. C a p illa ry  p o res 
are m u ch  la rg e r  th a n  g e l po res. I f  th e  m ix  co n ta in ed  m o re  w a te r  th an  n e c e ssa ry  for 
full h y d ra tio n , th e re  w ill be  p re sen t cap illa ry  p o res in ex cess  o f  th e  18.5% .

I t  is w o r th  n o tin g  th a t w h ile  th e  w a te r- to -ce m e n t ra tio , a  m e a su re  o f  
to ta l p o ro s ity , is th e  p rin c ip a l c o n tro lle r  o f  th e  s tren g th  o f  th e  cem en t p a s te  co n stitu en t 
o f  c o n c re te  fo r  g iv e n  m ix in g  and  cu rin g  co n d itio n s, th e re  a re  in d ic a tio n s  th a t the  
deta ils  o f  th e  p o ro s ity , as rep re se n te d  by  th e  v o id  s ize  d is trib u tio n , can  hav e  a 
s ig n ifican t e ffe c t o n  c o n c re te  streng th . R ed u c tio n  in  th e  w a te r- to -c e m e n t ra tio  and  th e

2  «3 A
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a d d itio n  o f  s ilic a  fu m e  n o t on ly  re su lts  in  a  re d u c tio n  in  th e  to ta l  p o ro s ity , b u t also 
red u ces  th e  s ize  o f  th e  m ax im u m  m easu rab le  v o id s  w ith in  th e  h a rd e n e d  cem e n t paste.

W a te r

C e m e n t

(a)

E m p ty  cap illa ry  
p o res

C ap illry  w a te r

G el w a te r

S o lid  p ro d u c ts  o f  
h y d ra tio n

U n h y d ra ted
cem en t

TfC

C ap illa rie s

V
7ÎT

H y d ra te d  cem en t 
o r  c em e n t gel

(b)

F ig u r e  2 .7  D ia g ra m m a tic  R e p re se n ta tio n  o f  th e  V o lu m e tr ic  P ro p o rtio n s : (a ) B efo re  
H y d ra tio n  and  (b ) D u rin g  H y d ra tio n . (N ev ille  and  B ro o k s , 1994)

A lth o u g h  cap illa ry  p o res  are  m u ch  la rg e r  th a n  g e l p o re s , in  fact, there  
is a  w h o le  ran g e  o f  p o re  s izes th ro u g h o u t th e  h a rd en ed  c e m e n t p a s te . W h en  only 
p a rtly  h y d ra te d , th e  p a s te  co n ta in s  an  in te rc o n n e c ted  sy stem  o f  c a p illa ry  po res. T he 
e ffe c t o f  th is  is a  lo w e r s tren g th . T h ese  p ro b le m s  a re  a v o id ed  i f  th e  d eg ree  o f  
h y d ra tio n  is su ff ic ie n tly  h ig h  fo r  th e  cap illa ry  p o re  sy stem  to  b e c o m e  seg m en ted  
th ro u g h  p a rtia l b lo c k in g  by  n ew ly  d ev e lo p ed  cem e n t gel. In  th is  case , th e  cap illa ry  
p o re s  a re  in te rc o n n e c ted  o n ly  by  th e  m u ch  sm alle r g e l p o re s , w h ic h  a re  im p erm eab le  
(N ev ille  an d  B ro o k s , 1994; M in d ess , e t al., 2003).
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2 .5 .4 .2  A ge

In  p rac tice , it is co m m o n  to  o b ta in  7 -d a y  as  w e ll as 2 8 -d ay  
co m p ress iv e  s tren g th s . T h ere fo re , it w o u ld  be  v e ry  u se fu l to  ex tra p o la te  2 8 -d ay  
s tren g th s  fro m  7 -d a y  (o r  o th e r) streng ths. O f  co u rse , th is  d ep en d s  u p o n  th e  cem en t 
ty p es  and cu rin g  te m p e ra tu re . A s a gen e ra l ru le , th e  ra tio  o f  2 8 -d ay  to  7 -d ay  s tren g th  
lies b e tw een  1.3 and  1.7, b u t is u su a lly  less  th a n  1.5. G enera lly , th e  h ig h e r  th e  ra te  o f  
early  s tren g th  g a in  o v e r th e  f irs t th re e  days, th e  h ig h e r th e  ra tio  o f  7 -d ay  to  28 -d ay  
s treng th . O n ce  so m e  ex p e rien ce  h as  b e e n  g a in ed  fo r p a rticu la r  m ixes, th e  ra tio  o f  
s tren g th s  m ay p ro v e  to  be  u se fu l o n  a p a rtic u la r  c o n s tru c tio n  p ro je c t (M in d ess , e t al.,
2003).

2 .5 .4 .3  C em en t

T h e  e ffec t o f  P o rtlan d  ce m e n t o n  c o n c re te  s tren g th  d ep en d s on  th e  
ch em ica l c o m p o s itio n  an d  fin en ess  o f  th e  cem en t. T h e  stren g th  o f  h a rd en ed  cem en t 
p a s te  com es p rim arily  fo rm  C 3 S (e a rlie r  s tren g th ) and C 2 S (la te r  s tren g th ), and  th ese  
e ffec ts  ca rry  th ro u g h  in to  concre te . C o n c re te s  m ade w ith  h ig h e r C 3 S co n te n ts  ga in  
s tren g th  m o re  rap id ly , b u t m ay  end  up  w ith  s lig h tly  lo w e r s tren g th s  a t la te r ages 
(M in d ess, e t al., 2 0 0 3 ). C em en t rich  in  tr ic a lc iu m  s ilic a te  sh o w ed  h ig h  s tren g th  at 
early  ages, w h ile  th o se  w h ic h  w e re  lo w  in th is  co m p o u n d  sh o w ed  m u ch  lo w er 
s tren g th  a t early  ages, b u t a  p ro g re ss iv e  in c rease  w ith  age, so  th a t at 6  m o n th s  th e  
d iffe ren ces  in  th e  s tre n g th s  w e re  re la tiv e ly  sm all. A t 12 m o n th s  th e  s tren g th s  o f  th e  
tw o  g ro u p s  o f  c e m e n ts  w e re  ab o u t equal (M in d ess , e t al., 2 0 0 3 ; and H ew le tt, 2004).

T h e  e ffe c ts  o f  cem en t f in en ess  on  th e  s tren g th  o f  co n c re te  a re  also  
co n sid e rab le , s in ce  th e  ra te  o f  h y d ra tio n  in c reases  w ith  in c rea s in g  f in en ess  and  leads 
to  a h ig h e r ra te r  o f  s tre n g th  gain . H o w ev er, ev en  th o u g h  m o re  fine ly  g ro u n d  cem en ts  
g a in  s tren g th  m o re  rap id ly , v e ry  f in e  g rin d in g  sh o u ld  b e  av o id ed . W ith  v e ry  fine 
partic les , e x c e ss iv e  a g g lo m e ra tio n  m ay  lead  to  lo ca l re g io n s  o f  h ig h  w a te r- to -ce m e n t 
ratio .
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2 .5 .4 .4  M in e ra l ad m ix tu res

T h e  u se  o f  m in e ra l ad m ix tu res  re su lts  in  a  m o d if ic a tio n  o f  th e  s tru c tu re  
o f  h a rd e n e d  c e m e n t p a s te  and  m ay  resu lt in  ch an g es  w ith in  th e  in te rfa c ia l tran sitio n  
zone . F o r  n o rm a l-s tre n g th  co n cre te s , m inera l a d m ix tu re s  su c h  as  fly  a sh  and  b last 
fu rn a c e  s lag  can  b e  u se d  to  rep lace  P o rtlan d  cem en t, w ith  little  e f fe c t o n  s tren g th . T he 
o th e r  m a jo r  p o zzo lan , s ilica  fum e, is g en e ra lly  u sed  to  in c rea se  s tre n g th  and  w ill do  so 
even  a t th e  sam e  w a te r- to -c e m e n t ratio . T h e  co m b in ed  p o z z o la n ic  an d  f ille r  e ffec ts  o f  
s ilic a  fu m e  a lso  in c rea se  th e  s tren g th  and g rea tly  d e c re a se  th e  p o ro s ity  o f  th e  
in te rfac ia l tra n s itio n  zo n e  co m p ared  to  th a t o b ta in ed  in  c o n c re te s  w ith o u t th e  
a d m ix tu re  (M in d ess , e t al., 2003).

2 .5 .4 .5  C h em ica l ad m ix tu res

C h em ica l ad m ix tu re s  p e r se h av e  v e ry  little  e ffe c t o n  th e  s tren g th  o f  
co n c re te , ex cep t in so fa r  as th ey  a ffec t th e  w a te r- to -ce m e n t ra tio  o r  th e  p o ro s ity  o f  
co n cre te . F o r  in stan ce , a ir-en tra in in g  ag en ts  p rin c ip a lly  a ffe c t c o n c re te  s tren g th  due  to  
th e  in c re a se  in  p o ro sity . E v e n  in th is  case, h o w ev er, th e  re d u c tio n  in  w a te r  co n ten t 
o b ta in a b le  th ro u g h  th e  u se  o f  en tra in ed  a ir m ay  ac tu a lly  re su lts  in  an  in c rea se  in  
s tre n g th  fo r  co n c re te s  w ith  lo w  cem en t co n ten ts  d es ig n ed  fo r  a  c o n s ta n t w o rk ab ility  
(M in d ess , e t al., 2003).

2 .5 .4 . 6  A g g re g a te

T h e  n a tu re  o f  th e  b o n d  b e tw e e n  cem en t p a s te  and  a g g re g a te  in 
c o n c re te  has b e e n  p ro p o se d  th a t, th e  b o n d  is co m p o sed  o f  b o th  ch e m ic a l in te rac tio n s  
and  m e c h a n ic a l in te rlo ck in g , p o ss ib ly  p ro v id ed  by  ep itax ia l g ro w th  o f  ce rta in  cem en t 
h y d ra te s  o n to  th e  su rface s  o f  th e  ag g reg a te  partic les. F o r  n o rm a l-s tre n g th  co n cre te s , 
th e  a g g re g a te  p a ra m e te rs  th a t a re  m o st im p o rtan t a re  th e  sh ap e , te x tu re , and  m ax im u m  
size  o f  th e  ag g reg a te . T h e  ag g reg a te  te x tu re  d ep en d s on  w h e th e r  th e  a g g reg a te s  are  
n a tu ra lly  o c c u rr in g  g rav e ls , w h ic h  ten d  to  b e  sm o o th , o r  c ru sh ed  ro c k s , w h ic h  ten d  to  
b e  ro u g h  an d  an g u la r. S u rface  te x tu re  a ffec ts  b o th  th e  b o n d  an d  th e  s tre ss  a t w h ic h
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m ic ro c ra ck in g  b eg in s, b u t has little  e ffec t o n  th e  co m p ress iv e  s tre n g th  o f  th e  concrete . 
A t lo w  w a te r- to -c e m e n t ratio , c ru shed  ro c k  w ill lead  to  h ig h e r c o n c re te  s tren g th s 
b e c a u se  o f  th e  b e tte r  m ech an ica l b o n d , b u t th is  e ffe c t d isa p p e a rs  as th e  w a te r-to -  
c e m e n t ra tio  increases.

T h e  u se  o f  a la rger m ax im u m  size  o f  a g g re g a te  a ffec ts  th e  s tren g th  in  
sev e ra l w ays. U n d e r  co m p ress iv e  load , th e  la rg e r a g g reg a te  p a rtic le s  ten d  to  cau se  a 
g re a te r  s tress  co n cen tra tio n  and a re su ltin g  re d u c tio n  in  co m p re ss iv e  s treng th . In  th e  
ra n g e  o f  a g g re g a te  co n ten ts  no rm ally  en co u n te red , th e  ex ac t v o lu m e  o f  ag g reg a te  is 
o n ly  o f  se c o n d a ry  im p o rtan ce  in  d e te rm in in g  co n c re te  s tren g th . I f  a co n stan t 
w o rk a b ility  is m a in ta in ed , how ever, th e  s tren g th  o f  c o n c re te  is p rin c ip a lly  d ep en d en t 
o n  th e  ce m e n t co n ten t, b ecau se  o f  th e  re d u c e d  w a te r  re q u ire m e n t as th e  ag g reg a te  size 
is in c re a se d  (M in d ess , e t al., 2003; H ew le tt, 2004).

2 .5 .4 .7  M in o r co m p o n en ts

C e m e n t s tren g th  m ay be  a ffe c ted  by  th e  p re sen ce  o f  m in o r co n stitu en ts  
in  c lin k e r, m ay  b e  p re sen t on ly  in  a m o u n ts  o f  a few  p e rcen t, o r  a  few  ten th s  o f  a 
p e rcen t. T h e  e ffec t o f  M gO  co n ten t o n  cem en t s tren g th  has b e e n  s tu d ied  by  severa l 
in v e s tig a to rs  and  has b een  found  n o t to  b e  v e ry  s ig n ifican t. F re e  lim e a ffec ted  th e  
s tre n g th  m a in ly  by  in d u c in g  u n so u n d n ess , v o lu m e  in s ta b ility  an d  c rack in g  (H ew le tt,
2 0 0 4 ).

2.5.5 Cement Replacement

In  a d d itio n  to  u tiliza tio n  as b in d e rs  in  ร /ร  p ro c e ss  fo r  h eav y  m eta ls, v a rio u s  
ty p e s  o f  w a s te  m a te ria ls  can  be u sed  as  c em e n t re p lacem en t m ate ria ls . F o r  exam ple , 
Elinwa and Mahmood (2002) u se d  sawdust ash fro m  tim b e r  w a s te  as c em en t 
re p la c e m en t m ateria l. T h e  resu lt sh o w ed  th a t 10%  re p la c e m en t o f  c em en t w ith  
saw d u st ash  sh o w ed  g o o d  p erfo rm an ce  g iv in g  th e  d esired  w o rk a b ility  and  streng th .
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Kula et al. (2002) in v e s tig a te d  o n  th e  u se  o f  tincal ore waste, fly  ash, and 
coal bottom ash as P o rtlan d  c e m e n t re p lacem en t m ateria ls . T h e  re su lts  sh o w ed  th a t 
co m p re ss iv e  s tre n g th  o f  all sp e c im e n s  co n ta in in g  1 w t.%  o f  tin ca l o re  w a s te  w as 
h ig h e r th an  th a t  o f  th e  co n tro l a t th e  28 th day  o f  cu ring . A t 90 days, th e  c o n tr ib u tio n  to  
s tre n g th  by  b o tto m  a sh  +  tin ca l o re  w a s te s  and  fly a sh  +  tin ca l o re  w a s te s  w a s  h igher 
th an  in  th e  c o n c re te  p re p a re d  eq u iv a len t tin ca l o re  w a s te  bey o n d  3 w t.%  o f  P o rtlan d  
cem en t rep lacem en t. A d d in g  b o tto m  ash  o r  fly  a sh  w ith  tin ca l o re  w a s te  im p ro v ed  the  
p e rfo rm a n c e  re la tiv e  to  tin ca l o re  w a s te  rep lacem en t only. In c re a s in g  re p la c e m e n t o f  
tin c la  o re  w a s te  g iv e s  rise  to  a  h ig h e r se ttin g  tim e. A s a resu lt, tin ca l o re  w aste , 
b o tto m  ash  and  fly  a sh  sam p le s  m ay  be  u sed  as c em en titio u s  m ateria ls .

Rachakornkij (2000) s tu d ied  th e  u tiliz a tio n  o f  municipal solid waste 
incinerator (MSWI) fly  ash in  c em e n t m o rta rs . T h e  resu lts  sh o w ed  th a t  b o th  tw o  
ty p e  o f  M S W I fly  ash : ch em ic a lly  tre a te d  and u n trea ted , s ig n ific an tly  enh an ced  
co m p re ss iv e  s tre n g th s  o f  m o rta r  sp ec im en s. X R D  an a ly ses  sh o w ed  th e  fo rm a tio n  o f  a 
n ew  p h ase , C sA .C a C h .lO T h Q  (H y d ro ca lu m ite ), w h ic h  w as d e te c te d  on ly  in th e  fly 
a sh  paste . H ig h  a d so rp tio n  cap ac ity  o f  th e  fly ashes and  th e  fo rm a tio n  o f  
h y d ro c a lu m ite  h e lp e d  to  im p ro v e  th e  co m p ress iv e  streng ths.

2.5.6 Blended cements or lime-pozzolan binders

B le n d e d  c e m e n ts  o r  lim e -p o zzo lan  b in d e rs  recen tly  h av e  b ec o m e  an 
in te re s tin g  a lte rn a tiv e  fo r  soc ia l c o n s tru c tio n  in  d e v e lo p in g  co u n trie s . S c ien tis ts  are 
a lw ay s in  se a rc h  o f  w a s te  m a te ria ls  w h ic h  can  be  u sed  as a b le n d in g  co m p o n e n t in 
cem en t to  im p ro v e  its  q u a lity  and  re d u c e  th e  cost. Som e re se a rch e s  fo cu s  on  b ag asse  
ash , fo r  ex am p le : Singh, Singh, and Rai (2000: 1485-1488) s tud ied  h y d ra tio n  o f  
bagasse a s h -b le n d e d  P o rtla n d  cem en t. T h ey  fo u n d  th a t in  p re se n c e  o f  b ag a sse  ash  
se ttin g  tim e s  in c re a se d  an d  free  lim e  d ecreased . T h e  co m p ress iv e  s tre n g th  v a lu es, in 
th e  p re se n c e  o f  10%  b a g a sse  ash , w e re  h ig h e r th a n  th o se  o f  co n tro l a t all ages o f  
h y d ra tio n  and  in c re a se d  w ith  h y d ra tio n  tim e. T h e  b len d ed  c e m e n t w a s  found  to  be 
m o re  re s is ta n t in  an  a g g re ss iv e  e n v iro n m en t. T h e  re su lts  in d ica te  th a t  b a g a sse  a sh  acts 
as a  p o z z o la n ic  m a te ria l.
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Hernandez and others (1998) in v es tig a ted  to  u se  o f  w a s te s  fro m  th e  sugar 
in d u s try  as p o z z o la n  in  lim e -p o zzo lan  b in d ers . T h e  w a s te s  u n d e r  in v e s tig a tio n  w e re  
sugarcane bagasse ash (S C B A ) and  sugarcane straw ash (S C S A ). T h e  S C B A  w as 
e x tra c te d  d irec tly  fro m  th e  bo ile rs  o f  th e  su g a r fac to ry  in  C uba. S C S A  w as  sam p led  
fro m  th e  h eap s  o f  o p en -a ir  b u rn t s traw  in M e x ic o  and  C uba. T h e  re su lts  o f  th e  s tu d y  
sh o w ed  th a t su g a rcan e  b ag asse  ash  can  b e  c la ss if ied  as  a p ro b a b le  p o zzo lan ic  
m ate ria l. H o w e v e r , h ig h  tem p e ra tu res  and  in c o m p le te  c o m b u s tio n  th a t ta k e  p lace  in 
th e  b o ile rs  in flu en ced  its reac tiv ity , w h ic h  in  so m e  cases  co u ld  b e  n eg lig ib le . T he 
m a in  fa c to rs  th a t a ffec t th e  reac tiv ity  a re  th e  d e g re e  o f  c ry s ta llin ity  o f  th e  s ilica  
p re se n t in  th e  a sh  and  th e  p resen ce  o f  im p u ritie s , su ch  as c a rb o n  and  u n b u rn e d  
m a te ria l. T h e  su g a rc a n e  straw  ash sh o w ed  g o o d  p o z z o la n ic  a c tiv ity  c o m p a ra b le  to  
th a t  o f  r ic e  h u sk  ash .

2.6 Solidification/Stabilization (ร/ร) process

2.6.1 Definition of ร/ร process
T h e  te rm  “ so lid if ic a tio n /s ta b iliz a tio n ’ (ร /ร )  re fe rs  to  a  c a teg o ry  o f  w as te  

tre a tm e n t p ro c e sse s  th a t are  being  u sed  in c rea s in g ly  to  tre a t  a  w id e  v a r ie ty  o f  w as te s-  
b o th  and  liq u id  (S p en ce , 1992; M ean s, e t al., 1995). G en era lly , ร /ร  p ro c e sse s  are  
d e s ig n e d  and  u se d  to  acco m p lish  one  o r m o re  o f  th e  fo llo w in g  o b jec tiv es :

- R e d u c e  c o n tam in an t/p o llu tan t m o b ility  o r  so lu b ility
- Im p ro v e  th e  h an d lin g  and p h y sica l c h a ra c te r is tic s  o f  th e  w a s te  b y  p ro d u c in g  

a  so lid  w ith  no  free  liqu id
- D e c re a se  th e  exposed  su rface  a rea  ac ro ss  w h ic h  tra n s fe r  o r  lo ss  o f  

co n ta m in a n ts  m ay  occur.

S ta b iliz a tio n  re fe rs  to  te ch n iq u es  th a t  c h em ica lly  re d u c e  th e  h aza rd  p o ten tia l 
o f  a  w a s te  by  co n v e rtin g  th e  co n tam in an ts  in to  less  so lu b le , m o b ile , o r  to x ic  form s. 
T h e  p h y s ica l n a tu re  and  h and ling  c h a ra c te r is tic s  o f  th e  w a s te  a re  n o t n ecessa rily  
ch a n g e d  b y  s tab iliz a tio n .
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S o lid if ic a tio n  re fe rs  to  te c h n iq u e s  th a t e n cap su la te  th e  w aste , fo rm in g  a  so lid  
m ateria l, and  d o es  n o t n e c e ssa rily  in v o lv e  a  ch em ica l in te rac tio n  b e tw een  th e  
co n tam in an ts  and  th e  so lid ify in g  ad d itiv es. T h e  p ro d u c t o f  so lid ifica tio n , o ften  k n o w n  
as th e  w a s te  fo rm , m ay b e  a  m o n o lith ic  b lock , a c lay -lik e  m ate ria l, a  g ran u la r 
p a rticu la te , o r  som e o th e r p h y s ica l fo rm  co m m o n ly  co n s id e red  “ so lid .”

F ig u re  2 .8  illu s tra te s  th e  ch em ic a l/s tru c tu ra l c h a llen g e  and th e  sev era l ty p es  o f  
in te rac tio n s  th a t m ay  o c c u r  in  th e  so lid ified  system . A  w a s te  ch em ica l co m p o n en t 
m ay ch em iso rb , p rec ip ita te , fo rm  a su rface  co m p o u n d  to  any  o f  sev e ra l cem en t 
c o m p o n en t su rfaces, fo rm  in c lu s io n s  o r  b e  ch em ica lly  in co rp o ra ted  in to  th e  cem en t 
s tru c tu res , o r  h av e  s im u lta n e o u s  o ccu rren ce  o f  sev era l o f  th e se  s itu a tio n s  (S pence , 
1992).
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F ig u re  2.8  V a rio u s  P o ss ib ilitie s  fo r th e  In te rac tio n  o f  H a za rd o u s  S u b s tan ces  w ith  
C em en t (S pence , 1992)
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2 .6 .2  T y p e  o f  ร /ร  p ro c e ss

G en e ra lly , ร /ร  p ro cesses  can  be  g ro u p ed  in to  in o rg a n ic  p ro c e sse s  (c e m e n t and 
p o z z o la n ic )  an d  o rg an ic  p ro cesse s  ( th e rm o p las tic  and  th e rm o se ttin g  p o ly m e rs )  as 
sh o w n  in  F ig u re  2 .9 . In  ad d itio n  to  th e  in d iv id u a l u se  o f  in o rg a n ic  and  o rg an ic  
b in d e rs , so m e  sy s tem s co m b in e  o rg an ic  w ith  in o rg an ic  b in d e rs  (S p en ce , 1992; บ .ร . 
E P A ., 1989; and  M ean s, e t al., 1995).

2 .6 .2 .1  In o rg an ic  ร /ร

In o rg a n ic  b inders: th e  tw o  p rinc ipa l ty p es  o f  in o rg a n ic  b in d e rs  a re  
c e m e n t b in d e rs  and  p o z z o la n ic  b inders. A  p o zzo lan  is a  m a te ria l c o n ta in in g  s ilica  o r  
s ilic a  and  a lu m in a  th a t  has little  o r no  cem en ta tio n  v a lu e  itse lf, b u t u n d e r  som e 
c o n d itio n , c an  re a c t w ith  lim e  to  p ro d u ce  cem en titio u s  m a te ria l; fo r  ex am p le , lim e, 
k iln  d u st, and  fly  ash. T h is  p ro b ab ly  is a ttr ib u tab le  to  th e  lo w  c o s t o f  th e  m a te ria ls  o r 
w as te , th e ir  ap p licab il ity  to  a w id e  v arie ty  o f  w as te  types, and  th e  e a se  o f  o p e ra tio n  in 
th e  filed .

2 .6 .2 .1 .1  C em en t-b ased  ร /ร

C em en t-b ased  ร /ร  is a  p ro cess  in  w h ic h  w a s te  m a te ria ls  are  
m ix e d  w ith  P o rtla n d  cem en t. W a te r is ad d ed  to  th e  m ix tu re , i f  it is n o t a lread y  p re sen t 
in  th e  w a s te  m a te ria l, to  en su re  th e  p ro p e r h y d ra tio n  reac tio n s  n e c e ssa ry  fo r b o n k in g  
th e  cem en t. T h e  w a s te s  a re  in co rp o ra ted  in to  th e  cem en t m a tr ix  and , in  so m e cases, 
u n d e rg o  p h y s ic a l-c h e m ic a l ch an g es th a t fu rth e r red u ce  th e ir  m o b ility  in  th e  w aste - 
c e m e n t m atrix . T y p ica lly , h y d ro x id es o f  m eta ls  a re  fo rm ed , w h ic h  a re  m u ch  less 
so lu b le  th a n  o th e r  ion ic  sp ec ies  o f  th e  m etals. Sm all am o u n ts  o f  fly  ash , so d iu m  
s ilica te , b e n to n ite , o r  p ro p rie ta ry  ad d itiv es a re  o ften  ad d ed  to  th e  c e m e n t o f  en h an ce  
p ro cess in g . T h e  fina l p ro d u c t m ay v a ry  fo rm  a  g ran u la r, so il- lik e  m a te ria l to  a 
c o h e s iv e  so lid , d ep en d in g  on  th e  am ount o f  re ag en t add ed  and  th e  ty p e s  and  am o u n ts  
o f  w a s te s  ร /ร .
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T o  im p ro v e  im m o b iliz a tio n  o f  sp ec ific  co n tam in an ts , ร /ร  p ro cess m ay 
b e  u se d  in  c o n ju n c tio n  w ith  so rb e n ts  o r  o th e r ad d itiv es. A d d itiv e s  can  d ec rea se  th e  
m o b ility  o f  co n ta m in a n ts  in  th e  p o re s  and  can  a lso  b e  in c o rp o ra te d  to  m itig a te  the  
e ffec ts  o f  c e rta in  in h ib ito rs . F o r  exam ple , ad d itiv es , so lu b le  silica tes , clays, 
e m u ls if ie rs  and  su rfac tan ts , c e rta in  so rb en ts  (e .g ., ca rb o n , silica tes , z eo litic  m ateria ls , 
and  ce llu lo s ic  so rb en ts), a c tiv a ted  ca rbon , lim e  (C aO  o r C a (O H )2), soda  ash 
(N a 2C 0 3 ), fly ash , so d iu m  h y d ro x id e  (N aO H ), o rg an o p h ilic  ca ly s, o rg an o silan es.

F ig u r e  2 .9  T y p e  o f  S o lid if ic a tio n /S ta b iliz a tio n  P ro c e ss  (a d ap ted  fro m  บ .ร . E P A ., 
1989).
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2 .6 .2 .1 .2  P o zzo lan ic  ร /ร

P o z z o la n ic  ร /ร  in v o lv es  s ilic eo u s  and  a lu m in o s ilic a te  
m a te ria ls , w h ic h  do  n o t d isp lay  cem en tin g  ac tio n  a lone, b u t fo rm  c em en titio u s  
su b s tan ces  w h e n  co m b in ed  w ith  lim e o f  c em e n t and  w a te r  at a m b ie n t tem p era tu res . 
T h e  p r im a ry  c o n ta in m e n t m ech an ism  is th e  p h y sica l e n tra p m e n t o f  th e  co n tam in an t in 
the  p o z z o la n  m atrix . E x a m p le s  o f  co m m o n  P o zz o la n ic  a re  fly  ash , p u m ice , lim e kiln  
dusts, and  b la s t fu rn ace  slag . P o zzo lan s  co n ta in  s ig n ific a n t a m o u n ts  o f  silica tes , w h ich  
d is tin g u ish  th e m  fro m  th e  lim e-b ased  m ateria ls . T h e  fin a l p ro d u c t can  v a ry  fro m  a soft 
f in e -g ra in e d  m a te ria l to  a  h ard  co h esiv e  m a te ria l s im ila r in  a p p e a ra n c e  to  cem en t. 
P o z z o la n ic  re a c tio n s  a re  g en e ra lly  m u ch  s lo w er th an  ce m e n t reac tio n s .

2 .6 .2 .2  O rg an ic  ร /ร

O rg an ic  b in d e rs : o rg an ic  b in d e rs  th a t  have  b e e n  te s te d  o r  u sed  fo r ร /ร  
in c lu d e  th e  fo llo w in g s : a sp h a lt (b itu m en ), p o ly e th y len e , p o ly e s te rs , p o ly b u tad ien e , 
ep o x id e , u re a  fo rm a ld e h y d e , ac ry lam id e  gel, and  p o ly o le fin  e n c a p su la tio n s . T h e  b asic  
ty p es  o f  o rg a n ic  ร /ร  p ro cesse s  a re  th e rm o p la s tic  and  th e rm o se ttin g .

2 .6 .2 .2 .1  T h e rm o p la s tic  ร /ร

T h e rm o p la s tic  ร /ร  is a  m ic ro en cap su la tio n  p ro c e ss  in  w h ic h  the  
w a s te  m a te r ia ls  do  n o t re a c t ch em ica lly  w ith  th e  e n c a p su la tin g  m a te ria l. In  th is  
tech n o lo g y , a th e rm o p la s tic  m ate ria l, such  as a sp h a lt (b itu m e n t)  o r  p o ly e th y len t, is 
u sed  to  b in d  th e  w a s te  c o n s titu e n ts  in to  a ร /ร  m ass.

2 . 6 .2 2 2  M ac ro en cap su la tio n

M a c ro e n c ap su la tio n  is a  p ro cess  th a t p lace s  th e  w a s te  in  an  
o v e rp ack  d rum . T h e  w a s te  is g en e ra lly  ร /ร  and  (so m e tim e) m ic ro e n c a p su la te d  p r io r  to  
d ru m m in g . T h e  E n v iro n m e n ta l P ro tec tio n  P o ly m ers  p ro cess  c h e m ic a lly  ร /ร  a  s ludge 
w ith  lim e  o r  cem en t. T h is  m a te ria l is th em  a g g lo m e ra te d  by  a  p o ly b u ta d ie n e  b in d e r
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(ac tu a lly  rep re sen tin g  m ic ro en cap su lu tio n ). T h e  p o ly b u ta d ie n e  ag g lo m era ted  the  
w a s te  by  a  th e rm o se ttin g  reac tio n  in  a p o ly m e rtiz a tio n  p ro c e ss  a t te m p e ra tu re s  o f  
120° to  200°c. A fte r th a t th e  w a s te  m a trix  is e n c ap su la ted  w h ic h  acco m p lish e d  w ith  
p o ly e th y le n e  resin.

2 .6 .2 .2 .3  O rg an ic  p o ly m e riz a tio n  ร /ร

O rg an ic  p o ly m e riz a tio n  ร /ร  re lies  o n  p o ly m e r fo rm a tio n  to  
im m o b iliz e  th e  co n stitu en ts  o f  concern . U re a  fo rm a ld e h y d e  is  th e  m o st com m o n ly  
u sed  o rg an ic  p o ly m er fo r  th is  p u rp o se . T h is p ro cess  h as  b e e n  u se d  p rim arily  to  ร /ร  
ra d io a c tiv e  w astes.

2 .6 .2 .2 .4  O rg an o p h ilic  c lay -b ased  ร /ร

T h is  te ch n o lo g y  ap p ea rs  to  be v e ry  p ro m is in g  in  te rm s o f  
b in d in g  o rg an ic  w astes . R ecen t in v es tig a tio n s  in d ic a te  th a t th e se  o rg an o p h ilic  b in d ers  
tru ly  b o n d  w ith  o rg an ic  w astes , and  w h en  fo rced  ou t, th e se  w a s te  m o lecu les  b reak  
d o w n  in to  sm aller frag m en ts . F u rth er, th is  p ro c e ss  a p p ea rs  to  b e  co st-e ffec tiv e  
co m p ared  w ith  in c in era tio n . B ecau se  th is  te c h n o lo g y  a lso  u se d  cem en titio u s  
m a te ria ls , it can  h an d le  b o th  o rg an ic  and  in o rg an ic  w astes .

2 .6 .3  Im m o b il iz a t io n  M e c h a n is m s

W a ste  s tab iliza tio n  m ay in v o lv e  p h y sica l m ech an ism s, ch e m ic a l m ech an ism s, 
o r  a  co m b in a tio n  o f  th e  tw o  (S p en ce , 2000 ; บ .ร . E P A ., 1989; and  M eans, et al.,
1995).

2 .6 .3 .1  P h y sica l m ech an ism s

P hysica l m ech an ism s o f  ร /ร  o p e ra te  by  c o n fin in g  w a s te  co n stitu en ts  to  
a  c e rta in  a rea  o r  zo n e  in  th e  w aste . T h a t is, th e  w a s te  c o n s titu e n t m ay  o r m ay  n o t 
o c c u r  in  a  so lub le  fo rm , b u t o n e  o r m o re  p h y s ica l b a rrie rs  p re v e n t its  m o b iliza tion .
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C o n ta in m en t by  a  b a rrie r  is a sa tis fac to ry  m e th o d  as lo n g  as th e  b a rr ie r  rem ain s  stable. 
E n cap su la tio n  is th e  m o st co m m o n ly  u se d  m e th o d  o f  co n ta in m en t, su p e rsed in g  ea rlie r 
u se  o f  so rb en ts .

E n c a p su la tio n  te c h n iq u e s  u se  m a te ria ls  th a t tra p  w a s te  co n stitu en ts  in 
th e  fo rm  o f  s tab le  so lids, p re fe rab le  as a m o n o lith  w ith  h ig h  co h e s iv e  s tren g th  and  low  
leach ab ility . T h e  e ffec tiv en ess  o f  iso la te s  w a s te  c o n s titu en ts  fro m  g ro u n d w a te r  and air 
d ep en d s on  th e  p e rm eab ility  and  lo n g -te rm  s tab ility  o f  th e  m a trix  and  on  th e  d eg ree  o f  
m ix in g  o f  w a s te  c o n s titu en ts  th ro u g h o u t th e  m atrix . E n c a p su la tio n  o f  in o rg an ic  
w a s te s  is g e n e ra lly  a c c o m p a n ie d  by  ch em ica l s tab iliza tio n , b u t fo r o rg an ic  w as te s  
u su a lly  o ccu rs  w ith o u t a c c o m p an y in g  ch em ica l in te rac tio n . It can  be  d esc rib ed  at 
th re e  levels: m ic ro en cap su la tio n , m ac ro en cap su la tio n , and  em b ed m en t.

2 .6 .3 .1 .1  M ic ro e n c a p su la tio n

T h e  te rm  m ic ro en cap su la tio n  d e sc rib e s  a  p ro c e ss  o f  ad so rb in g  
o r  tra p p in g  co n ta m in a n ts  in  th e  p o re  sp aces o f  a  c em en titio u s  m ateria l. T he 
c o n tam in an ts  a re  fin e  w a s te  p a rtic le s  th a t m ay  n o t be  v is ib le  to  th e  n ak ed  eye. A s th e  
sy stem  ages, th e  W'aste and  m a trix  m ay  ev en tu a lly  b e c o m e  a  h o m o g e n e o u s  m ateria l, 
a lth o u g h  th is  m ig h t o c c u r  in  a tim e  fram e o f  th o u san d s  o f  y ea rs  o r  m ore .

2 .6 .3 .1 .2  M a c ro e n c ap su la tio n

T h e  te rm  m a c ro e n c ap su la tio n  d e sc rib e s  a  p ro cess  o f  co a tin g  a 
so lid  o r  c em en ted  w a s te  w ith  an  im p e rm eab le  layer, such  as b itu m e n  o r  am o rp h o u s 
silica. T h e  su ccess  o f  th is  m e th o d  dep en d s o n  b o th  e ffec tiv e  co a tin g  reac tio n s  and 
th o ro u g h  m ix ing .

2 .6 .3 .1 .1  E m b ed m en t

T h e  te rm  em b e d m e n t d esc rib ed  a p ro cess  o f  in c o rp o ra tin g  la rge  
w a s te  m asse s  in to  a  so lid  m a tr ix  b e fo re  d isp o sa l. I t  is u se d  in  s itu a tio n s  w h e re  it is



48

im practical to  reduce the bulk o f  the w aste  but w here the w a ste  is hazardous enough  
to be treated prior to disposal. In addition, special con sideration  m ay a lso  have to be 
g iven  to  the strength, w ater perm eability, and long-term  stability  properties o f  the 
matrix.

2 .6 .3 .2  C hem ical m echanism s o f  inorganic w a stes

2 .6 .3 .2 .1  B asic chem ical equilibria

The chem istry o f  inorganic w a ste  con stituen ts is dom inated by 
h yd ro lysis reactions. The term hydrolysis im p lies that a substance, u su ally  a metal, 
reacts w ith  water. H ydrolyzed  products can react in th e aq u eous phase to  form  new  
ion ic  or neutral sp ecies, or they can form  precipitates o f  h yd roxid es, ox id es, or salts.

2 .6 .3 .2 .2  E ffect o f  alkaline con d ition s

N um erous com patible ion ic  sp ec ies  form  so lid s by 
coprecip itation . Therefore, the application o f  chem ical equ ilib ira based  on  pure end- 
m em bers m ay not be com p letely  valid. Ferric iron has lo n g  b een  recogn ized  for its 
ability  to  floccu la te  and coprecipitate tox ic  m etals form  solution . T he m inim um  
so lu b ility  o f  m ost metal hydroxides occurs w ithin  the approxim ate pH  range o f  7 .5  to 
11. This im p lies that solubility  increases under extrem ely  a lk aline con d ition s as w ell 
as under acid ic  conditions. A ny alkali m ay be used  to  control pH , but the com m on  
ch o ices are lim e, sodium  carbonate, or sodium  hydroxide. M o st so lid ifica tio n  reagents  
are alkaline and can substitute in part or entirely for traditional a lk alies, acting both as 
pH  controls and as b inding agents. A lkaline binders in clud e Portland cem ent, cem ent 
and lim e k iln  dusts, Type c  fly  ash, and sodium  silicate.

2 .6 .3 .2 .3  E ffect o f  redox potential

R ed ox  potential is another im portant so lu tion  param eter in ร /ร  
tech n o logy . R ed o x  reaction is one that in v o lv es the transfer o f  electron s betw een
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products and reactants. A m ong the regulated m etals, Cr and H g have m ore than one 
com m on  oxidation  state. Trivalent chrom ium  sp ecies p recip itate as a low -so lu b ility  
hydroxide. H ow ever, Cr(VI) form s m ainly chrom ate and dichrom ate sp ecies w h ich  do 
not form  preciptatates w ith  lo w  solubility. W h ile  adjustm ent o f  the redox-sensitive  
contam inant to  its least soluble oxidation  state is an im portant aspect o f  chem ical 
stabilization, this ob jective eventually  w ill be defeated i f  the treated w aste  is placed in 
a d isposal or reuse environm ent having a very d ifferent ox id ation  state. Long-term  
stability can only be ensured i f  the oxidation  states o f  the treated w aste  and the 
disposal o f  reuse environm ent are similar.

2 .6 .3 .2 .4  M etal silicates

The behavior o f  hazardous m etals in  the silica te  system  is 
critical to  cem ent-based ร /ร  technology. M etal s ilica tes are generally  
n on sto ich iom etric and poorly crystallied. In fact, their chem ical and physical 
properties depend considerably upon the conditions under w h ich  they are formed, for 
exam ple, tem perature, concentration, addition rate, and io n ic  spéciation . The pH is 
also  very im portant because it affects h ow  readily so lu b le  s ilica te  (or collo idal silica) 
adsorbs m etal ions. It has been  found that adsorption occu r w h en  the pH  is 1 to 2 units 
b elo w  the hydroxide precipitation point. It is b e lieved  that C -S -H  incorporates metal 
ions into the silicate  matrix during the hydration reaction. T he num ber o f  metal ions 
retained d ecreases as the C aO :SiÛ 2 ratio in C -S -H  increase. I f  m etal have already 
been precipitated as low -so lu b ility  solids, they m ay gradually react w ith  the silicate ( if  
such  a reaction is favorable) as log  as frees silica te  is available; i.e ., before it reacts 
w ith  other ion s in the system , such as calcium . T he probable result is that the 
cem en titiou s m atrix w ill encapsulate the m etal so lid s  as hydroxides, sulfides, 
carbonates, etc. Continued reaction o f  m etal ion s w ith  silica te  w ill occur only i f  a 
continuous source o f  solub le silica  can be created w ith in  the m atrix or i f  the w aste  is 
pretreated to d isso lv e  the m etal hydroxides.
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2 .6 .3 .2 .5  Other low -solub ility  phases

A nother alternative to precipitating m etals as hyd roxid es is to  
bind them  u sin g  in so lu b le substrates. Insoluble starch xanthates h ave b een  w id ely  
used  for this purpose since they becam e com m ercially  availab le  in  1980. W astes 
stab ilized  by xanthates are less  sen sitive to pH and have better slu d ge dew atering  
properties than m etal hydroxides.

2 .6 .3 .3  C hem ical m echanism s o f  organic w a stes

A s w ith  inorganic w astes, organic constituents can undergo reactions 
in clud in g  h yd ro lysis, change o f  oxidation state, and precipitation as so m e form  o f  salt. 
H yd rolysis norm ally in v o lv es the loss o f  hydroxyl group (-O H ) in exch an ge for 
another functional group. R eactions must be catalyzed by a strong b ase to proceed at 
reasonable rates. O xidation can be made to occur by treating the w a ste  w ith  strong 
o x id iz in g  agents such as potassium  permanganate.

2 . 6 . 4  P h y s i c a l  f a c t o r s  a f f e c t i n g  ร / ร

T he fo llo w in g  physica l characteristics o f  the w a ste  can a ffect the setting tim e, 
curing tim e, strength, and other physical and chem ical properties o f  the final w aste  
form: particle s ize  and shape, free w ater content, so lid s content, sp ecific  
gravity /density , v isco sity , tem perature and hum idity (บ .ร . E P A ., 1989; and M eans, et 
al., 1995).

2.6.5 Chemical factors affecting ร/ร

M any o f  com pounds, materials, and factors are e ffec ts  to  ร /ร  process. The 
e ffec ts  are m any and varied and are not sim ple to predict from  k n ow led ge  o f  the 
com p o sition  o f  the w aste . Often, a number o f  sp ecies are present, som etim es w ith  
op p osin g  effects. T he som e species m ay have op p osite  e ffec ts  depending on  
concentration. S om e o f  the general effects are interesting. Ion  exch a n ge  can inhibit o f
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retard ร /ร  reactions by rem oving calcium  from  solution , p reventing it from  entering 
in to the n ecessary  cem entitious reactions. It can a lso  accelerate the process by 
rem ovin g  interfering m etal ions from solution. Other m eta ls m ay retard and inhibit the 
reactions by substituting for calcium  in the cem en titiou s m atrix (บ .ร . E P A ., 1989; and 
M eans, et al., 1995).

2.6.6 ร/ร Process of Heavy Metals using Cement

Wang and Vipulanandan (2000) studied so lid ifica tion /stab iliza tion  o f  Cr 
(VI) w ith  cem en t leachability  and X R D  analyses. T hey in vestigated  sp ecim en s w ith  
curing tim e o f  28 days and varied Cr(VI) concentration o f  0 .5% , 2%, and 5% (base on  
K^CrCL) by w e ig h t o f  the cem ent. The result sh ow ed  that C r(V I) retarded the initial 
and final setting tim es o f  cem ent by interfering w ith  the norm al hydration process. 
The cem en t hydration process w as affected in the p resen ce o f  C r(V I) because part o f  
the Ca2+ in the cem ent reacted with Cr0 4 2’.

2.6.7 ร/ร Process of Heavy Metals using Cement and Additives

S om e researchers used bagasse as a stab ilizin g agent for heavy m etal w astes  
so lid ified /stab ilized  in cem ent. Janusa and others (2001) studied an alternative use  
for bagasse: stab ilizin g  agent for lead w aste. Lead nitrate w a s u sed  as w aste  w ith  a 10 
and 15% lead by w e ig h t to cem ent loading. Sam ples w ere  cured for 7, 14, and 28 days 
at 24 °c. The result show ed that sam ples containing b agasse  typ ica lly  resulted in 
TCLP extract lead concentrations o f  approxim ately 0 .5  m g/L  o f  lead for all sam ples, 
w h ile  sam p les contain ing no bagasse had lead extract concentrations o f  approxim ately  
5 m g/L  for 10% sam ples and 45 m g/L for 15%. The resu lts in d icate that using bagasse  
as an additive to  cem ent is e ffective ly  im proving the so lid ification /stab ilization  o f  
lead.

There are m any researchers w h o  aim to reduce harm o f  heavy m etal by using  
various m aterials. For exam ple, Vempati et al. (1995) investigated  to 
so lid ifica tion /stab iliza tion  (ร /ร )  o f  tox ic  m etal w a ste s  u sin g  coke and coal
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com b u stion  by-products. The study has been conducted  to eva lu ate the N ISC O  
cyclon e ash  (N C A ) for ร /ร  As (15 pg/m L ), Ba (500  P g/m L ), C r  (15  P g/m L ), Pb (15  
p g/m L ), and Z n  (1 0 0 0  g/m L ). The results show  that this alkaline w a ste  can retain low  
concentrations o f  tox ic  m etal ions, since L eachate concentrations o f  the metal 
in vestigated  w ere w e ll b e lo w  regulatory levels.

Palo mo and Palacios (2003) studied alkali-activated  cem en titiou s m aterials 
alternative m atrices for the im m obilization  o f  hazardous w astes: stab ilization  o f  
chromium and lead. T hey focu sed  on  alkali activation o f  fly ash and u sed  chrom ium  
2.6%  o f  C r(V I) in the form  o f  CrC>3 and lead 3.125%  o f  Pb(II) in  form  o f  Pb(NC>3 )2 . 
The result sh ow ed  that the m atrix o f  alkali-activated fly  ash w a s  not on ly  unable o f  
so lid ify in g  and stab ilizin g  chrom ium  but also can gets  null in the p resen ce o f  2 .6%  o f  
such elem ent. C hrom ium  affects the activation m echanism  o f  fly  ash and, 
consequently , its hardening process, since N a 2 Cr0 4 *4 H 2 Ü is form ed. T his com pound  
holds a high solub ility . In Portland cem ent system s, chrom ium  is found in the form  o f  
Ca2 C rÛ 4 , w h ich  induces a rise in the m echanical strength, com pared to sam ples that 
do not contain  such elem ent. The alkali-activated fly ash w a s able to  so lid ify  and 
stab ilize lead sin ce  the analyzed concentrations o f  this e lem en t from  leach in g  w ere in 
parts per b illio n  ranges. The m echanism  that controls lead leach in g  in th o se  matrices 
is d iffu sion . T hey found that lead com pound form ed in the m atrix is Pb 3 SiOs w h ich  
very in so lu b le  com pound. Lead inhibits hydration o f  Portland cem en t is such  a w ay  
that test sam p les break b efore they are rem oved from  the m oulds.

Filibeli, Buyukkamaci, and Senol (2000) studied so lid ifica tio n  o f  tannery 
w a stes contain ing h igh  chromium concentrations (0 .1 -0 .6 2  m g/L ). T he slu d ge w as  
m ixed  w ith  cem en t and additives (fly ash, sand, square Boor waste) and left to 
so lid ify  for 28  days. The result show ed  that, the com p ressive  strengths o f  all so lid ified  
sam ples w ere  under the Turkish concrete standards. So, th ese  m aterials can not be 
used  as a construction  m aterial but they can be used  as a fillin g  m aterial. A s the ratio 
o f  w a ste  slu d ge increased, the com p ressive strength o f  the resu lting so lid  decreased. 
T he com p ressiv e  strength o f  the solid ified  sam ples increased, as the proportion o f  
cem ent and p ercen tage o f  additives w as increased. T he increase in  the w ater content
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in the m ixtures caused  a decrease in the strengths o f  the so lid s and d elayed  the setting  
o f  the cem ent.

Gervais and Ouki (2002) investigated to perform ance study o f  cem entitious  
system s con tain in g Zeolite and silica fume: effects o f  four m etal nitrates on the 
setting tim e, strength and leaching characteristics. T he aim  o f  this study is to 
in vestigate  the e ffec ts  o f  chromium, manganese, lead and zinc on the m echanical 
and leach in g  characteristics o f  cem ent-based m aterials. T h ey  used  three different 
m atrices m ade o f  Portland cem ent, Portland cem ent and s ilica  fum e, and Portland 
cem en t and natural Z eolite . The results show ed  that setting tim e w a s accelerated  in 
presence o f  chrom ium , w h ile  in presence o f  m anganese, lead and z in c  it w as delayed. 
For lead and z in c , a 10% replacem ent o f  cem ent by silica  fum e and Z eo lite , m arkedly  
accelerated  the setting tim e com pared to the cem en t-on ly  matrix. A lth ou gh  the early 
strength d evelop m en t w as adversely affected  in presence o f  all four contam inants, the 
long-term  strength w a s less  affected  com pared to the control m aterials.

Rha et al. (2000) investigated to stability o f  hardened slag paste for the 
sta b iliza tion /so lid ifica tion  o f  w astes containing heavy m etal ions. T hey focu sed  on  
chromium ion s and lead ions. Sodium  silicate (N a 2 SiC>3) 5% o f  slag  w a s used  as an 
alkali activator for slag hydration. The physical stab ility o f  hardened paste containing  
partial rep lacem ent o f  slag w ith  fly  ash and gypsum  w a s  a lso  exam ined . The result 
sh ow ed  that, lead ion s retarded the hydration o f  slag b ecau se  they form ed an insoluble  
and im perm eable thin film . The film  around the slag particle interrupted the reaction  
b etw een  w ater and slag surface. G ypsum  induced the structural d en sification  o f  slag  
through the form ation  o f  A ft and A Fm  phase. The va lu e  o f  com p ressiv e  strength  
increased and lead ion  leaching concentration decreased. C hrom ium  ion s accelerated  
the initial hydration o f  slag and generated alum inate hydrates. T he com p ressive  
strength increased  by gyp sum  or fly  ash and the leach in g  o f  chrom ium  ion s decreased. 
S olid ifica tion  o f  lead ions w as therefore due to the physical encapsu lation  by the 
hydrate m atrix but so lid ification  o f  chrom ium  ion s w a s due to the substitution o f  
calcium  alum inate hydrates.
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2.6.8 Characteristic of ร/ร Product

Prom thong (2 0 0 3 ) reported that the characteristic o f  ร /ร  product according to 
N otifica tion  o f  M inistry N o . 6 as follow :

1. บ ท confined  com p ressive  strength (fo llo w  to  A S T M  D  1633 and D  21 66 )  
not less than 3.5 kg/cm 2

2. D en sity  not less  than 1.15 ton/m 3
3. C oncentration o f  heavy m etal in leachant o f  extraction flu id  m eets the 

standard in leachate extraction procedure.

2.6.9 Leachability

2 .6 .9 .1  D efin ition

W hen a w a ste  is exposed  to water, a rate o f  d isso lu tion  can be  
m easured. This process call leaching, the w ater w h ich  start call leachant, and 
contam inated w ater w h ich  has passed through the w a ste  call leachate. T he capacity o f  
the w aste  m aterial to  leach is called  its leachability (S p en ce, 20 0 0 )

L each ing is a rate phenom enon that hazardous or other undesirable  
constituents are rem oved from  the w aste and into the environm ent v ia  the leachate. 
This rate is usually  m easured and expressed in term s o f  concentration  o f  the 
constituent in the leachate. This is because concentration determ ines the con stituen t’s 
effects on  liv in g  organism s, esp ecia lly  humans (U .S .E P A ., 1989).

2 .6 .9 .2  L each ing m echanism s

L each ing o f  a porous m edium  in the field  is gen erally  m odeled  by  
solute transport equations that incorporate the fo llo w in g  factor (S p en ce, 2000; and 
U .S .E P A ., 1989):
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- C hem ical com p osition  o f  w aste  and leach in g m edium .
- P hysica l and engineering properties (e .g ., particle s ize , porosity, 

hydraulic con d u ctiv ity) o f  the w aste  and surrounding m aterials.
- H ydraulic gradient across the w aste.
- A ccum ulation  o f  w a ste  sp ecies in the pore solution  at the particle

surface.
- Concentration o f  reactive sp ecies (e .g ., H + , com p lex in g  agent) in the 

pore solution  at the particle surface.
- B ulk  chem ical d iffusion  o f  the w aste  or reactive sp ec ies  w ith in  the 

leachate pore solution  or w aste  form.
- Polarity o f  the leaching solution  and w a ste  sp ecies.
- O xidation/reduction conditions and com p etin g  reaction  dinetics.

2 .6 .9 .3  Factors affecting teachability

There are tw o  sets o f  factors w hich  affect the leach ab ility  o f  a treated  
w aste: (1 ) th o se  w h ich  originate w ith  the material it s e lf  and (2 ) th ose  w h ich  are a 
fun ction  o f  the leach in g  test or the d isposal environm ent. T he com bination  o f  the tw o  
sets determ ines the leachability  o f  the material. T hey in clud e surface area o f  the  
w aste, the nature o f  the extraction vesse l, the agitation technique, the nature o f  the 
leachant, the ratio o f  leachant to w aste, the number o f  elu tion  used , the tim e o f  
contact, tem perature, pH o f  the leachant, and the m ethod used  to separate extract from  
solid  (S p en ce , 2 0 0 0 ).

2.7 Concrete Blocks

2.7.1 Interlocking Concrete Paving Blocks

Interlocking C oncrete P aving B lo ck s m eans solid  u n its o f  concrete that can be 
laid together to  in terlock  and form lay ing  patterns. The b lo ck s m ay be left in  their 
natural co lor and p igm ents may be added in the com p osition ; they m ay receive  
p igm ents on ly  on  the w a v in g  layer. T he b locks shall be m anufactured in any shape as
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suitable for m ovem en t construction such as roads, fo o t paths, parking lo ts and storage  
floo rs depending on  the design  o f  surfacing and b asecourse in accordance w ith  the 
duty they perform  (TIS 8 2 7 -2 5 3 1 )

T he u se  o f  sm all stone elem ents to create a hard surface for roads or 
pavem ents is an ancient tradition that can be traced back to  the royal p rocessional 
roads o f  ancient B abylon, continuing in G reek and R om an tim es. C oncrete block  
paving con tin u es this tradition and w as first introduced in H olland  after the Second  
W orld W ar fo llow ed  by other countries (notably G erm any) and its introduction to the 
U K  in the 1970s. C oncrete b lock  paving is a unique m aterial, exh ib iting  important 
d ifferen ces to other sm all elem ent paving such as ston e and clay, as w e ll as to 
form less m aterials such as asphalt and insitu concrete. It p rov id es a hard surface 
w h ich  is g o o d  to lo o k  at, com fortable to  w alk  on, extrem ely  durable and easy to 
maintain. It adds a richness, com p lexity  and human sca le  to  any setting.

B lo ck s are fu lly  engineered products m anufactured in the factory to  g ive  
con sisten cy  and accuracy. T he resulting interlocking characteristics o f  concrete b lock  
paving g iv e  it a distinct advantage over other form s o f  surface. Laid on  a granular 
lay in g  cou rse and w ith  an edge restraint, individual b lo ck s in terlock  w ith  each  other to 
act together, distributing large point loads evenly. C oncrete b lo ck  paving can be used  
im m ed iately  after the laying procedures have b een  com p leted  and requires only  
m inim al m aintenance.

C oncrete b lock  paving is available in a constantly exp an ding variety o f  shapes, 
sizes, colou rs and fin ish es and can be installed in num erous b onds and laying patterns, 
enabling it to  d elineate space or focu s on sp ecific  features. C olours are form ed from  
u v  stable p igm ents w h ich  are an integral part o f  the b lock  m ix. S om e b lock s are 
m u lti-colou r or brindle, form ed from batches o f  tw o  or m ore colou rs - such as black, 
red and b u ff  - w h ich  are then blended together. C oncrete b lo ck  paving, often  w ith  an 
irregular or 'weathered' appearance, can m atch the lo o k  o f  ston e setts, cobbles, clay  
bricks and other traditional surfaces w h ile  costin g  sig n ifican tly  le ss  and providing  
better slip resistan ce and a m ore accessib le  surface for all pedestrians.
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2.7.2Concrete Wall Block

C on crete W all B lo ck  w as separated into 2 types nam ely: h o llo w  concrete  
b lock  and solid  con crete  b lock. The h o llo w  concrete b lock  in v o lv ed  load-bearing  
b lock  and non -load -b earin g  block. In this research w as studied h o llo w  n on-load­
bearing con crete  as sh ow n  in Figure 2 .10 . H ollow  non-load-bearing concrete b lock  is 
m eaning to  a w a llin g  unit w h ich  m ade from  Portland cem ent, water, and suitable 
aggregates w ith  or w ith out the in clusion  o f  other m aterials and w ith  one or m ore large 
h oles or cav ities  p assin g  through the block. Its net cross sectional area in every plane  
parallel to  the bearing surface is not less  than 75%  o f  its gross cross sectional area 
m easured in the sam e plane (TIS 58 -2 53 0).

2.7.3 Dimensions and tolerances

A ccord in g  to TIS 82 7 -25 31 , lists the requirem ent o f  in terlocking concrete  
paving b lo ck s, as sh ow n  in T able 2 .5 . H o llow  non-load-bearing con crete block, 
according to  TIS 5 8 -2 5 3 3 , lists the requirem ent as show n in T able 2 .6 . In the research, 
exam p les o f  in terlock ing  concrete paving b locks and h o llo w  non-load-bearing  
concrete b lock  w ere  sh ow n  in F igure 2 .1 0  and 2 .11 , respectively.

Table 2.5 D im en sio n s and T olerances o f  Interlocking C oncrete P aving B lo ck s  (TIS  
8 2 7 -2 5 3 1 )

Dimensions Requirement (millimeter) Tolerances (millimeter)
W idth < 2 9 5 ± 2
L ength < 2 9 5 ± 2
T h ick n ess 6 0 , 8 0 ± 2

100, 120 ± 3
T h ick n ess o f  w earin g  
layer (For colored  
w earin g su rface on ly)

3 at m inim um
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Table 2.6 D im en sion s and T olerances o f  H o llow  N on -L oad -B eatin g  C oncrete B lock s  
(T IS  5 8 -2 5 3 0 )

Dimensions Requirement (millimeter) Tolerances (millimeter)
W idth 7 0 , 9 0 ± 2
L ength 390 ± 2
T h ick n ess 190 ± 2
T h ick n ess o f  face-sh ell 12 at m inim um

Figure 2.10 Interlocking C oncrete Paving B lock s (a) T hickness 60  mm. and (b) 
T h ick n ess 100 m m  (TIS 8 2 7 -2 5 3 1 ).

Figure 2.11 H o llo w  N on -L oad -B eatin g  Concrete B lo ck s (a) W idth 70  mm. and (b) 
W idth  90  m m  (T IS  58 -2 53 0).
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2.7.4 Compressive Strength

A ccord in g  to TIS 827-2531 and TIS 58-2530, list the requirem ent o f  
com p ressive  strength o f  in terlocking concrete paving b locks and h o llo w  non-load- 
bearing con crete b lock, resp ectively  as sh ow n  in T able 2.7.

Table 2.7 R equirem ent o f  C om p ressive Strength o f  C oncrete B lock  (TIS 827-2531  
and TIS 5 8 -2 5 3 0 )

Type of block Minimum compressive strength (MPa)
Individual block Average block

Interlocking concrete paving 35 40
b locks
H o llo w  non-load-bearing 2.0 2.5
concrete b lock s

2.7.5 Use recycled aggregates in concrete block

Poon et al. (2002) d evelop ed  a technique for producing concrete bricks and 
paving b lock s u sin g  recycled  aggregates obtained from  construction and dem olition  
w aste. T hey found that the replacem ent o f  coarse and fine natural aggregates by 
recycled  aggregates at the lev e ls  o f  25 and 50%  had little e ffect on  the com p ressive  
strength o f  the brick and b lock  specim ens, but higher lev els  o f  rep lacem ent reduced  
the com p ressive  strength. U sin g  recycled  aggregates as the rep lacem ent o f  natural 
aggregates at the lev e l o f  up to 100% , concrete paving b lock s w ith  a 28-d ay  
com p ressive  strength o f  not less than 4 9  M P a can be produced w ithout the  
incorporation o f  fly  ash, w h ile  paving b locks for footw ay u ses  w ith  a low er  
com p ressive  strength o f  30  M Pa and m asonry bricks can be produced w ith  the  
incorporation o f  f ly  ash.
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