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ABSTRACT 

 
Soil acidity is one of the major problems that significantly lowers the productivity of many cultivated 

soils in Zambia especially in areas of high rainfall.  Soil acidity can be amended by adding liming 

materials to the soil. However, the high cost of manufactured liming materials makes it impossible for 

many subsistence farmers to correct the problem in their fields. Research in Zambia has shown the 

existence of large deposits of carbonate rocks that can be used as liming materials. Most of these 

resources have not been exploited because of lack of information about the characteristics and quality 

of these mineral resources. There are currently no legal standards for assessing the quality of liming 

materials in Zambia.  The purpose of this study is to develop a routine method that can be used to 

assess the chemical reactivity of liming materials. Chemical reactivity is a very important 

characteristic of liming materials because it gives an indication of how fast a liming material may 

react with the soil.  

 

In this study, different liming materials from Zambia were characterized and analyzed in order to 

obtain their physico-chemical and mineralogical characteristics. The chemical reactivity of the liming 

materials was also determined by using and testing a new proposed method. Results of mineralogical 

analysis confirmed the presence of dolomite in some liming materials and calcite in others. The 

mineralogical composition of the liming materials was compared with the chemical reactivity values 

that were obtained using the new proposed method. Results show that generally liming materials that 

are dominated by calcite have higher chemical reactivity values than liming materials dominated 

dolomite. Two soils from Zambia were incubated with the liming materials for a period of 12 weeks 

in order to assess the effect of the liming materials on soil acidity and soil-pH. The results show that 

the liming materials that have a higher chemical reactivity are also able to reduce soil exchangeable 

acidity and raise soil pH more rapidly than the liming materials that have lower chemical reactivity 

values.   

 

A comparison was done between the chemical reactivity of liming materials determined using the new 

proposed method and the performance of the liming materials when used as a soil amendment to 

neutralize soil acidity. Results indicate a very strong correlation between the chemical reactivity and 

mean soil pH after the incubation experiment. There was also a very correlation between the chemical 

reactivity of liming materials and mean of soil exchangeable acidity after the incubation experiment. 

We conclude in this study that the chemical reactivity of liming materials is affected by the chemical, 

physical and mineralogical characteristics of the materials. We also conclude that there is a 

relationship between the chemical reactivity using the new method and the performance of liming 

materials in neutralizing soil acidity. 
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1 INTRODUCTION 

1.1 Background of the study 

 

Soil acidity is one of the major problems leading to low crop yields in many tropical areas 

where rainfall is high and leaching of ions is prominent. An acid soil is a soil with excess of 

hydrogen ions and aluminium ions compared to hydroxyl ions (Donahue et al., 1983). Large 

parts of Zambia are covered by acid and strongly depleted soils especially the strongly 

leached soils developed from felsic rocks under high rainfall regimes in the north of the 

country (Singh, 1989; Goma, 1994). Acid soils are caused by the presence of constituents that 

react as acids and these include: organic and mineral colloidal constituents, organic acids, 

hydrogen saturated mineral colloids and acid groups on mineral colloids. The processes 

necessary to develop acidity are: accumulation of organic matter, breakdown of primary 

minerals and leaching of soluble constituents (Van Ranst, 2012). 

 

Soil acidity in crop production can also be caused by a number of other factors such as:  use 

of commercial fertilizers especially ammoniacal sources that produce hydrogen ions during 

nitrification; crop removal of the basic cations which include calcium, magnesium, potassium 

and sodium in exchange for hydrogen; leaching of these cations being replaced by hydrogen 

and aluminium; and decomposition of organic residues (Tisdale et al., 1985). On strongly 

acid soils, the majority of crops produce yields less than their potential due to: aluminium 

toxicity; manganese toxicity; iron toxicity; calcium deficiency; magnesium deficiency; 

molybdenum deficiency; and nitrogen, phosphorus and sulphur deficiency (Donahue et al., 

1983) 

 

Application of agriculture lime to acid soils is one of the methods of ameliorating soil acidity 

in locations where agriculture lime is available to farmers. Agriculture lime is any material 

that contains calcium (Ca) or/and magnesium (Mg) and will neutralize soil acidity (Barber, 

1984). Agriculture lime varies in its composition and reactivity and consequently in its 

effectiveness. The properties used to evaluate the suitability of liming materials as 

amendments for correcting soil acidity are its neutralizing value and its particle size 

distribution (Black, 1992). The neutralizing value measures the potential of the material to 

neutralize acid while the particle size distribution or fineness of the materials indirectly 

measures the potential reactivity of the materials due to the influence of the particle size on 
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the reactive surface area. Different agriculture liming materials vary in their chemical 

reactivity with acid soils because of the differences in their chemical and mineralogical 

compositions. Farmers are usually more interested in liming materials that react rapidly and 

neutralizes acidity effectively (Shitumbanuma, 2006).  

1.2 Problem statement 

 

Zambia is endowed with many deposits of carbonate rocks suitable for producing agriculture 

lime. The deposits are found in eight of the nine provinces of the country (Shitumbanuma and 

Simukanga, 1995). According to the estimates by the Mineral Exploration (MINEX), 

Department of Zambia Industrial and Mining Co-operation, the estimated reserves of the 

carbonate rocks are in an excess of 540 million metric tonnes (Rao, 1986). Despite the 

abundance of these deposits, only a few are quarried for producing agriculture lime. 

According to Mitchell et al. (2005), the consumption of agriculture lime in Zambia is 

estimated to be 40,000 tonnes per year while the latent demand is estimated to be about 

150,000 tonnes per year.  

 

Despite agriculture lime being a solution to the problem of soil acidity, farmers in Zambia 

and many other developing countries still struggle to solve the problem of soil acidity in their 

fields. This is because in developing nations with largely low input agriculture, farmers are 

able to afford only minimal applications of commercial lime due to financial constraints.  

According to Malcolm et al. (2003), the high cost of lime is one of the major reasons why 

farmers in developing countries still face low yields due to soil acidity. It is therefore evident 

that many farmers in developing countries rely on manufactured agriculture lime but the cost 

of purchasing the lime is very high. Farmers continuously rely on well packaged 

manufactured agriculture lime as the best liming material even when surrounded by abundant 

natural liming resources. Therefore information and knowledge about the use of the readily 

available natural occurring local liming resources and alternative waste liming materials can 

serve as a solution to the problem of soil acidity. Information on the characteristics and the 

quality of agriculture lime sold in Zambia is limited (Shitumbanuma, 2006). 

 

Research has also shown that a number of waste materials such as wood ash, crushed 

eggshells, basic slag, filter cake and many other alternative liming materials can be used to 

neutralize soil acidity. These alternative liming materials may be available to the farmers but 
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because of lack of readily accessible information and knowledge of their use as liming 

materials, they cannot be exploited to solve the problem of soil acidity. According to a report 

by the British Geological Survey (Mitchell et al., 2005) the unwillingness of farmers to use 

agriculture lime in one of the Zambian districts was as a result of the inability of extension 

workers to offer advice on the use of agriculture lime. 

 

Chemical reactivity is a very important characteristic that can be used to assess the quality of 

agriculture lime and to determine how reactive and how quickly the lime would amend the 

problem of acidity in the field. Unfortunately to date there is no readily available routine 

method for determining the chemical reactivity of agricultural lime in Zambia.  

 

1.3 Main research question 

 

Does a correlation exist between the chemical reactivity of the different liming materials and 

the physico-chemical and mineralogical properties of the liming materials? 

 

 1.4 Research objectives  

 

The primary objective is to assess the physico-chemical and mineralogical characteristics of 

liming materials and their effect on the chemical reactivity of the lime. The second objective 

is to establish a readily available routine method for determining the chemical reactivity of 

agriculture lime.   
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2 LITERATURE REVIEW 

2.1 Causes of soil acidity 

 

There are several factors that lead to soil acidity. These factors can be simple straight forward 

processes or complex processes. The processes that cause soil acidity are both natural and 

artificial. They can be categorized as physical, chemical or biological (Yerokun, 2009). 

 

2.1.1 Weathering of parent material 

 

Soil parent material may be mineralized to produce compounds such as gibbsite (Al(OH)3) 

and goethite (FeOOH). These compounds are hydrolyzed in soil solution causing the release 

of protons (H
+
) into the solution (Ray and Boyd, 1987): 

 

Al
3+

+ 6H2O ⇄  Al(OH)3 + 3H
+ 

+ 3H2O (1) 

 

Fe
3+

+ 6H2O ⇄Fe(OH)3 + 3H
+
+ 3H2O (2) 

2.1.2 Leaching of cations 

 

As the soluble cations calcium, magnesium and potassium are removed from the soil by 

growing crops or by leaching, the percentage base saturation and pH are gradually reduced. 

The leached cations are replaced by H
+
 and Al

3+
 and this makes the soil to become more acid 

(Brady, 1990). 

 

2.1.3 Organic matter 

 

Decaying organic matter produces H
+
 which is responsible for acidity. The carbon dioxide 

(CO2) produced by decaying organic matter reacts with water in the soil to form a weak acid 

called carbonic acid (H2CO3). This is the same acid that develops when CO2 in the 

atmosphere reacts with rain to form acid rain naturally. Several organic acids are also 

produced by decaying organic matter, but they are also weak acids. Like rainfall, the 

contribution to acid soil development by decaying organic matter is generally very small, and 

it would only be the accumulated effects of many years that might ever be measured in a field 

(Zhang, 2011). 
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2.1.4 Ammoniacal fertilizers 

 

Ammoniacal fertilizers, which are not in themselves acidic, do produce acid when the 

ammonium ion (NH
4+

) is oxidized to nitrate (NO
3-

) during nitrification. The amount of 

acidity formed depends on the type of fertilizer and on the fate of the NO
3-

. Urea and 

anhydrous ammonia produce H
+
 as follows (Sumner, 2009): 

2NH3 + 4O2 → 2H
+
 + 2NO

3-
 + 2H2O                           

NH2CONH2 + 4O2 + urease → 2H
+
 + 2NO

3-
 + CO2 + H2O                   

 

2.1.5 Biological activity 

 

When plant roots absorb cations from the soil, they usually release H
+
 ion from inside the 

root tissue to balance the imbalance created by the removal of positively charged ions from 

the soil solution. The H
+
 released into the soil may accumulate to levels that the soil becomes 

acid. Additionally, when plants respire, they release CO2 into the soil. A high amount of this 

gas in the soil can form carbonic acid (H2CO3) and make the soil acidic (Yerokun, 2009). 

 

2.1.6 Acid rain 

 

Acid rain is formed when CO2 reacts with rainwater to form carbonic acid (H2CO3). When 

this acid rain falls to the ground, it becomes a source of H
+
 ions to the soil. Gases emitted 

from industries such as nitrogen oxides and sulphur dioxides also contribute to the formation 

of acid rain. These gases react with water and form nitric acid (HNO3) and sulphuric acid 

(H2SO4) which become a source of protons (H
+
) in the soil (Casiday et al., 1998). 
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2.2      Acidic soils in Zambia 

 

Distribution of acid soils in Zambia broadly conforms to the main agro-ecological zones. This 

is also true for the other soil properties. Soil forming factors and processes operating in 

Zambia are quite varied and complex. Correspondingly, the types of the resulting soils and 

their distribution in the country are equally varied. However major trends in soil properties 

across the country roughly follow the three main rainfall belts also referred to as the agro-

ecological zones of Zambia (Chinene et al., 1993). 

 

 

Figure 1. Zambia’s agro-ecological zones (Source: Thurlow et al., 2008) 

Agro-ecological zone III is the high rainfall region of Zambia. In this zone, rainfall is in the 

excess of 1000 mm per year. This zone therefore has the highest moisture availability in the 

country. Due to high temperatures and high rainfall, soils in this zone tend to be highly 

weathered and very strongly leached. This zone is therefore dominated by very acidic soils 

that are inherently poor in plant nutrients. The leaching of basic cations has produced soils 

that are generally very strongly acid (Banda, 2009: Thurlow et al., 2008). Figure 2 shows the 
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soil acidity status of soils in Zambia. It can be seen that most of the country is covered in acid 

soils with varying degrees of severity. The northern part of the country which is found in 

agro-ecological zone III is dominated by soils that are severely affected by soil acidity 

(Shitumbanuma and Simukanga, 1995). 

 

 

 
 

Figure 2. Soil reaction (pH) map of Zambia (Source: Mambo and Phiri, 2003) 

 
 

Agro-ecological zone II has rainfall amounts that range from 800 mm per year to 1000 mm 

per year (Figure 1). Areas within this agro-ecological region are dominated by soils that are 

slightly moderate to moderately acidic (Banda, 2009). This is because of high temperatures 

and high rainfall. The leaching of basic cations has produced soils that are generally acidic. 

 

Agro-ecological zone I is often referred to as low rainfall zone of Zambia. This is mostly in 

the southern part of the country which receives less than 800 mm per year rainfall. This 

region is dominated by sedimentary deposits, particularly the calcareous mudstones. Due to 
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limited moisture availability, soils in the region are less weathered, neutral to alkaline or 

sometimes even strongly alkaline (Banda, 2009). 

 

The problem of soil acidity in Zambia is no longer only restricted to the agro-ecological 

regions II and III but has increasingly become widespread throughout the entire country. The 

problem is exacerbated by continuous use of chemical fertilizers and mono cropping. More 

than 70,000 farmers are affected by the problem of soil acidity in Zambia (Mulungu et al., 

2012). Studies by Lungu et al. (2008) have shown that the long term application of 

ammonium based fertilizers such as ammonium sulphate, ammonium nitrate and urea have 

resulted in soil acidification and decrease in exchangeable bases (Ca and Mg) in the soil.  

 

Besides the effect of chemical fertilizers, the effect of time has also led to soil acidity in many 

African countries. Many African soils which are predominantly Acrisols, Nitisols and 

Ferralsols are acid due to old age (highly weathered), depletion of soil carbon and continuous 

cultivation (Lungu et al., 2008). 
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2.3 Types of liming materials 

 

Agriculture liming materials vary in their chemical and mineralogical composition, parent 

materials, chemical reactivity and neutralizing values. Based on this, there are a number of 

different types of liming materials and these can be grouped as follows:  

 

 calcitic lime is a ground limestone composed mainly of calcium carbonate and may 

also contain small amounts of magnesium carbonate (dolomite). Calcite (CaCO3) is a 

mineral which occurs in nature and is a common constituent in calcitic limestone, 

dolomitic limestone, marble, chalk, marl, seashells, and similar substances. Pure 

calcite (100% CaCO3) is used as the standard by which the acid-neutralizing 

capabilities (NV) of all other liming materials are measured (Carey et al., 2006); 

 

 dolomitic lime is primarily composed of dolomite (CaMg(CO3)2). Dolomitic lime is 

slightly more efficient in neutralizing soil acidity than calcite and may have values of 

calcium carbonate equivalence (CCE) of more than 100% depending on purity (Hardy 

et al., 2003).  Dolomite can be used as a fertilizer on soils that are deficient in calcium 

and magnesium;    

 

 hydrated lime is mainly composed of portlandite (Ca(OH)2) and is the hydroxide form 

of lime that is produced by adding water to burned lime (CaO). Hydrated lime which 

is sometimes referred to as slaked lime is a very fast acting and powdery liming 

material. This material is caustic and can easily burn plants that are already 

established. Finely ground hydrated lime can have effective neutralizing values 

(ENV) between 120 - 135% and if too much is applied, the soil pH could quickly rise 

beyond the targeted pH (Brady, 1990; Carey et al., 2006); 

 

 quicklime or burned lime is a liming material containing calcium oxide (CaO) or a 

mixture of calcium and magnesium oxide (Peters, 1996). It is what remains after 

ground limestone is exposed to high temperatures to remove carbon dioxide. Pure 

CaO has calcium carbonate equivalence (CCE) values of 178% and reacts quickly 

with soil. It must be handled carefully as it reacts quickly with water producing 

hydrated lime and large amounts of heat. (Carey et al., 2006) 
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2.4  Distribution of carbonate rocks in Zambia 

 

Agriculture lime produced in Zambia is made from carbonate rocks that are quarried, crushed 

and then ground into fine powder. The main constituents of carbonate rocks are calcite 

(CaCO3) and dolomite (CaMg(CO3)2) (Shitumbanuma, 2009). Figure 3 shows the occurrence 

of carbonate rock deposits in Zambia. 

 

Figure 3. Distribution of carbonate rock deposits in Zambia (Source: Shitumbanuma and Simukanga, 1995) 

 

Most of the limestone and dolomite resources of Zambia are found in central Zambia, 

occurring in an area from Lusaka through Kapiri Mposhi and Kitwe to the Solwezi area in the 

North-Western Province. The volume of the deposits is very large. Some of these resources 

are used in the Zambian cement industry, for example the carbonate resources at Chilanga 

(20 km south of Lusaka) and Ndola. Others are used for aggregate production. Small, 

relatively undeveloped resources are described from North of Mkushi (Rao, 1986; Bosse, 

1996). 
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Carbonate resources have also been found in most districts in the west of the country. The 

eastern part and the northern part of the country have also been found to harbour large 

deposits of carbonate rocks that are yet to be exploited. The reserves at Matanda district alone 

in Luapula province are estimated to be 5 million tonnes (Rao, 1986). It is therefore evident 

that the country has large deposits of carbonate rocks that can be exploited and used to deal 

with the problem of soil acidity. According to estimates by the Mineral Exploration (MINEX)  

Department of the former Zambia Industrial and Mining Corporation (ZIMCO), there are 

about 540 million metric tonnes of deposits of carbonate rocks in the country, that are 

potentially suitable for producing agriculture lime (Rao, 1986).  

 

Lime produced from limestone is called calcitic lime, while that produced from dolomitic limestone is 

called dolomitic lime. The lime produced from calcitic dolomite and dolomite is called dolomite. 

 

Table 1. Classification of carbonate rocks based on their mineral contents (Source: Tucker (1988)) 

% Calcite % Dolomite Classification of rock 

90-100 0-10 Limestone 

50-90 10-50 Dolomitic limestone 

10-50 50-90 Calcitic dolomite 

0-10 90-100 Dolomite 

   

 

2.5      Factors determining quality of liming materials 

 

Materials that can cause an increase in pH include carbonates, oxides or hydroxides of 

calcium and magnesium, and silicates. There are three main factors that are generally used to 

determine the suitability of a liming material for use in neutralizing soil acidity. These are: 

(1) the neutralizing value; (2) the particle size distribution; and (3) the chemical reactivity of 

the lime (Black, 1992; Peters et al., 1996). 

2.5.1  Neutralizing value 

 

The neutralizing value (NV) which is also known as the calcium carbonate equivalence 

(CCE) is the acid neutralizing capacity of a liming material compared to pure CaCO3. In CCE 

comparisons, pure CaCO3 is assigned a value of 100 (Maher, 1994). The lower the 

neutralizing value of a liming material, the more the amounts you will need to neutralize soil 

acidity compared to the amount of pure calcite (CaCO3) required (Oldham, 2011). The CCE 



 
 
 

12 
 

also reflects the chemicals present in the limestone (calcium carbonate, magnesium 

carbonate, calcium hydroxide, etc.). Below is a table indicating the calcium carbonate 

equivalence of various liming materials (Beegle, 1995). 

 

Table 2. Calcium carbonate equivalence of various liming materials (Source: Beegle 1995) 

Liming material Typical CCE (%) 

Tonnes required to be 

equivalent to 1.0 tonne of 

CaCO3 

Calcite (pure) 100 1.0 

Calcitic limestone 75 to 100 1.3 to 1.0 

Dolomitic limestone 75 to 108 1.3 to 0.9 

Hydrated lime (Ca(OH)2) 120 to 136 0.8 to 0.7 

Wood ash 30 to 70 3.3 to 1.4 

 

2.5.2  Particle size distribution 

 

The particle size distribution or the fineness of a liming material plays an important role in 

the effectiveness of the material to neutralize soil acidity. The finer the liming material, the 

larger the surface area that can participate in soil reactions and the faster it will react with the 

soil. Increasing the surface area exposes more lime and increases its solubility and the speed 

of reaction with the soil (Knudson, 1984). Particle size distribution is used together with the 

neutralizing value to determine the quality of agriculture lime in Zambia. The problem with 

using CCE or NV alone to determine quality of agriculture lime is that, the influence of 

particle size is not taken into consideration. A better measurement that takes into account 

both the neutralizing value and the particle size distribution of the liming material is the 

effective neutralizing value (ENV) or effective calcium carbonate equivalence (ECCE) 

(Shitumbanuma, 2009). The ENV is obtained by multiplying the CCE of the liming material 

by a factor that takes into account the degree of fineness of the material. Barber (1984) and 

Tisdale et al. (1985) describe the procedure used to calculate ENV as follows: 

ENV = NV * FF 

where FF = fineness factor expressed as a decimal between 0 and 1  

 The ENV is the fraction of the material’s CCE that will react with soil acidity in the first 

year of application (Carey et al., 2006). 
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2.5.3  Chemical reactivity of liming materials 

  

The rate at which liming materials react with the soil solution depends on the type of 

chemical compounds or minerals present in the liming materials. The chemical and 

mineralogical compositions of agriculture lime are important characteristics that affect the 

rate of reaction of liming materials with an acidic soil. According to Barber (1984), the 

relative proportions of dolomite and calcite, degree of fineness and particle size distribution 

affect the chemical reactivity of liming materials. In the case of limestone, studies show that 

dolomitic limestone reacts somewhat more slowly than calcitic limestone (Peters et al., 

1996). Calcitic and dolomitic limestone contain varying proportions of calcium carbonate and 

magnesium carbonate. The carbonate reacts strongly with acid soils, creating a soil that is less 

acidic and more productive.  

 

2.5.4  Water content of agriculture lime 

 

Water content is another important parameter that is considered when determining the quality 

of liming material. Water does not contribute to the neutralization of soil acidity; thus, its 

presence in liming material only adds to the weight of the material (which is important 

because liming materials are sold and transported based on weight). Water content may be an 

issue with by-product liming materials such as municipal water treatment sludges, because it 

may be high if the material is not properly dried and stored before distribution. Based on the 

water content, a percent dry weight (% DW) can be computed using the equation below 

(Mullen et al., 2007): 

% DW = (100 – % H2O) 

 

2.6 Alternative liming materials 

 

Numerous studies conducted during the past three decades have indicated the potential 

benefits of application of industrial and waste by-products to agricultural land. These by-

products include materials such as wood ash, lime by-products, sludges and other organic 

materials that are produced by the pulp and paper industry. Other by-products that can be 

used as liming materials are slags and cement kiln that are produced from steel, iron and 

cement manufacturing industries (Vettorazzo et al., 2001; Newman et al., 2006). Some of 

these materials are described in detail as follows: 
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 slags are non metallic by-products of the steel and iron making industry. The slags 

can be air cooled, water cooled or granulated. These slags are comprised of Ca and 

Mg silicates which can meet the criteria of liming materials. It is a direct result of 

adding limestone or dolomite to the blast furnace to flux or combine with non metallic 

elements in the iron ore (Newman et al., 2006; Bhat et al., 2007).  Studies by Munn 

(2013) showed that air cooled slag was as effective as dolomitic lime in neutralizing 

soil acidity (this is when the two materials had the same particle size distribution);  

 

 cement kiln dust is a highly soluble and reactive by-product of the cement industry. 

Cement kiln dust is a mixture of dust from finely ground limestone fed into kilns and 

fly ash from the fuel (coal, natural gas and fuel oil) used to heat kilns. In the kilns, 

limestone (CaCO3) is converted to quicklime (CaO). Depending on the amount of 

lime-derived material in the dust, cement kiln dust can have high calcium carbonate 

equivalence (CCE) and be an effective liming material. This product may contain 

higher than desirable concentrations of contaminants. Like all lime substitutes, these 

materials should be carefully characterized before use. This material can vary 

considerably between sources (Newman et al., 2006; Rahman et al., 2011); 

 

 wood ash contains many nutrients that were adsorbed from the soil during tree 

growth. Whenever wood is burned, oxides and hydroxides of calcium, magnesium, 

potassium, sodium, etc. are formed. These alkaline compounds are effective in 

neutralizing soil acidity. Therefore wood ash can also be used as a liming material 

(Lickacz, 2002). Studies by Demeyer et al. (2000) shows that wood ash causes the 

increase of soil pH and a decrease in soil acidity; 

 

 crushed eggshells are a by-product of hatcheries and egg breaking facilities. Eggshells 

are comprised mainly of CaCO3 (94% to 97%) which is able to neutralise soil acidity 

when applied to the soils (Holmes et al., 2011). According to Mitchell (1994), ground 

eggshells are as effective as other liming materials in neutralising soil acidity. 

However, this is not true for coarse eggshells; and 
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 biochar is a solid charcoal like material produced by heating biomass in a low oxygen 

environment. A wide range of biomass material can be used for biochar including 

wood waste, manures and urban green waste. The properties of biochar vary 

depending on feedstock and pyrolysis. Biochar is often alkaline and so can be used as 

a liming material (Cowie et al., 2012).  Biochars from paper mill waste have liming 

values of up to 33 % of agriculture lime due to presence of calcite. The acid 

neutralising capacity of biochar derived from wood or green waste tend to be smaller 

than from higher ash feed stocks such as animal manures (Kookana et al., 2011) 
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3 MATERIALS AND METHODS 

3.1 Study area and sampling 

 

The soil samples were collected from Misamfu area situated in the northern part of Zambia 

(Figure 4). Misamfu is located along latitude 10
o
5’S and longitude 31

o
15’E. This area has an 

elevation of 1536 m above sea level and receives an annual average rainfall of 1000 mm. 

Two soils were collected from this area for this study. The soil with the local name Misamfu 

yellow was classified as fine-loamy, siliceous, isohyperthermic Typic Haplustox and the soil 

named Misamfu red was classified as clayey, kaolinitic, isohyperthermic Typic Haplustox 

according to soil taxonomy classification (Woode, 1985). The liming materials were 

collected from different locations in the country and these included: Ndola, Lusaka west, 

Roma, Uniturtle and University of Zambia (UNZA). 

 

 

 

Figure 4. Location of Misamfu area (Study area) on the map showing the types of soils found in Zambia (Source 

National council for scientific research, 1983) 
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Table 3. Physico-chemical characteristics of Misamfu red soil (Soil 1) according to soil survey carried out in 

1985 in Zambia 

Soil Hor Depth Particle size distribution  pH (1:1) Pb  W.C  

   

(cm) 

clay silt sand KCl H2O   

(%)  (g/cm
3
) (cm/cm) 

       

MR A 0 - 16 17 6 77 4.6 5.7 1.36 0.05 

 AB 16 - 37 26.5 5.5 68 4.7 5.4 1.45 0.05 

Hor O.C  N 

 

NH4OAC Extractable bases  Acidity CEC 

NH4OAC 

Extr Al 

   Ca Mg Na K    

 (%) (cmol(+)/100gsoil) 

   

A 1.22 0.07 1.5 0.8 TR 0.1 4.2 4.5 0.3 

AB 0.48 0.03 0.5 0.5 TR TR 2.8 2.6 0.3 

Hor = horizon, W.C = water content, MR = Misamfu red soil, Pb = bulk density, CEC = cation exchange 

capacity, Extr Al = extractable aluminium, TR = trace amounts 

 

 

Table 4. Physico-chemical characteristics of Misamfu yellow soil (Soil 1) according to soil survey carried out in 

1985 in Zambia 

Soil Hor Depth Particle size distribution  pH (1:1) Pb  W.C  

   

(cm) 

clay silt sand KCl H2O  

(g/cm
3
) 

 

(cm/cm) (%)  

       

MY A 0 - 10 18.3 3.7 78 4.8 5.9 1.44 0.06 

 AB 10 - 21 18.8 3.6 77.6 4.2 5.2 1.41 0.05 

Hor O.C  N 

 

NH4OAC Extractable bases  Acidity CEC 

NH4OAC 

Extr Al 

   Ca Mg Na K    

 (%) (cmol(+)/100gsoil) 

   

A 1.22 0.07 1.3 1.3 TR 0.2 5.1 5.5 1.1 

AB 0.48 0.03 - 0.2 TR 0.1 4.6 3.1 0.7 

Hor = horizon, W.C = water content, MY = Misamfu yellow soil, Pb = bulk density, CEC = cation exchange 

capacity, Extr Al = extractable aluminium, TR = trace amounts 
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3.2 Incubation experiment 

 

Incubation was done from February 2014 to May 2014. The incubation experiment involved 

mixing the soil with liming materials according to the calculated lime requirements. The soil-

lime mixtures were incubated in plastic bowls and water was added to the bowls in the ratio 

1:1. Each treatment was replicated three times and was incubated with the two soils from 

Zambia. The samples were incubated for three months and measurements for pH and 

exchangeable acidity were done after every two weeks. The table below shows the 

calculations of the rates of the liming materials that were applied to one of the soils (Misamfu 

red soil) used in the incubation experiment. 

 

Table 5. Application rates of different liming materials to Misamfu red soil (soil 1) to neutralize soil acidity 

Liming material 

 
ECCE  

(%) 
Ex. Ac 

(cmol(+)/kg soil) 
Wt of soil 

(g soil /pot) 
Qtty of LM 

(g/pot) 
LR in  
T/ha 

Ndola lime 62.6 0.71 300 0.17 1.86 

Hydrated lime 102.3 0.71 300 0.10 1.14 

Uniturtle brown 87.8 0.71 300 0.12 1.33 

Uniturtle white 94.9 0.71 300 0.11 1.23 

Quarry lime 55.7 0.71 300 0.19 2.10 

Wood ash 36.7 0.71 300 0.29 3.18 

Charcoal 11.4 0.71 300 0.93 10.25 

Biochar 9.2 0.71 300 1.15 12.63 

ECCE = Effective calcium carbonate equivalence, Ex. Ac = Exchangeable acidity, LR = Lime requirement, Qtty 

= Quantity, Wt = Weight, T/ha = Tonnes/ hectare 

 

3.3 Laboratory measurements 

3.3.1 pH 

 

To determine soil pH-H2O (1:1), 130 g of soil amended with liming materials was mixed with 

130 mL of water and left to stand for 12 weeks. During the 12 weeks of incubation, 

measurements of soil pH-H2O were taken after every two weeks. The soil pH-KCl was 

determined from soil-KCl mixture in the ratio of 1:10. One gram of soil was mixed with 10 

mL of KCl and left to stand for two hours before measurement. The pH for the lime samples 

were also determined using water. 6 g of the liming material was mixed with 15 mL of 

distilled water and allowed to stand for 2 hours. The pH was then determined using a glass-

calomel combination electrode and the readings were recorded after the value had stabilised 

(Van Reeuwijk, 1993). 
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3.3.2 Organic carbon 
 

The Walkley and Black method (Walkley and Black, 1934) was used. The organic carbon 

was determined through the oxidation with 1N K2Cr7O7 (7%) in the presence of concentrated 

H2SO4 (96%), and the back titration using the ferrous sulphate using ferroin as indicator (Van 

Reeuwijk, 1993). 

 

3.3.3  Cation exchange capacity 

 

Cation exchange capacity (CEC) was measured by leaching samples with a 1 N NH4OAc at 

pH 7 using a mechanical vacuum extractor. A 1 g ball of filter pulp is pressed against the 

bottom of a syringe tube after which 2.5 g of fine earth material is added. Two blanks are also 

added. After saturating the samples with 25 mL, another 45 mL of NH4OAc is added and 

extracted overnight (16 hour period), after which the extracts are transferred to a 100 mL 

volumetric flask. This extract is used to determine exchangeable base cations. Excess 

ammonium acetate in the sample is removed by washing the samples with ethanol repeatedly. 

Samples and pulp are then transferred to a distillation tube together with 6 g of NaCl. The 

distillation unit automatically adds 10 mL of H2O and 20 mL of NaOH to the tube. The NH4
+
 

is collected in 50 mL of a boric acid solution. This distillate is then back-titrated using 0.05 N 

HCl solution (Van Reeuwijk, 1993). 

 

3.3.4  Soil acidity 

 

Soil exchangeable acidity is measured by percolating 100 mL of 1 M KCl through a 10 g of 

fine earth material and collecting the percolate. Acidity is measured by titration using NaOH 

and phenolphthalein indicator, while the contribution of Al
3+

 is measured using ICP-OES 

(Van Reeuwijk, 1993). 

 . 

3.3.5 X-ray diffraction 

 

X-ray diffraction patterns are collected on a Philips X’PERT SYSTEM with a PW 3710 

based diffractometer (Laboratory of Soil Science, Prof. Dr. E. Van Ranst), equipped with a 

Cu tube anode, a secondary graphite beam monochromotor, a proportional xenon filled 
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detector and a 35 position multiple sample changer. The incident beam is automatically 

collimated. The irradiated length was 12 mm. The secondary beam side comprises a 0.1 mm 

receiving silt, a soller silt, and a 1
o
 anti-scanner silt. The tube is operated at 40kV and 30 mA, 

and the XRD data is collected in a theta, 2-θ geometry from 3.00
 o

2θ onwards, at a step of 

0.020
 o

2θ, and a count time of 1 sec per step. XRD patterns of oriented samples on glass 

slides are recorded, before and after specific treatments (Van Reeuwijk, 1993). 

  

3.3.6 Total elemental analysis 

 

Total elemental chemical analysis is made using an alkaline fusion method (ISO 14869, 

2002). Ca. 400 mg of finely ground sample is transferred to a platinum crucible. The sample 

is then pre-ignited at 850
o
 for 30 min to avoid damaging the platinum crucible by reduction of 

organic matter during fusion. The sample is re-weighed after heating to obtain the loss (of 

weight) on ignition (LOI). The pre-ignited sample is then mixed thoroughly with 2 g of 

lithium-meta/tetra borate powder in the platinum crucible and fused for 15 minutes at 950
o
C 

in a preheated muffle furnace. The formed flux is allowed to cool for one night, transferred to 

a 100 mL Teflon centrifuge tube and dissolved in 4% HNO3 (nitric acid). When the sample is 

completely dissolved, it is transferred to 100 mL volumetric plastic flask and made to 

volume. Blanks and reference samples are also added to the sample series and analyzed using 

ICP-OES (Van Reeuwijk, 1993). 

 

3.3.7 Determination of Ca and Mg contents of liming materials 

 

To determine the Ca and Mg contents of the lime samples, 0.5 gram air dry samples were 

digested in 25 ml of 1N HCl in 250 mL conical flasks on a hot plate until the samples boiled 

for about 5 minutes. The digest was then transferred to 250 ml volumetric flasks and then 

filled to volume by adding distilled water. From each of these, an aliquot of 1 mL was 

obtained and placed in a 100 mL volumetric flask to which 20 mL of 5000 mg/L SrCl2 

solution was added, and distilled water was then used to fill the 100 mL volumetric flask to 

the mark. Standards for Mg were prepared from a stock solution in 0.1N HCl in 100 mL 

volumetric flasks to which 20 mL SrCl2 solution was added. Concentrations of the standard 

solutions ranged from 0 to 3.0 mg Mg/L. Standard solutions for Ca were prepared similarly 

with concentrations ranging from 0 to 30 mg Ca/L in 0.1NHCl. Concentrations of Ca and Mg 
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in the samples extracts were measured by Atomic Absorption Spectroscopy on a Perkin 

Elmer Analyst 400 Spectrophotometer. The amounts of Ca and Mg were expressed as 

percentages on air dry samples. 

 

3.3.8 Chemical reactivity (Proposed method) 

 

To determine chemical reactivity of the liming materials, 0.5 g of a liming material is 

weighed and placed in a beaker. 100 mL of 0.02 M acetic acid is added to the liming 

material. The change in pH with time is observed at 1 minute intervals using a pH meter. . A 

stop watch was used to record the time. Solution pH values were recorded at 0, 0.5, 1, 2,3,4,5 

6,7,8,9 and 10 minutes after applying the time. The difference between the pH values 

recorded at 10 minutes and time zero was calculated and divided by 10 to obtain the 

reactivity expressed as the average change in pH over the 10 minute period (Shitumbanuma, 

personal communication). 

 

𝐶ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦  
∆𝑝𝐻

𝑚𝑖𝑛
 =

(𝑝𝐻10 𝑚𝑖𝑛 − 𝑝𝐻𝑂𝑚𝑖𝑛)

10𝑚𝑖𝑛
 

  

 

3.3.9 Neutralizing value 

 

One gram of the liming material is placed into a volumetric flask. Thereafter, 25 mL of 

sulphuric acid (H2SO4) is added to the flask. The mixture is then heated on a hot plate until 

bubbling ceases. The mixture is then allowed to cool down for a few minutes after which 125 

mL of distilled water is added to the mixture. 5 drops of phenolphthalein indicator are added 

to the mixture before titrating with1N NaOH until the pink colour appears. This marks the 

end point (Van Reeuwijk, 1993). 

 

3.3.10   Fineness factor 

 

To determine the Fineness factor, 100g of liming material is passed through sieves of 

diameter 3 mm, 1.7 mm and 1 mm. The amounts of the liming material retained on each sieve 

are weighed in order to calculate the fineness factor of the liming materials. The results of the 

fineness factor are shown in Table 6. The fineness efficiency is calculated as follows: 
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Fineness efficiency (FE) = ∑ (% particles passing through sieve * fineness factor (f)) 

 

Where f = 0.1 for 3.5 mm sieve, 0.3 for 1.7 mm sieve and 0.6 for 1 mm sieve. 

The Fineness factor is then calculated by dividing the fineness efficiency by 100. 

 

Table 6. Determination of the fineness factor of the different liming materials 

Liming 
Material  

Mass of 

LM  
particles 

<3.5 mm 
 particles  
< 1.7mm 

Particles 
 < 1 mm 

Fineness 

efficiency 
Fineness 

factor (FF) 

 

g % 

  
NL 100 100 100 100 100 1.00 

HL 100 100 100 99.2 99.5 1.00 

UTB 100 100 100 99.6 99.7 1.00 

UTW 100 100 99.7 99.4 99.5 1.00 

QL 100 100 98.6 96.1 97.2 0.97 

WA 100 100 97.4 93.3 95.2 0.95 

CH 100 100 98.9 96.5 97.6 0.98 

BC 100 100 100 100 100 1.00 

LM =Liming materials, HL= hydrated lime, UTW= Uniturtle white, UTB= Uniturtle brown, NL= Ndola lime, 

QL= Quarry lime, WA= Wood ash, CH= Charcoal, BC= Biochar. 
 

 

3.3.11   Statistical analysis 

 

The data was analysed using SPSS 16 software for windows. One-way ANOVA followed by 

Tukey’s HSD post-hoc test at 5% level of significance was performed to compare the 

treatment means after the incubation experiment. A univariate two factorial ANOVA was 

used to compare differences due to treatment (liming materials replicated three times) and 

time of the incubation experiments (12 weeks). The main effects time and treatments were 

considered significant at a probability level of 0.05.  Correlation between various parameters 

was determined using Pearson’s correlation in XLstat 2007 software. Regression analysis was 

performed using Sigma plot 12.5 software.  
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4. RESULTS 

4.1 Soil and liming material characteristics 

4.1.1 Soil physico-chemical characteristics 

 
The soil characteristics are summarised in Table 7. The soil pH-H2O ranges from 5.3 to 5.5 

and the soil pH-KCl is 4.3 for both soils. According to USDA textural classification, both 

soils have a sandy loam texture. Misamfu yellow soil (soil 2) has a lower organic carbon 

content of 1% while Misamfu red soil (soil 1) has a higher O.C content of 1.3%. Both soils 

have a base saturation of less than 50% in the upper horizon, which according to WRB, can 

be classified as dystric. The cation exchange capacity (CEC) value of soil 1 is 6.2 cmol(+) 

kg/soil while soil 2 has a lower CEC of 4.6 cmol(+)/kg
 
soil. The soil exchangeable acidity of 

soil 1 and soil 2 are 0.69 cmol(+)/kg soil and 0.79 cmol(+)/kg soil respectively, of which the 

larger part can be attributed to exchangeable Al
3+

. 

 

Table 7. Some physico-chemical characteristics of the soils 

Soils 

 

Particle size 

 

Textural pH-H₂O pH-KCl O.C 

  Sand Silt Clay Class
a 

(1:2.5) (1:2.5) 

   

 

(%) 

    

(%) 

Soil 1 78 4 18 SL 5.5 4.3 1.3 

Soil 2 77 6 17 SL 5.3 4.3 1 

Soil 1 = Misamfu red soil, Soil 2 = Misamfu yellow soil, Classa = USDA soil texture classes, O.C = Organic 

carbon, Exch. Al3+ = Exchangeable aluminium, Exch. ac = Exchangeable acidity, CEC = cation exchange 

capacity 

 

 

4.1.2 Mineralogical composition of selected liming materials and soils 

 
The mineralogical composition of the soils and selected liming materials is summarised in 

Tables 8 and 9. The tables show the qualitative interpretation of the XRD patterns obtained 

for the soils and the liming materials. X-ray diffraction results show that the main mineral 

 CEC Base cations Exch. Al
3+ 

Exch. ac 

  Ca
2+ 

Mg
2+ 

K+
 

Na
+
   

cmol(+)/kg soil 

Soil 1 6.2 0.51 0.29 0.06 0.01 0.60 0.69 

Soil 2 4.6 0.26 0.26 0.08 0.01 0.65 0.79 
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constituents of the two soils are kaolinite and quartz. In addition to these minerals, Misamfu 

red soil (soil 1) also has very small amounts of feldspars (Figures 5 and 6).  

 

Based on powder XRD results, Ndola lime (NL) is found to be entirely composed of calcite 

(CaCO3). However, after dissolving the carbonates using 1 M sodium acetate, the residue is 

found to be composed of fairly high amounts of portlandite (Ca(OH)2), mica, kaolinite, 

quartz, amphibole, open 2:1 phyllosilicates and minor amounts of dolomite (Tables 8 and 9). 

 

 Hydrated lime (HL) is a liming material mainly composed of portlandite Ca(OH)2 and is 

produced by adding water to burned lime (CaO). When Ca(OH)2 is exposed to CO2, it reacts 

to form CaCO3. X-ray diffraction patterns of hydrated lime show that it is largely composed 

of calcite and portlandite, and has very small amounts of mica and dolomite. After dissolution 

of carbonates with sodium acetate, the residue is found to also contain minor amounts of 

quartz and open 2:1 phyllosilicates (Appendix 2).  

 

Powder XRD results of Uniturtle white (UTW), Uniturtle brown (UTB) and Quarry lime 

(QL)  show that these liming materials are largely composed of dolomite and also have some 

significant amounts of calcite. These liming materials also contain very few amounts of 

portlandite, kaolinite and mica. After treatment of these liming materials with sodium acetate 

to dissolve the carbonates, the results show the presence of only dolomite and minor amounts 

of quartz and mica (Tables 8 and 9). These materials are grouped as dolomitic liming 

materials. Quarry lime (QL) is a dolomitic limestone because it is composed of high amounts 

of dolomite and fairly high amounts of calcite. Further chemical analysis of the Quarry lime 

shows that it contains about 66% dolomite and 33% calcite. Therefore it can be classified as a 

dolomitic limestone. 

 

In this study, three alternative liming materials were selected. These liming materials are all 

organic materials derived from plant residues and are known to have an acid-neutralising 

effect on the soil. The alternative liming materials are Wood ash (WA), Biochar (BC) and 

Charcoal (CH). The XRD results for Wood ash show that it contains high amounts of calcite 

(CaCO3) and quartz, and fairly high amounts of portlandite (Ca(OH)2), feldspar and mica. 

The material also contains minor amounts of dolomite and kaolinite (Figure 7). The first 
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products in wood ash after burning are oxides of various metals e.g CaO, MgO and Na2O. 

Upon exposure to moisture, these are converted to hydroxides as follows: 

CaO + H2O                    Ca(OH)2 

 

The hydroxides then react with CO2 to form carbonates:  

 

Ca(OH)2 + CO2               CaCO3 + H2O 

 

The other alternative liming materials which are Biochar (BC) and Charcoal (CH) have high 

amounts of quartz, very few amounts of mica and trace amounts of dolomite, calcite, graphite 

and feldspars. 

 

The most important minerals for neutralising soil acidity are dolomite (CaMg(CO3)2) and 

calcite (CaCO3). Portlandite (Ca(OH)2) is also important for neutralising soil acidity when it 

is present. The rest of the minerals are considered to be impurities and have no effect on the 

acid-neutralising capacity of liming materials. 

 

Table 8. Mineralogical composition of powder samples of soils and liming materials based on XRD analysis. 

Soil/ LM Dolomite Calcite Portlandite Quartz Graphite Feldspar Kaolinite Mica 

Soils 

Soil 1 - - - +++ - + ++ - 

Soil 2 - - - +++ - - ++ - 

Liming materials 

NL - +++ - - - - - - 

HL + +++ ++ - - - - ++ 

UTB +++ ++ + + - - + ++ 

UTW +++ ++ + (+) - - - + 

QL +++ ++ + + - - - + 

WA + +++ ++ +++ - ++ + ++ 

CH - + (+) +++ + (+) - ++ 

BC + + - +++ + (+) - ++ 

+++: many; ++: common; +: few; (+): very few; -: absent, LM = Liming materials, HL= hydrated lime, UTW = 

Uniturtle white, UTB = Uniturtle brown, NL = Ndola lime, QL = Quarry lime, WA = Wood ash, CH = 

Charcoal, BC = Biochar. 
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Table 9. Mineralogical composition of oriented samples of selected liming materials after destruction of 

carbonates based on XRD analysis 

LM Dolomite Calcite Quartz Feldspar Port Kaolinite Mica Open 2:1  

NL (+) - ++ ++ ++ ++ +++ (+) 

HL + +++ ++ - ++ - + ++ 

UTB +++ (+) ++ - + + + - 

UTW +++ - + - + - (+) - 

QL +++ - + - - - + - 

+++: many; ++: common; +: few; (+): very few; -: absent, Port = Portlandite, open 2:1 = open 2:1 

phyllosilicates. 

 

 

 

Figure 5. Powder X-ray diffraction pattern of Misamfu red soil (soil 1) with spacings in nm 
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Figure 6. Powder X-ray diffraction pattern of Misamfu yellow soil (Soil 2) with spacings in nm 

 
Figure 7. Powder X-ray diffraction pattern of Wood ash (WA) with spacings in nm 
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Figure 8. Powder X-ray diffraction pattern of Charcoal (CH) with spacings in nm 

 

4.1.3 Chemical characteristics of liming materials 

 

Table 10 summarises the chemical characteristics of the liming materials. The liming 

materials have been grouped according to their mineralogical composition based on XRD 

analysis. The soil pH-H2O of the liming materials ranges from 7.6 to 12.6.  It can be seen that 

liming materials containing calcite (CaCO3) and portlandite (Ca(OH)2 have higher pH values 

than liming materials dominated by dolomite (CaMg(CO3)2). The high pH values observed 

for Wood ash (WA), Hydrated lime (HL) and Ndola lime (NL) are due to the reaction of 

Ca(OH)2 and CaCO3 with water to give highly alkaline pH values. Portlandite is very soluble 

in water and has a solubility product value (Ksp) of 10
-6

. When portlandite (Ca(OH)2) 

dissolves in water, OH
- 
ions

 
are produced and this raises the pH-H2O to values greater than 

10. Calcite also contributes to the high pH values observed for these materials. Calcite has a 

solubility constant (Ksp) of 10
-8.35

 and produces HCO3
-
 and OH

-
 ions in water which increase 

the pH-H2O. 

 

Dolomite has a lower solubility than calcite and portlandite. The Ksp of dolomite is uncertain 

but in most literature it ranges from 10
-17

 to 10
-19

. The results in Table 10 show that the pH-
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H2O of dolomitic liming materials ranges from 9.3 to 10.6. These pH values are lower 

compared to the values measured for calcitic liming materials. The pH-H2O of 10.6 is 

observed from Quarry lime (QL) which is a dolomitic limestone and contains fairly high 

amounts of calcite (CaCO3) and portlandite (Ca(OH)2). It is therefore clear that the presence 

of calcite and portlandite increase pH-H2O more than the presence of dolomite. Alternative 

liming materials (Biochar and Charcoal) have almost neutral pH values. X-ray diffraction 

results and show that Charcoal and Biochar contain only trace amounts of calcite and 

dolomite which are important minerals for acid neutralization. Portlandite is also absent. 

 

Table 10. Chemical characteristics of liming materials 

LM CCE FF ECCE Total cations   pH-H₂O C.R. 

 

  

 

Ca
2+ 

Mg
2+ 

CO3
2- 

HCO3
- (1:2.5) 

 

 

%  % Mg/kg 

 

pH/min 

Calcitic liming materials 

HL 102.4 1 103 60.2 0.5 167 3 12.6 1.83 

NL 62.6 1 63 38 0.1 164 3 12.4 0.26 

Dolomitic liming materials 

UTW 95.3 1 95 21.7 13.1 1 5 9.3 0.16 

UTB 87.9 1 88 23.6 11.6 0.1 6 9.4 0.19 

QL 58.2 0.96 56 27.5 8.6 0 6 10.6 0.24 

Alternative Liming materials 

WA 38.6 0.95 37 12.8 4.1 518 533 11.1 0.41 

CH 11.7 0.98 11 - - 0 15 7.6 0.1 

BC 9.2 1 9 1.3 0.6 0 26 8.3 0.1 

LM =Liming materials, FF – fineness factor, HL= hydrated lime, UTW= Uniturtle white, UTB= Uniturtle 

brown, NL= Ndola lime, QL= Quarry lime, WA= Wood ash, CH= Charcoal, BC= Biochar, ECCE=Effective 

calcium carbonate equivalence, CCE –Calcium carbonate equivalence, C.R.= Chemical reactivity. 

 

Table 11 shows the classification of carbonate rock liming materials based on the amounts of 

calcite and dolomite present. The percentages of calcite and dolomite are calculated using the 

percentages of Ca
2+

 and Mg
2+ 

presented in Table 10. When little or no dolomite is present, the 

limestone is referred to as calcitic limestone. As the Magnesium increases, this grades into 

dolomitic limestone. Finally if the stone is almost entirely composed of calcium-magnesium 

carbonate and impurities, the material is referred to as dolomite (Freas et al., 2006). 
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Table 11. Classification of carbonate liming materials based on the amount of Calcite and dolomite present 

Sample Calcite (%) Dolomite (%) Classification 

Ndola lime 94.7 0.6 Calcitic limestone 

Quarry lime 32.8 66.2 Dolomitic limestone 

Uniturtle white 0 100.7 Dolomite 

Uniturtle brown 10.8 88.8 Dolomite 

 

Figure 9 shows the relationship between calcite and dolomite content of rock carbonate 

liming materials and the pH-H2O of these materials. It can be clearly seen in Figure 9a that 

the higher the calcite content of the liming material, the higher the pH-H2O. This is because 

calcite is soluble in water and reacts to produce OH
- 
ions which increase pH-H2O. Figure 9b 

shows that liming materials that have high dolomite content have a lower pH-H2O. Dolomite 

is less soluble in water than calcite. 

 

less soluble in water  in these materials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Relationship between (a) the calcite content and the pH-H2O of the liming materials, and (b) the 

dolomite content of agricultural lime and pH-H2O of liming materials 

 

Calcitic liming materials also have relatively higher carbonate content compared to the other 

liming materials except Wood ash (WA). Wood ash is found to have the highest amounts of 

carbonates and bicarbonates. Dolomitic liming materials only have trace amounts of 

carbonates and bicarbonates. Alternative liming materials (Biochar (BC) and Charcoal (CH)) 
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have no carbonates but have higher amounts of bicarbonates than the other liming materials 

except Wood ash.  

 

The effective calcium carbonate equivalence (ECCE) of the liming materials ranges from 7% 

to 103%. Effective calcium carbonate equivalence (ECCE) is obtained by multiplying the 

calcium carbonate equivalence (CCE) of the liming materials by the fineness factor (FF). 

This is important because it takes into account the effect of particle size of the liming material 

and the neutralizing value (NV). Generally, the finer the particles of the liming materials, the 

more the surface area exposed for the reaction. Hydrated lime (HL) has higher ECCE 

followed by dolomitic liming materials. Calcitic liming materials usually have lower ECCE 

values than dolomitic liming materials. The alternative liming materials have the lowest 

ECCE values that range from 9 to 37%.  

  

Table 10 shows that calcitic liming materials have relatively higher contents of calcium than 

dolomitic liming materials. Dolomitic liming materials have higher amounts of magnesium 

than calcitic liming materials. They also have significant amounts of calcium. Results of 

chemical reactivity using the new proposed method show that Hydrated lime (HL) has the 

highest chemical reactivity of 1.83 pH/minute. This is followed by Wood ash (WA) that has a 

chemical reactivity of 0.41 pH/minute and Ndola lime (NL) with a value of 0.26 pH/minute. 

The higher chemical reactivity of WA, HL and NL are due to the presence of calcite (CaCO3) 

and portlandite (Ca(OH)2). These minerals react faster with acid than dolomite. The chemical 

reactivity of dolomitic liming materials (UTW, UTB and QL) ranges from 0.16 pH/min to 

0.24 pH/min. Quarry lime (QL) has a chemical reactivity value of 0.24 pH/min which is 

higher compared to the other dolomitic liming materials. This is because QL is a dolomitic 

limestone which means it also has significant amounts of calcite apart from dolomite (Table 

11). X-ray diffraction results also show that QL has the mineral portlandite (Ca(OH)2). The 

alternative liming materials (Biochar and Charcoal) have the lowest chemical reactivity 

values of 0.1 pH/min. X-ray diffraction results show that these materials only have trace 

amounts of calcite and dolomite which are the acid-neutralising minerals.  
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4.2 Results from the incubation experiment 

4.2.1 Effect of liming materials on the exchangeable base cations of the soils  

 
The results in Table 12 and Figures 10-12 show the effect of the different liming materials on 

the exchangeable base cations of the soils. The calcitic liming materials generally increase the 

calcium content of the soils. Results show that Hydrated lime (HL) raises the calcium content 

of Misamfu red soil (soil 1) from 0.51 cmol(+)/kg
 
soil to 0.94 cmol(+)/kg soil after 3 months 

(Figure 12b). A similar effect is also seen on Misamfu yellow soil (soil 2) were calcium 

content increases from 0.26 cmol(+)/kg
 
soil to 1.56 cmol(+)/kg after incubation with HL 

(Table 12).  Ndola lime (NL) also increases the Ca
2+

 content of soil 1 from 0.51 cmol(+)/kg 

to 1.03 cmol(+)/kg soil and soil 2 from 0.26 cmol(+)/kg soil to 0.83 cmol(+)/kg soil. Total 

elemental analysis results shows that calcitic liming materials have high amounts of Ca
2+

. X-

ray diffraction patterns also indicate the presence of high amounts of calcite (CaCO3) and 

fairly high amounts portlandite (Ca(OH)2). This may explain why calcitic materials are able 

to raise the calcium content of the soils. 

 

Figure 10 shows the effect of dolomitic liming materials on the exchangeable base cations of 

soil 1. It is clear that dolomitic liming materials are able to raise the amount of calcium and 

magnesium of the soil. X-ray diffraction results (Table 9) show that dolomitic liming 

materials are largely composed of dolomite (CaMg(CO3)2) which adds both calcium and 

magnesium to the soil. Total elemental analysis results also show the presence of high 

amounts of Mg
2+

 and fairly high amounts of Ca
2+

 in dolomitic liming materials (Table 10). 

An example of one dolomitic liming material called Uniturtle brown (UTB), raises the Ca
2+

 

content of soil 1 from 0.51 cmol(+)/kg soil to 0.85 cmol(+)/kg soil and the Mg
2+

 content from 

0.29 cmol(+)/kg soil to 0.47 cmol(+)/kg soil . A similar effect is seen for all the other 

dolomitic liming materials on the Ca
2+

 and Mg
2+

content of the soils (Table 12 and Figure 10). 

However, like calcitic liming materials, dolomitic liming materials have no effect on the 

potassium and sodium content of the soils.  

 

The results for alternative liming materials show that Wood ash is able to raise the amounts 

of all the exchangeable bases. When wood is burned, it forms oxides of Na
+
, Mg

2+
, Ca

2+
 and 

K
+
. These oxides are able to replenish the soil with exchangeable base cations when Wood 

ash is used as an amendment (Figure 11a). 
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Table 12. Exchangeable base cations of untreated and limed soils after three months of incubation 

Soil 1 = Misamfu red soil, Soil 2 = Misamfu yellow soil, HL= hydrated lime, UTW = Uniturtle white, UTB = 

Uniturtle brown, NL= Ndola lime, QL = Quarry lime, WA = Wood ash, CH = Charcoal, BC = Biochar

Soil + LM Exchangeable base cations (cmol(+)/kg soil) 

 

Ca
2+ 

Mg
2+ 

K
+ 

 Na
+ 

Soils 

Soil 1 0.51 0.29 0.06 0.01 

Soil 2 0.26 0.26 0.08 0.01 

Calcitic liming materials 

Soil 1 + HL 0.94 0.26 0.06 <0.1 

Soil 2 + HL 1.56 0.35 0.09 0.03 

Soil 1 + NL 1.03 0.22 0.06 0.01 

Soil 2 + NL 0.83 0.22 0.09 0.05 

Dolomitic liming materials 

Soil 1 + UTB 0.85 0.47 0.06 <0.1 

Soil 2 + UTB 0.58 0.45 0.06 0.01 

Soil 1 + UTW 0.53 0.34 0.05 0.02 

Soil 2 + UTW 0.54 0.46 0.06 0.04 

Soil 1 + QL 1.10 0.46 0.06 <0.1 

Soil 2 + QL 0.87 0.41 0.06 <0.1 

Alternative liming materials 

Soil 1 + WA 0.94 0.47 0.25 0.06 

Soil 2 + WA 0.91 0.50 0.40 0.01 

Soil 1 + CH 0.51 0.25 0.08 0.03 

Soil 2 + CH 0.27 0.24 0.06 <0.1 

Soil 1 + BC 0.45 0.24 0.13 <0.1 

Soil 2 + BC 0.34 0.31 0.18 0.01 



 
 
 

34 
 

Figure 10. Effect of dolomitic liming materials (a) Uniturtle brown, (b) Uniturtle white, and (c) Quarry lime on 

the exchangeable base cations of Misamfu red soil (soil 1)

.

 

Figure 11. Effect of alternative liming materials (a) Wood ash, (b) Charcoal, and (c) Biochar on the exchangeable 

base cations of Misamfu red soil (soil 1)

 

Figure 12. Effect of calcitic liming materials (a) Ndola lime, and (b) Hydrated lime on the exchangeable base 

cations of Misamfu red soil (soil 1)
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4.2.2 Effect of liming materials on soil exchangeable acidity 

 
The results of the effect of liming materials on soil exchangeable acidity are shown in Table 

13 and Figure 13. The p values (p<0.05) in the ANOVA table show that treatments have a 

significant effect on soil exchangeable acidity of the two soils (Tables 14 and 15).  

 

Most of the liming materials applied to Misamfu red soil (soil 1) have the greatest effect on 

reducing soil exchangeable acidity during the first two weeks after application. However, 

there is a general increase in soil exchangeable acidity after the 2
nd

 week of incubation. This 

is observed for liming materials namely Wood ash (WA), Hydrated lime (HL), Biochar (BC) 

and Charcoal (CH). A similar trend of increasing exchangeable acidity is observed with the 

other liming materials in the 4
th
 week after application. However, between the 8

th
 and the 10

th
 

week, exchangeable acidity is seen to drop for all the treatments before finally increasing 

again until the 12
th
 week (Figure 13a). 

 

In the case of Misamfu yellow soil (soil 2); all the liming materials have the greatest effect 

during the first four weeks of incubation. After the 4
th

 week, the exchangeable acidity begins 

to increase again. (Figure 13c). 

 

Treatment means are separated using the Tukey’s HSD post-hoc test at 5% level of 

significance. The different letters indicate significant differences among treatments. Figure 13 

b shows the mean separation of the treatments incubated with Misamfu red soil (soil 1). It can 

be seen that Wood ash has the greatest effect on the soil exchangeable acidity when after 

incubation with soil 1. Other results show that there are no significant differences between 

the performance of calcitic liming materials and dolomitic liming materials in reducing soil 

exchangeable acidity of soil 1. The performance of alternative liming materials (Biochar 

(BC) and Charcoal (CH)) is significantly different from that of calcitic liming materials, 

dolomitic liming materials and Wood ash.  

 

Figure 13d shows the mean separation of the treatments incubated with Misamfu yellow soil 

(soil 2). Wood ash (WA) is also seen to be the best performing liming material when applied 

to Misamfu yellow soil (soil 2). There is no significant difference between the performance 

of calcitic liming materials known as Hydrated lime (HL) and Ndola lime (NL). Calcitic 

liming materials are performing better than dolomitic liming materials named Uniturtle white 
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(UTW) and Uniturtle brown (UTB). Alternative liming materials namely Biochar (BC) and 

Charcoal (CH) are the least performing liming materials. There are no significant differences 

between the performance of Quarry lime (QL) and alternative liming material (Biochar and 

Charcoal) (Figure 13). 

Table 13. Change in soil exchangeable acidity during 12 weeks (Wks) of incubation of soils with different 

liming materials 

 
Soil 1= Misamfu red soil, Soil 2= Misamfu yellow soil, Wk=week, HL= hydrated lime, UTW= Uniturtle white, 

UTB= Uniturtle brown, NL= Ndola lime, QL= Quarry lime, WA= Wood ash, CH= Charcoal, BC= Biochar 

Soil + LM Exchangeable acidity (cmol(+)/kg soil 

 

Wk 0 Wk 2 Wk 4 Wk 6 Wk 8 Wk 10 Wk 12 

Soils 

Soil 1 0.69 0.34 0.29 0.17 0.15 0.27 0.16 

Soil 2 0.79 0.31 0.37 0.26 0.26 0.21 0.19 

Soils + calcitic liming materials 

Soil 1 + NL 0.69 0.20 0.05 0.04 0.02 0.09 0.04 

Soil 2 + NL 0.79 0.11 0.09 0.05 0.05 0.05 0.03 

Soil 1 + HL 0.69 0.13 0.09 0.05 0.04 0.10 0.06 

Soil 2 + HL 0.79 0.11 0.10 0.04 0.06 0.05 0.04 

Soils + dolomitic liming materials 

Soil 1 + UTB 0.69 0.19 0.09 0.03 0.04 0.09 0.05 

Soil 2 + UTB 0.79 0.21 0.12 0.06 0.08 0.06 0.08 

Soil 1 + UTW 0.69 0.15 0.09 0.05 0.05 0.09 0.05 

Soil 2 + UTW 0.79 0.19 0.13 0.08 0.09 0.10 0.07 

Soil 1 + QL 0.69 0.07 0.06 0.02 0.04 0.07 0.04 

Soil 2 + QL 0.79 0.14 0.31 0.05 0.06 0.05 0.03 

Soils + alternative liming materials 

Soil 1 + WA 0.69 0.08 0.06 0.03 0.05 0.08 0.05 

Soil 2 + WA 0.79 0.07 0.07 0.03 0.05 0.03 0.01 

Soil 1 + CH 0.69 0.20 0.18 0.10 0.13 0.20 0.17 

Soil 2 + CH 0.79 0.26 0.28 0.19 0.14 0.18 0.17 

Soil 1 + BC 0.69 0.20 0.17 0.11 0.15 0.23 0.16 

Soil 2 + BC 0.79 0.28 0.19 0.17 0.17 0.27 0.20 
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Figure 13. (a) Change in soil exchangeable acidity during 12 weeks of incubation of Misamfu red soil (soil 1) 

with different liming materials. (b) Differences among treatment means according to the Tukey’s HSD post-hoc 

test (p<0.05). (c) Change in soil exchangeable acidity during 12 weeks of incubation of Misamfu yellow soil (soil 

2) with different liming materials. (d) Differences among treatment means according to the Tukey’s HSD post- 

hoc test (p<0.05). 
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Table 14. ANOVA output for the effect of different liming materials on the exchangeable acidity of Misamfu red 

soil (soil 1) 
 

Source 

Type III Sum 

of Squares      df Mean Square F Sig. 

Corrected 

Model 
.331

a
 17 .019 26.621 .000 

Intercept 1.267 1 1.267 1.734E3 .000 

Treatments .246 8 .031 42.068 .000 

Weeks .065 1 .065 88.348 .000 

Treatments * 

Weeks 
.020 8 .003 3.459 .005 

Error .026 36 .001  

Total 1.624 54   

Corrected 

Total 
.357 53 

   

 

Table 15.  ANOVA output for the effect of liming materials on the exchangeable acidity of Misamfu yellow soil 

(soil 2) 

Source 

Type III Sum 

of Squares df Mean Square F Sig. 

Corrected 

Model 
.462

a
 17 .027 38.680 .000 

Intercept 1.873 1 1.873 2.667E3 .000 

Treatments .371 8 .046 66.104 .000 

Weeks .000 1 .000 .554 .461 

Treatments * 

Weeks 
.090 8 .011 16.021 .000 

Error .025 36 .001   

Total 2.360 54    

Corrected 

Total 
.487 53 
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4.2.3 Effect of liming materials on soil pH-H₂O and pH-KCl 

 
Table 16 and Table 17 show the effect of the different liming materials on soil pH-H₂O and 

soil pH-KCl respectively. Statistical analysis results indicate that treatment has a significant 

effect on soil pH (Appendices 9 and 11). Figure 14a shows the change in pH-H₂O of 

Misamfu red soil (soil 1) during incubation with the different liming materials. The treatment 

mean separation according to Tukey’s HSD test shows that Ndola lime (NL) is the best 

performing liming material. There is no significant difference between the performance of 

Ndola lime and Quarry lime in raising soil pH. Other results show that there are no 

significant differences between the performance of Hydrated lime (HL), Uniturtle white 

(UTW), Uniturtle brown (UTB) and Wood ash (WA). However, there are significant 

differences between the performance of Biochar (BC) and Charcoal (CH) with the rest of the 

liming materials. Biochar and Charcoal are the least performing liming materials. This trend 

is also true for soil pH-KCl (Figures 14a and 14b).  

 

 The results in Figure 14b show the change in pH-H₂O of Misamfu yellow (soil 2). The mean 

separation results indicate that wood ash (WA) increases the pH more than the other liming 

materials. This is followed by Quarry lime (QL) and Hydrated lime (HL). There are no 

significant differences in the performance of calcitic and dolomitic liming materials. Biochar 

is the least performing liming material with average soil pH value lower than the control. The 

results show that the different liming materials are all able to raise the soil pH. However, the 

rates at which the liming materials raise pH are different (Figures 14 and 15). 

 

Generally materials that contain calcite as the dominant mineral are seen to perform better 

than the materials that are dominated by dolomite. This is because calcite has a higher 

solubility than dolomite. Quarry lime (QL) is seen to perform better than some calcitic liming 

materials because it contains significant amounts of calcite and is classified as a dolomitic 

limestone. Ndola lime (NL), Wood ash (WA), Hydrated lime (HL), and Quarry lime (QL) 

contain calcite and portlandite and consequently raise the soil pH faster than the other liming 

materials dominated by dolomite (Uniturtle white (UTW) and Uniturtle brown (UTB)).  

 

Alternative liming materials biochar (BC) and charcoal (CH) have the lowest effect on 

raising the soil pH. Results show that by the end of the incubation, BC and CH decrease the 

pH even lower than the control. This is seen in both soils. Mineralogical characteristics show 
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that BC and CH have only trace amounts of calcite and dolomite which are the acid 

neutralizing minerals. This explains why the two alternative liming materials have the lowest 

effect on soil pH. 

 

Table 16. Change in soil pH-H₂O during 12 weeks (Wks) of incubation of soils with different liming materials 

Soil + LM pH-H₂O (1:1) 

 

Wk 0 Wk 2 Wk 4 Wk 6 Wk 8 Wk 10 Wk 12 

Soils 

Soil 1 5.5 5.8 5.8 5.6 6.1 6.1 5.5 

Soil 2 5.3 5.8 6.0 5.9 6.0 5.6 5.4 

Soils + calcitic liming materials 

Soil 1 + NL 5.5 6.5 6.6 6.6 6.4 6.1 5.9 

Soil 2 + NL 5.3 6.5 6.5 6.4 6.4 6.0 5.7 

Soil 1 + HL 5.5 6.4 6.5 6.5 6.1 5.7 5.5 

Soil 2 + HL 5.3 6.4 6.5 6.4 6.6 6.1 5.7 

Soils + dolomitic liming materials 

Soil 1 + UTB 5.5 6.3 6.5 6.4 6.3 6.1 5.7 

Soil 2 +UTB 5.3 6.3 6.3 6.1 6.2 5.8 5.2 

Soil 1 + UTW 5.5 6.4 6.6 6.4 6.2 6.0 5.6 

Soil 2 + UTW 5.3 6.3 6.4 6.2 6.4 5.9 5.4 

Soil 1 + QL 5.5 6.4 6.5 6.5 6.2 6.0 5.9 

Soil 2 + QL 5.3 6.4 6.5 6.4 6.5 6.3 6.0 

Soils + alternative liming materials 

Soil 1 + WA 5.5 6.3 6.4 6.3 6.2 5.9 5.6 

Soil 2 + WA 5.3 7.0 7.0 7.0 7.0 6.9 6.9 

Soil 1 + CH 5.5 6.1 6.3 6.2 6.0 5.4 5.0 

Soil 2 + CH 5.3 5.9 6.0 5.9 5.9 6.0 5.0 

Soil 1 + BC 5.5 6.0 6.2 6.1 5.9 5.5 5.0 

Soil 2 + BC 5.3 5.9 5.8 5.6 5.5 4.8 5.1 

 
Soil 1= Misamfu red soil, Soil 2= Misamfu yellow soil, Wk= week, HL= hydrated lime, UTW= Uniturtle white, 

UTB= Uniturtle brown, NL= Ndola lime, QL= Quarry lime, WA= Wood ash, CH= Charcoal, BC= Biochar 
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Figure 14. (a) Change in soil pH-H2O during 12 weeks of incubation of Misamfu red soil (soil 1) with different 

liming materials. (b) Differences among treatment means according to Tukey's HSD post-hoc test (p<0.05.). (c) 

Change in soil pH-H₂O during 12 weeks of incubation of Misamfu yellow (Soil 2) with different liming 

materials (d) Differences among treatment means according to the Tukey’s HSD post-hoc test (p<0.05)
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Table 17. Change in soil pH-KCl during 12 weeks (Wks) of incubation of soils with different liming materials 

Soil + LM pH-KCl (1:10) 

 

Wk 0 Wk 2 Wk 4 Wk 6 Wk 8 Wk 10 Wk 12 

Soils 

Soil 1 4.3 4.6 4.4 4.5 4.6 4.8 4.6 

Soil 2 4.3 4.7 4.4 4.5 4.5 4.6 4.5 

Soils + calcitic liming materials 

Soil 1 + NL 4.3 5.2 5.1 5.1 5.1 5.1 5.0 

Soil 2 + NL 4.3 5.2 5.2 5.2 5.1 5.2 5.0 

Soil 1 + HL 4.3 5.1 4.9 5.0 5.0 5.0 4.8 

Soil 2 + HL 4.3 5.2 5.0 5.1 5.1 5.1 4.9 

Soils + dolomitic liming materials 

Soil 1 + UTB 4.3 5.1 4.8 5.0 4.9 5.0 4.9 

Soil 2 + UTB 4.3 5.0 4.8 4.9 4.9 5.0 4.8 

Soil 1 + UTW 4.3 5.1 4.6 4.9 4.9 4.9 4.8 

Soil 2 + UTW 4.3 5.0 4.8 4.8 3.6 5.0 4.9 

Soil 1 + QL 4.3 5.2 5.0 5.1 5.1 5.1 5.0 

Soil 2 + QL 4.3 5.3 5.0 5.1 5.1 5.2 5.2 

Soils + alternative liming materials 

Soil 1 + WA 4.3 5.2 4.9 5.0 5.0 5.0 4.9 

Soil 2 + WA 4.3 6.3 6.5 6.4 6.4 6.4 6.0 

Soil 1 + CH 4.3 4.8 4.6 4.6 4.7 4.7 4.6 

Soil 2 + CH 4.3 4.8 4.5 4.5 4.6 4.7 4.6 

Soil 1 + BC 4.3 5.0 4.5 4.6 4.7 4.7 4.6 

Soil 2 + BC 4.3 4.7 4.5 4.5 4.6 4.8 5.0 

Soil 1= Misamfu red soil, Soil 2= Misamfu yellow soil, Wk= Week, HL= hydrated lime, UTW= Uniturtle 

white, UTB= Uniturtle brown, NL= Ndola lime, QL= Quarry lime, WA= Wood ash, CH= Charcoal, BC= 

Biochar 
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Figure 15.  (a) Change in soil pH-KCl during 12 weeks of incubation of Misamfu red soil (soil1) with different 

liming materials. (b) Differences among treatment means according to Tukey's HSD post-hoc test (p<0.05 (c) 

Change in soil pH-KCl during 12 weeks of incubation of Misamfu yellow (soil 2) with different liming 

materials (d) Differences in treatment means according to the Tukey’s HSD post-hoc test (p<0.05). 
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5 DISCUSSION 

5.1 Chemical reactivity of liming materials using new proposed method 

 

Besides the effect of particle size, the rate at which liming materials react with soil solution 

depends on the type of chemical compounds and minerals present in the liming materials. 

The two most important and common acid neutralising minerals in liming materials from 

Zambia are calcite (CaCO3) and dolomite (CaMg(CO3)). Calcite reacts somewhat faster with 

dilute acid than dolomite (Freas et al., 2006). Calcium oxide (CaO) and Hydrated lime 

(Ca(OH)2) are even more reactive, or react much more rapidly than calcite (Peters et al., 

1996; Shitumbanuma, 2009). Hydrated lime (Ca(OH)2) has a solubility product (Ksp) of 10
-6

 

while Calcite has a solubility product (Ksp) of 10
-8.35

. The solubility product of dolomite 

reported in literature ranges from 10
-17

 to 10
-19

 (Railsback, 2006; Michalowski et al., 2012). 

 

It is therefore expected that calcitic liming materials would react faster and have a higher 

chemical reactivity than dolomitic liming materials. Calcite reacts with acid 3 to 4 times 

faster than dolomite. Hydrated lime is expected to have the highest chemical reactivity due to 

the presence of Ca(OH)2. Alternative liming materials with only traces of calcite and 

dolomite are expected to be less efficient and to have low chemical reactivity. According to 

Mitchell (2005), the chemical reactivity of liming materials increases with the calcite content.  

 

The results obtained from the new method shows that Hydrated lime (HL) has the highest 

chemical reactivity of 1.83 pH/ minute. This is followed by Wood ash (WA) which has a 

chemical reactivity of 0.41 pH/minute and then Ndola lime (NL) with a value of 0.26 

pH/minute. X-ray diffraction results show that these materials are dominated by calcite 

(CaCO3) and portlandite (Ca(OH)2). The liming materials that are dominated by dolomite are 

Uniturtle brown (UTB), Uniturtle white (UTW) and Quarry lime (QL). These dolomitic 

liming materials have chemical reactivity values that range from 0.16 pH/minute to 0.24 pH 

/minute and are lower than the chemical reactivity values of calcitic liming materials. These 

results are consistent with the findings of Peters et al. (1996) and Shitumbanuma (2009) that 

calcitic liming materials have a higher chemical reactivity than dolomitic liming materials. 

 

The alternative liming materials named Biochar (BC) and Charcoal (CH) have the lowest 

chemical reactivity values compared to the other liming materials. The chemical reactivity of 
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these materials with acetic acid is as low as 0.1 pH/minute for both materials. Mineralogical 

composition results show these alternative liming materials only have traces of calcite and 

dolomite and this may explain the low chemical reactivity. 

 

Figure 15 shows the relationship between chemical reactivity using the new proposed method 

and calcite content of carbonate rock liming materials. It can be clearly seen that chemical 

reactivity increases with calcite content.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 16. Relationship between the chemical reactivity and calcite content of carbonate rock liming materials 
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5.2 Influence of liming materials on soil pH and exchangeable acidity 

 

Liming materials increase soil pH and reduce soil exchangeable acidity. The following 

reaction shows how Ca-containing liming materials increase soil pH. The hydrogen ions in 

the soil are neutralized by the
 
produced OH

-
 ions

 
which results in the increase in soil pH 

(Harter et al., 2007). In an acid soil amended with CaCO3, the reaction is as follows: 

1) Calcium carbonate first dissociates in water 

CaCO3 + H2O  Ca
2+

 + HCO3
-
 + OH

-
 

2) The hydrogen ions (H
+
) in the soil are neutralised 

OH
-
 + H

+
             H2O 

3) The base saturation increases as Ca
2+

 replaces the H
+
 ions on the soil colloids 

2H-Soil + CaCO3               Ca-Soil + HCO3
-
 + OH

- 

The hydrogen ions (H
+
) being neutralised

 
by hydroxide ions (OH

-
) results in the increase in 

soil pH after the application of liming materials (Brady, 1990; Harter et al., 2007). 

 

The results in Figures 14 and 15 shows that the all liming materials used in the incubation 

experiment are able to raise soil pH particularly in the first four weeks. However the rate at 

which the liming materials increase soil pH vary among the different liming materials. It can 

be clearly seen that liming materials containing calcite increase soil pH more and faster than 

liming materials dominated by dolomite. This is consistent with the findings by Maher (1994) 

and Peters et al. (1996) that dolomitic limestone reacts somewhat slower with acid soils than 

calcitic limestone. The results obtained in this study shows that dolomitic liming materials 

(Uniturtle white (UTW) and Uniturtle brown (UTB)) are not as efficient as calcitic liming 

materials in raising the soil pH. The best performing liming materials in raising in pH were 

Wood ash (WA) and Ndola lime (NL) which contain calcite. Hydrated lime (HL) and Quarry 

lime (QL) are also seen to perform better than the other dolomitic liming materials because 

they contain significant amounts of calcite. According to Morey (1962) and Michalowski et 

al. (2012), calcitic liming materials have a higher solubility constant than dolomitic liming 

materials. This may explain why calcitic liming materials react faster with acid soils than 

dolomitic liming materials.  
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A general decrease in soil pH is observed particularly in the 4
th

 and 6
th

 week onwards during 

incubation of the soils with the liming materials. This trend is observed with all the liming 

materials. A possible explanation to this general decrease in soil pH may be due to the 

increased decomposition of soil organic matter by microbes as the pH becomes favourable. 

This is consistent with the studies by Brady (1990) and Zhang et al. (2011) who found that 

the decomposition of organic matter produces carbon dioxide (CO2) which reacts with water 

to form carbonic acid (H2CO3) which becomes a supplier of H
+
 in the soils.  

 

When organic liming materials such as Charcoal (CH) and Biochar (BC) are added to the 

soil, it can be clearly seen that these materials are able to raise the soil pH. This is consistent 

with the findings of Novak et al. (2009), Verhejien et al. (2010) and Cornelissen et al. (2013) 

who found that Biochar (BC) may be used as a liming material to increase soil pH levels and 

reduce soil exchangeable acidity. Charcoal is a liming agent that is able to offset soil acidity 

(Laird, 2008). However, the increase in soil pH by these organic materials is not as fast and 

efficient as dolomitic and calcitic materials. Results also show that there is a significant 

decrease in pH even below the initial soil pH value for soils treated with organic liming 

materials. This indicates that more acidity is produced by these materials by the end of the 

incubation period. Steiner et al. (2004) found that microbial activity and soil organic matter 

decomposition increases when charcoal is added to the soil. This could mean an increase in 

the production of CO2 which reacts with water to form carbonic acid (H2CO3). This may 

explain why soils amended with biochar and charcoal become more acidic at the end of the 

incubation period than before. 

 

 

Figure 13 shows the influence of liming materials on soil exchangeable acidity. It can be 

clearly seen that liming materials are able to reduce soil exchangeable acidity (Al
3+

 + H
+
). 

When lime is added to the soil, the aluminium ion (Al
3+

) and hydrogen ion (H
+
) on the soil 

complex are displaced by Ca
2+ 

and Mg
2+

 coming from the liming material. The pH increases 

and the aluminium ions are hydrolyzed into aluminium complex species (Brady, 1990). 

According to Tack (2009), the Al
3+

 ions released to the soil solution acts as a weak acid and 

reacts with water to form aluminium hydroxides. Between pH 4.5 and 5.5, hydrolyzed forms 

of aluminium are present in soil solution besides free Al
3+

. Above pH 5.5, Aluminium 

becomes insoluble and is precipitated in the form of gibbsite (Al(OH)3). The calcitic 
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limestones are found to neutralize soil acidity faster than dolomite samples. This is because 

calcite is more reactive than dolomite (Mitchell et al., 2005). 

 

 The reactions are as follows (Brady 1990): 

   

    +    2 Ca(OH)2      +      Al(OH)3    +    H2O 

 

5.3 Comparison of chemical reactivity and the performance of the liming materials 

 

The average increase in soil pH is higher for liming materials that are largely composed of 

calcite than materials that are dominated by dolomite. The relatively faster increase in soil pH 

when calcitic liming materials are used can be attributed to the high chemical reactivity of 

calcitic liming materials. This is also true for the decrease in soil exchangeable acidity. 

Dolomitic liming materials have lower chemical reactivity and are not as efficient as calcitic 

liming materials. However, Quarry lime (QL) seems to be an exception in this study because 

it has significant amounts of calcite. Hydrated lime (HL) is also not as reactive in the soil as 

the chemical reactivity indicates. The alternative liming materials namely Biochar (BC) and 

Charcoal (CH) have the lowest chemical reactivity and are less efficient liming materials. 

From these observations, the relationship between chemical reactivity and the performance of 

the liming materials can be seen. These results are consistent with the findings of Peters et al. 

(1996) and Shitumbanuma (2009) that calcitic liming materials are more reactive with acid 

soil than dolomitic liming materials.  

 

Figures 17 and 18 show the correlation between the chemical reactivity of the different 

liming materials determined using the new method and the performance of liming materials 

when added to the soil. There is a very strong negative correlation (R=-0.92) between the 

chemical reactivity and mean soil exchangeable acidity of Misamfu red soil (soil 1) after 

incubation. Results show a very strong negative correlation (R=-0.85) between chemical 

reactivity of liming materials and mean soil exchangeable acidity of Misamfu yellow soil 

(soil 2) after incubation. 

 

Micelle 
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3+ 

H
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Figure 17. The correlation between chemical reactivity of the different liming materials determined by the new 

method and the mean soil exchangeable acidity of (a) Misamfu red soil (soil1) and (b) Misamfu yellow soil (soil 

2) after incubation. 

 

 
Figure 18. The correlation between the chemical reactivity of the different liming materials determined using the 

new method and the mean soil pH-H2O of (a) Misamfu red (soil 1) and (b) Misamfu yellow (soil 2) after 

incubation 
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Figure 18 shows the correlation between the chemical reactivity of the different liming 

materials determined using the new method and mean soil pH-H2O after the soils are 

amended with the liming materials. There is a strong positive correlation (R=0.66) between 

the chemical reactivity and the mean soil pH-H2O after liming materials are added to 

Misamfu red soil (soil 1). Results also show a very strong positive correlation (R=0.97) 

between chemical reactivity of liming materials and mean soil pH-H2O for Misamfu yellow 

soil (soil 2) after the incubation experiment. 

 

5.4 Economics of local agriculture lime production 

 
The majority of Zambia’s poorest people rely on small-scale farming as a means of livelihood 

and food security. Improving crop yields through use of agriculture lime would assist farmers 

in producing enough food for their families. The current consumption of agriculture lime in 

Zambia is about 40, 000 tonnes per year. The latent demand for agriculture lime is 150, 000 

tonnes per year. Research has shown that small-scale farmers do not use agriculture lime 

because it is expensive to obtain, mainly due to high transport costs and a few centralized 

production plants (Mitchell et al., 1997). 

 

Quarry lime (QL), a crushed carbonate rock without additional processing, is as effective as 

most of the manufactured liming materials in neutralising soil acidity. According to 

Shitumbanuma and Simukanga (1995), reserves of carbonate rocks are estimated to be over 

540 million metric tonnes. Despite the abundance of these deposits, only a few are quarried 

for producing agriculture lime. 

 

The current cost of manufactured agriculture lime in Zambia is about $40/tonne. Treated 

agriculture lime such as Hydrated lime is even more expensive and is currently being sold at 

$240/tonne. An extra US$ 0.1 (US$ 0.3 adjusted to current prices using consumer price 

index) per tonne per kilometer is charged to transport the liming material. For most small 

scale farmers that live several hundred kilometers from producers, the cost of lime becomes 

beyond their means. It is estimated that about 60,000 small-scale farmers in Zambia are living 

in extremely poor conditions and are unable to purchase agriculture lime to ameriolate the 

problem of soil acidity. 
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If farmers that have access to carbonate rocks are able to produce their own agriculture lime, 

this would greatly reduce the strain on their financial capabilities that results from high cost 

of lime. A study conducted by the British Geological Survey in Zambia concluded that an 

estimated cost of producing agriculture lime on a small- and medium- scale basis was US$ 

20/tonne ($71 current price adjusted using consumer price index). This would reduce lime 

cost by getting rid of the transport costs that are incurred when lime is purchased from 

commercial producers. However, production of local agriculture lime would require an initial 

capital of about US$ 5000 to purchase and set up a hammer mill within a community. The 

other costs of producing local liming materials are presented in the Table 18 (Mitchell et al., 

1997). The advantage of farmers producing lime locally is that the cost of transport is 

eliminated. The cost of transport from the manufacturing company is what makes liming 

materials very expensive because many small-scale farmers live hundreds of kilometers from 

the manufacturing companies. Setting up a local hammer mill within the community can 

eliminate the transport costs that are incurred when transporting liming materials from 

manufacturing companies. 

 

Prices have been inflated to current prices by using the ratio of the consumer price index of 

the year 2002 and the current year (2014). The ratio of the consumer price indices is 

multiplied with the past price in order to inflate it to the current prices. In this case, the 

consumer price index in the 2002 in Zambia was 148.717 and the consumer price index in 

2014 is 532.324. Table 18 shows the unit operation cost for small-scale agriculture lime 

production (Mitchell et al., 2005). 

 

Table 18. Unit operation cost for small scale agriculture lime production (Source: Mitchell et al., 2005) 

Unit operation Cost per tonne (US$) 2002 

estimates 

Current cost per tonne (US$) 

estimated using CPI ratio 

Bush clearing and soil removal 0.2 0.7 

Drilling and blasting 0.7 2.52 

Loading and haulage 0.55 1.98 

Manual crushing 10 36 

Milling and bagging 20.1 72.4 

Total production cost 31.55 191.97 

CPI= Consumer price index 
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 CONCLUSION AND RECOMMENDATIONS 

 

It is evident from the results in the study that the chemical, physical and mineralogical 

characteristics of liming materials have an influence on the chemical reactivity. The liming 

materials that are composed of calcite have high chemical reactivity values and also generally 

perform better than the liming materials that are composed of dolomite. In most publications, 

authors have suggested that calcite has a higher solubility and reacts faster with acid and 

water than dolomite (Morey 1962, Michalowski et al., 2012).  It is therefore an advantage to 

use calcitic liming materials for a faster increase in soil pH and decrease in soil exchangeable 

acidity. However, dolomitic liming materials are also very effective liming materials and 

some results in the study show no significant differences between the performance of 

dolomitic liming materials and calcitic liming materials. Dolomitic liming materials have the 

advantage of also acting as a fertilizer supplying magnesium as well as calcium to the soil. 

Therefore, dolomite can be used where there is soil acidity as well as deficiencies of calcium 

and magnesium. The alternative liming materials (Biochar and Charcoal) were not as 

effective as the other liming materials in neutralizing soil exchangeable acidity. The chemical 

and mineralogical composition of these materials indicated that there were only trace 

amounts of acid neutralizing minerals calcite and dolomite in these materials. However, it is 

important to note that these materials are able to neutralize soil acidity and increase soil pH. 

Although these materials were not as effective as the other liming materials, they can still be 

used as liming materials to neutralize soil acidity and increase soil pH. This is what is 

reported by many authors (Novak et al., 2009; Verhejien et al, 2010 and Cornelissen et al., 

2013). Generally, wood ash is the best performing liming material in this study. Wood ash 

has a high chemical reactivity and also has significant amounts of calcite. 

 

In this study, a new method is being proposed for the determination of chemical reactivity of 

liming materials. A correlation between the chemical reactivity using the new method and the 

performance of liming materials means that there is a relationship between chemical 

reactivity and the performance of liming materials. The results indicate a generally very 

strong correlation between the chemical reactivity determined by the new method and the 

performance of the liming materials in neutralizing soil acidity. Studies by Black (1988) and 

Shitumbanuma (2009) have shown that the chemical reactivity of liming materials is an 

important factor that can give an indication of the quality of liming materials. 
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It can be recommended that where availability of Wood ash is abundant and easily accessible, 

farmers can apply it to the soil and obtain very good results. However, caution should be 

taken to avoid burning of trees and consequently deforestation. Wood ash (WA) can be 

obtained as a by-product from paper and mill industries and other furniture manufacturing 

industries. 

 

The high cost of lime can also be offset by use of available local carbonate resources such as 

Quarry lime (QL). In this study, the results indicate that the performance of Quarry lime is 

even better than some of the manufactured liming materials. There are some costs associated 

to drilling and crushing Quarry lime. However, where carbonate resources are abundant, the 

cost maybe much more affordable compared purchasing manufactured agriculture lime.  

 

Alternative liming materials such as Biochar and Charcoal may also be used by farmers to 

ameliorate the problem of soil acidity. Charcoal is usually available to many small scale 

farmers who use it as a fuel for cooking stoves. Where these resources are abundant and 

problems of soil acidity are inherent, farmers can divert some of the resources to amending 

the problem of soil acidity in their fields. 

 

Finally, it can be recommended to adopt the new proposed method as a simple routine 

method for the determination of the chemical reactivity of liming materials. The results 

indicate that the new method is efficient in determining the chemical reactivity of the liming 

materials based on the correlation with the performance of the liming materials in the 

incubation experiment. The method can further be enhanced by using a standard to compare 

the chemical reactivity. The standard that can be used is pure CaCO3. 
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8 APPENDICES 

 

 

 

 

 
 

 

 
Appendix 1. Powder x-ray diffraction patterns of Charcoal and Biochar with spacings in nm 

 
 

 

 



 
 
 

60 
 

 

 

 

 
Appendix 2. X-ray diffraction patterns of hydrated lime with spacings in nm 
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Appendix 3. X-ray diffraction patterns of Quarry lime with spacings in nm 
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Appendix 4. X-ray diffraction patterns of Uniturtle brown lime with spacings in nm 
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Appendix 5. X-ray diffraction patterns of Uniturtle white lime with spacings in nm 
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Appendix 6. X-ray diffraction patterns of Ndola lime with spacings in nm 
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Appendix 7. Treatment means separation according to Tukeys HSD post Hoc test based on the effect of the 

treatments on soil exchangeable acidity of Misamfu red (soil 1) 

Treatments                            N 

Subset 

              1         2        3                      4 

7 6 .0692    

6 6 .0955 .0955   

2 6  .1263   

5 6  .1290   

3 6  .1312   

4 6  .1385 .1385  

8 6   .1863  

9 6   .1870  

1 6    .3155 

Sig.  .750 .165 .078 1.000 

1 = control, 2 =Ndola lime, 3 = Hydrated lime, 4= Uniturtle black, 5 = Uniturtle white, 6 = Quarry lime, 7 = Wood ash, 8 

= Charcoal, 9 = Biochar. Means for groups in homogeneous subsets are displayed based on observed means. The error 

term is Mean Square (Error) = .001. 
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Appendix 8. Treatment means separation according to Tukeys HSD post Hoc test based on the effect of the 

treatments on soil exchangeable acidity of Misamfu yellow (soil 2) 

 
Appendix 9. ANOVA table for the effect of different liming materials on the pH-H2O of Misamfu red soil (soil 

1) 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 26.726a 26 1.028 347.799 .000 

Intercept 2805.115 1 2805.115 9.491E5 .000 

Treatments 1.653 8 .207 69.916 .000 

Weeks 21.416 2 10.708 3.623E3 .000 

Treatments * Weeks 3.657 16 .229 77.330 .000 

Error .160 54 .003   

Total 2832.001 81    

Corrected Total 26.886 80    

a. R Squared = .994 (Adjusted R Squared = .991)   

 
  

Treatments N 

Subset 

1 2 3 4 

7 6 .0690    

3 6 .1030    

2 6 .1057    

4 6  .1633   

5 6  .1695   

6 6   .2230  

9 6   .2338  

8 6   .2698  

1 6    .3390 

Sig.  .317 1.000 .086 1.000 

1 = control, 2 =Ndola lime, 3 = Hydrated lime, 4= Uniturtle black, 5 = Uniturtle white, 6 = Quarry lime, 7 = Wood ash, 8 

= Charcoal, 9 = Biochar. Means for groups in homogeneous subsets are displayed based on observed means. The error 

term is Mean Square (Error) = .001. 
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Appendix 10. Treatment means separation according to Tukeys HSD post Hoc test based on the effect of the 

treatments on soil pH-H2O of Misamfu red (soil 1) 

  

 

 

 

 

 

 
Appendix 11. ANOVA table for the effect of different liming materials on the pH-H2O of Misamfu yellow soil 

(soil 2) 

Treatments N 

Subset 

1 2 3 4 

9 9 5.6733    

8 9 5.6867    

1 9 5.7200    

4 9  5.9222   

5 9  5.9389   

7 9  5.9444   

3 9  5.9700 5.9700  

6 9 
  

6.0433 6.0433 

2 9    6.0644 

Sig.  .668 .640 .122 .996 

1 = control, 2 =Ndola lime, 3 = Hydrated lime, 4= Uniturtle black, 5 = Uniturtle white, 6 = Quarry lime, 7 = Wood ash, 8 

= Charcoal, 9 = Biochar. Means for groups in homogeneous subsets are displayed based on observed means. The 

error term is Mean Square (Error) = .003. 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 62.764a 53 1.184 46.058 .000 

Intercept 5638.040 1 5638.040 2.193E5 .000 

Treatments 30.181 8 3.773 146.728 .000 

Weeks 28.612 5 5.722 222.561 .000 

Treatments * Weeks 3.971 40 .099 3.861 .000 

Error 2.777 108 .026   

Total 5703.581 162    

Corrected Total 65.541 161    

a. R Squared = .958 (Adjusted R Squared = .937) 
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Appendix 12. Treatment means separation according to Tukeys HSD post Hoc test based on the effect of the 

treatments on soil pH-H2O of Misamfu yellow (soil 2) 

Treatments N 

Subset 

1 2 3 4 5 

9 18 5.2456     

8 18  5.5544    

1 18  5.5689    

4 18   5.7778   

5 18   5.8661   

2 18    6.0378  

3 18    6.0667  

6 18    6.1256  

7 18     6.8517 

Sig.  1.000 1.000 .773 .779 1.000 

1 = control, 2 =Ndola lime, 3 = Hydrated lime, 4= Uniturtle black, 5 = Uniturtle white, 6 = 

Quarry lime, 7 = Wood ash, 8 = Charcoal, 9 = Biochar. Means for groups in homogeneous 

subsets are displayed based on observed means. The error term is Mean Square (Error) = .026. 

 

 

 
Appendix 13. ANOVA table for the effect of different liming materials on the pH-KCl of Misamfu red soil (soil 

1) 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 26.571a 53 .501 43.390 .000 

Intercept 4120.403 1 4120.403 3.566E5 .000 

Treatments 6.949 8 .869 75.176 .000 

Weeks 12.168 5 2.434 210.616 .000 

Treatments * Weeks 7.455 40 .186 16.130 .000 

Error 1.248 108 .012   

Total 4148.222 162    

Corrected Total 27.819 161    

a. R Squared = .955 (Adjusted R Squared = .933)   
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Appendix 14. Treatment means separation according to Tukeys HSD post Hoc test based on the effect of the 

treatments on soil pH-KCl of Misamfu red  soil (soil 1) 

Treatments N 

Subset 

1 2 3 4 5 6 

8 18 4.7339      

9 18 4.8022 4.8022     

1 18  4.8639     

5 18   4.9950    

4 18   5.0078 5.0078   

3 18    5.1178   

2 18     5.2461  

6 18     5.2567 5.2567 

7 18      5.3661 

Sig.  .610 .732 1.000 .065 1.000 .068 

1 = control, 2 =Ndola lime, 3 = Hydrated lime, 4= Uniturtle black, 5 = Uniturtle white, 6 = Quarry lime, 7 = 

Wood ash, 8 = Charcoal, 9 = Biochar. Means for groups in homogeneous subsets are displayed based on observed 

means. The error term is Mean Square (Error) = .012. 

 

 
Appendix 15. ANOVA table for the effect of different liming materials on the pH-KCl of Misamfu yellow soil 
(soil 2) 

Source 

Type III Sum of 

Squares df Mean Square F Sig. 

Corrected Model 59.813a 53 1.129 10.332 .000 

Intercept 4232.716 1 4232.716 3.875E4 .000 

Treatments 45.784 8 5.723 52.394 .000 

Weeks 8.802 5 1.760 16.116 .000 

Treatments * Weeks 5.226 40 .131 1.196 .232 

Error 11.797 108 .109   

Total 4304.325 162    

Corrected Total 71.610 161    

a. R Squared = .835 (Adjusted R Squared = .754) 

 

 

  

Appendix 16. Treatment means separation according to Tukeys HSD post Hoc test based on the effect of the 

treatments on soil pH-KCl of Misamfu yellow soil (soil 2) 

Treatments N 

Subset 

1 2 3 
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9 18 4.6756   

8 18 4.6928   

1 18 4.7067 
  

5 18 4.7594   

4 18 4.9650 4.9650  

3 18  5.1911  

6 18  5.2739  

2 18  5.2839  

7 18   6.4556 

Sig.  .188 .102 1.000 

1 = control, 2 =Ndola lime, 3 = Hydrated lime, 4= Uniturtle black, 5 = Uniturtle white, 6 = Quarry lime, 7 = 

Wood ash, 8 = Charcoal, 9 = Biochar. Means for groups in homogeneous subsets are displayed based on 

observed means. The error term is Mean Square (Error) = .109. 

 

 


