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ABSTRACT: There is growing need to finding alternative binder for Ordinary Portland Cement (OPC) as a result of 

the environmental hazards associated with its production. This paper presents the result of the review of selected 

bio-wastes as potential materials for alkali-activation in cement-based products. Studies carried out by several 

authors on the use of ashes from rice husk, cassava peel, sugarcane straw, corn cob and coconut shells were critically 

reviewed, while their chemical compositions as well as other criteria for alkali activation were identified. The review 

showed that the combined composition of SiO2, Al2O 
3 and Fe2O3 were in the ranges of 67.90 – 93.60, 46.59 – 72.25, 

73.79 – 83.02, 41.13 – 78.30 and 71.3 – 77.57 % for rice husk ash, cassava peel ash, sugarcane straw ash, corn cob 

ash and coconut shell ash, respectively. These values met the requirement of ASTM 618 for materials to be 

considered as pozzolan, while the hydraulic coefficients of the ashes were also found comparable to notable 

industrial wastes that have been utilized for alkali-activation. It was also found that these materials are still not 

explored for alkali-activation. The paper concluded that the ash from these materials could be alkali activated to 

produce binders in cement-based products due to their potential properties. 
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I.  INTRODUCTION 

There is growing interest in finding alternative binder to 

Ordinary Portland Cement (OPC) in cement-based products 

for many reasons:  the alarming emission of greenhouse gases 

during OPC production, cement industry alone contributes 

large amount of CO2 to the atmosphere next to automobile 

(Boden et al. 2016), and it is responsible for between 6 and 

10% of the total CO2 emitted yearly (Metz, 2007). The 

cement industry has also been implicated in the degradation 

of eco-system, several forms of pollution and huge energy 

consumption, as well as massive earth depletion (UNDESA, 

2015).  

Considering the uses to which cement is put, it is 

expected that the demand for cement will continue to rise 

since cement is central to infrastructure development of any 

nation; hence, tendency for its production will be motivated. 

As at 2015, the global demand for cement was put at 4.6 Gt/a 

(Carstensen and Rapf, 2008) and this is expected increase to 

as high as 13.5 Gt/a by 2050 (CEMBUREAU, 2016; 

Edwards, 2016). The simple implication of this is, if no 

alternative is found, a world that will be a threat to its 

habitant could be created.  

Concerted efforts are being made from different sectors 

to reduce the amount of CO2 emitted by the cement 

industries. Fuel used in powering cement machines is 

improved, energy efficiency techniques are developed, and 

carbon capture and utilization are equally promoted as well as 

material substitute for cement. The details of these 

approaches are summarized in the recently published report 

of United Nations Environment Program Sustainable 

Building and Climate Initiative (UNEP-SBCI) (Scrivener et 

al., 2016).  

Alkaline activation of materials rich in silica and alumina 

is becoming attractive and many materials have been 

explored. This technique has potential to complement the 

global demand for binder in infrastructure development 

(Glasby et al. 2015). The added advantage of the alkali-

activated binder over Portland cement is its local adaptation, 

once suitable materials are available. The alkali-activated 

binder gains strength rapidly, offering great advantages in 

precast operations with low heat of hydration, while hardened 

binder is watertight and less soluble than Portland cement 

hydrate.  Furthermore, the cost could be lower where 

precursor material is a waste product. In this review, an 

attempt is made to present the chemistry of alkali activation 

and provide a detailed account of the materials that have been 

utilized with their performance indices. The review also 

assesses selected potential agricultural wastes for alkali-

activation that have not been explored.     

 

II. BIO-WASTES: AVAILABILITY AND 

POZZOLANIC POTENTIAL 

 

Agricultural wastes generation is on the increase with 

increase in agricultural practices worldwide, especially in 

many African Countries. Unfortunately, effective disposal of 

these wastes has been a major challenge. Most often than not, 

the wastes are left to biodegrade, producing offensive odour,  
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             Table 1: The chemical composition of selected ashes of bio-based materials. 

 

Oxides/ 

LOI 

RHA (%) 

(El-Sayed et al. 

2006; 

Ramezanianpour et 

al., 2009; Bui et al. 

2005; Zhang and 

Mohan,     1996; 

Tashima et al., 

2012) 

CPA (%) 

(Salau et al., 

2013; Salau and 

Olonade, 2011; 

Olonade et al., 

2014; Aderemi. 

2017; Olutaiwo 

and Adanikin, 

2016) 

SCSA (%) 

(Reddy and 

Prasad, 2017; 

Cordeiro et al., 

2017; Santos et 

al., 2015; Moise´s 

Frı´as et al., 

2007; Calligaris 

et al., 2015) 

CCA (%) 

(Kamau et al., 

2016; Olonade et 

al., 2017; Bala et 

al., 2016; Raheem 

et al., 2011; 

Nimityongskul and 

Daladar. 1995) 

CSA (%) 

(Arum et al., 2013; 

Nagarajan et al., 

2014; Tinga et al., 

2016; Utsev and 

Taku, 2012, Bello, 

2017) 

SiO2 65.90 - 92.9 33.2 -58.0 62.43 - 73.4 37.26 -66.38 37.97 - 58.86 
Al2O3 0.04 - 1.78 7.21 - 12.80 0.70 - 12.53 1.09 - 7.90 9.24 - 24.12 

Fe2O3 0.16 - 0.43 1.41 - 7.74 0.4 - 10.35 2.78 -  7.40 3.20 - 15.48 

CaO 0.55 - 2.40 6.94 - 10.47 3.98 - 12.20 1.80 - 11.57 0.57 - 6.6 
MgO 0.35 -3.11 1.33 - 5.02 0.96 - 2.79 2.06 - 3.15 1.03 – 16.2 

SO3 0.10 - 0.69 0.72-4.05 0.11 - 4.10 0.59 - 1.44 0.46 – 0.71 

Na2O 0.02 - 2.46 0.03 - 1.39 0.05 - 0.50 0.04 – 0.90 0.45 – 4.11 
K2O 0.72 - 3.68 4.64 - 20.58 3.05 - 6.98 4.92 - 37.09 0.52 - 3.58 

LOI 5.14 - 9.71 4.18 - 16.39 1.03 - 61.60 6.49 - 16.18 9.73 – 11.94 

SiO2+ Al2O3+ 
Fe2O3 

67.90 - 93.60 46.59 -72.23 73.79 -83.02 41.13 -78.30 71.30 -77.57 

Activation (℃) 600 - 750 650 - 700 650 - 800 600 - 750 600 - 750 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

while sometimes, they are burnt for no benefit in returns. In 

the recent past, efforts were being geared towards finding 

effective use of these materials for construction purposes as 

partial replacement of cement in concrete. However, there is 

still doubt as to the abundance and suitability of these 

potential raw materials for construction purposes.  This 

section x-rays the potential of ash from common agricultural 

wastes that could serve as precursors for alkali activation. It is 

expected that they could serve as the basis for developing 

zero-cement concrete for bridging infrastructure deficit that 

pervaded the continent. 

A.  Rice husk ash (RHA) 

Rice is a food crop that can be found in almost all the 

continents of the world and it is grown largely to meet its 

global demand. Statistics have shown that about 600 million 

metric tonnes (mmt) of rice paddy was produced in 2003 

while it rose to about 640 mmt in 2007 globally (Bronzeoak, 

2003 and Calpe, 2007). As at 2016, the global rice production 

reached 748 mmt with a promising increase in rice production 

in Africa due to growing conducive environment, which will 

increase production by 5% (FAO, 2016).  It has been 

estimated that about 20% of the weight of rice paddy is husk, 

indicating that nearly 150 mmt of rice husks are produced 

only in 2016. Rice husk as bio-waste is often disposed of by 

burning, leading to environmental challenges.   

Not until 1924 when the use of rice husk ash (RHA) in 

concrete was patented, the RHA was considered completely a 

waste (Pitt, 1972). Since then RHA, as pozzolan in concrete, 

has been a prominent discourse among the researchers with 

different propositions. It is found that RHA contains 

amorphous silica, like what is found in most natural 

pozzolanic materials. RHA is produced by either open 

burning or controlled burning. Typical composition of RHA 

is presented in Table 1. The values in the table were obtained 

from studies carried out by the cited authors as presented in 

the table. It is shown that RHA was produced within the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

temperature range of 600 – 750 ℃. Its chemical composition 

varies which may be due to the varieties of rice and the 

treatment techniques, however the values obtained still meet 

the provisions of ASTM C 618, (2008), as the combined 

silica, alumina and ferric was more than 70%. Though, 

chemical composition may not be a decisive condition to 

reject or accept a material as pozzolan but could be used as 

preliminary selection, while performance in concrete is of 

essence (Taylor 1997).   Meanwhile, RHA concrete has 

shown superior performance over normal concrete. Presence 

of RHA as partial substitute of cement is found to enhanced 

workability, improved strength, increase durability and 

reduce shrinkage among other enhanced properties (Tashima 

et al., 2012 and Ramezanianpour et al., 2009).  

B.  Cassava Peel Ash (CPA) 

Cassava is used for both domestic and industrial 

purposes, resulting in heaps of peels worldwide. FAO (2016) 

reported that more than 54% of world’s cassava is produced 

in Africa with Nigeria as the highest producer of cassava with 

an annual production of 54 mmt (Adesina, 2012), 

representing about 20% of global cassava production. 

Meanwhile, cassava is the fastest growing food crop in Africa 

such that its cultivation is extending to the dry region of the 

continent (Figure 1). Adesanya et al. (2008) reported that 

between 20 and 30% of cassava tuber is cassava peel. As of 

2014, the estimated cassava peels generated in Nigeria was 

14 mmt (Olonade, 2017). Cassava peels are usually used for 

animal feeds but its low protein content and high quantity of 

hydrocyanide limit its full utilization for animal feeds.  

Cassava peels burnt at controlled or uncontrolled 

temperature showed that its ash possessed an appreciable 

quantity of silica and alumina for use as pozzolan in concrete 

(Table 1). Mechanical and some durability properties of 

concrete containing about 15% of CPA as a replacement for 

cement have been studied with promising results (Salau et al., 

2013; Salau and Olonade, 2011).  

 



122                                                               NIGERIAN JOURNAL OF TECHNOLOGICAL DEVELOPMENT, VOL. 16, NO. 3, SEPTEMBER 2019 

 

*Corresponding author: olonade1431ah@gmail.com                                                                                              doi: http://dx.doi.org/10.4314/njtd.v16i3.5  

 
Figure 1: Cassava cultivation is extending to the dry part of Africa 

(Mahungu and Anga, 2007). 

C.  Sugarcane straw ash (SCSA)  

Sugar cane, tall perennial grass, and fibrous stalk is a 

primary source of sugar, ethanol, and jaggery. During 

harvesting and processing, a large quantity of straw is 

generated as waste, a limited quantity of which is used as 

fodder in livestock feed. But a substantial part of the straw is 

disposed by burning. Today, sugar cane straw ash (SCSA) is 

another bio-based material that has received attraction of 

many researchers for use as pozzolanic materials. In Table 1, 

it is found that chemical composition of SCSA indicated that 

it is a potential pozzolan as it met the provision of ASTM C 

618. Performance of concrete containing a fraction of SCSA 

as a substitute for cement has been extensively investigated 

(Cordeiro et al., 2017; Santos et al., 2015; Moisés Frı´as et 

al., 2007; Calligaris et al., 2015). Recycling SCSA in this 

form will be able to rescue the environment with the pollution 

caused by the huge amount of sugar cane straw produced 

annually. As of 2015, about 175 mmt of sugarcane was 

produced globally (Taylor, 2016). Of the sugarcane stalk, 

about 22% is straw, when 3-5% is ash (Reddy and Prasad, 

2017).  

D.  Corncob ash (CCA) 

Corncob is the central stalk that holds corns together. 

Corn is an essential cereal crop produced in large quantities 

worldwide. Global annual production of corn has reached 

1,037 mmt with sustainable supply (Figure 2). Once corns are 

shelled, the cobs left represent between 16 to 20% of the 

weight of unshelled corn. Going by this record, a minimum of 

166 mmt of corn cobs are generated globally. In 

industrialized corn processing plants, corncobs can be used as 

fuel, while in the less developed setting they are left to either 

rot away or burnt for no benefit in return. Nevertheless, when 

corn cobs are burnt to ash, they could be useful as pozzolanic 

material. Several studies have been carried out on the 

chemical composition CCA and its use as partial replacement 

of cement in concrete production. The chemical composition 

of CCA obtained by some researchers suggested that CCA is 

a promising pozzolanic material that can be incorporated in 

producing cement-based products (Table 1). The chemical 

composition of CCA also met the criteria of the ASTM C-618 

with combined silica, alumina and ferric greater than 70%.  

Experimental studies have equally been conducted to evaluate 

mechanical and durability performance of CCA concrete with 

positive results (Arum et al., 2013; Nagarajan et al., 2014; 

Tinga et al., 2016; Utsev and Taku, 2012, Bello, 2017).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2: Outlook of the world corn production 2016 – 2017 in a million 

metric tonnes (FAOSTAT, 2012). 

E.  Coconut shell ash (CSA) 

Coconut is widely grown in more than 90 countries with 

a global production capacity of 61.44 mmt. Shell or husk 

derived from coconut has been a source of environmental 

pollution. Apart from being used as fuel, coconut shell had no 

beneficial use until its ash was found to contain adequate 

silica and alumina for pozzolanic reaction (Table 1). 

Subsequently, coconut shell ash (CSA) is being explored as 

blended cement in concrete production. Studies carried out by 

Utsev and Taku, 2012 and Arum et al., 2013 showed that 

CSA contributes to later strength development in concrete 

and it is also used as aggregate in concrete (Nagarajan et al., 

2014) as well as replacement for lime for soil stabilization. 

 

III.   THE PROSPECT OF BIO-WASTES FOR ALKALI 

ACTIVATION 

   History has it that modern alkali-activation (AA) was 

dated back to early 1950, when Gluchovskij et al. (1959) 

reported that materials rich in reactive alumina and silica 

have potential to form solid hydrate compound in the 

presence of some alkaline compounds.  They developed a 

model through which the alkali-activation of the potential 

materials went through. They also identified the first stage of 

this reaction to be destruction-coagulation followed by 

coagulation-condensation and ends up with condensation-

crystallization. Almost about 20 years after, precisely 

between 1976 and 1979, Davidovits (1994) formed a new  
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Table 2: Hydraulic activity Coefficients of Selected Bio-Waste Ashes. 

 

Materials/ 

Limit 

Coefficients 

Kb CaO/SiO Al2O3/SiO HM 

RHA 0.03 – 0.09 0.01 – 0.04 0.00 – 0.03 0.01 – 0.11 
CPA 0.37- 1.05 0.11 - 0.31 0.13 - 0.26 0.38 - 0.66 

SCSA 0.15 - 0.31 0.04 - 0.17 0.01 - 0.21 0.12 - 0.29 

CCA 0.26 – 1.13 0.05 – 0.17 0.03 – 0.20 0.17 – 0.32 
CSA 0.27 - 0.52 0.01 - 0.14 0.16 – 0.64 0.28 - 0.82 

Suggested Limits (Chao et. al., 2010; 

Chang, 2003; Talling and  Brandstetr, 
1989) 

≥ 1 0.5 – 2.0 0.1 – 0.6 > 1.4 

 

 

 

 

 

 

 

 

 

 

 

term called "geopolymer" to represent a special class of alkali 

activation. He defined geopolymer “as a material originated 

by inorganic polycondensation, i.e., by so-called 

"geopolymerization". 

Today, both the terms “alkali activation” and 

“geopolymerization” are interchangeably used, though there 

is slight difference.  In geopolymerization, the Si – O – Si 

bond in alumino-silicate materials break down in an alkaline 

medium, while an atom of Al penetrates the original bond to 

form a compound that can be characterized by Mn[-(Si-O)z-

Al-O]n.wH2O (Škvára, 2007). According to Davidovits 

(1994), replacing Si by Al generates different types of 

aluminosilicate (polysialate) products depending on the 

SiO2/Al2O3 ratio. Martinez-Ramirez and Palomo (2001) 

defined alkali activation as a chemical process, on the other 

hand, where the amorphous structure is transformed into a 

skeletal structure that exhibits cementitious properties 

through a medium of high alkalinity. In either case, the 

bottom line is the reaction between aluminosilicate materials 

and alkali activator to form a compound that has potential to 

bind as Portland cement does. Nevertheless, the performance 

of alkali-activated binder is a function of several factors, 

which are broadly based on the materials used and handling.  

Materials used for alkali activation are categorized into 

two: the source material (also called solid precursor) and the 

alkali activator. For the source material, any material rich in 

reactive alumina and silica are potential candidates for alkali 

activation. To date, fly ash (FA) and ground granulated blast 

slag (GGBS) have been greatly explored for alkali activation 

binder, using different alkali activators. At the same time, FA 

and GGBS are used as pozzolan in cement-based products. 

These two materials are readily available in industrialized 

nations but not so much in developing countries. But 

agricultural wastes that possess comparable chemical 

composition with FA and GGBS are available in abundance. 

Thus, there is need to explore these agricultural wastes for 

alkali-activation 

Extensive studies on mechanical and durability 

properties of alkali-activated concrete made from these two 

materials have been reported (Shi et al., 2006; Aydın and 

Baradan, 2013). It is worthy of note that alkali activation 

binder using either FA or GGBS is steadily gaining more 

support for deployment in life projects in most countries in 

Europe, China and more recently in South Africa (Glasby et 

al, 2015 ; Andrews-Phaedonos, 2015;  Attwell, 2014).   

 

 

 

 

 

 

 

 

 

 

 

 

Despite these advances in the study of alkali activated 

binder and its deployment, most African countries are 

nowhere to be found, as the research is still far from being 

incubated.  Non-availability of FA or GGBS could be a 

hindrance in this respect, as most countries in the continent 

are non-industrialized. Similarly, most potential alkali 

activators are imported, which may make the alkali activated 

binder more expensive. However, most African countries are 

agrarians and produce large quantity of agricultural wastes 

that could be explored for alkali activation. 

Moreso, if the materials are found suitable they would be 

available at no cost, since they are wastes while the cost of 

alkali could then be affordable.  However, these bio-based 

wastes are used in blended cement as partial replacement for 

cement, but there is a limit to which they can be used for 

higher performance. For instance, the maximum tolerable 

amount of RHA that could be used is 40%, while about 15% 

is recommended for other ashes, because if more ashes are 

used for replacement, the strength and flow properties of the 

blended concrete will be negatively affected.  With this 

limitation, the materials would still not be fully utilized. 

Thus, considering them for alkali activation may be the best 

option.  Besides technical improvements, environmental 

advantages are obtained with the use of industrial and 

agricultural residues in the composition of cement-based 

materials, such as reducing the use of raw materials in cement 

production and the reduction of CO2 attributed with the 

production of clinker. 

Table 2 contains the hydraulic activity coefficients of the 

ash whose chemical compositions are presented in Table 1. 

Basicity coefficients and hydration modulus were determined 

from Eqns (1) and (2) respectively (Law et al, 2012). 

Hydraulic coefficients are sorting parameters to assess which 

material could be accepted or rejected for alkali activation. In 

Table 1, it is seen that RHA contained mainly silica with very 

low content of Alumina, CaO and MgO. This composition is 

reflected by its basicity coefficient (Kb), which is less than 1, 

indicating that the total content of basic constituents is less 

than the total content of acidic constituents, while CaO-SiO2 

and Al2O3-SiO2 ratios are less than the minimum allowed for 

materials to be acceptable for alkali activation (Chao et. al., 

2010). Nevertheless, for RHA to be used for alkali activation, 

it may require additional material that is rich in alumina 

and/or CaO to compensate for the low content of alumina. 

 

𝐾𝑏 =
𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐹𝑒2𝑂3 + 𝐾2𝑂 + 𝑁𝑎2𝑂

𝑆𝑖𝑂2 + 𝐴𝑙2𝑂3

                        (1) 
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𝐻𝑀 =
𝐶𝑎𝑂 + 𝑀𝑔𝑂 + 𝐴𝑙2𝑂3

𝑆𝑖𝑂2

                                                    (2) 

 

RHA could also be used as source of silica to produce 

low-cost silicate to be blended with alkali activator. The other 

bio-waste materials (CPA, SCSA, CCA and CSA) contained 

relatively higher CaO, Fe2O3, and Al2O3 in addition to the 

high content of SiO2. These materials could be described as a 

blend of phases comparable to gehlenite (2CaO·Al2O3·SiO2) 

and akermanite (2CaO·MgO·2SiO2) as well as a 

depolymerized calcium aluminosilicate glass. The cations 

Si2+, Al3+, Mg2+ and Ca2+ could serve as modifiers in the 

presence of alkali activator, although the glass phases i.e. the 

crystalline content may not be adequate to confirm the 

reactivity of these materials. There is, however, no certainty 

that high glass content of slag ensures higher reactivity, yet it 

is use as precursor for alkali activation (Li et al, 2010).  

From Table 2, it is also observed that the Al2O3-SiO2 

ratios of these materials fell within the acceptable values. 

However, their basicity coefficients indicated that there are 

more acid contents than basic contents. Similarly, CaO/SiO2 

ratio for all the materials is less than the minimum acceptable 

value of 0.5. Meanwhile, the hydration modulus (HM) of all 

the ashes fell below the proposed value of 1.4. These 

observations suggest that the ashes from these bio wastes may 

require to be blended with alumina or calcium rich materials. 

Nevertheless, the chemical composition assessment may not 

be enough to generalize the performance of these materials 

for alkali activation. There is need for experimental 

investigations to assess the mechanical properties of the 

product formed from alkali activation of these ashes. 

 

IV. CONCLUSION 

       Bio-based materials are available in abundance and their 

effective disposal has been a challenge. When converted to 

ash, they contained oxides that make them perform 

excellently as partial replacement for Portland cement in 

cement-based products. They have not been fully utilized for 

alkali-activated binder. However, the ash of these agricultural 

wastes reviewed contained adequate quantity of silica for 

alkali-activation but needed to be blended with materials rich 

in alumina and calcium such as GGBS. Alternatively, they 

could be a source of silica for producing low-cost silicate 

mixed with NaOH as activator.    
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