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Pyroprocessing is an important stage in cement manufacturing. In this process, materials are subjected to high temperatures so as
to cause a chemical or physical change. Its control improves efficiency in energy utilization and hence enhances production for
good quality assurance. Kilns used in cement manufacturing are complex in nature. They have longer time constants, and raw
materials used have variable properties. They are therefore difficult to control. Additionally, the inclusion of various alternative
fuels in burning makes the process more complex as the fuel characteristics remain inconsistent throughout the kiln operation.
Fuel intensity standards for kilns using fuel oil are very high, ranging from 2.9 GJ to 7.5 GJ/ton of clinker produced. Grinding of
clinker consumes power in the range of 2.5kWh/ton of clinker produced. These and other pyroprocessing parameters make
cement production costly. The pyroprocessing process in kilns and the grinding technologies therefore have to be optimized for
best processing. This paper discusses the cement manufacturing and grinding processes. The traditional kiln technologies and the
current and emerging technologies together with general fuel and energy requirements of cement manufacturing have been
discussed. From the discussion, it has been established that the cement manufacturing and grinding technologies are capital-
intensive investments. The kiln processes are advanced and use both electricity and natural fuels which are expensive and limited
factors of production. The raw materials used in cement manufacturing are also limited and sometimes rare. The calcination of the
raw materials requires external energy input which has contributed to the high cost of cement especially to low-income population
in the developing countries. Self-calcining materials, in which the pozzolanic materials burn on their own, are potential pozzolanic
materials with great potential to lower the cost of cement production. Such materials, as shown from the previous research study,
are rice husks, broken bricks, spent bleaching earth, and lime sludge. There is a need, therefore, for research to look into ways of
making cement using kiln processes that would use this property. This will be cost-effective if successful. It can be done at micro-
and small-scale enterprise.

1. Introduction

Cement is the most commonly used binder in concrete
production all over the world. Its production is however
expensive due to high amount of energy used in its man-
ufacture. It is therefore out of reach of a majority of the
world population [1]. The high cost of cement especially in
developing countries is mainly due to the high energy

demand during the clinkerisation process. During clinker-
isation, temperatures in excess of 1450°C are employed [2].
This makes the resultant cement unaffordable to low-income
earners. This has subsequently led to mushrooming of slums
in most parts of Africa.

Researchers have been exploring ways of manufacturing
less costly cement using supplementary cementitious ma-
terials (SCM). These have materials that include industrial
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byproducts (fly ash, slag, silica fume, and acetylene sludge
lime) and agricultural wastes such as rice husk, palm oil fuel
ash, and sugarcane bagasse. These materials have been
shown to have cementitious properties and are known as
pozzolana [3-7]. There are two types of pozzolana, natural
and artificial. Natural pozzolanas are materials that will react
with lime in the presence of water to form cementitious
properties in their natural form at ambient temperature.
Examples of natural pozzolana are volcanic tuff and dia-
tomaceous earths. Artificial pozzolanas have to be processed
before use. The processing includes proper burning and
grinding of the materials under carefully controlled con-
ditions to form the amorphous form of silica which is
important to their pozzolanic activity. The temperature and
duration of burning are important in processing [4, 6, 8].
Calcination and pyroprocessing technologies are therefore
very important for the development of low-cost cement.

1.1. Cement Production Processes

1.1.1. General Overview of Principles. The wet and dry
manufacturing processes are the two main ways of
manufacturing cement [2]. The major difference between
wet and dry process is the mix preparation method before
burning clinker in the kiln. The wet process involves the
addition of water to the raw materials to form rawslurry
which is thick. In the dry process, the raw materials are
prepared by fine grinding and drying. The choice of the
process is mainly dependent on the nature of the raw
materials available. When the moisture content in raw
materials is more than 20%, the wet method is preferred to
the dry method [9]. Figure 1 shows a process scheme that
would apply to both the dry and the wet processes.

In the past, the wet process was mostly used since ho-
mogenization of wet raw materials was easier than that of
dry powders. In the wet process, there is an easier control of
the chemical composition of the raw materials. This process
is however more energy-intensive and hence more expensive
compared to the dry process given that the wet slurry has to
be evaporated before the process of calcination. The total
heat requirements for the dry precalciner kilns are much
lower compared to the former wet process kilns. With about
900 kcal/kg compared to about 1600kcal/kg for the wet
process kilns, the new dry processes are less expensive in
terms of heat requirement (about 60% less) [11]. With this
reason, many old wet process kilns have been converted into
dry process plants. Mostly, semiwet and semidry process
kilns are intermediate steps in the conversion. Over the
years, wet process plants have been converted to dry ones
especially in Europe. By 2004, dry process kilns accounted
for 90% of all process technologies used. Figure 2 shows
global clinker production per kiln type by the year 2009.

1.2. Preparation of Raw Materials. The prime raw material
which is limestone is broken into big boulders after blasting
in mines [13]. It is then transported by dumpers to a
limestone crusher where it is crushed to between 15 and
20mm size. The material is then crushed and piled
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longitudinally by equipment called stacker/reclaimer. The
crushed limestone from pile is transported through the belt
conveyer to the hopper. Similarly, other raw materials like
clay, bauxite, and iron ore are also transported by a conveyer
belt from the storage yard to the respective hoppers. All raw
materials are proportioned in requisite quantity through
weigh feeders. The proportioned raw materials are then
transported by a conveyor belt to the raw mill to be ground
into the powder form. After grinding, the powdered raw mix
is stored in a raw meal-silo where blending takes place.
Raw material preparation provides a mixture of raw
materials and additives that has the right chemical com-
position and particle size distribution necessary for clinker
production [13]. For plants that receive their raw materials
already crushed, this stage usually involves grinding (mill-
ing), classification, mixing, and storage [13]. Raw material
preparation is an electricity-intensive production step re-
quiring about 25 to 35 kilowatt hours (kWh) per ton of raw
material, although it could require as little as 11 kWh per
ton. After primary and secondary size reduction, the raw
materials are further reduced in size by grinding. Grinding
differs with the pyroprocessing process (kiln type) used. In
dry processing, the materials are ground into a powder that
can flow in horizontal ball mills or in vertical roller mills. In a
ball mill, steel-alloy balls are responsible for decreasing the
size of the raw material pieces in a rotating cylinder. Rollers
on a round table provide size reduction in a roller mill.
Waste heat from the kiln exhaust or the clinker cooler vent,
or auxiliary heat from a standalone air heater before
pyroprocessing, is often used to further dry the raw mate-
rials. The average moisture content in the raw material feed
of a dry kiln typically varies between 0% and 0.7% [13].

1.3. The Kiln Processes. Portland cement is mostly made in a
rotary kiln [14]. Basically, this is a long cylinder rotating
about its axis once every one or two minutes. This axis is
inclined at an angle, with the burner being lower at the lower
end. Raw mix is fed in at the upper end, and the rotation of
the kiln causes it to move gradually downbhill to the other end
of the kiln. Figure 3 shows a general layout of a rotary kiln
[15].

There are three types of rotary kilns: kiln without pre-
heater, kiln with preheater (PH), and kiln with both pre-
heater and precalciner (PC). Kilns with PH are preferred to
kilns without PH as they have lower energy consumption.
For this reason, long rotary kiln without PH (long dry kilns)
are being replaced over time. Thermal energy requirement is
further reduced if a PH kiln is also equipped with a PC. New
facilities usually include both PH and PC. A preheater (PH)
is series of vertical cyclones in which the material is passed in
counterflow with exhaust gases from the rotary kiln so that
heat is transferred from the hot gas to the raw meal, which is
therefore preheated and even partially calcined before en-
tering the rotary kiln.

The four-stage cyclone preheater kiln system was the
standard technology in the 1970s since most plants were
built in the range of 1000 to 3000 tons/day production.
However, a number of different SP kilns are available. Most
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common SP kilns have between 4 and 6 cyclone stages. The
moisture content of the raw materials determines the
number of stages. Where moisture is less than 8.5%, a PH
kiln with 4 to 6 stages may be used. The higher the number of
cyclone stages, the more the heat recovered. The energy
demand of a 6-stage cyclone PH is about 60 MJ/t less than
the demand of a 5-stage PH, and a 5-stage PH would save
approximately 90 MJ/t over a 4-stage PH. The addition of a
4th cyclone stage to a 3-stage PH may decrease the energy
needs by 250 MJ/t, but moisture in the raw materials should
not exceed 8.5%. If this is the case, a 3-stage cyclone is
preferred as the thermal efficiency will not improve when an
extra stage is added. The SP unit has a typical unit capacity
between 300 and 4000t/d [14]. In general, a PH tower
consists of 1 to 6 cyclone stages, which are disposed one
above the other in a tower. The PH kiln performance can be
extended using precalcination technology. For the time
being, kiln systems with multistage cyclone preheaters and a
precalciner are considered to be the state-of-the-art tech-
nology for new dry process plants. Precalciner kilns first
appeared in the 1970s. The calciner is a secondary com-
bustion device where the total fuel is burnt. In this chamber,
about 60%-65% of the total kiln emissions are released,
while limestone (CaCOs3) is decomposed into lime (CaO)
and carbon dioxide (CO,). The remainder of the emissions is
generated from fuel combustion. As calcination is at least
90% completed when the raw meal is fed into the rotary kiln,
the PC technique allows a considerable increase in the
clinker capacity. The average capacity of new European
plants ranges from 3000 to 5000 tons of clinker per day.
However, from a technical point of view, capacities of up to
15,000 tons per day are feasible. Three PH/PC kilns with a
capacity of 10,000 t/d are currently in operation in Asia. The
addition of a PC also reduces the energy requirements. The
PH/PC kiln is the most energy-efficient kiln technology.
Thermal energy demands for different kilns are listed in
Tables 1 and 2. Other kinds of kilns include equipment for
semidry and semiwet processes [16].

For semidry processes, the Lepol kiln (300 to 2000 tons/
day)—where a travelling grate preheater is installed outside
the rotary kiln—requires less thermal energy than a long dry
kiln (300-2800t/d). In semiwet processes, a filter cake is
produced from raw material handling. This cake is either
extruded to pellets prior to being fed to the Lepol kiln or
loaded into a cyclone SP/PC kiln after being dried to a raw
meal in an external dryer. This latter system offers both the
lowest heat consumption and the highest clinker capacity
(2000-5000t/d compared to 300-3000t/d). If wet raw
material preparation is required, a 2-stage PC with the dryer
(2000-5000t cli/d) can provide the lowest thermal energy
consumption. The wet slurry is first dried in an integral dryer
crusher, after which it is fed to the PH-PC kiln. This modern
process is replacing the conventional method which com-
prises the long wet rotary kiln (300-3600 t/d) with an in-
ternal drying/preheating system [14].

The fluidized-bed cement kiln (FB) is a recent technique
that is emerging. It has been used in Japan since 1989 on a
pilot basis. It has a capacity of 20 tons per day. A larger
capacity FB of 200 tons/day was developed in 1996 [19]. In
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TaBLE 1: Thermal energy consumption for dry kilns (GJ/t).

Dry kilns with PH and PC

Kiln type  BREEF, [17] CSI, [12] Cembureau, [10] IEA, [18]
3-6 stages 3-3.95 34 2.9-3.2 2.9-3.1
Dry kilns with PH only
1-4 3.1-4.2 3.7 3.1-3.5 3.3-4.2

China, a pilot kiln with a capacity of 1000t/d is now under
construction. Compared to the SP kiln with the grate cooler,
the FB kiln could reduce the heat consumption by 10-12%,
but it is not expected to serve large capacities and is not yet
available for the cement industry. Figure 4 shows a fluidized-
bed advanced cement kiln system [20].

The technology offers the following advantages:

(i) It reduces emission of CO, because of the reduction
of fuel consumption

(ii) It is able to use low-grade coal such as low volatile
and low calorific value coal since it has improved
burning and heat transfer

(iii) It has an improved heat recovery efficiency due to
increase in waste heat recovery

(iv) Since there are no movable apparatuses, construc-
tion and maintenance costs are decreased

(v) The system is able to control temperature more
tightly and keep longer reaction time, and it enables
quality improvement and production of special
cement of higher grade

(vi) Thermal NOy emission can greatly be decreased
since combustion takes place in the fluidized bed
without generating flame [19]

1.4. The Cement Grinding Process. Cement grinding process
is the reduction of clinker produced in rotary kilns to a fine
form. The clinker has to be ground with the addition of
gypsum to get the finish product, cement. The objective is to
increase the specific surface of the cement component with a
proper particle size distribution and to provide convenient
reactivity of cement making it more easily workable when
used in concrete [21].

1.5. Grinding Technologies in the Cement Industry.
Grinding systems in the cement industry play an im-
portant role in the distribution of the particle size and
particle shape [22]. The size and shape of the cement
particles affect the reactivity of the clinker. They also affect
the dependence on temperature of dehydrating gypsum
that is ground together with the clinker. These factors
affect the mortar properties of the cement product such as
water demand, initial and final setting times, and strength
development [23]. Ball mills have been used as the main
grinding equipment for finished cement production for
over 100 years. Although simple to operate and cost-
competitive relative to other technologies, the low effi-
ciency of ball milling is one of the main reasons for the
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TaBLE 2: Thermal energy consumption for different kinds of kilns (GJ/t).

Kiln type BREF, [17] CSI, [12] Cembureau, [10]
Long dry <5.0 4.49 3.6-4.5
Long wet 5.0-6.4 6.34 5.0-7.5

. . Semidry: 3.2-3.6
Lepol semidry/semiwet 3.3-5.4 3.85 Semiwet: 3.6-4.5
2-stage PC with the dryer (wet) 4.5-50
3-4 stage SP and PC with the dryer (semiwet) 3.4-3.6
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FiGURe 4: Fluidized-bed advanced cement kiln system [14].

development of more efficient grinding processes in recent
years. Vertical roller mills (VRMs), high-pressure
grinding rolls (HPGRs), vertical shaft impact (VSI)
crushers, and more recently, the horizontal roller mill
(HOROMILL) (in which energy consumption is sub-
stantially reduced) have resulted in an improvement be-
tween 45 and 70% in specific energy related to a typical
ball mill [24].

1.5.1. The Ball Mill. Ball mills or tubular mills are built with
diameters up to 6.0 meters and lengths up to 20 meters; the
drive ratings today are as high as 10,000 kW with stable
operation, and maintenance of a ball mill is relatively

simple [25]. The maintenance cost and the capital cost are
relatively low compared to other technologies. Due to the
high levels of operational reliability and availability, ball
mills remain the most frequently applied finishing
grinding unit in cement plants. Compared with newer
milling devices such as VRM and HPGR, ball mills have
the highest specific power consumption and the lowest
power utilization (about 32-35 kWh/ton depending on the
material hardness and to fineness between 3,000 and
3,200 cm?/g). Most of the energy is lost as a result of heat
from the collision of the steel balls among themselves and
against the mill walls. Portland cement production is
usually finished using a two-compartment ball mill as
shown in Figure 5. First compartment or chamber 01 is
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FIGURE 5: Two-compartment tube ball mill. (a) Compartment 01. (b) Compartment 01/02 and separating diaphragm [26].

known as the coarse chamber, and in the second com-
partment, the material is finely ground [26]. Between the
two compartments, there is a classification diaphragm that
screens the fine form of the coarse material.

Generally on cement mills, the product is ground dry ina
ball mill. It has a relatively wider particle size distribution;
hence, it is required to operate the ball mill in a closed circuit
with a size classifier with an efficient or sharp cut of the size
separator. This happens especially when high levels of fines
are generated, when mixtures have low Bond work index, or
grinding materials that have a tendency to agglomerate due
to overgrinding effect. The circulating loads range from
100% up to 600% that are established based on the grind-
ability of the new feed, the cut size, and the required product
fineness in relation to reaching the adequate cement
strength. The energy efficiency of dry ball-mill grinding of
cement depends on factors such as ball charge fill-ratio, mill
length/diameter ratio, size distribution of the ball charge,
operating conditions of the air separators, air flow through
the mill, production rate, use of grinding aids, and the
hardness and fineness of the feed and product (generally
referred to as the work index (kWh/t) and the F80 and P80
sizes, respectively).

1.5.2. High-Pressure Grinding Roll. In high-pressure
grinding roll (HPGR), the material is reduced by a highly
compressive stress created by two counter-rotating rolls (one
fixed and another floating) [27]. This creates a critical
fracture process that presses the material into a compact flow
area. This flow area is shown in Figure 6. The grinding
pressure between the rolls is 50 to 350 MPa, and the cir-
cumferential speed of the rolls varies between 1 and 2 m/s on
the grindability characteristics of the feed and the pressure
applied to the roll; the compacted cake (consisting of over
70% solids by volume) has a fine fraction below 90 yum. Up to
40% of these fines must be recovered by deagglomeration of
the compacted cake using another deagglomerating device.
The specific power utilization is between 14.6 and 19.8 kWh/
t at a Blaine area 3,000-3,200 cm*/g. HPGRs are reported to
be 45-60% more efficient than ball mills [27].
Trouble-free operation of an HPGR depends to a great
extent on ensuring proper moisture below 3%, and the
maximum particle size of the material should not exceed 1.5

to 2 times the gap width. Feed is distributed evenly along the
rolls; and foreign material (scats) is not allowed to pass into
the rolls and is captured using a magnetic separator system.
HPGR is convenient to comminute materials that are not
overly fine and have low moisture content [28]. Materials
above 3% moisture must be predried before feeding to the
rolls. HPGR can be integrated into various circuit config-
urations in new and existing grinding plants to increase the
output of plants that have only ball mills with precrushing
before a ball mill [29].

1.5.3. Vertical Roller Mill (VRM). Vertical roller mills
(VRMs) with integrated classifiers have been used suc-
cessfully for many years in cement plants to grind and dry
raw materials simultaneously with moisture contents up to
20% by weight. Their production can be as high as 400 tons
per hour, and they have a drive power of 11.5 megawatts
[28]. The feed is comminuted by pressure and friction be-
tween a horizontal rotating table and 2 to 4 grinding rollers
hydraulically pressed against the table as shown in Figure 7.
Nowadays, the grinding rollers have diameters as large as
2.5m. The material being ground is carried by pneumatic
and mechanical transport to the classifier located in the same
housing directly above the grinding chamber. The classifier
tailings (oversize rejects) are recycled back into the grinding
chamber together with the fresh material. The grinding
elements and mill settings are modified to grind harder
materials such as clinker and granulated blast-furnace slag.
Power use is between 26 and 29 kWh/t when grinding to a
Blaine area 3,300 cm®/g using a VRM [28].

Vertical roller mills integrate the grinding, drying, and
separation processes into one unit. This integration makes
the VRM competitive in terms of specific electrical power
consumption compared against other technologies. VRM is
50% more efficient than ball mills when comparing kWh/t
used to grind the same product under similar service
properties [30].

1.5.4. Horizontal Roller Mill. The horizontal roller mill or
tube has a length/diameter ratio around 1.0 and is supported
and driven on axial bearings [31]. A solid single armored
grinding roller is pressed hydraulically against the rotating
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inner drum surface within a cylindrical grinding zone as
shown in Figure 8. The pressure is much lower than the
HPGR and is comparable to the VRM. No compacted cake is
produced that requires further deflaking. The grinding roller
is supported on bearings outside the grinding tube. Internal
fittings are subjected to heavy wear; however, wear of the
grinding elements is still lower with the VRM. Power
consumption on the horizontal roller mill when compared
against a ball mill is reduced by 10 to 25kWh/t of cement
depending on clinker grindability and Blaine specific surface
area [31].

2. Calcination

Calcination is the process of changing the chemical
composition of a mineral ore by a thermal process or
driving off a volatile fraction. Compared to pyrolysis, the
absence of oxygen is not necessary in this process [32].
Rotary kilns that are directly heated or those that are
indirectly heated are both used for calcination. Calcination
is mostly applied in the cement industry. It is carried out in
furnaces, also referred to as kilns or calciners, of various
designs including shaft furnaces, rotary kilns, multiple
hearth furnaces, and fluidized-bed reactors. The first step
in cement manufacturing is calcination of calcium car-
bonate followed by burning resulting calcium oxide to-
gether with silica, alumina, and ferrous oxide after mining
and grinding [33].

Calcination is commonly used in activating supple-
mentary cementitious materials such as clays. Such clay
materials are pozzolana. These are materials that are not
cementitious themselves but in finely divided form which
react with lime at ambient temperatures to form compounds
with cementitious properties [34]. For them to attain poz-
zolanic properties, these clays were activated by calcination
at temperature ranges between 600 and 900°C [35]. At these
temperatures, the crystal structures of their silicates are
transformed into amorphous compounds that react with
lime at room temperature to form cementitious materials.
Not all types of clays can be calcined to present pozzolanic
activity. Clays containing high proportions of crystalline
minerals such as quartz and feldspar do not produce reactive
material [36]. Temperature control is the key during calci-
nation of the clays to avoid formation of crystalline silicate
compounds that would otherwise not react with lime at
room temperature [37, 38].

2.1. Operation with Conventional Fuels. Cement production
is an energy-intensive process consuming thermal energy of
the order of 3.3 GJ/ton of clinker produced [39]. Electrical
energy consumption is about 90-120 kWh/ton of cement.
Coal has been the key fuel in the cement industry for a long
time. A wide range of other fuels such as gas, oil, liquid waste
materials, solid waste materials, and petroleum coke have all
been successfully used as sources of energy for firing cement-
making kilns, either on their own or in various combina-
tions. Since clinker is brought to its peak temperature mainly
by radiant heat transfer and a bright (i.e., high emissivity)
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and hot flame is essential for this, high carbon fuels such as
coal which produces a luminous flame are preferred for kiln
firing. In favourable circumstances, high-rank bituminous
coal can produce a flame at 2050°C. Natural gas, which can
produce a peak temperature of 1950°C and being also less
luminous, tends to result in lower kiln output [40].

2.2. Alternative Fuels. Apart from the primary fuels above,
various combustible waste materials have been used for
calcination in kilns. These alternative fuels (AF) include used
motor-vehicle tires, sewage sludge, agricultural wastes,
landfill gas, refuse-derived fuel (RDF), and chemical and
other hazardous wastes [41].

Cement kilns are an attractive way of disposing of
hazardous materials because of the following:

(i) The much higher temperatures in the cement kilns
are more suitable to effectively dispose the materials
than in other incinerators

(ii) The alkaline conditions in the kiln, afforded by the
high-calcium raw mix, which can absorb acidic
combustion products

(iii) The ability of the clinker to absorb heavy metals into
its structure

Use of scrapped motor-vehicle tires which are very
difficult to dispose by other means is a good example of an
alternative fuel. Whole tires are commonly introduced in the
kiln by rolling them into the upper end of a preheater kiln or
by dropping them through a slot midway along a long wet
kiln. In either case, the high gas temperatures of between
1000°C and 1200°C cause instant, complete, and smokeless
combustion of the tire. Alternatively, tires are chopped into
5-10 mm chips, in which form they can be injected into a
precalciner combustion chamber. Steel and zinc in the tires
become chemically incorporated into the clinker, partially
replacing iron that must otherwise be fed as the raw material.
High-level monitoring of both the fuel and its combustion
products is necessary to maintain safe operation [40].

2.3.  Self-Calcination of Wastes to Make Pozzolana.
Natural pozzolanas such as volcanic tuff and silica fume are
used in their natural form. Artificial pozzolanas have to be
processed before they are used. One way of processing
materials to the pozzolanic form is by incineration of ag-
ricultural wastes such as rice husks, rice straw, sugarcane
bagasse, and ground nut shells, among others. The incin-
eration of these materials decomposes organic matter in the
form of cellulose and lignin leaving an ash rich in silica
[42, 43]. When this is done under controlled temperature
conditions, the ash is a very good pozzolanic material.
Calcination is another method of processing pozzolana.
Materials are heated in a temperature range of 600°C-900°C.
Most work reported on calcination of pozzolana has been on
a laboratory scale [41, 44-46]. An industrial trial of calci-
nation of pozzolanas has been reported [41]. In this case,
clays were calcined in a wet-process clinker rotary kiln
normally used for clinker production. Several technological
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parameters were adjusted in order to calcine the material
within the optimal temperature range of 750-850°C and not
to exceed 900°C. The Ghanian experience has seen pro-
duction of clay pozzolana at a small-scale level. In this case,
the raw clay was ground and mixed with palm kernel shells,
which are local agricultural waste. The shells were incor-
porated as a source of energy and to increase the ash content.
They were processed by a vertical draft kiln that required
another external of fuel. The clay pozzolana processed at a
temperature of 900°C was the best [47]. The optimum re-
placement range of the clay pozzolana with OPC was be-
tween 20 and 25%. This achieved the Portland pozzolana
cement standard with up to a compressive strength of
24.1 MPa and 28 MPa at 28" day and 60" day of curing. This
prototype plant was very promising. However, the kiln used
required external fuel, and it was recommended that a kiln in
which agricultural wastes be used as a source of fuel be used.

Self-calcination is a process of activating artificial poz-
zolana in the case where the materials being processed are
the ones that produce the energy required for both calci-
nation and incineration. This can be made possible when a
material is pozzolanic but can burn by itself or is blended
with another material that cannot burn by itself. In this case,
the material produces the required heat for processing, and it
processes itself to a pozzolanic form. Typical example is rice
husk-clay mixes. Laboratory trials have been done before
using Kenyan clay-rice husk mixes [48-50].

Agricultural and industrial wastes have been reported as
potentially pozzolanic materials when processed under
special conditions. Muthengia [42] reported that broken
bricks (BB), spent bleaching earth (SBE), and rice husk (RH)
can be processed in blend to make good-quality pozzolana.
In this work, the materials were activated by self-calcination.
This was possible because the blended mix had RH which
burns on its own and SBE which contains residual oils from
the industrial filtering process. Incineration of RH alone
generates about 15]J/g heat [42], while the calorific value of
SBE is about 13.23]/g [55]. In this case, therefore, no ex-
ternal source of energy was required other than small fire for
ignition. The materials were incinerated in a special kiln
known as the fixed bed kiln (FBK), designed by Ochung’o
[51], for incinerating rice husks to form highly pozzolanic
rice husk ash. They were left to burn overnight and were
collected the following day. They were blended with hy-
drated lime to form pozzolana-lime cement. Muthengia [49]
showed from this work that the blend in which the poz-
zolana-lime ratio was 2:1 showed the greatest reactivity.
Table 3 shows the compressive strength of pozzolana:
hydrated lime cements of various individual pozzolana and
the combined blends.

From the table of results of compressive strengths, SBE
was a spent bleaching earth from an oil refinery in Nairobi.
Broken bricks from two companies in Nairobi were used,
with G45-BB from Githurai 45 and CW-BB from Clay
Works Manufacturers Limited, also in Nairobi, Kenya. RH
was used to activate the BB and the SBE in what was called
RH :BB: SBE raw blend. From this work, it was noted that an
ideal proportion would be the one with the highest pro-
portion of SBE, then BB, and with the least RH because of

TasLE 3: Compressive strength of pozzolana-lime cements at 7"
and 28" day of curing.

7" day compressive 28" day compressive

Pozzolana strength (MPa) strength (MPa)
SBE 9.86 10.92
CW-BB 6.27 6.28
G45-BB 12.97 13.2
Activated CW-BB 9.20 9.98
Tuff 8.94 8.99
RHA 5.48 5.60
RH:BB:SBE raw

blend 8.37 8.90
RH:BB:SBE

ashed blend 7.73 7.80

pozzolanicity of these materials according to their com-
pressive strength as shown in Table 3. However, this was not
possible because when RH is compacted and ignited, its
combustion temperatures increase to very high values [52]
which would produce predominantly crystalline silica,
which is not reactive. Therefore, a workable mix with a RH:
BB : SBE ratio of 5:1:1 was used. Since activating pozzolana
makes up for the processing costs of artificial pozzolana, this
was seen as the most cost-effective way of processing these
pozzolanic materials. The ashed blend consisted of sepa-
rately activated RH, BB, and SBE. This was less pozzolanic
and would be more costly in terms of activation. The most
workable and easy-to-process material was therefore the raw
blended mix that would self-calcine. This met the require-
ments of pozzolana-lime cements as specified by the ASTM
No 593 part C standard [53].

Later, Nalobile et al. [49] optimized the ratio of incin-
erating the blended materials to a ratio of 10:1:2 (RH:BB:
SBE). This was done by varying the amount of broken bricks
added to the mixture from none to a maximum of 6kg in a
constant mix containing 20 kg of RH and 4 kg of SBE. The
new ratio improved pozzolanicity of the materials in terms
of reactivity with lime and compressive strength. Acetylene
lime sludge, a waste from the acetylene manufacturing
company, was used in place of normal hydrated lime which
was used in the previous work. The FBK [51] was used in this
work as the work done by Muthengia et al. [50]. Table 4
shows the compressive strength of the pozzolana-lime ce-
ments obtained in this work.

Together with other tests done [44], this cement con-
formed to the standard requirements for pozzolana-lime
cements as set in ASTM C part 593 [53]. The sample with the
highest pozzolanic reaction was used to replace laboratory-
made ordinary Portland cement (OPC) at various per-
centages from 0%, 45%. 46%, 48%, 50%, and 52%, and their
compressive strengths were compared with the Kenyan
standard [54]. It was observed that replacement of OPC with
up to 50% of the pozzolana-lime cements met the required
standards [55]. This was therefore seen as a promising
venture in making Portland pozzolana cement at a lower
cost compared to the current methods.

The FBK used in the aforementioned research was small
and laborious to work with. A new kiln which is bigger and
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TaBLE 4: Compressive strength of pozzolana-lime cements with
various ratios of RH, BB, and SBE.

RH:BB: 7™ day compressive strength 28™ day compressive
SBE ratio (MPa) strength (MPa)
20:0:4 6.5 8.6

20:1: 7.1 9.5

20:2:4 8.7 10.4

20:4:4 8.35 8.90

20:6:4 6.3 8.8

more efficient than the FBK needs to be designed so that this
pozzolana-lime cement can be tested for its production at
micro- and small-scale enterprise. This can benefit poor
populations in the third-world countries, especially Africa,
and in Kenya. This is because in Kenya, the cost of cementing
materials is expensive. This has led to urban poor people
living in appalling conditions in slum areas. Most of their
houses are made of mud, plastic papers, grass, and old and
used corrugated iron sheets. This has led to outbreak of
diseases such as pneumonia and cholera. Other conditions
such as infestation by jiggers are a common phenomenon in
these areas and other rural regions.

3. Conclusions

From the above discussion, it has emerged that the cement
manufacturing and grinding technologies are a large-scale
industry with high cost in capital and energy inputs. The kiln
processes are advanced and use both electricity and natural
fuels which are expensive and limited factors of production.
The raw materials used in cement manufacturing are also
limited and sometimes rare. The calcination of the raw
materials requires external energy input which has con-
tributed to the high cost of cement especially to low-income
population in the developing and third-world countries such
as those in Africa, Central America, and parts of Asia. The
use of self-calcining materials to make cement can be a
welcome venture in such cases where the cement raw ma-
terials are scarce or the cost of manufacture is prohibitive.
Research has shown that it is possible to form pozzolana
cement from waste materials such as RH, BB, SBE, and ALS.
However, kiln processing of these materials has not been
done to test the practicability of production albeit at micro-
and small-scale enterprise (MSE). There is need for research
into designing a kiln that would be used to process these
materials in rural settings where the cost of cement is high,
while these materials are a menacing solid waste.

3.1. Areas for Further Research

(i) There is a need to develop alternative cement
manufacturing plants that will be possible at micro-
and small-scale enterprise for affordable production
of cement using locally available materials

(ii) There is a need for further research to develop a cost-
effective and efficient kiln to calcine waste materials
such as rice husks, spent bleaching clays, broken
bricks, and various clays to make pozzolana cement

Advances in Civil Engineering
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