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ABSTRACT 

 
 Nigeria is gifted with large deposits of solid minerals located in different parts of the country.  However, the 

country has not fully exploited the minerals because of the lack of knowledge of the available technology to 

find and process them. While many nuclear and radiations technology techniques for many solid minerals 

processing and exploration exist, this paper aims to review the applicability of the Neutron Activation 

Analysis (NAA) and Proton Induced X-Ray Emission (PIXE) techniques in Nigeria for the reason that it is 

most common in the country. NAA has not only been used for coal exploration but also to obtain the 

elemental composition of coal found in Enugu and Okaba areas of Nigeria. The PIXE technique has been 

used to analyze mining waste and the technique has been successful in identifying trace materials and heavy 

metals. Evidence indicate that a wide range of radiation techniques and technologies offer great advantages 

to the mining industry, be it for exploration, optimization of processes, troubleshooting, assessment of mining 

sites or ensuring environmental protection. A Nigerian National Policy to promote the use of nuclear and 

radiation technologies in the solid mineral industry should be put in place. 

 Keywords: Nuclear, Radiation, Neutron, Proton, Optimisation 

 

 

1. INTRODUCTION  

Nigeria is endowed with large deposits of several solid 

minerals located in different parts of the country. The 

minerals that investors are interested in include coal, 

lignite, granite, bitumen, gold, coltan, limestone, lead, 

zinc, cassiterite, iron ore, limestone, clay, barite, 

columbite, marble, and tantalite (Adetunji et al. 2005; 

Akpan et al. 2011; FMSMD, 2016). Despite the 

abundance of the afore-mentioned minerals, the solid 

mineral industry only contributed approximately 0.33% 

to the gross domestic product of Nigeria in 2015. Some 

of the challenges facing the solid minerals sector are 

(FMSMD, 2016): 

i) weak mechanism for gathering, disseminating and 

archiving critical geological data required by 

investors and policy makers 

ii) insufficient infrastructure such as  railroad, 

competitive financing systems, mine and asset 

security as well as policy uncertainty for operators 

 

With the passage of the Nigerian Minerals and Mining 

Act (2007) and the Nigerian Mineral and Metals Policy 

(2008) as well as the recently approved roadmap for the 

growth and development of the Nigerian mining 

industry by the Federal Executive Council, it is hoped 

that these challenges would be appreciably addressed. 

However, the use of nuclear techniques in the solid 

minerals sector was not addressed by these policy 

documents despite the fact that the Nigeria Atomic 

Energy Commission Act (1976) empowers the 

Commission to prospect for and mine radioactive 

minerals. 

 

The full economic value of the solid minerals resources 

can only be attained after they have passed through the 

exploration, mining and processing stages. Available 

techniques that have been used to analyze the products 

from each of these stages are quite extensive; they are 

based on chemical, physical and nuclear characteristics. 

The nuclear techniques that have been used include 

Atomic Absorption Spectrometer (AAS), Inductively 

Coupled Plasma-Atomic Emission Spectrometry (ICP-

AES), Energy Dispersive X-ray Spectrometer 

Fluorescence (EDXRF), Scanning Electron Microscopy 

(SEM), Gamma-ray Spectrometry, X-Ray Fluorescence, 

Neutron Activation Analysis (NAA), Proton Induced X-

ray Emission (PIXE) and Particle Induced Gamma Ray 

Emission (PIGE) (Smolka-Danielowska, 2006; 

Adedosu, et al., 2007; Funtua, et al., 2012; Katrinak and 

Benson, 2014; Isaiah et al., 2015). Some of these 

techniques can be used during exploration while others 

are used to analyze the minerals. This paper aims to 

review the use of nuclear and radiations technology in 

the economic exploitation of the numerous solid 

minerals deposits that are available in Nigeria. 

Specifically, it focuses on NAA and PIXE since these 

techniques are readily accessible in the country. 

 

2. NEUTRON ACTIVATION ANALYSIS 

(NAA) 
NAA was first developed by G. Hevesy and H. Levi in 

1936 when they used a neutron source (226Ra + Be) and 

a radiation detector (ionization chamber) and promptly 

recognized that the element Dy (dysprosium) in the 

sample became highly radioactive after exposure to the 

neutron source. They showed that the nuclear reaction 

may be used to determine the elements present in 

unknown samples by measuring the induced 

radioactivity. With the development of nuclear reactors 

later, providing neutron fluxes in order of 10
16

m
-2

·s
-1

, 

the use of neutron activation analysis as a very sensitive 
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technique increased rapidly. Furthermore, the 

introduction of NaI(Tl) scintillation detectors of gamma-

radiation and multichannel analysers as well as the 

introduction of semiconductor detectors made of 

germanium compensated by lithium (Ge(Li)) and high 

purity germanium (HPGe) detectors made neutron 

activation analysis much easier to use. Greenberg et al., 

(2011), Hamidatou et al., (2013) and Kubešová, (2016) 

have discussed extensively the history and development 

of NAA. 

 

The sequence of events occurring during NAA is shown 

in Fig 1. A neutron interacts with a target nucleus by 

non-elastic collision, thus forming a highly excited 

compound nucleus. The compound nucleus has a short 

lifetime and can de-excite in different ways which 

usually involve emission of nuclear particles or gamma 

rays. Prompt Gamma NAA is based on the in-situ 

measurement of the latter. In most cases, the new 

nucleus is radioactive and will further evolve towards 

stability. Its nuclear decay is often accompanied by the 

emission of very characteristic gamma rays, "which can 

be considered as a fingerprint”. A statistical correlation 

exists between the number of target nuclei and the 

amount of gammas in the activation spectrum recorded 

by a spectrometer (Pomme et al., 1997). In practice, the 

first step in NAA is to irradiate the sample with neutrons 

in a nuclear reactor which then excites the sample to 

form a stable nucleus; in this transition state it emits 

prompt gamma rays. In some cases, the stable nucleus 

after absorbing neutrons may become a radioactive 

nucleus, if this happens a delayed gamma ray would be 

released with very high energy (see Fig. 1). The 

radioactive nuclei emit characteristic gamma rays, which 

can be measured to determine which element is present 

(Win, 2004). NAA can be used to detect the elements 

that are shaded in Fig 2. 

 

Fig 1: Schematic illustration of the physical phenomena 

involved in Neutron Activation Analysis (Hamidatou et al., 

2013). 

 

 
Fig 2: Shaded elements are detected by NAA 

(Kubešová, 2016). 

 

NAA has several advantages and a few disadvantages. 

These are summarized below (De Corte, 1987; Avino et 

al. 2007; Win, 2004; Kogo et al., 2009; Gwarzo et al., 

2014; Win, 2004; IAEA, 2001; Kučera and Řanda, 

2001; Kubešová, 2016):  

Advantages: 

1. Wide possibilities of applications for different 

types of samples  

2. Low detection limits down to 10
-6

 mg·kg
-1

 

3. The relative freedom from interference and 

matrix effects. 

4. The possibility of non-destructive analysis  

5. The high specificity based on characteristics of 

induced radionuclides. 

6. A completely independent nuclear principle, in 

contrast to electron nature of most of 

other analytical methods. 

7. The method is theoretically simple and well 

understood, which makes it possible to 

evaluate and model sources of uncertainty of 

results. 

8. The neutron energy and neutron flux density 

can be chosen to certain extents, which allows 

obtaining of the best results using simple 

optimization means, such as 

selective activation. 

9. The isotopic basis, which makes it possible to 

use analytically independent routes of 

determination of many elements and to cross-

check the results, obtained using so called 

internal self-verification principle. 

 

Disadvantages: 

1. The need of a nuclear reactor 

2. The use of highly radioactive materials and the 

resulting consequences 

3. The feasibility of determination of traces of 

some toxicologically important elements, such 

P, Cu, Ga, Ge, Gd, Y, Nb, Mo, Pr,  Mn, Dy, Er, 

Hg and Pb is limited, because they do not form 

radionuclides with suitable properties 

4. Samples for NAA should preferably be dried 

(or freeze-dried), because the presence of water 

radiolysis occurs on irradiation in a nuclear 
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reactor. This may increase pressure in the 

sample container and may cause explosion 

during handling. 

5. The time of analysis can be quite long; up to 

about six weeks for elements, which produce 

long-lived radionuclides. 

6. NAA is not available as a simple apparatus 

with software, which can easily be operated in 

any analytical laboratory. 

 

For the solid minerals, NAA, especially INAA, has 

always played an important role in characterizing raw 

mineral materials, such as ore bodies and other valuable 

raw materials. The main task of NAA was not only to 

determine the elements of interest, but also to study 

various inter-element correlations, such as those of rare 

earth elements, which help in elucidating of origin and 

formation of geological structures. Nigeria has a 

Miniature Neutron Source Reactor which is designated 

as NIRR-1. NIRR-1 is the first Nigeria research reactor 

and its first criticality was achieved on 03 February 

2004. It is specifically designed for use in NAA and 

limited radioisotope production (Jonah et al., 2007). 

NIRR-1 has a tank-in-pool structural configuration and a 

nominal thermal power rating of 31 kW. It is located at 

Centre for Energy Research and Training (CERT), 

Ahmadu Bello University, Zaria. A number of authors 

have used NIRR-1 for NAA of solid minerals.  

 

Isaiah et al. (2015) analyzed Nigerian coals from Enugu 

and Okaba using NAA and found that seventeen 

elements were detected from Enugu coal while sixteen 

were present in Okaba coal with a total of twenty two 

elements detected from either the Enugu or Okaba coals. 

The elements found in both Enugu and Okaba were Al, 

Ti, K, Na, V, Mn Ba, La, Th, Hf, Fe, and Cr while that 

found in only Enugu were Lu, Ta, Rb, Eu and Co and 

elements found in Okaba are Sc, Br, Yb, and U. For coal 

an energy source, the major elements of interest are 

carbon, oxygen, hydrogen, nitrogen and sulphur. 

However, as can be seen from Fig 2, NAA cannot be 

used to detect these elements; Isaiah et al. (2015) results 

confirmed this. Ewa (2004) also used NAA determined 

element abundances (Al, As, Ba, Br, Ca, Ce, Cs, Dy, Eu, 

Fe, Ga, Gd, Hf, K, La, Lu, Mg, Mn, Na, O, Rb, Sb, Sc, 

Sm, Sr, Ta, Tb, Th, Ti, U, V, Yb, Zn and Zr) of prepared 

and run-of mine coals from eight principal mines 

(Onyeama, Ogbete, Enugu, Gombe, Asaba-Ugwashi, 

Okaba, Afikpo and Lafia ) in Nigeria. Ogugbuaja, and 

James (1995) also used NAA to analyse Nigerian 

bituminous coal and ash.  Funtua et al., (2012) 

evaluation of the composition of some geo-standard 

reference materials (Fly ash 1633b, SO-2, SARM-1, 

SARM-52, W-2, DNC-1, BIR-1, AGV-1, IAEA SL-3, 

and IAEA Soil-7) using NAA and their results indicated 

an insignificant maximum deviation error of 0.304 to 

0.393% in all the geo-standard reference materials. 

 

3. PROTON INDUCED X-RAY EMISSION 

(PIXE) 

PIXE is based on the fact that irradiation of a material 

with proton or other charged particles of a few 

megaelectron volts per nucleon gives emission of 

characteristic X-rays of the present elements. PIXE 

analysis consists of two parts. The first is to identify the 

atomic species in the target from the energies of the 

characteristic peaks in the X-ray emission spectrum and 

the second part is to determine the amount of a 

particular element present in the target from the intensity 

of its characteristic X-ray emission spectrum. This 

normally requires knowledge of the ionisation cross-

sections, fluorescence yields and absorption coefficients. 

Depth profile analysis may be performed if the PIXE is 

combined with other methods like Rutherford Back 

Scattering (RBS) and/or sample etching techniques 

(Govil, 2001). 

 

The basic principle of PIXE analysis is shown in Fig 3. 

If an atom is ionized on an inner shell, its energy state is 

less stable than that of a simple ion. First, before any 

chemical reaction, it should lose energy. The energy loss 

usually takes place by the emission of a photon. These 

photons are called characteristic X-rays because they 

characterize the elements emitting them (Nagy, 2009). 

The incident ions themselves may undergo further 

elastic or inelastic scattering during the collision. The 

excited target atom seeks to regain a stable energy state 

by reverting to its original electron configuration. In 

doing so, the electronic transition, which takes place, 

may be accompanied by emission of electromagnetic 

radiation in the form of X-rays characteristic of the 

excited atom. The emission consists of K, L, M,... lines 

produced by electron transitions to the K, L, M,... shells 

of the target atom (Govil, 2001). These X-rays are 

usually detected by using a solid-state detector such as a 

Si(Li) detector and the spectrum obtained results in 

qualitative and quantitative information on the elements 

of interest (Alfassi and Peisach, 1991). 

 

 
 

Fig 3 Basic Principle of PIXE analysis 

 

Elements that can be detected using the PIXE are: Ca, 

Si, Mg, Mn, Al, Fe, K, Ti, V, S, Rb, Sr, Y, Zr, Nb, Mo, 

Tc, Ru, Rh, Pd, Ag, Cd, In, Sn, Sb, Te, I, Cs, Ba, La, Hf, 

Ta, W, Re, Os, Ir, Pt, Au, Hg, Pb, Bi, P, Sr, Cl, Zn, Na, 

Cr, Co, Cu, Ni, Ge, Ga, As, Se, Br, Ce, Pr, Nd, Pm, Sm, 

Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Th and U 
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(Deconninck, 1976; Ene et al., 2009; Akpan et al., 

2011). Some of the advantages and disadvantages of 

PIXE are the followings. 

Advantages: 

1. PIXE is able to detect between 10 – 20 element, 

making it a multi-element detector 

2. It takes the PIXE about 17 minutes to complete 

a single analysis, making it a fast analyzer 

3. In most case, sample does not need preparation 

4. Just a little amount of sample is required during 

sampling and detection 

5. It cost very little to run a sample using the 

PIXE 

6. PIXE is non-destructive during analysis 

7. It is easy to focus on very small sample area of 

less than 1mm
2
  

 

Disadvantages: 

1. During irradiation, volatile compounds could 

be lost 

2. PIXE functions better in a well-equipped 

accelerator facility 

3. Samples containing liquid must be dried before 

irradiating to avoid explosion  

PIXE needs a collimated beam of positively charged 

particles. This can be produced by a radioactive alpha 

source or by particle accelerators. The Centre for Energy 

Research and Development (CERD), Obafemi Awolowo 

University, Ile-Ife, Nigeria has a 1.7MeV Tandem 

accelerator that can be used to produce proton beams. A 

number of authors have used this facility to PIXE 

analysis of solid minerals. Akpan et al. (2011) carried 

out PIXE analysis of Yandev and Odukpani limestone 

deposits using proton beams produced by Ion Beam 

Analysis (IBA) facility at the CERD, They concluded 

that all waste from industries mining the limestones 

(especilally the one from Yandev deposit) should be 

closely monitored since it was found to contain some 

rare earth elements (Ti, S, Rb, P, Mn, Sr, Cl and Zn). 

Wilberforce (2015) analyzed four different tubers and 

the soil where they were grown within Enyigba lead-

zinc derelict for heavy metals using PIXE technique. 

The results revealed that heavy metals in soil decreased 

in the order Pb > Zn > Cu > Mn > Cd > Ni > As > Cr. 

PIXE was used by  Abdullahi (2012) to characterize 

fourteen geological samples collected from North-

Western Nigeria to determine concentration of 

zirconium (Zr) and other trace elements. The result 

obtained indicated that zirconium is of commercial 

deposit at some of the regions. Alongside zirconium, Fe, 

Cu, Rb, Cd, Ba, Ce, W, Bi, and Sn were determined. 

Also element Fe and Cu concentrations appears to be 

deposited in commercial quantities. Abdullahi and 

Funtua (2012) used PIXE to characterize Lead and other 

elements in fourteen samples of gold ores from North 

Western Nigeria. Olabanji, (1991), on the other hand, 

used PIXE with the protons produced from another 

accelerator in Lund to measure the concentrations of the 

major, minor and trace elements in Nigerian coal 

samples. The results show that Nigerian coals have a 

low (0.82–0.99)% sulfur content. 

 

4. CONCLUSIONS 

Two of the available nuclear techniques (NAA and 

PIXE) for analyzing solid minerals have been presented. 

NAA has many advantages and few disadvantages. 

Luckily, Nigeria has a nuclear reactor which is required 

for NAA. PIXE is a multi-element detector and a fast 

analyzer. PIXE also requires a proton or particle 

generator such as an accelerator which is available in 

Nigeria. Available evidence indicate these facilities can 

be used to analyze solid minerals such as coal, gold, 

phosphate, bitumen, zirconium, copper, cadmium and 

other trace elements in the country. Both NAA and 

PIXE are non-destructive during analysis and require 

that the sample be irradiated before being analyzed. 

Despite the numerous applications that have been 

enumerated in this work, there is no clear Nigerian 

National Policy on the use of nuclear and radiation 

technology in the solid mineral industry and we 

recommend that one should be put in place by Federal 

Government. 
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ABSTRACT 

The paper deals with the determination of controller parameters for multivariable systems by 

means of parameter optimization. In order to reduce the computational burden, the starting 

point in the optimization is determined through information provided by the feedback controller 

parameterized using the multivariable internal model controller (IMC) computed from the 

plant’s p/q moment approximant and the original plant’s multi-loop controller parameter 

magnitudes. Thereafter, controller parameter optimization proceeds to completion using the 

MATLAB optimization toolbox which is widely available. A potency of this technique is that all 

performance specifications and stipulated constraints are easily accommodated in the problem 

formulation thus facilitating complete problem solution in one go. The technique has been 

found to be effective for all plants considered so far and generally produces closed loop 

systems with favorable characteristics when compared to systems designed by similar methods. 

Keywords: Centralized controller, robust stability and performance, optimization, moment 

approximant 

 

1. INTRODUCTION 

Effective methods for designing simple controllers 

for multivariable plants which guarantee good 

performance and satisfy stipulated constraints is still 

a topic of on-going research. One reason for this is 

that the plants usually have distinctive complex 

characteristics and each must usually be separately 

analyzed. Parameter optimization has been used in 

many situations for feedback control system design. 

One such method is the method of inequalities 

(Zakian and Al-Naib, 1973 , Taiwo, 1980, 

Whidborne et al., 1995, Balachandran et al., 1997 

and Zakian, 2005). This method works by solving a 

set of inequalities and has been found to work in 

many situations, although it is yet to be used to 

design centralized controllers for complex systems 

involving 4*4 or higher transfer function matrices. 

Recently, Escobar and Trierweler (2013) designed 

PID controllers for large process plants by an 

optimization technique based on frequency response 

approximation. Their results are compared to those 

of the work reported here. Other methods of 

optimizing the performance of the closed loop 

systems are based on genetic algorithms and 

simulated annealing. Although such methods have 

the property of global convergence, they are usually 

computationally intensive and their applications to 

large multivariable plants are scanty. This paper 

proposes a new technique for centralized 

multivariable controller design. Here, the initial 

controller parameters in the optimization are 

specified by using data from the feedback controller 

parameterized using the p/q moment approximant of 

the plant model and the magnitudes of the multi-

loop controller parameters giving good closed loop 

performance for the system involving the original 

plant. The optimization then proceeds and is 

deemed to have been completed when the nominal 

and robust performance of the feedback system 

meets the control objectives. In all cases so far 

considered, the centralized proportional plus 

integral (PI) controller has proved adequate, giving 

favourable performance in most situations. A merit 

of this method is that MATLAB optimization 

toolbox, which is widely available, has been used. 

Another advantage of this method is that various 

constraints such as bounds on structured singular 

values, internal variable magnitudes or their rates of 

change  can be directly handled during 

optimization. The paper is arranged as follows. In 

section 2, the new method is described. 

Applications of the new method to large 

multivariable systems is considered in section 3. A 

discussion of the results and conclusions from the 

work are considered in section 4. 

 

2. DESCRIPTION OF THE NEW METHOD 

 

The new method computes the centralized feedback 

controller of simple structures (typically PI, 

proportional plus integral controller) using 

parameter optimization. In order to reduce 

computational burden, it is recommended that a 

good starting point for optimization be used. This is 

done by studying information from the feedback 

controller parameterized using the IMC controller 

computed for, typically, the 0/1 moment 

approximant of the plant as well as the magnitudes of 
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the parameters of the multi-loop PI feed-back 

controller designed for the original plant. 

 

 

Computation of p/q moment approximant 

 

If it is desired to use the new method to design a 

simple feedback controller for the plant then its p/q 

moment approximant should be computed. This is 

undertaken as follows: Expand the plant model G(s) 

(assumed asymptotically stable) in infinite series: 

G(s) =
i

i

isG


0

     (1) 

Here, without loss of generality, we elect to express 

its reduced model R(s) in the right matrix fraction 

form: 

R(s) =

)(,

1

00

ITsTsV q

q

i

i

i

p

i

i

i 
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R(s) is a p/q moment approximant at s=0 if R(s) is 

asymptotically stable and 
1

0
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i i q
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   (4) 

In (3) and (4), Gµ = 0, µ  0. A unique solution exists 

and 

R(s) = G(s) + 0(s
p+q+1

)    (5) 

where the notation means that the power series 

expansion on both sides exist and agree up to terms 

of degree (p+q) inclusive. However, if expansion 

about s=0 does not furnish a stable p/q moment 

approximant, Taiwo and Krebs (1995) have shown 

how, generically, a stable approximant may be 

obtained by resorting to matching moments about 

more than the single point s=0. All the controllers 

designed in this work were based on parameterizing 

a classical feedback controller from the IMC 

controller computed from the 0/1 moment 

approximant of the original complex plant. 

Consequently, for space economy, we limit discussion 

to this case in the sequel. 

Assume that the PI controller is desired, then the 0/1 

reduced model R(s) given by 

              
      (6) 

 

will be computed. In order to obtain the IMC 

controller   , invert (6), giving,  

                
      (7) 

also,       where   is the filter given by  

               (8) 

 

The conventional feedback controller Co(s) is given 

by  

                                (9) 

 

For illustration purposes, suppose G(s) is 3*3 and 

                , (9) simplifies to 

      
 

  
 

         

         

         

                        (10) 

where                           (11) 

and      ,                    denotes the (i,j)th element 

of   
          

  .  

The next issue is the choice of  . One way to 

determine a preliminary value is to compute the 

multi-loop controllers for the original plant. The 

order of magnitude observed here should be used to 

estimate the starting value of   in order to optimize 

the parameters of the feedback controller, C(s). 

Usually it is advisable to start with a   which gives a 

closed loop stable system. A detailed exposition of 

this procedure will be given in the next Section. If it 

is desired to use a PID controller, then either a ½ or 

0/2 moment approximant would be used for 

controller parameterization. 

 

3. ILLUSTRATIVE EXAMPLES 

 

3.1 Example 1: Depropanizer column 

The process is a depropanizer column used to separate 

propane from the feed that comes from a de-ethanizer 

column (Wang, 2003) and its transfer function is given 

by 

 

     

 

 
 

             

       

            

        

            

       

            

     

            

       

            

     

          

       

          

       

         

      

 
 
   (12) 

The following steps should be taken in designing a 

controller for the plant G(s): 

Step 1: Assuming a centralized controller having PI 

elements is to be designed, then an 0/1 approximant of 

(12) should be computed and the controller C(s) should 

be calculated. In this example,   
   and   

   are given 

respectively as 

 

  
    

                            
                         
                           

  (13) 

 

  
    

                      
                       
                   

          (14) 

 

Step 2 is to estimate the value of  . The computation of 

a multiloop PI controller for the plant will assist here. 

The relative gain array is given by 

RGA = 
                  

                
                 

              (15) 

By simultaneously computing the Niederlinski index, it 

was found that the best control structure is as follows: 

               and      , where ui and yi are 
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respectively the controlled and manipulated variables. 

On computing the controller dictated by this structure, it 

was found that the values of the proportional and 

integral gains in (13) and (14) would have the same 

order of magnitude as those of the multi-loop controller 

elements if   ≈ 1000. Consequently, λ=1000 was used in 

(10). Hence with starting value 

      
 

    
   

   
  

  

             (16) 

and the performance index chosen as the integral of the 

absolute error (IAE) for step responses to unit step 

changes in the reference at time zero and simultaneous 

disturbance inputs of size 0.1 at time 2000, MATLAB 

optimization toolbox function fmin was used to compute 

 

      
                  
                   
                    

  

 

 
 

 
 
                  
                  
                    

          (17) 

 

Although the IAE associated with this controller is 

acceptable, the value of a robust performance metric, the  

structured singular value is greater than unity. Further 

computation was therefore done and the computed set of 

parameters (17) were used as starting point with a 

constraint that µRP  1, where µRP denotes structured 

singular value for robust performance. Here the 

MATLAB optimization toolbox function fmincon was 

used. The final controller computed is 

     

      
                  
                    
                    

   

 

 
 

 
 
                  
                    
                    

     (18) 

 

Note that to determine the robustness of the designed 

controllers the input uncertainty weight used by Garrido 

et al. (2012),    
           

         
 which permits up to 15% 

uncertainty at low frequencies and 200% uncertainty at 

high frequencies attaining 100% uncertainty at a 

frequency of about 15 rad/min, was used. The 

performance weight was also chosen as in Garrido et al. 

(2012), namely,    
              

 
. 

 

The responses of the closed loop system with the 

controller are displayed in fig.1. The characteristics of 

the feedback systems are compared with those of the 

closed loop system designed by Garrido et al. (2012) 

(fig.2) in Table I. It is found that the overall 

characteristics of the system designed in this work are 

superior to those of Garrido et al. (2012). Note in this 

work that     and     respectively denotes structured 

singular value for robust stability and nominal 

performance. 

Table 1: Performance and robustness indices for the 

depropanizer 

 Proposed Garrido et al. 

IAE for a step in y1 396.1 888.9 

IAE for a step in y2 307.2 811.8 

IAE for a step in y3 194.7 701.4 

TOTAL IAE 898.0 2402.0 

    0.9735 0.7262 

    0.1504 0.0399 

    0.8131 0.6443 

 
Fig.1: Depropanizer closed-loop response, this work 

 

 
Fig.2: Depropanizer closed-loop response, Garrido et 

al. 
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3.2 Example 2: Heat integrated distillation column 

Ding and Luyben (1990) presented the transfer 

function model for a Low-Purity heat integrated 

distillation column as  
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Steps 1 and 2 are similar to those in the previous 

example except that RGA indicates a diagonal structure 

                          , which was tuned to give  

                   ,                   

                  ,                  . 

Hence in choosing      , the values of these diagonal 

parameters were retained while every other element in 

  
   and   

   was divided by 10. In other words, λ 10 

was used for this example. Additionally, note that all the 

elements in row and column 1 of V0
-1

  and G0
-1

  apart 

from element (1,1) were zero. Upon applying the 

optimization toolbox in MATLAB, the eventual 

controller giving a system with acceptable servo and 

regulator characteristics is given by 

      

       
 
 
 

  

 
      
      
       

  

 
       
       
       

  

 
      
      
      

  

 

 
 

 
 

       
 
 
 

  

 
      
      
      

  

 
      
       
      

  

 
      
      
      

  (19) 

 

The adequacy of this controller in following reference 

changes and rejecting disturbance changes of 5% in Z1 

and Z2 can be verified from figures 3 and 5 respectively. 

This is compared with controller C1(s), with PID 

elements, in Escobar and Trierweiler (2013) as shown in 

figs.4 and 5. The other attractive characteristics of the 

closed loop system are tabulated in Tables II and III. 

The uncertainty weight used for robustness analysis was 

chosen as    
      

      
.This permits up to 15% 

uncertainty at low frequency and 200% at high 

frequency attaining 100% uncertainty at a frequency of 

about 1rad/min. The performance weight was chosen as 

   
           

 
. Here, we have specified peak 

sensitivity, Ms=2.25 (with an implication that GM ≥1.8 

and PM ≥ 25.68
0
) and  zero steady state error. Note that 

the Escobar and Trierweiler controller lacks 

performance robustness. 

 

 
 

Fig.3: Servo performance for the Ding and Luyben 

column 

 
 

Fig.4: Servo performance for the Ding and Luyben 

column 
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Table III:Regulatory performance indices 

 Proposed Escobar & 

Trierweller 

Total IAE for a step in Z1 47.33 31.50 

Total IAE for a step in Z2 55.16 36.38 

 

 
Fig.5: Regulatory performance for the Ding and 

Luyben column (z1 and z2 of size 5%). 

 

Table II: Performance and robustness indices 

for the Ding and Luyben column 

 Proposed Escobar & 

Trierweler 

IAE for a step in XB1 13.24 12.99 

IAE for a step in XD 14.94 12.65 

IAE for a step in XS 10.24 9.67 

IAE for a step in XB4 11.26 13.90 

TOTAL IAE 49.68 49.21 

    0.9648 1.8016 

    0.2144 0.2034 

    0.8749 1.1305 

 

 

3.3 Example 3: Alatiqi distillation column 

 

The Alatiqi column system used here is taken from 

Garrrido et al. (2012). It is a 4 by 4 system modelled by 

the transfer function matrix: 
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Steps 1 and 2 are similar to those of the preceding 

examples. A good starting point in this case was found 

by retaining the exact value of the diagonal controller 

for the multiloop structure. For the off-diagonal 

elements of the centralized controller, a value of λ of 

approximately 18 or greater was used, yielding 

 

       

      
       
      
      

  

      
      

        
       

  

       
        
      
       

  

       
       
      
      

  

 

         
 

 
 

      
      
      
      

  

      
      
       
      

 

      
      
      
      

  

       
       
      
      

 

 (20) 

Upon using the fmin function, the controller in (21) was 

computed which gives a system with satisfactory 

nominal and robust performance. 

 

      

      
       
      
      

  

      
      
      
      

  

      
      
      
       

  

       
      
      
      

  

 

         
 

 
 

      
       
      
      

  

      
      
      
      

  

       
      
      
      

  

       
       
      
      

 

 (21) 

The responses of the system with this controller are 

given in fig.(6) and some of the dynamic properties are 

listed in Table IV. Again, it is observed that the system 

obtained in this work is superior to the one in Garrido et 

al. (2012) displayed in fig.7. One observation is that we 

have used a more realistic uncertainty weight here rather 

than the one given by Garrido et al (2012). This is 

because among other considerations, we believe that 

uncertainty usually increases with frequency rather than 

the contrary impression given in their uncertainty 

weight. It is worth noting that our computed controller 

meets the required constraint µRP 1 even when their 

original weight is used. The new uncertainty weight 

used for the robust analysis is given by    

    
    

      
. However, the same performance weight as 

theirs is used, namely,    
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Table IV: Performance and robustness indices for the 

Alatiqi column 

 Proposed Garrido et al. 

IAE for a step in y1 59.95 47.62 

IAE for a step in y2 51.16 77.44 

IAE for a step in y3 8.67 14.32 

IAE for a step in y4 28.55 32.56 

TOTAL IAE 148.3 172.0 

    0.9728 3.4457 

    0.2615 0.2890 

    0.7486 1.6601 

 
Fig.6:Servo responses for the Alatiqi column 

 
Fig.7: Servo responses for the Alatiqi column 

 

 

 

4. DISCUSSION AND CONCLUSIONS 

 

Simple centralized controllers have been computed for 

three benchmark process systems. It is gratifying that in 

all cases, PI elements suffice in producing closed-loop 

systems meeting desired performance and constraints. A 

novel technique for estimating the starting values of the 

controller parameters ensures that the starting closed-

loop system is stable as well as substantially reduce 

computational burden. It also helps in determining the 

signs of the controller elements. Although optimization 

can be done in the Simulink environment, results in this 

work were obtained using the MATLAB environment 

and IMN approximants  (Zakian, 1975) (M=14, N=22) 

was used to compute system responses during 

optimization. The final results were confirmed by 

simulation using Simulink.   

 

The design of simple feedback controllers through an 

initial IMC parameterization using a moment 

approximant is novel and has worked effectively for all 

the plants considered so far with many of the plants 

being matrices of orders 3 or 4. These are the highest 

transfer function matrix dimensions of plants we found 

in the current literature. 

 

During controller parameter optimization, several 

performance indices were tried. It was found that either 

the integral of the squared error criterion or the integral 

of the absolute error criterion worked well for most 

examples. The integral of time multiplied by the 

absolute error criterion produced closed loop systems 

with relatively small settling times but large overshoots 

and large transient interactions. 
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ABSTRACT 
A solid base KF/Eggshell catalyst was prepared by wet impregnation method and applied for 

biodiesel production from high FFA neem oil. The XRF and XRD analyses confirmed the presence of 

CaO in the eggshell and crystalline phases of the desired catalyst. The 79 nm sized crystallites of the 

best catalyst having hexagonal shapes determined by SEM images were systemically arranged to give 

a BET specific surface area of 128 m
2
/g, pore size 3.24nm and pore volume0.045 cm

3
/g. The 

parameters affecting the preparation of the catalyst were investigated using OVAT approach. The best 

synthesis conditions were found to be 900
0
C eggshell calcination temperature for 2h, 30 wt. % KF 

dosage, and 600
0
C KF/Eggshell post-impregnation calcination temperature for 3h. The catalyst was 

applied in a single stage transesterification of neem oil having FFA of 4.2% to produce 94.8% yield of 

biodiesel. The biodiesel produced was confirmed using FTIR and GC-MS and comparable to the 

ASTM commercial standard. The reusability test shows that the catalyst was active recording high 

yield of 90% even after the fifth run and more efficient than KF/commercial CaO. Accordingly, 

eggshell can serve as a very good source of CaO for catalysing biodiesel formation. 

Keywords: Biodiesel, Transesterification, Waste Eggshell, Neem oil, 

 

1. INTRODUCTION  

In recent time, continuous crude oil price crash in the 

international market and discovery of more shale oil 

reserves have stirred a strong debate on the competitive 

advantage of biodiesel as compared to fossil diesel 

based on production cost. Also, environmental benignity 

and renewability of biodiesel remain unbeatable. The 

Nigerian biofuel and incentive policy stipulated usage of 

B20 biodiesel blend in automobiles by the year 2020, 

while currently countries like United States of America, 

Brazil, Indonesia, Malaysia, France and Germany uses 

biodiesel (Libai et al., 2010). Biodiesel is conventionally 

produced via transesterification of vegetable oils and 

animal fats with methanol in presence of homogeneous 

alkali (Encinar et al., 2002), acid (Rashid et al., 

2008),chemical catalytic conversion (Verhéet al.,2011) 

and enzyme catalysts (Xu et al., 2005). Homogeneous 

catalyzed transesterification yields 

catalyst‐contaminated biodiesel and glycerol, and 

generate huge quantity of effluents during product 

purification stage (Venkat Reddy et al., 2006). 

Heterogeneous catalysts could provide a viable solution 

to the product purification problems associated with 

homogeneous catalysts. Alkali-earth metal oxides (CaO, 

MgO, SrO and BaO), transition metal oxides (ZrO, TiO 

and ZnO) and zeolite have been reported to successfully 

catalyzed various vegetable oils producing biodiesel 

yields according to the specific surface area and basic 

strength of the catalysts (Zabetiet al., 2009; Suppes et 

al., 2001). 

 

Chicken eggshells are renewable resources containing 

CaCO3 in varying amounts, calcination of these 

eggshells above 700
0
C producesheterogeneous CaO-

catalyst for biodiesel production (Wei et al., 2009). 

According to the report of the United State Department 

of Agriculture (USDA, 2013), Nigeria ranks as the 

largest chicken egg producer with a progressive trend 

from 500,000 metric tons egg production in 2005 to 

650,000 metric tons in 2013, as depicted in Figure 1. 

These figures ensure adequate and continuous 

availability of eggshell wastes from which CaO can be 

obtained when treated, as untreated waste eggshells are 

usually disposed in landfill and its degradation often 

leads to pollution. 

 

Figure 1: Nigerian poultry industry growth trend 

(Source: USDA, 2013) 

CaO is the most promising and frequently applied metal 

oxide catalyst for biodiesel production, due to its cheap 

price, relatively high basic strength and less 

environmental impacts (Madhuet al., 2017). Pure metal 

oxide like CaO usually possess a less catalytic activity in 

comparison with mixed metal oxides (Lee and Taufiq-

Yap, 2014; Hodnett, 2000 and Centi et al., 2001). 

Apparently, large number of mixed oxides such as 

KF/CaO–Fe3O4 (Hu et al., 2011), KF/ZnO (Xie et al., 

2006) and KF/Ca–Mg–Al (Gao et al., 2009) have been 

mailto:aoajayi@abu.edu.ng
mailto:segeaj@gmail.com


Preparation And Application Of KF/Eggshell Catalyst In Transesterification Of Neem Oil 
 

14 
 

reported for the transesterification reactions. Basic 

heterogeneous catalysts performed more actively, react 

faster and are less corrosive in comparison with acidic 

heterogeneous catalyst (Helwani et al., 2009), but they 

are unfavourable for feedstocks with high FFAs and 

moisture content leading to saponification and hydration 

respectively (Wei et al., 2009; Gao et al., 2010). To 

mitigate this problem, two-step method is most 

commonly used (Wei et al., 2009). The first step is the 

FFA esterification reaction, this reaction is commonly 

carried out using homogenous acid catalyst (Wei et al., 

2009). The second step is transesterification reaction 

mostly using base catalysts (Wei et al., 2009). However, 

the two-step method increases system complexity and 

the cost of production (Wei et al., 2009). Thus, synthesis 

of a heterogeneous catalyst from adequately available 

and cheap spent eggshell impregnated with potassium 

fluoride (KF) for a single stage transesterification 

process can be an ideal cost-effective process for 

biodiesel production from vegetable oils having high 

FFA (Wen et al., 2010 and Liu et al.,2012).  

 

Accordingly, the paper sets out to synthesis, 

characterized and optimize the synthetic and operational 

conditions using OVAT for a catalyst from spent 

eggshell for a single stage transesterification of neem 

oil.  

 

2. EXPERIMENTAL 

 

2.1 Materials 

3.5kg spent eggshells were collected at Frizlers 

restaurant in Ahmadu Bello University main campus, 

Zaria, and wet beneficiated. The neem oil was provided 

by National Research Institute for Chemical 

Technology, Zaria, Nigeria. The oil had FFA of 4.2%. It 

contains 0.02% (wt) water and its molecular weight was 

870gmol
-1

. Analytical grade anhydrous methanol used 

was purchased from Zayo Chemicals Limited, Jos. 

Nigeria. The Commercial CaO and KF used were 

analytical reagents purchased at Hadis Chemicals 

Limited, Zaria, Nigeria. 

 

2.2 Method 

The collected waste eggshells were parboiled, 

satisfactorily washed and dried overnight in hot air oven 

at 105
0
C. The dried eggshells were crushed, ball milled 

and then sieved using a 63μm mesh sized sieve. The 

powdered eggshell obtained was calcined in a muffle 

furnace under static air condition at 900
0
C at holding 

time of 2hr (Viriya-Empikul et al., 2012 and Singh et 

al.,2012). The highly active CaO species derived from 

eggshell calcined at varied holding times and 

commercial CaO were hydrated at 60
0
C, dehydrated at 

140
0
C and recalcined at 600

0
C for 3h to convert the 

hydroxide formed to a highly porous oxide. 

 

 

 

2.2.1 Catalyst Synthesis: wet impregnation of 

KF/Eggshell 

10g each of the dehydrated-activated-CaO eggshell 

based catalysts was mixed with previously prepared 

aqueous solution of potassium fluoride (KF) with dosage 

(in wt%) of 20 to 40. The resulting slurries were dried at 

105
0
C overnight in an oven and was subsequently 

calcined at temperatures ranging between 200
0
C and 

600
0
C at holding times of 2 to 4hrs. These as-prepared 

catalysts were applied in a transesterification process to 

investigate their efficacies. 

 

2.2.2 Transesterification: catalyst efficacy tests 

The procured neem oil was pre-treated and analysed for 

physicochemical properties. The transesterification 

reaction parameters used in this study for the purpose of 

testing the efficacy of the catalysts were derived from 

the report of Libai et al.,(2011) with some 

modifications. In this study, 5wt. % catalyst weight was 

used for a reaction time of 1.5h with oil-methanol ratio 

and reaction temperature of 1:12 and 65
0
C, respectively. 

Typically, a 250ml 3-neck flat bottom flask was charged 

with 23g of the pre-treated neem oil and 5 different 

catalysts prepared in section 2.2.1, while the reaction 

condition employed are as mentioned earlier. The 

medium was stirred at 500r.p.m and refluxed with a 

water-cooled condenser, placed on a calibrated magnetic 

stirrer. At the stipulated reaction time, the product was 

cooled down and allowed to separate into three distinct 

layers after staying for 24hrs in a separating funnel. The 

topmost layer consisted majorly of the methyl ester, 

middle-dissolved methanol and bottom-unreacted 

triglycerides. It was decanted, washed with distilled 

water and the residual methanol was separated by 

distillation at 75
0
C. The biodiesel yield was determined 

as ratio of the weight of decanted topmost oil layer to 

the weight of neem oil used in the reaction. The catalyst 

having the highest yield of biodiesel was chosen as the 

best and subjected to further upgrade. 

 

2.2.3 Comparative and Reusability Tests 

Four different types of catalysts were prepared based on 

the selected favourable conditions, namely; KF/eggshell, 

KF/Commercial CaO, Eggshell and Commercial CaO 

were applied in transesterification reaction. The as-

synthesized KF/eggshell based catalyst was repeatedly 

used in the transesterification reaction. After each 

complete cycle of transesterification, the catalyst was 

centrifuged from the mixture, washed with methanol, 

dried and weighed before applying them in another 

cycle. The biodiesel yield and catalyst weight after each 

run were determined and noted. 

 

2.2.4 Characterization Technique 

The chemical composition of the eggshell was 

determined by XRF spectrometry using Shidmadzu 

EDX-720 spectrometer. The morphology and specific 

composition for each stage of the transformation of the 

eggshell were observed under Scanning Electron 

Microscopy with Energy Dispersive X-ray Spectroscopy 
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(SEM-EDX) using Hitachi S-4500 field emission SEM 

with a Quartz PCI XOne SSD X-ray analyzer. The 

crystalline phase of each stage of the transformation of 

eggshell into the desired catalysts was studied using the 

Shidmadzu XRD-6000 Diffractometer. The XRD 

patterns were identified and analyzed by comparing their 

diffraction lines and intensities using the Joint 

Committee on Powder Diffraction Standards (JCPDS). 

The Quantachrome Nova 4200e BET machine was 

employed to determine the specific surface area, pore 

diameter and volume of the catalyst produced under 

optimal conditions using the N2 adsorption-desorption 

technique. The FTIR analyses on the catalyst performed 

using the Agilent machine. The fresh biodiesel produced 

from the best condition was analysed qualitatively using 

FTIR and GC-MS. 

3. RESULTS AND DISCUSSION 

3.3.1 Eggshell and Catalysts 

The result of XRF analysis of the beneficiated eggshell 

suggests, shown in Table 1, that the choice of eggshell 

as a raw material in this study is justified by the rich 

content in calcium needed basically for the catalysis. 

Hunton (2005) reported that the chicken eggshell is 97% 

calcium carbonate crystals, which are stabilized by a 

protein matrix, he also mentioned that an amount as low 

as 78% has been reported. The variance in the values of 

the main component, i.e CaO seen in Table 1 with the 

literature (Eletta et al., 2016 and Amal and Manusamy, 

2015) might be attributed to difference in the chicken 

feeding culture and/or location. 

 

Table 1: Chemical composition (wt. %) of eggshell 

 

Composition CaO SO3 Na2O Al2O3 Fe2O3 CeO2 BaO SiO2 TiO MgO P2O5 

Present work 98.04 0.21 0.08 0.28 0.08 0.03 0.06 0.36 0.02 nd nd 

Eletta et al (2016) 89.85  0.21 0.32 0.03 nd nd 0.1 nd 0.01 0.26 

Amal and Manusamy, 2015 76.99 0.33 0.11 nd 0.02 nd nd nd nd 0.93 0.42 

nd = not determined 

 

The result of thermal transition, crystalline phase and 

morphology of samples are detailed here. The most 

intense peak observed occur at 2θ = 29.32
0
 in Figure 2 

(a) having crystalline plane of (104) and other minor 

peaks were noted at 35.95
0
(110), 39.37

0
(113), 

43.08
0
(202), according to JCPDS card number; 01-085-

1108 for calcium carbonate. It should be noted that the 

results displayed in Figures 2 and 3 as well as the BET 

data were for the starting material and best catalyst in 

transesterification reaction. 

 

 

Figure 2: XRD patterns for raw eggshell, calcined eggshell and KF/eggshell catalyst 

 

This is in agreement with the XRF result in Table 1 

which showed that beneficiated raw eggshell is majorly 

composed of CaCO3. Thermal treatment of the calcite at 

the optimum operating condition assisted in the 

transformation of the CaCO3 into CaO as depicted by 

Figure 2 (b). The peaks prominent for lime were 

observed at 2θ = 32.03
0
(111), 37.26

0
(200), 53.71

0
(220), 

which corresponds with the JCPDS card number- fm-

3m: 01-077-2376 for face-centred cubic lime lattice. The 

peaks corresponding to the KCaF3 were consistent with 

o

i

l

a 

b 
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the standard pattern reported in JCPDS file (3-567) for 

KCaF3 crystal, having intense peaks of the magnetite 

observed at 2θ = 30.04
0
(220), 43.08

0
(400) as depicted in 

figure 2(c)contained in the file number (79-0417). 

According to XRD analysis, the crystallinity (%), size 

(nm) and shape for beneficiated eggshell, calcined 

eggshell, catalyst and magnetic catalyst, respectively, 

are 94, 100, hexagonal; 92, 84, cubic; 87, 79, hexagonal 

and 98, 108, orthorhombic. 

 
Figure 3: SEM for beneficiated eggshell and magnetite KF/Eggshell catalysts 

 

Figure 3(a) is the SEM image of the beneficiated 

eggshell, shows irregular agglomerates of rod-like 

particles of eggshell indicative of a low specific surface 

area, which is similar to report Khemthonget al., (2012) 

and Nijuet al., (2014). Figure 3(b) is the SEM 

micrograph of the magnetic catalyst, shows an 

irregularly shaped structure, but having some closely 

parked agglomerates probably resulting from the 

magnetic nature of the catalyst. This feature may 

possibly be an advantage in catalyst activity and 

recoverability. The EDS gave an indication of the 

introduction of magnetite in the final catalyst and its 

result for the beneficiated eggshell was found to 

corroborate the XRF result. 

The hydration-dehydration technique after initial 

calcination was reported by (Yoosuk et al., 2010) to play 

an important role in improving the specific surface of 

CaO catalyst. The specific surface area, pore size and 

pore volume of the catalyst were determined to be 

128m
2
/g, 3.24 nm and 0.046 cm

3
/g, respectively, an 

indication of its mesoporosity.  

 

3.3.2 Transesterification reaction 

Figure 4 shows the combined effects of post-

impregnation calcination time (PICtime) and KF dosage 

at post-impregnation calcination temperature (PICtemp) 

of 600
0
C. The biodiesel yield was observed to increase 

with increase in PICtemp and KF dosage but climaxed at 

KF dosage of 30wt%. Further increase in the dosage led 

to drop in biodiesel yield, which suggest that the excess 

KF have negatively affected the activity of the catalyst 

resulting in the promotion of reverse reaction (Singh et 

al., 2012). The increase in biodiesel yield was 

spontaneous as the value spike from 70.3% for PICtemp 

of 200
0
C to 91.8% at PICtemp of 600

0
C. Accordingly, 

the PICtemp of 600
0
C and KF 30wt% were chosen as 

the best point for these parameters of investigation. This 

suggest that the dosage and temperature are favourable 

for the synthesis of an active highly porous catalyst with 

good surface area. 

 

The produced KF/eggshell catalyst produced from post-

impregnation calcination temperature of 200
0
C to 600

0
C 

and PICtime of 2 to 4hrs using 30wt% KF was tested in 

the transesterification reaction and the biodiesel yield 

obtained are depicted in Figure 5. The result in figure 4 

shows that holding time does not have significant effect 

on biodiesel yield as the increase in its value is less than 

2% for holding time up to 4hrs, irrespective of the post-

impregnation temperature. On the contrary, the 

temperature of thermal treatment had a positive effect on 

the biodiesel yield. For holding time of 2hr, the yield 

increases from 69.2% at 200
0
C to 89.5% at 600

0
C, an 

improvement was noticed when the holding time was 

increased to 4hrs, recording 70.3% and 91.8% at 200
0
C 

and 600
0
C, respectively. This is an indication that the 

reaction between CaO and KF was highly favoured at 

higher temperature, leading to highly active catalyst 

producing high biodiesel yield (Wen et al., 2010).
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Figure 4: Biodiesel yield obtained at PICTime of 

3hrs understudying PICTemperature and KF 

dosage 

 
Figure 5: Biodiesel yield obtained at KF-30wt% 

understudying PICTemperature and PICTime. 

 

Figure 6 shows the effect of KF dosage and PICTime at 

fixed PICTemperature of 600
0
C of biodiesel yield. It 

was found to increase with increase in both parameters, 

suspected to have resulted from formation of the desired 

catalyst at this temperature and appropriate dosage of 

KF. The biodiesel yield increased from 75.9% for KF 

dosage of 15% at PICTime of 2hrs to 89.2% for KF 

dosage of 30% and same PICTime. Increasing the 

PICTime to 4hrs, biodiesel yield of 78% and 91.2% 

were respectively, obtained for KF dosage of 15 and 

30%. It should be mentioned here that, the biodiesel 

yield obtained for KF dosage of 30 and 35wt % were 

observed to be close in terms of value, which implies 

that further increase in KF dosage does not favour 

biodiesel yield.  

 

 

A KF dosage of 30wt%, PICTemperature of 600
0
C and 

PICTime of 3hrs were observed to be a favourable 

condition for the formation of an active KF/eggshell 

based biodiesel catalyst. Accordingly, the proposed 

transesterification reaction mechanism for KF/eggshell 

based catalyst is presented in Figure 7. 

 

 

 

 

 

 

Figure 6: Biodiesel yield obtained at KF-30wt% 

understudying PICTemperature and PICTime. 

 

 
Figure 7: Proposed transesterification reaction mechanism in the presence of KF/eggshell catalyst. 
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3.3.3 Comparative and Reusability Test  

Figure 8 showed the biodiesel yield produced from four 

different catalyst. It worth mentioning that the eggshell 

based CaO was more active than its commercial 

counterpart, for the former recorded 68.6%, while the 

commercial had only 60.8%.  

 
Figure 8: Comparative transesterification yield 

study. 

 

It is suggestive that the eggshell based CaO have less 

resistance to thermal activation compare with the 

commercial one, that might have gone through several 

processes during its production. The KF/eggshell 

catalyst was also found to be more reactive than the 

KF/C-CaO, producing biodiesel yield of 95.1% 

compared with 90.1% from the other. The reason for this 

might be partly what was stated earlier and/or inability 

of the KF to interact properly with a more rigid structure 

of the commercial CaO. 

The reusability study conducted showed that the catalyst 

can be economically used for more than four runs with 

biodiesel yield of 79% at the fifth run, as depicted in 

Figure 9. The test was further conducted for yet other 

runs and it was observed that as the weight of the 

recovered catalyst drop, the yield dropped in same trend. 

This suggests that the quantity of catalyst viz-a-viz the 

needed active were reduced hence less biodiesel 

formation, resulting from leakage of K and Ca to water 

and methanol (Liu et al., 2012).  

 
Figure 9: Catalyst reusability study. 

 

3.3.4 Biodiesel Characterization 

Figure 10 depicting the FTIR for biodiesel produced, 

showed a slight absorption in the 3600-3300 cm
-1

 range 

indicating a very little presence of moisture this is also 

complimented by the “water and sediment” result in 

Table 2.  

 
Figure 10: FTIR spectra of biodiesel fuel produced over the KF/Eggshell catalyst 

  

This also suggests absence of unreacted alcohol in the 

fuel produced, resulting from the distillation of the fuel 

after the transesterification process. The slightly sharp 

peaks in the 1147 – 1122cm
-1

 indicates low presence of 

unsaturated compounds in the fuel produced. This is 

evident in the observed reduction of the iodine value of 

the fuel which is probably due to transformation during 

the transesterification process. There is a very strong 

ester absorption in the range 1750 – 1730cm
-1

 depicted 

by a very sharp peak suggesting, almost complete 
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conversion of triglycerides to methyl esters (Tanwaret al., 2013) 

 

Table 2: Physicochemical Properties of Neem Oil and Biodiesel 

Properties Neem Oil 

Measured value 

Biodiesel (B100) 

Measured value 

ASTM Standard 

B100 

Test Methods 

Density at 40
0
C (g/cm

3
) 0.92 0.89 0.86 – 0.89 ASTM D1298 

Iodine value (mg I/100g oil) 71.4 42.5 - ASTM D5554 

Viscosity at 40
0
C (mm

2
/s) 26.09 4.78 1.9 – 6.0 ASTM D445 

Acid value (mg KOH/g) 8.36 0.264 0 – 0.5 ASTM D664 

Flash point 
0
C - 137 93 -170 D93 

Cloud point 
0
C - 10 (-3) - 12 Refrigeration 

Pour point  
0
C - 4 (-15) - 10 Refrigeration 

Water & sediment (% vol) - 0.02 0 – 0.05 ASTM D2709 

Molecular weight (g/mol) 870 - - (Xu et al., 2006) 

Colour Dark brown Light brown - - 

 

The major shift from direct use of vegetable oil in diesel engines to transesterified oil is because of its high viscosity; 

this fuel property affects the flow and atomization characteristics of a liquid fuel. A 4.78 mm
2
/sec kinematic 

viscosity of the produced neem oil 

biodiesel can ensure a superior injection and atomization 

performance with added advantage of lubrication for the 

moving engine parts. High flash point temperatures for 

fuels ensure safe handling and storage. All the properties 

investigated in Table 2 were observed to fall within the 

ASTM standard. 

Figure 11 shows the GC for fatty acid methyl esters, 

which contains about 34 methyl ester compounds. 

Eleven ester compounds out of the 15 observed were 

matched to the standard. Molecules of glycerine that is 

present in the biodiesel may be due to insufficient 

purification after production. Squalene and octacosane 

are inherent compounds found in vegetable oils, 

squalene; an unsaturated alkene compound was 

observed to be present in a minute quantity. This was 

also confirmed by both the iodine value and FTIR peak. 

The relatively low amount of this compound, is 

beneficial to the oxidative stability of the biodiesel fuel. 

The ester content of the produced was found to be 

96.82%, which compares favourably with the standard 

stipulated by ASTM is 96.5%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Gas Chromatogram of freshly prepared neem oil biodiesel 

 

4.0 CONCLUSION 

Chicken eggshell wastes are cheaply available rich 

source of CaCO3 from which CaO can be synthesized as 

a catalyst for biodiesel production. The best temperature 

for calcination of chicken eggshell for the production of 

usable CaO-catalyst in biodiesel production was 
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established to be 900
0
C for a period of 2h.The 

impregnation of KF in the calcined eggshell 

consequentially led to the formation of KCaF3 crystals 

with probable higher basic strength than CaO. The 

KF/Eggshell synthesized after impregnation are more 

acid tolerant than CaO, hence usable in the 

transesterification of neem having FFA of 4.2%. 

30 wt.% of KF was found to be the best amount needed 

for the impregnation, calcination of KF/Eggshell at 600
0
 

for 2h were also found to be the optimal conditions for 

the preparation of the acid tolerant catalyst 

The KF/Eggshell catalyst prepared at optimal conditions 

was found to be highly crystalline and porous with large 

hexagonal-like surface area. These structural properties 

together with the basic strength of the catalyst were 

believed to be responsible for its high catalytic activity. 

The catalyst was found to be reusable up to four and five 

turnovers respectively producing biodiesel of about 90% 

yield. 
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ABSTRACT 

Coal is expected to remain one of the dominant fuels in global electricity power generation as a 

result of its low cost, high reliability and high availability. In Nigeria, however, coal is yet to make a 

significant contribution to Nigeria’s energy needs because of the numerous challenges associated 

with coal electricity power generation. One of the challenges is that the use of coal to generate 

electric power produces toxic gases which are hazardous to human health and the environment; it is 

also perceived as dirty to the environment. This paper focuses on the roles clean coal technologies 

can play in the sustainable exploitation of Nigeria’s coal reserves and how it can be effectively 

utilized to meet Nigeria’s energy needs. The Nigerian situation on electricity is reviewed, and the 

Nigerian national policy on coal utilization is evaluated. Recommendations on methods for 

implementing some aspects of the Nigerian national coal policy are made. Many clean coal 

technologies that can help overcome the challenges of electric power generation were also reviewed. 

It is concluded that the core of the Nigerian national policy on coal should be the promotion of clean 

coal technology for electricity production. Clean coal technologies can reduce the hazardous 

gaseous emissions generated by the thermal decomposition of the fuel. By developing clean coal 

technologies, Nigeria will be able to use her considerable coal resources better and reduce the 

emissions of harmful substances associated with coal mining, thereby make a significant 

contribution to Nigeria’s energy needs. 

 

1.0 INTRODUCTION 

1.1 Origin of Coal 

Coal is a brownish-black sedimentary rock usually 

occurring in rock strata in layers or veins called coal 

beds or coal seams. Coal is the solid end-product of 

millions of years of decomposition of organic materials. 

Over millions of years, accumulated plant and animal 

matter is covered by sediment and stored within the 

earth's crust, gradually being transformed into hard 

black solids by the sheer weight of the earth's surface. 

Coal, like other fossil fuel supplies, takes millions of 

years to create but releases its stored energy within only 

a few moments when burned. Different types of coal 

exist, and they all have different uses. However, the 

most significant uses of coal are in electricity 

generation, steel production, cement manufacturing and 

as a liquid fuel. (WCA, 2016) 

 

1.2 Types of Coal 

Coal is a complex resource and can vary in composition 

even within the same deposit. There are four different 

types or ranking levels of coal, lignite, sub-bituminous 

coal, bituminous coal, and anthracite. Each type with 

differences in energy output as a result of increased 

pressurization, heat, and time. The four types of coal are  

discussed extensively in literature (Parr, 1922; World 

Coal Institute, 2005). 

 

1.3 Reserves of Coal 

Over 984 billion tonnes of proven coal reserves are 

estimated worldwide (World Coal Institute, 2005). The 

implication is that there are enough coal reserves to last 

us for over 190 years. Coal can be found on every 

continent in over 70 countries, with the biggest reserves 

in the USA, Russia, China and India (World Coal 

Institute, 2005). Nigeria ranks low in worldwide coal 

production, with less than 10 thousand tons of coal 

production yearly (Statistical Review of World Energy 

2015). Nigerian Coal Corporation (NCC) estimated 

Nigeria’s coal reserves to be at least 2 billion tons, with 

approximately 190 million metric tons as proven 

(Odesola et al., 2013). Although coal was the first 

energy resource to be exploited by Nigeria, Coal 

production has dropped to insignificant levels from its 

high of almost 1 million tonnes in 1959 Fig. 1 (Odesola 

et al., 2013).  

 

Nigeria is endowed with abundant sub-bituminous coal 

resources distributed in about 22 coal fields spread over 

the country. Fig. 2 presents the map showing the 

location of the coals in the sedimentary basins of Nigeria 
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(Nyakuma, 2015; Obaje, 2009). Coal seams occur in 

three main stratigraphic levels (Ogunsola, 2008):  

 

 

Fig. 1: Nigerian Coal Production Since 1909 (Odesola 

et al., 2013) 

1. The brown coals (lignite) of Ogwashi-Asaba 

Formation of Miocene to Pliocene ages,  

2. The upper and lower sub-bituminous coal measures 

of Maastrichtian age and 

3. The bituminous coals of the Awgu shales of 

Coniacian age. 

Table 1: Nigeria’s Coal Mines (M2M Workshop – Nigeria, 2005) 

Mines Coal Type Estimated Reserves 

(Million Tons) 

Proven Reserves 

(Million Tons) 

Depth of Coal 

(m) 

Okapara Sub-Bituminous 100 24 180 

Onyeama Sub-Bituminous 150 40 N/A 

Ihioma Lignite 40 N/A 20-80 

Ogboyoga Sub-Bituminous 427 107 20-100 

Ogwashi Azagba 

/Obomkpa 
Lignite 250 63 15-100 

Ezimo Sub-Bituminous 135 56 30-45 

 

 

Table 3: Proximate Analyses of Coals from Selected Nigerian Coal Fields (Nyakuma, 2015) 

Property Garin Maiganga Coal Mines Shankodi-Jangwa Coal Seam Afuze Coalfields 

Moisture 5.28% 5.14% 1.97% 

Volatile Matter 51.16% 40.73% 45.80% 

Ash 21.05% 14.94% 30.99% 

Fixed Carbon 22.52% 39.18% 21.24% 

Mineral Matter 22.95% 17.25% 34.24% 

 

Table 1 provides an overview of estimates and proven 

reserves in some coal mines in Nigeria. More 

comprehensive information is given in the Nigeria- 

Summary of Coal Industry document (M2M Workshop 

– Nigeria, 2005). 

 

The coals in the coal mines are low in sulfur and ash 

content, making them attractive for use as a source of 

fuel for electric power generation. Table 2 presents the 

ultimate analyses of coal from Afuze coalfields in 

Afuze, Edo state; Shankodi-Jangwa coal seam in Obi, 

Nasarawa state; and the Garin Maiganga coal mines in 

Akko, Gombe state of Nigeria (Nyakuma, 2015). 

Proximate analyses of the coal from the three selected 

coal fields are also presented in Table 3 (Nyakuma, 

2015). The low moisture content of the coal in all three 

fields indicates the maturity of coal found in Nigeria 

Table 2: Ultimate Analyses of Coals from Selected Nigerian Coal Fields (Nyakuma, 2015) 

Property Garin Maiganga Coal Mines Shankodi-Jangwa Coal Seam Afuze Coalfields 

Carbon 61.69% 71.46% 72.46% 

Hydrogen  4.42% 6.40% 6.07% 

Nitrogen 1.07% 1.37% 1.63% 

Sulphur 0.39% 2.03% 1.41% 

Oxygen 32.16% 18.76% 18.43% 

Heating Value 23.7MJ/Kg 27.34 MJ/Kg 30.52 MJ/Kg 
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Fig. 2: Nigeria’s Sedimentary Coal Basins And  Deposits (Obaje, 2009) 

 

2.0 ELECTRICITY FROM COAL 

2.1  Coal and Electricity 

In this day and age, electricity is an essential part of our 

lives and economy. Coal plays a vital role in electric 

power generation worldwide. Coal-fired electric power 

plants currently fuel 41% (Fig. 3) of global electricity 

(WCA, 2016). In some countries, coal fuel produces a 

high percentage of electric power generated. Table 4 

presents the percentage of coal used for electric power 

generation in different countries.  

 

Table 4: Coal in Electricity Generation (IEA, 2010) 

South Africa  93% Poland 92% PR China  79% 

Australia  77% Kazakhstan 70% India  69% 

Israel  63% Czech Rep 60% Morocco  55% 

Greece  52% USA 49% Germany 46% 

 

Table 4 indicates that coal is an important electric 

energy source for many countries, such as South Africa, 

Poland, People Republic of China, etc. The importance 

of coal to electricity generation worldwide is set to 

continue. Sasol Limited, an integrated energy, and 

chemical company, operates commercial clean coal 

gasification plants in Secunda, Mpumalanga, South 

Africa, and in Sasolburg, Free State province of South 

Africa to generate electricity (Sichinga and Buchanan, 

2005). Sub-Bituminous grade coal is used in these 

plants. Nigerian coal being sub-bituminous can use this 

same technology in generating electric power.  

 

 
Fig. 3: Total World Electricity Generation by Fuel 

(WCA, 2016) 
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2.2  Conversion of Coal to Electricity 

The process of converting coal to electricity involves 

the milling of the coal to a fine powder, and its 

combustion in a boiler to generate steam to drive 

turbines (IEA, 2010). A diagram of the process is 

shown in Fig. 4 below. 

 

 

 

Fig. 4: Conversion of Coal to Electricity (Conventional PCC) (Moazzem et al., 2012) 

 

The combustion process in the boiler generates gaseous 

emissions by the thermal decomposition of the coal. 

These gases include sulphur dioxide SO2, nitrogen 

oxides (NO2), carbon dioxide (CO2), mercury, and other 

chemical by-products that vary depending on the type of 

the coal being used (Moretti and Jones, 2012). These 

emissions have been established to have a negative 

impact on the environment and human health, 

contributing to acid rain, lung cancer, and cardiovascular 

diseases. 

 

2.3  Generation and Distribution of Electricity in 

Nigeria 

Nigeria's electric power generation and grid distribution 

capability is currently in the range of 3,500 to 4,500 

megawatts (MW) (MMSD, 2010). This is far short of 

that required to support the current population and to 

keep the economy growing. Current estimates of 

National electricity demand are in the range of 20,000 to 

25,000 MW. Power is currently produced from several 

gas-fired and hydropower generating facilities. Power 

from the electricity distribution grid is supplemented by 

numerous small, costly diesel powered generators in the 

country's cities, towns, and villages. The electricity 

supply in Nigeria is characterized by frequent power 

failures and load shedding, resulting in economic losses 

through lost production, damaged equipment and the 

need for expensive stand-by power. The Country has an 

over reliance on its current non-coal generating facilities 

while its vast coal reserves remain unutilized. 

 

Privatization of the energy sector has already been 

initiated through the Electric Power Sector Reform Act 

of 2005 (NERC, 2005). The former Nigerian National 

Electricity Power Authority (NEPA) has been 

unbundled into generation, transmission and distribution 

companies that have become privatized. Meanwhile, 

several Independent Power Producers (IPPs) are already 

in operation. The exploitation of coal for electricity 

generation and the production of coal briquettes for 

domestic and industrial heating will bring a number of 

benefits including the following: 

i. Increased and more reliable electricity supply, 

ii. Lower cost electrical energy, 

iii. Expanded industrialization of the economy, 

iv. Increased employment and human resources 

development, 

v. Increased capacity utilization of existing 

industries and 

vi. Increased national income through taxes 

 

3.0  NATIONAL ENERGY POLICY ON COAL 

Clean Coal Technologies are environmentally superior 

and more operationally efficient than technologies in 

common use today. Improved operating efficiencies of 

new power generation technologies from the Clean Coal 

Technology programs are 30-40% higher than 

conventional coal plants. This translates to nearly the 

same percentage reduction in carbon dioxide emissions. 

A cornerstone of the National Policy on Coal is the 

promotion of clean coal for electricity production. The 

following objectives of the National Energy Policy seek 
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to promote the utilization of clean coal. These include: 

(Lukman, 2003) 

i. Promotion of production of coal for export. 

ii. Promotion of effective utilization of coal for 

complementing the nation's energy needs and 

as an industrial feedstock. 

iii. Attracting increased investment into, and 

promote indigenous participation in the coal 

industry. 

iv. Utilizing coal to meet the critical national need 

of providing a viable alternative to fuel wood in 

order to conserve our forests. 

v. Minimizing environmental pollution arising 

from the utilization of coal. 

 

To achieve these stated objectives, the National Policy 

has adopted the following strategies: (Lukman, 2003) 

i. Intensifying the drive for coal exploration and 

production activities. 

ii. Providing adequate incentives to indigenous 

and foreign entrepreneurs so as to attract 

investments in coal exploration and production. 

iii. Providing adequate incentives for the large 

scale production of coal stoves at affordable 

prices. 

iv. Providing adequate incentives to indigenous 

and foreign entrepreneurs for the establishment 

of coal-based industries. 

v. Developing adequate infrastructure for 

handling and transportation of coal within and 

out of the country. 

vi. Organizing awareness programs for the use of 

smokeless coal briquettes as an alternative to 

fuel wood. 

vii. Encouraging R & D in the production, 

processing and utilization of coal. 

viii. Introducing clean coal technologies into coal 

utilization.  

ix. Re-introducing the use of coal for power 

generation 

x. Focus on Clean Coal Technologies to provide 

cleaner electric power at less cost. 

 

4.0  CLEAN COAL TECHNOLOGIES 

Clean coal technology is a term used to describe the 

combination of different technologies to generate 

electricity from coal with minimal environmental 

impacts. In practice ‘clean coal’ technology means a 

range of technologies which includes the preparation of 

coal (i.e. washing), its combustion, and the clean-up of 

waste gases (e.g. CO2, SO2, NOx) as well as the better 

maintenance and management of facilities and the use of 

more sophisticated control and monitoring systems 

(Watson and Oldham, 1999). In the past, the methods 

used for cleaning coal included chemically washing 

impurities from coal, gasification, flue gas treatment, 

carbon capture, and storage technologies; to capture CO2 

from flue gas and dewatering low calorific coals to 

increase their energy conversion rates, and thus the 

efficiency of electricity generation. However, modern 

methods have been developed, and they include 

Efficiency improvement/Advanced Combustion 

Technologies, Integrated Carbon Capture and 

Sequestration Technology (CSS), Underground Coal 

Gasification, Oxy-fuel Combustion Carbon Capture 

Technology and Integrated Gasification Combined 

Cycle Process. 

 

4.1 Advanced Combustion Technologies 

Advanced Combustion Technologies are developed to 

incorporate new techniques and components with the old 

infrastructure to make power generation from coal 

cleaner, efficient and effective while reducing costs of 

production. These combustion technologies are 

amenable to CO2 sequestration (by producing high 

pressure and/or high CO2 flue gas concentration (Beèr, 

2000). Some of these technologies are Low Emission 

Boiler Systems (LEBS) (Moretti and Jones, 2012), 

Indirectly Fired Power System (IFPS), and Fluidized 

Bed Combustion (Philibert and Podkanski, 2005). 

 

 

4.1.1 Low Emission Boiler Systems (LEBS) 

Low Emission Boiler Systems are the future of coal-

fired power plants. These plants rates of emissions of 

SOx, NOx, and particulates are much lower than those 

of the other coal-fired power plants, and the net 

efficiency of these systems is also higher than that of 

coal-fired utility plants. Fly ash and scrubber solids 

waste streams are produced from these systems which 

make them very clean and efficient in nature. The ash is 

easily transformed into a non-leachable slag, which can 

be used for blasting or roofing granules. The slag 

byproduct can be used for making cement and other 

building materials. This gives the Low Emission boiler 

system a dual role that help saves energy and cost 

(Moretti and Jones, 2012).  

 

4.1.2 Indirectly Fired Power System (IFPS) 

Indirectly Fired Power System uses an indirectly fired 

gas turbine combined cycle, where heat energy is 

supplied to the gas turbine through series of high-

temperature heat exchangers (Zhu, 2015). In the 

indirectly fired cycle, the products obtained during 

http://en.wikipedia.org/wiki/Gasification
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combustion are shielded from the gas turbine, and a 

higher thermal efficiency is also produced. Indirectly 

Fired Power System use compressed air, and other fuels 

such as natural gas can be used to increase the 

temperature in the air furnace to that of the gas turbine 

inlet. Indirectly Fired Power System reduces the 

emission of SO2 and NOX significantly. This combustion 

technique is very promising however, reducing carbon 

emissions to its lowest for a coal fired boiler, and 

producing electricity that will cost at a cheaper rate than 

today’s power plants. 

 

4.1.3 Fluidized Bed Combustion 

Fluidized Bed Combustion systems provide an 

alternative form of using coal to generate electricity with 

minimal carbon emissions. Two types of Fluidized Bed 

Combustion are available: the atmospheric system and 

the pressurized system. In the atmospheric system, 

dolomite is used as a sorbent to capture sulfur and its 

compounds from coal combustion. A stream of air is 

used to suspend the sorbent and change it into a fluid-

like substance. The pressurized bed combustion (Fig. 5) 

operates in the same way as the atmospheric system 

except that it runs at a higher pressure, which creates a 

gas stream at temperatures that can drive a steam turbine 

(Watson and Oldham, 1999). 

 

In Japan, research and development of pressurized 

fluidized-bed combined electricity power generation 

technology was conducted at J-POWER’s Wakamatsu 

Coal Utilization Research Center (now known as 

Wakamatsu Research Institute) using a 71 MWe-PFBC 

Plant (JCOAL, 2007). The test plant was the first plant 

in the world to adopt a full-scale ceramic tube filter 

(CTF) capable of collecting dust from high-temperature, 

high-pressure gas at a high-performance level. Results 

of PFBC technology development were (1) Gross 

efficiency of 43% was achieved by increasing efficiency 

through combined power generation utilizing 

pressurized fluidized-bed combustion and (2) SOx level 

of approximately 5 ppm through in-bed desulfurization; 

NOx level of approximately 100 ppm through low-

temperature combustion (approximately 860
o
C), and 

dust of less than 1mg/Nm
3
 by CTF. 

 

 

4.2 Integrated Gasification Combined Cycle 

(IGCC)  

In integrated gasification combined cycle (IGCC) 

systems, steam and hot pressurized air or oxygen is 

mixed with coal in a reaction that forces carbon 

molecules to be separated (Subbarao, 2010). The 

produced syngas, which comprises carbon monoxide 

and hydrogen, is then cleaned and burned in a gas 

turbine to generate electricity. The heat energy from the 

gas turbine can also be used to power another steam 

turbine. Integrated Gasification Combined Cycle power 

plants generally produce two forms of energy and that 

makes the plants to have a potentially high fuel 

efficiency. In addition to that, if an improvement is 

made on the technology to allow rechanneling of waste 

heat back to the process steam, there will certainly be an 

increase in the conversion efficiency. The IGCC is 

relatively efficient and the byproducts generated from 

coal gasification have series of domestic and industrial 

uses. 

A practical example of the IGCC plant is the Duke 

Energy's Edwardsport Generating Station in Knox 

County, Ind., United States. The plant started operation 

commercially in June 2013. The plant is one of the 

world's cleanest coal-fired power systems and is the first 

to use integrated gasification combined cycle (IGCC) 

system on a large scale. The 618MW advanced IGCC 

plant substantially reduces the acid gases emission and 

environmental impact of burning coal to generate 

electricity in a coal-fired power plant (Sourcewatch, 

2106).  

 

The Duke Energy's Edwardsport IGCC power plant 

gasifies Bituminous coal, strips out acid gases and other 

impurities, and then burns the produced cleaner gas to 

generate electricity (Sourcewatch, 2106). The IGCC 

power plant produces 10 times as much power as the 

former coal-fired power plant at Edwardsport, yet with 

about 70 percent fewer emissions of sulfur dioxide, 

nitrogen oxide and particulates combined together. The 

efficiency of the IGCC power plant also significantly 

reduces its carbon emissions per megawatt-hour by 

nearly half. As Nigerian power plant could be built 

using the IGCC technology as the grade of coal used in 

the Duke Energy's Edwardsport Generating Station is 

similar to the of Nigerian coal.  
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Fig. 5: Basic CFB Plant (Source JEA, 2003) 

 

 

4.3 Integrated Carbon Capture and 

Sequestration Technology (CSS) 

Carbon Capture and Sequestration (CCS) is a system 

that captures carbon dioxide from any available source, 

compresses it into a dense liquid-like substance, injects 

and permanently stores the CO2 underground (Folger, 

2013). Coal-fired plants in addition to power generation, 

generally release carbon dioxide into the atmosphere, 

which pollutes the environment. A better option is to 

sequester the carbon dioxide and prevent or slow its 

emission into the air. To achieve this, however, the CO2 

must first be captured (Beèr, 2000).  

Integrated Carbon Capture and Sequestration 

Technology is a post-combustion capture process that 

captures carbon dioxide from the byproduct of 

combustion using sorbents, solvents or membrane 

separation to remove the produced CO2 from the 

byproduct. The captured CO2 can be pipelined and used 

for enhanced oil recovery in depleting oil fields during 

crude oil production. The Carbon Capture and 

Sequestration Technology, (Beèr, 2000) consist of three 

major steps: 

i. Capture: The produced CO2 from byproducts of 

combustion processes is separated from the 

other gases. 

ii. Transport: The captured carbon dioxide is then 

compressed and transported through pipelines, 

ships or other methods to a suitable site where 

it can be used or stored. 

iii. Storage: The carbon dioxide is injected into 

deep rock formations for secondary oil 

recovery to increase the pressure available 

within the formation and the remaining stored 

permanently. 

 

A practical example of Integrated Carbon Capture and 

Sequestration Technology is the Boundary Dam CSS 

Project. The project transformed the old Boundary Dam 

Power Station near Estevan, Saskatchewan, Canada into 

a reliable, long-term producer of up to 115 megawatts 

(MW) of baseload electricity, capable of reducing acid 

gas emissions significantly (Monea, 2013). The carbon 

dioxide produced is also captured. The captured CO2 is 

sold and also transmitted through a pipeline to depleted 

oil fields in southern Saskatchewan for secondary oil 

recovery while the unused carbon dioxide is stored. In 

addition to capturing carbon dioxide, the CSS plant also 

captures and sells other byproducts during power 

generation. The sulphur dioxide in the byproduct is also 

captured and converted to useful sulphuric acid for 

industrial purposes. Fly ash, another byproduct is 

captured as well and used in the production of ready-mix 

concrete, pre-cast structures, and concrete products.  
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Fig. 6: Schematic of Integrated Coal Gasification Combined Cycle Unit (Crook, 2006) 

 

4.4 Underground Coal Gasification 

 Underground Coal Gasification is a process of 

harvesting coal which is purer than the cleanest of 

current coal technologies. In this process, coal is 

gasified without mining. Two wells with a distance of 

twenty to fifty meters apart are drilled into the coal 

seam. Then, air is introduced through a pump into the 

injection well, while burning charcoal is placed into the 

production well. As the production well burns, it draws 

air from the bottom of the injection well and through the 

coal seam. This process makes the production well to 

burn and form a tunnel in the direction of the injection 

well. When the tunnel reaches the injection well, fire 

explodes and consumes every area surrounding the two 

wells and the tunnel. The resulting gas is captured and 

harvested (Watson and Oldham, 1999). 

There are four basic problems associated with the UCG 

that have streamlined its development and delayed 

exploitation of its theoretical benefits: (Ali et al., 2012)  

1. It is not economical when compared to standard 

methods for coal harvesting  

2. The combustible gas generated is diluted with 

nitrogen due to air that is pumped into the coal 

seam for combustion  

3. There is possibility of coal seam to collapse 

4. And the UCG process can significantly 

contaminate underground water.  

However, availability of cheaper oxygen will improve 

the viability of UCG. If oxygen is pumped into the 

injection wells instead of air, the resultant gas is not 

diluted with nitrogen, thereby increasing the 

productivity of UCG. 

 
Fig. 7: Schematic of Underground Coal Gasification 

(Walter, 2007) 

 

4.5 Oxy-fuel Combustion Carbon Capture 

Technology 

In this process, oxygen needed for combustion 

is separated from air prior to combustion and the fuel is 

combusted in oxygen diluted with recycled flue-gas 

instead of using air. This oxygen-rich, nitrogen-free 

atmosphere results in final flue-gases consisting mainly 

of CO2 and H2O (water), so producing a more 

concentrated CO2 stream for easier purification (Beèr, 

2000).  

This oxygen-rich, nitrogen-free atmosphere results in 

final flue-gases consisting mainly of CO2 and H2O 

(water), so producing a more concentrated CO2 stream 

for easier purification. The Oxy-fuel Combustion 

technology has significant advantages over traditional 

air-fired plants.  

Among these advantages are: 
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i. The mass and volume of the flue gas are 

significantly reduced. 

ii. Because the flue gas volume is reduced, less 

heat is lost during combustion. 

iii. The size of the flue gas treatment equipment is 

also significantly reduced. 

iv. The flue gas is primarily CO2 suitable for 

sequestration and storage. 

v. Most of the flue gases are condensable; this 

makes compression separation possible. 

 

Heat of condensation can be captured and reused rather 

than lost in the flue gas. 

Oxy-fuel is an alternative to removing  CO2 from the 

flue gas from a conventional air-fired fossil fuel plant. 

However, an oxygen concentrator might be able to help, 

as it simply removes nitrogen from air. 

 

5.0  CONCLUSIONS  

Coal is expected to continue to be an important fuel for 

electric power generation due to its low cost and 

abundance. Conventional coal power generation is a 

major contributor to global greenhouse gas emissions 

through the production of acid gases and is increasingly 

being regulated. However, clean coal technologies that 

improve the environmental performance of coal electric 

power generation are expected to enable coal to remain 

an attractive fuel option well into the future. Different 

clean coal technologies that increase the efficiency of 

coal power plants and reduce emissions are being 

developed to meet these challenges. As a result of these 

advances and increasing emissions regulation around the 

world, the use and development of technologies that 

reduce SO2, NOx, and particulate emissions have 

increased over the past decade. Concurrently, 

combustion technologies including super critical (SC), 

ultra-super critical (UC) pulverized coal combustion 

(PCC), and circulating and pressurized fluidized bed 

combustion (FBC) technologies are increasing the 

power conversion efficiencies of coal power plants. 

These advanced technologies have enabled simultaneous 

improvements in emissions and economics of coal-fired 

generation. 

 

The greatest opportunity for the Nigerian coal industry 

lies in the deployment of the following three clean coal 

technologies which are Integrated Carbon Capture and 

Sequestration Technology, Oxy-fuel Combustion 

Carbon Capture Technology and Integrated Gasification 

Combined Cycle Process. These technologies capture 

carbon dioxide and other gaseous pollutants from coal 

power conversion processes and store it in either 

underground or in offshore geological formations; 

virtually eliminating greenhouse gas emissions from 

coal combustion.  

 

The technologies are currently being used to solve 

global energy challenges and meet the vastly increasing 

energy demands. The selectivity of any of these 

technologies is based on the suitability of the system to 

be deployed and how it can be utilized effectively and 

efficiently to solve National energy challenges. Clean 

Coal Technologies can undoubtedly provide the 

platform to solve the energy challenges in Nigeria while 

minimizing the emission of harmful gaseous byproducts. 

This will enable Nigeria to utilize her vast coal resources 

to produce abundant electricity that will meet the energy 

needs of the nation. 
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ABSTRACT 

A batch-reactor study for the upgrading of the heavy oil was conducted using an in-situ prepared, 

dispersed submicron trimetallic catalyst based on nickel, cobalt and molybdenum in the presence of 

hydrogen. Response surface methodology was used to design the experiments. The influence of reaction 

temperature, time and catalyst amount on the upgrading of the heavy oil was investigated. The results 

showed significant upgrading of the oil in terms of viscosity reduction (95%), API gravity increase (45%), 

sulfur removal (27wt %) and coke formed (0.05wt%) at  temperature; 340
o
C, time; 28hours, catalyst 

amount; 2500ppm. Reaction temperature proved to be the most influential with highest impact of all the 

reaction parameters investigated. Further characterization of liquid and gaseous products from selected 

experimental runs showed catalytic hydrocracking playing a significant role in the upgrading process. 

XRD and SEM-EDS analyses of solid recovered confirmed the in-situ generation of submicron catalyst 

based on nickel, cobalt and molybdenum. 

Keywords: trimetallic catalyst, response surface methodology, viscosity reduction, sulfur removal, coke, 

hydrocracking 

 

 

1. INTRODUCTION 

Unconventional hydrocarbon resources - heavy oil and 

bitumen - reserves account for over 70% of the total 

quantity of petroleum in the world (Herron 2000, Chen, 

He et al. 2010, Chao, Chen et al. 2012). Depleting 

reserves of conventional crude oil coupled with growing 

demands for high quality fuels and petrochemical 

feedstock led to more research in the area of exploration 

and exploitation of unconventional resources.  

 

Thus, many enhanced oil recovery (EOR) techniques 

have been developed and adopted for exploiting heavy 

crudes (Al-Adasani and Bai , Gogarty 1983, Donaldson, 

Chilingarian et al. 1985, Green and Willhite 1998, S. 

Thomas 2001, Shah, Fishwick et al. 2010, Hart, Leeke et 

al. 2014). Catalysts have been used for decades in 

refineries to improve and extract the maximum value 

from each barrel of produced oil. The catalysts facilitate 

the conversion of some components of the oil to 

components that result in lower viscosity with high 

value. Based on this, in-situ catalytic upgrading and 

recovery of heavy crudes and bitumen has received 

considerable attention in recent times (Hashemi and 

Pereira-Almao 2011, Chao, Chen et al. 2012, Hashemi, 

Nassar et al. 2013, Hashemi, Nassar et al. 2013, 

Hashemi, Nassar et al. 2014). A series of chemical 

reactions such as, pyrolysis, hydrocracking, 

hydrotreating, aquathermolysis etc. is expected to take 

place within the porous media during the process 

(Weissman and Kessler 1996, Weissman, Kessler et al. 

1996, Cavallaro, Galliano et al. 2005, Galarraga and 

Pereira-Almao 2010, Zamani, Maini et al. 2010, Shuwa, 

Al-Hajri et al. 2015). Near-well-bore catalytic upgrading 

has been demonstrated and shown to decrease sulphur 

content and increase API gravity (Weissman and Kessler 

1996, Weissman, Kessler et al. 1996, Cavallaro, 

Galliano et al. 2005, Mohammad and Mamora 2008, 

Gallaraga 2011, Chao, Chen et al. 2012). Moore et al 

and Weissman et al were the first to propose the concept 

of in-situ catalytic upgrading of heavy oil during in-situ 

combustion(Weissman and Kessler 1996, Weissman, 

Kessler et al. 1996, Cavallaro, Galliano et al. 2005).  

 

A number of researches have been conducted to 

investigate the performance of various catalysts in 

upgrading heavy crude oil and residua (Tian, Mohamed 

et al. 1998, Fan, Liu et al. 2001, Nares, Schacht-

Hernandez et al. 2006, Wen, Zhao et al. 2007, 

Mohammad and Mamora 2008, Chen, Wang et al. 

2009). In our previous study (Shuwa, Al-Hajri et al. 

2015), we investigated the effect of dispersed catalysts 

based on molybdenum in upgrading the same heavy 

crude oil of Oman deposits. The batch-reactor study of 

the upgrading processes showed that the catalyst has the 

potentials to be used for in-situ upgrading and recovery 

of the heavy oil.  

 

However, the low stability of the water-in-oil emulsion 

formed which was caused by the presence of the deep 

eutectic solvent and absence of surfactants, and the 

formation of solid precipitate of micronic scale are some 

of the drawbacks observed.  Hence, the use of dispersed 

catalyst from stable water-in-oil emulsion may offer a 

better approach for upgrading the heavy oil. Very high 

levels of catalyst dispersion can be achieved by 

introducing finely divided powders, water-soluble or oil-

soluble precursor compounds into the feed (Panariti, Del 

Bianco et al. 2000, Liu, Gao et al. 2009). In situ 

upgrading using dispersed catalysts of nanometric or 

sub-micronic scale is a promising alternatives from both 

economic and environmental perspectives (Galarraga 

and Pereira-Almao 2010, Almao 2012, Hashemi, Nassar 

et al. 2013). Such catalyst is expected to minimize the 



In Situ Generated Dispersed Submicron Ni-Co-Mo-Based Catalyst 

34 
 

formation damage problems caused by pore plugging in 

the reservoir (Zamani, Maini et al. 2010, Shokrlu and 

Babadagli 2011, Zamani, Maini et al. 2011, Shuwa, 

Jibril et al. 2015).  Water-in-oil emulsion are particularly 

attractive reaction media for the preparation of solid 

catalyst particles of submicron dimension through a 

complex process (Eriksson, Nylén et al. 2004). They 

have been applied in producing catalysts based on 

transition metals for hydrogenation and hydrocracking 

reactions (Ng and Milad 2000, Thomson 2008, 

Galarraga and Pereira-Almao 2010). The formation of 

water-in-oil (w/o) emulsions is driven by strong 

hydrophilic interactions of the polar head of the 

surfactant (emulsifier) molecule (López-Quintela 2003, 

Capek 2004). Based on the foregoing, we found of 

interest to study the effect of dispersed catalysts in 

water-in-oil emulsion. Here we present results of the 

performance of a new trimetallic catalyst based on 

molybdenum, nickel and cobalt in upgrading heavy 

crude oil. The catalyst was prepared in-situ. 

 

2. EXPERIMENTAL 

2.1 Materials 

Heavy crude oil sample from an Omani oilfield used for 

the upgrading experiments (properties given in Table 1). 

All chemicals were used without further treatment.  

 

Table 1: Properties of the Heavy crude oil 

Property Value 

Density (30
o
C), g/cm3 0.9660 

API gravity, 
o
 14.31 

Viscosity (30
o
C), cP 3951 

Sulfur, wt% 3.67 

Asphaltenes, wt% 4.0 

 

2.2 Preparation of catalytic emulsion 

Prior to the upgrading experiment, water-in-oil emulsion 

was formulated by mixing the water phase containing 

the metal catalyst precursors with the organic phase 

containing the surfactants (Eriksson, Nylén et al. 2004, 

Nassar and Husein 2007, Husein, Patruyo et al. 2010). 

The water phase which contains the metal precursor 

solutions was prepared in order to get the final loading 

of the metals to satisfy the atomic ratio: Ni/(Ni + Co + 

Mo) = 0.3 and Mo/Co = 3 (Gallaraga, Scott et al. 2009). 

The water-in-oil emulsion was formulated by mixing the 

water phase containing the metal catalyst precursors 

with the organic phase containing the surfactants. The 

two surfactants polyethylene sorbitan monoleate 

(TWEEN 80
TM

, HLB = 14) and  sorbitan monoleate 

(SPAN 80, HLB = 4.5) were mixed in combination to 

give a surfactant with HLB of 8 (Galarraga and Pereira-

Almao 2010). The mixing was conducted with 

ultrasound mixer at 40
o
C for 30mins at a mixer speed of 

4000rpm. Fig.1 shows the schematic representation of 

the process. 

 

2.3 Upgrading Experiment 

Upgrading experiments of the heavy crude oil was 

carried out using a 300mL capacity batch-type 

laboratory reactor (4560 series, Parr Instrument 

Company). The following constant reaction conditions 

were utilized: 40bar initial hydrogen pressure and 

750rpm stirring speed. Detailed experimental method 

was reported elsewhere (Shuwa et al., 2015) 

 

Response Surface Method (RSM) was used to design the 

experiments to study the impact of variables; reaction 

temperature, reaction time and catalysts amounts on 

viscosity reduction, API increase, sulfur reduction, 

hydrogen pressure reduction and coke formed from the 

upgrading experiments. The independent design 

variables and their levels are presented in Table S1 

(supporting Information). Table S2 presents actual and 

coded levels of variables with corresponding values of 

all the responses evaluated. At the end of the reaction 

time, the reactor was cooled to room temperature. 

Samples of the reactor contents were taken and analyzed 

for GC, sulfur content, asphaltene content, coke, FTIR, 

XRD, SEM-EDS, viscosity, density and API gravity. 

Refer to Table S3 for the results of these measurements.  

 

3. RESULTS AND DISCUSSION 

3.1 Preliminary Investigation 

Three experimental runs were conducted to investigate 

the performance of the catalysts in upgrading the heavy 

crude oil based on conditions as indicated in Table S3.  
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Fig.1: Schematic diagram for the preparation of the water-in-oil catalytic emulsion 

 

The following conditions were kept constant during the 

runs: temperature of 300
o
C, initial hydrogen pressure of 

40bar, reaction time of 24hours and catalyst amounts of 

2000ppm (0.2wt%). About 29% reduction in viscosity 

was observed when only water was added to the oil after 

24hours of reaction at 300
0
C as shown in Fig.2 (in P1). 

 

Further reduction to about 48% (as in P2) and 58% (in 

P3) was recorded when the surfactants and surfactants 

containing catalysts respectively were added to the oil 

sample. This shows the catalysts and surfactants are 

effective in reducing the viscosity of the heavy oil at the 

given conditions. Similar trend could be observed with 

API gravity increase for the three runs. catalyst’s 

activity in desulfurizing the heavy crude oil samples. 

The catalyst proved to adding catalysts and surfactants 

to the oil (as in P3) led to further sulfur reduction (16% 

in P3) compared to when there was no catalysts (about 

10% for both P1 and P2). This demonstrates its 

effectiveness in upgrading the oil by reducing viscosity 

and sulfur and increasing API gravity. Having 

established that the catalyst is effective in upgrading the 

Heavy Surfactant 

Mixing at 40oC, 

15min 

Organic component 

Mixing at 40oC, 

15min 

Solution of ammonium 

molybdate, nickel 

acetate & cobalt nitrate 

Catalytic emulsion Carbon disulfide 

Mixing at 40oC, 5min 

Water-in-oil emulsion containing Ni, Co,  

              Mo and carbon disulfide 
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heavy crude oil, the runs were designed and 

implemented. The study evaluates the solid, liquid and 

gaseous products of the reaction in order to be able to 

assess the performance of the catalyst in upgrading the 

heavy crude oil. To achieve that, some selected runs 

(conditions given in Table 2) out of the total 17 runs 

(results given in Table S2 and S3 of supporting material) 

were selected and reported here to aid the discussion of 

result.  
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Fig. 2: Results from the preliminary runs; P1 = oil + 

H2O, P2 = oil + H2O + surfactant, P3 = oil + H2O + 

surfactant + catalyst 

 

Table 2: Operating conditions of four selected runs 

Run 

number 

Reaction 

temperature, 
o
C 

Reaction 

time, hours 

Catalyst 

amounts, 

ppm 

R10 340 28 2500 

R11 340 28 500 

R12 300 28 1500 

R16 260 8 1500 

 

 

 

3.2 physical properties of the heavy oil after reaction 

Viscosity and API gravity are the two most important 

physical properties of heavy crudes; hence the heavy 

crude oil was analyzed to see changes in these properties 

after reaction. The results are shown in Table 3. Results 

of oil samples from other runs is shown in Table S3 

(supporting material). The change in viscosity and API 

gravity was calculated according to the following 

equation: 

    
    

  
        

Where ΔM is the change in property [viscosity (mPas, 

30
o
C)] or API gravity (@ 15

 o
C)], Mo is the initial 

property (viscosity or API gravity), M is the property of 

the sample after reaction. 

 

 

 

Table 3: viscosity and API gravity of reacted oil 

samples 

Oil 

sample 

Viscosity, 

cP 

API 

gravity, 
o
 

Viscosity 

reduction,    

% 

API 

gravity 

increase, 

% 

Fresh 

oil 

3951 14.31 NA NA 

R10 182 20.61 95.4 43.9 

R11 194 20.5 95.1 43.3 

R12 1768 17.5 55.3 22 

R16 3695 16.1 6.5 12.6 

 

The upgrading reaction achieved a viscosity reduction of 

over 95% at the maximum reaction temperature of 

340
o
C as shown in Table 3 for oils analyzed from runs 

R10 and R11. However, despite the difference in 

amounts of catalyst used between R10 and R11, there 

was no significant difference in viscosity reduction 

between the two runs. This shows that temperature plays 

a significant and influential role in reducing the 

viscosity of heavy crudes. The temperature effect is even 

more pronounced at high temperatures than the amounts 

of catalyst. A substantial reduction in viscosity of about 

55% was also recorded at a moderate temperature of 

300
o
C. However, and insignificant reduction in viscosity 

(6.5%) was observed at 260
o
C and 1500ppm of 

catalysts. This could be attributed to low operating 

conditions evidenced by the low temperature and 

reaction time. Furthermore, it could be as a result of 

inability of the catalyst to accelerate the chemical 

reactions that normally results into transformation of 

heavier components to lighter ones. The catalyst may 

not have been activated at that operating conditions 

since sulfiding of the precursor compounds and 

hydrocarbon decomposition normally take place at 

around 300
o
C (Thomson 2008). Table 3 also evidences 

that API gravity increases with the operating 

temperature, an indication of progressive transformation 

of heavy crude oil to lighter oil. Both viscosity and API 

gravity showed similar trend. This does not mean that 

they are directly correlated as oils varying widely in 

viscosity may have similar API gravity. This is not 

surprising because different factors are involved in 

determining the values of viscosity and API gravity 

(Ancheyta, Rana et al. 2005, Hinkle, Shin et al. 2008). 

 

3.3 Sulfur content of the heavy oil after reaction 

The sulfur content and the percent desulfurization of the 

fresh and reacted heavy oil samples from five selected 

runs are given in Table 4.. Refer to Table S3 for the 

results of all runs with experimental error of 

measurements. The maximum desulfurization (among 

the four selected runs) of about 24wt% was recorded for 

sample obtained from run R10. Whereas oil sample 

recovered from run R11 achieved only 14.5wt% sulfur 

removal in spite of the fact that both runs were subjected 

to same operating conditions with an only difference in 

amounts of catalyst used. This shows that unlike in 
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viscosity and API gravity, the catalyst amount plays a 

significant role in reducing the sulfur contents of the 

reacted oil samples as demonstrated in the difference in 

desulfurization values between runs R10 and R11. 

Comparing sulfur contents of oil recovered from runs 

R12 and R16 shows the significance of reaction 

temperature and time to the desulfurization process. It 

could be possible that the 1.7wt% sulfur removal 

achieved was due to the effect of thermal processes. 

This can be explained with the fact that the 

aquathermolysis process (thermal effect in the presence 

of water) involves breaking of the weak C-S bond which 

results into sulfur reduction (Fan, Liu et al. 2001, Wen, 

Zhao et al. 2007, Chen, Wang et al. 2009, Maity, 

Ancheyta et al. 2010, Chao, Chen et al. 2012).  The 

catalyst’s desulfurization performance increases with 

temperature and time as shown by the reduction in 

hydrogen partial pressure after reaction (Table 4). 

Hydrogen is required for reactions to progress and its 

enhanced consumption indicates catalyst’s activity. It is 

evident in Table 4 and Table S3 that hydrogen pressure 

reduces with reaction temperature whenever the catalyst 

was used. In other words hydrogen consumption 

increases with temperature in the presence of the 

catalyst. This can be linked to ability of the catalyst to 

make the hydrocarbons consumed more hydrogen at 

high temperature due to catalyst’s high activity at such 

temperatures. 

 

Table 4: Chemical Properties of oil samples obtained 

from selected runs 

Run Sulf

ur 

cont

ent, 

wt

% 

Desulfuriza

tion, 

% 

Cok

e, 

wt

% 

Asphalt

ene 

content, 

wt% 

Reduct

ion in 

H2 

pressur

e, bar 

Fresh 

oil 

3.67 NA NA 4.0 NA 

R10 2.86 24.2 0.05 0.9 13 

R11 3.14 14.5 0.15 1.6 10 

R12 3.14 14.5 0.2 1.1 7 

R16 3.60 1.7 0.49 2.9 3 

 

3.4 Coke content of the heavy oil after reaction 

The coke contents of the fresh heavy oil and reacted oil 

samples from the four selected runs are shown in Table 

4. In in-situ upgrading processes for recovering heavy 

crudes, coke formation is not desired because of its 

capacity to deactivate the catalyst (Dehkissia, Larachi et 

al. 2004, Ortiz-Moreno, Ramírez et al. 2012)  and block 

pores of reservoir matrix which is responsible for pore 

plugging that causes damage to the formation. 

Formation of coke after upgrading reactions also leads 

to reduction of yield of liquid products commonly 

desired in hydroprocessing operations (Speigth 1999, 

Ancheyta, Rana et al. 2005, Eom, Lee et al. 2014).  

The highest amounts of coke were recorded for R16 

while the least amount of coke formed was observed for 

run R10. The coke formed by run R16 is even higher 

than that formed by run P1 ( 0.42wt%, Table S3) which 

is a preliminary run (base run) conducted without 

catalyst at 300
o
C for 24hours. Also, run R17 (Table S3) 

which was conducted at the same temperature with R16 

but at a longer reaction time (28hours) and higher 

amounts of catalyst (2500ppm)  recorded 0.44wt% coke, 

which is still lower than that of R16.  

 

All this demonstrate that temperature, reaction time and 

catalyst amount play a significant role in determining 

the amounts of coke formed after reaction. It can be 

interpreted from the results that increasing all the three 

parameters within the range tested leads to effective 

reduction of coke after reactions. Similar trend was 

observed with the reduction in hydrogen pressure. The 

least the amount of coke formed, the higher the 

consumption of hydrogen. This clearly reveals that it is 

the increase in catalyst activity that leads to low amount 

of coke formed.  

 

Since thermal and catalytic reactions are known to 

proceed via free radical chain reactions, a higher 

proportion of free radicals are expected to form, which 

subsequently lead to formation of higher amount of 

coke. However, when an effective catalyst coupled with 

high partial pressure of hydrogen are present, the free 

radicals will be stabilized and such reactions that lead to 

formation of coke suppressed. It is expected that 

catalytic thermal decomposition would result in less 

amount of coke because catalyst can create new 

pathways in the reaction schemes (Hashemi, Nassar et 

al. 2014). 

 

3.5 FTIR and GC analyses of produced oil samples 

FTIR spectra of liquid samples recovered from some 

selected few runs were acquired and presented in Fig.3. 

The transmission bands at 2925 and 2852cm-1 assigned 

to C-H stretching vibration (Pecsok, Shields et al. 1976, 

Chen, Wang et al. 2009, Chen, Yang et al. 2010, Chao, 

Chen et al. 2012) found in saturated hydrocarbons 

became much stronger after reactions (in R10, R11,R12 

and R16) as demonstrated by the increase in intensity of 

their respective spectrum. Also, the absorption bands at 

1460 and 1376cm
-1

 attributed to C-H bending vibrations 

(Pecsok, Shields et al. 1976, Chen, Wang et al. 2009) 

found in alkanes became stronger after reactions as 

shown in the spectra for all the runs compared to fresh 

oil sample.  
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Fig. 3: FTIR Spectra of oil recovered from runs: 

fresh heavy oil, R10; 340
o
C, 28h, 2500ppm catalysts 

R11; 340
o
C, 28h, 500ppm catalyst, R12; 300

o
C, 28h, 

2500ppm catalyst, R16;   260
o
C, 28h, 1500ppm 

 

All these point to production of more saturates from the 

unsaturates presents in the initial fresh raw oil. This may 

be attributed to the conversion of unsaturated 

compounds in the other fractions of the oil such as resins 

and asphaltenes to saturates (Chen, Yang et al. 2010). 

 

This was also confirmed by the reduction in asphaltene 

content of the oil after upgrading reactions as shown in 

Table 4. About 76% reduction in asphaltene content was 

observed for run R10 alone, which was conducted at 

340
o
C, 2500ppm of catalyst for 24hours. Even run R12 

which was conducted at a lower temperature compared 

to R10 achieved 73% reduction in asphaltenes content. 

However run R11 which was carried out at 40
o
C higher 

temperature than R12 but 2000ppm, lower catalyst 

amounts achieved only 60% reduction in asphaltene 

content. This shows how catalyst amounts plays a 

significant role in converting asphaltenes to other 

fractions of the oil. Just like sulfur and coke contents, 

asphaltene content has parallel behavior with 

temperature, catalyst concentration and reaction time.  

 

The GC chromatograms of saturated hydrocarbons from 

these selected oil samples from the runs showed similar 

observations when compared with fresh heavy oil 

sample. There was increase in intensity of peaks of 

saturated hydrocarbons from the four selected runs when 

compared with that of fresh heavy oil. See the GC 

chromatograms of these oil samples as shown in Figs.S4 

to S8 in supporting material document.  

 

Table 5 presents the results of gases identified from 

selected four runs in terms of product distribution. 

Analysis of the gaseous products revealed the presence 

of C1-C6 hydrocarbons and substantial amounts of 

hydrogen sulfide in some of the runs analyzed. The 

amounts of CH4 decreases with temperature and increase 

with amounts of catalysts as s shown in Table 5. Similar 

trend was observed for the desulfurization behavior of 

the oils from the selected runs as shown in the H2S 

weight (Table 5). This shows that operating at high 

temperatures for longer reaction time with high amounts 

of catalysts (within the range tested) gives better 

upgrading conditions. Since the results of sulfur, coke, 

asphaltene and hydrogen consumption revealed that the 

catalyst is only active at high temperatures (300-340
o
C), 

it is logical to link the preferential generation of light 

hydrocarbon liquids to the high activity of the catalyst at 

such temperatures. 

 

Table 5: Gaseous products distributions from 

selected runs after upgrading reactions 

Identified 

gases 

Weight % 

Run 

R10 

Run 

R11 

Run 

R12 

Run 

R16 

CH4 1.7 13.29 8.74 27.74 

C2H4 7.67 9.63 8.34 13.47 

H2S 11.01 6.20 5.70 ND 

C3H8 0.21 6.65 6.78 8.45 

i-C4H8 ND 4.11 2.34 ND 

n-C4H10 0.51 ND 1.21 0.53 

i-C5H10 ND ND ND 4.69 

n-C5H12 ND 60.11 ND ND 

n-C6H14 78.9 ND 66.89 45.13 

Total 100 100 100 100 

 

The presence of the catalyst at such temperatures 

enhances the hydrocracking reactions. This is expected 

in hydrocracking process as it leads to production of 

liquid distillate fractions at the expense of gaseous and 

solid products (Dehkissia, Larachi et al. 2004, Speight 

2006). 

 

3.6 Characteristics of solids recovered after reactions 

XRD and SEM-EDS analyses were performed on 

recovered solids from some of the runs. The solids, a 

non-soluble filter cake from the filtration process, 

consist of the catalytic particles generated in situ and 

were characterized. 

3.6.1 X-Ray diffraction 

The XRD diffractograms of solids recovered from runs 

R10 and R12 are presented in Figs 4 and 5 respectively. 

The XRD patterns of the solids recovered from run R10, 

which was carried out at 240
o
C, 28hours with 2500ppm 

of catalyst indicated the presence of highly crystalline 

materials as demonstrated by the resolution and intensity 

of the peaks recorded. The peak at 2Ɵ = 26.6 is 

attributed to the presence of β-NiMoO4 (Jeon, Na et al. 

2011). This diffraction peak was found out in both 

samples (R10 &R12) an indication of low sulfidation 

state of the catalyst precursor compounds. This 

diffraction peak is more pronounced in solid from run 

R12 than R10, which can be attributed to the poor 

sulfidation behavior in R12 compared to R10 at low 

temperature. In addition to that ,the sulfidation state of 
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such compounds are found to be low and very sensitive 

to water (Fixari, Peureux et al. 1994).  In spite of the 

presence of this peak, a diffraction pattern similar to that 

of molybdenite (MoS2), an active form of molybdenum 

hydrocracking catalyst was observed. The diffraction 

peaks at 2Ɵ = 14, 33, 34 and 44 were observed in the 

XRD patterns of the solids from the two runs (R10 and 

R12) and are due to the presence of the active form of 

the catalyst (Fixari, Peureux et al. 1994, McFariane, 

Hawkins et al. 1998, Panariti, Del Bianco et al. 2000, 

Gallaraga 2011).   

The XRD pattern of solids from run R10 showed a 

crystallize as sulfides with a pyrrhotite-like structure.  

These are characteristics of sulfides derived from other 

metals (Ni, Co ,Fe etc.) and generally form a three-

dimensional pyrrhotite-like crystalline structure 

(Panariti, Del Bianco et al. 2000). This shows the 

formation of the sulfides of Ni and Co which were used 

as promoters in this work.  

 

 

Fig.4: X-ray Diffractogram of solid recovered from run R10 at 340
o
C, 28h, 2500ppm catalyst 

 

Position [°2Theta] (Copper (Cu))

10 20 30 40 50 60
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0

400
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Fig.5: X-ray Diffractogram of solid recovered from run R12 at 300
o
C, 28h, 2500ppm catalyst 
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3.6.2 SEM-EDS analysis 

Figs.6 and 7 show the SEM microphotographs of the 

solid recovered from runs R10 and R12 respectively.  

Two types of morphologies could be observed from the 

SEM images as shown in the figures; the needle-like 

type with the small particle size (approximately 240nm 

on the average as shown in Fig.6) and the near round 

particle with a both small and a bit larger particle size 

(1.43-2.6µm shown in Fig.6 and 7). EDS analysis of this 

near-round particles revealed they composed principally 

of the catalytic metals used. The main structure of 

similar molybdenum and nickel catalyst aggregates and 

agglomerates are reported to have similar morphologies 

(Thomson 2008, Hashemi, Nassar et al. 2014). In 

contrast to the sizes of the catalytic particles obtained in 

R10,  an approximate particle size of 400nm was found 

for run R12 as shown in Fig.7. The difference between 

this run and run R10 is the reaction temperature; R10 

was carried out at 340
o
C whereas R12 was conducted at 

300
o
C. This shows that the higher the temperature the 

larger the size of the catalyst particles. Similar 

observation of increase in particle size with 

decomposition temperature was made by Wang (Wang 

2004). 

 

Fig.6: SEM image of filtered solid recovered from 

run R10 obtained at 340
o
C, 2500ppm of catalyst for 

28h 

 

 

 

 

Fig.7: SEM image of filtered solid recovered from 

run R12 obtained at 300
o
C, 2500ppm, 28h 

 

Figs.8 and 9 show the EDS spectra and the 

quantification results of the elemental analysis of the 

two runs (R10 and R12). The results of the EDS analysis 

were presented on right hand side of the figures while 

SEM images of the zones used for the EDS were 

presented on the left hand side. The EDS analysis in 

Fig.8 was for spectrum 2  and spectrum 15 was chosen 

in Fig.9 as shown in SEM images in the figures.  

 

The samples in the selected spectra 2 and 15 are 

composed mainly of O, Mo, S, Ni, Co and N as shown 

in the EDS elemental result. This is expected as the oil 

originally composed of heteroatoms in form O, N and S 

while Mo, Ni and Co from the catalyst particles used. 

Considering the three metals used for the formulation of  

the catalysts, Ni, Co and Mo, their amounts in the 

selected spectrum 2 were 11, 4.5 and 28.1%wt 

respectively. The equivalent  amounts in atomic percent 

as shown in Table 6 is 5.3, 2.2 and 8.3% for Ni, Co and 

Mo respectively. 

Fig.8: SEM image, EDS spectra and elemental result of solid recovered from run R10 
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This is close to the quantities introduced in to the 

reaction media. The ratio of Ni to the total metals 

[Ni/(Ni+Co+Mo)] or Ni/Me introduced to the 

reaction media through the catalytic emulsion was 0.3 

and a value of 0.33 was found from the elemental 

analysis of the recovered solid 

 

The ratio Mo/Co was 3 as introduced into the reaction 

media and a ratio of 3.77 was found from the 

elemental analysis. Contrary to that, there is a 

deviation in quantities of the metals introduced with 

the EDS elemental quantification results for solids 

recovered from R12 as shown in Table 6. This could 

be attributed to inhomogeneous distribution of the 

catalyst particles in the solids after the reaction 

 

Fig.9: SEM image, EDS spectra and elemental result of solid recovered from run R12 

 

Table 6: Chemical composition results of selected spots of solids recovered from runs R10 and R12 

Element Spectrum 2, R10 Spectrum 15, R12 

Weight % Atomic % Weight % Atomic % 

Mo 28.1 8.3 32.3 9.3 

Ni 11.0 5.3 5.6 2.7 

Co 4.5 2.2 3.8 2.1 

O 32.1 56.9 31.1 53.9 

S 16.0 14.2 15.0 13.0 

N 4.8 9.7 7.6 15.1 

Al 1.4 1.5 1.7 1.8 

Na 0.9 1.1 1.0 1.2 

K 0.5 0.4 1.8(Fe) 0.9 

Mg 0.4 0.4 ND _ 

Ni/Me  0.33  0.19 

Mo/Co  3.77  4.42 

 

 

4. CONCLUSION 

Preliminary evaluation showed the catalyst to be very 

effective in upgrading the heavy crude oil. Results 

showed that the catalyst can be used in upgrading the 

heavy crude oil as significant improvement in qualities 

of the oil after reaction was achieved. After analyzing 

the results from the heavy crude oil upgrading reactions 

in the presence of the catalyst at varying operating 

conditions, the following specific conclusions can be 

drawn: 

1. While the presence of the catalyst appeared to have 

improved on API gravity and viscosity of the heavy 

oil after reaction based on preliminary investigation 

conducted; however, there was no significant 

change in these properties when the catalyst amount 

was varied from 500 to 2500ppm. 

2. Varying the catalyst concentration from 500 to 

2500ppm showed to have significant impact on the 

sulfur, asphaltenes and coke contents of the heavy 

oil after reaction. This indicates that the catalyst 

Spec.1
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have impacted more on the chemical properties of 

the heavy oil than on physical properties. 

3. Sulfur, asphaltene and coke contents of the heavy 

oil after reaction have parallel behavior with 

temperature. In other words, raising temperature led 

to a significant reduction in the quantities. 

4. XRD and SEM-EDS analyses of the recovered 

solids from some of the runs after reaction 

confirmed the in-situ formation of the dispersed 

submicron catalytic particles based on Nickel, 

cobalt and molybdenum. 
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SUPLEMENTARY DATA 

 

Table S1: Amounts and levels of the experimental independent design variables 

Variable                                Unit      lower level (-1)     center point (0)    higher level (+1)  

 

Reaction temperature(X1)  
0
C             260                         300                           340 

Catalyst  amounts (X2)             ppm           500                            1500                           2500 

Reaction time (X3)                     hour           8                                28                                48 

 

 

Table S2: Coded and actual levels of variables and corresponding responses 

 

Table S3: Results with experimental errors for all the 20runs conducted 
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Figure S4:  GC chromatogram of oil fresh Amal West heavy crude oil sample 

 

 

Figure S5: GC chromatogram of oil recovered from run R10 conducted at 340
o
C, 28h and 2500ppm catalyst 

amounts 
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Figure S6: GC chromatogram of oil recovered from run R11 conducted at 340oC, 28h and 500ppm catalyst 

amounts 

 

Figure S7: GC chromatogram of oil recovered from run R12 conducted at 300oC, 28h and 2500ppm catalyst 

amounts 
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Figure S8: GC chromatogram of oil recovered from run R16 conducted at 260oC, 8h and 1500ppm catalyst 
amounts 
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ABSTRACT 

Pollution posed by toxic heavy metals contamination as a result of industrial activities is at the increase 

and it has devastating effects on human and the environment at large. Activated carbon used as adsorbent 

has been successful in the treatments of toxic heavy metal ions from aqueous solutions although 

expensive. Therefore, the need for a safe, effective and low cost technology.  As a result of the 

aforementioned, the potential of the Dijah-Monkin bentonite as adsorbent for the removals of Pb (II), Cd 

(II) and Mn (II) were investigated in a multi-component aqueous solution in batch mode. 

Characterization of the bentonite showed that the major components in the clay were silica (62.30 wt%) 

and alumina (21.00 wt.%). In addition, the specific surface area and cation exchange capacity were 

23.50 m
2
/g and 47.70 mEq/100g respectively. The surface morphology and the micro structure of clay 

showed the presence of pores that can allow favourable sorption to take place. The percentage removal of 

the metal ions were 58%, 27% and 15% for Pb (II), Cd (II) and Mn (II) respectively in the order: Pb (II) 

> Cd (II) > Mn (II). The equilibrium isotherm and kinetics studies of the data obtained revealed that the 

Langmuir model and the pseudo second order kinetics better described the adsorption process.   

Keywords: Multicomponent; batch adsorption; heavy metals; wastewater; Dijah-Monkin bentonite; low 

cost.  

 

1.0 INTRODUCTION 

Environmental pollution has become a global concern 

and attracts much attention. Water bodies and soil are 

the most common natural resources that have been 

contaminated as a result of different human activities. 

One of the most important environmental problems 

related to water pollution throughout the world is the 

contamination of water bodies by heavy metal ions 

because of their toxic effects on the environment and 

human health (Saad et al., 2015). Heavy metals in 

wastewater can have detrimental effects on all forms of 

life even at low concentrations when discharged directly 

into the environment (Mahdavi et al., 2013). They are 

usually stable and non-biodegrable within the 

ecosystem. As a result, they tend to bioaccumulate in 

living tissues thereby causing health concerns (Lukman 

et al., 2013). Every year at least five million people die 

from water-related diseases worldwide (Ghasemi et al., 

2015). Thus, it is very important to determine effective 

methods for remediating toxic heavy metal 

contamination.  

 

Among heavy metals, lead, cadmium and manganese are 

the most widely used in western society for the 

manufacture of metal alloys and plating, batteries, 

fertilizer, oil, paint, electronic, glass, ceramics,  etc. 

(Vieira et al., 2010; Pawar et al., 2016; Akpomie et al., 

2016). Lead is highly toxic to organisms, including 

humans, even at extremely low concentrations. Lead 

poisoning in humans causes severe damage to the 

kidneys, nervous system, reproductive system, liver, and 

brain. Severe exposure to lead (II) is associated with 

various neurodevelopmental effects, cardiovascular 

diseases, mental retardation, sterility, abortion, stillbirth, 

and neonatal deaths (Pawar et al., 2016).  Cadmium is 

widely used and highly toxic in relatively low dosages, 

with cumulative effects causing  kidney damage, renal 

disorder, high blood pressure, bone fracture and 

destruction of red blood Cells (Kumar et al., 2010). 

Manganese is usually present in groundwater as a 

divalent ion and is considered a pollutant mainly 

because of its organoleptic properties (Akpomie et al., 

2016). 

 

Several techniques have been developed for heavy metal 

removal from aqueous solution such as chemical 

precipitation, electrochemical treatment, evaporation, 

ion-exchange, filtration, oxidation/reduction, solvent 

extraction, membrane technologies and adsorption 

(Akpomie et al., 2015). Among the various removal 

technologies available for the treatment of heavy metals-

containing wastewater, adsorption has been proven to be 

an effective and affordable method, due to the low initial 

cost, flexibility and simplicity of design as well as ease 

of operation (Gao et al., 2016). 

 

Owing to the low cost of natural clay minerals, their 

abundance in most continents of the world, and high 

sorption properties, they have been used for sorption or 

elimination of heavy metals present in effluents (Gao et 

al., 2016). The cost of clays is relatively low as 

compared to other alternative adsorbents, including 
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activated carbon, natural and synthetic zeolites, ion-

exchange resins, and other adsorbent materials (Zhu et 

al., 2016). Clay minerals such as montmorillonite, 

vermiculite, illite, kaolinite and bentonite are among the 

natural materials that have been investigated as heavy 

metal adsorbents (Vieira et al., 2010). Other advantages 

in using clays as adsorbents are their intrinsic properties, 

such as large specific surface area, excellent physical 

and chemical stabilities, and a number of other structural 

and surface properties (Zhu et al., 2016). 

 

In this study, bentonite clay from Dijah-Monkin 

occurrence in Taraba State, Nigeria was investigated for 

simultaneous adsorption of lead (II), cadmium (II) and 

manganese (II) in a mixed aqueous solution. The 

adsorption data were interpreted using the isotherm and 

kinetic models. The choice of this clay material was 

based on its low cost and availability in Nigeria while 

heavy metals chosen were due to their health risk and 

wide areas of application.  

 

2.0 MATERIALS AND METHODS 

2.1 Sample collection and preparation  

The raw bentonite clay sample was collected 

from a typical site at Dijah-Monkin town in Zing L.G.A, 

Taraba state of Nigeria. Ten kilograms (10 kg) of the 

clay was crushed to fine powder and soaked in water for 

24 h. The clay-water mixture was blunged (stirred) for 3 

h at 25
o
C and was allowed to age for four days for the 

quartz impurities to settle to the bottom leaving colloidal 

solution of clay and suspended particles at the top. At 

each day of sedimentation, decantation of the overflow 

was done and replaced with fresh tap water to the fourth 

day when the overflow has become less milky and free 

from suspended particles. The colloid clay sample was 

then collected and separated from the quartz sediments 

and sieved through a 230 mesh Tyler sieve (63 µm sieve 

opening) to further remove coarse impurities and 

organic particles present in the clay. The thick slurry 

clay was put in a filter cloth and pressed under heavy 

mass of 10 kg to squeeze out the water. The resulting 

cake was sun dried and also oven dried at 110
o
C to a 

constant weight. The dried clay was milled and sieved 

with a 125 µm mesh. The sieved clay was then stored in 

large polyethylene bag for analysis and subsequent 

experiments were carried out according to procedure 

described by Nwafulugo et al. (2014). 

 

2.2 Characteristic of the Bentonite Clay  

The bentonite clay was characterized for chemical 

composition using analysis X- ray fluorescence (model 

Mini PAC4 EDXRF, Rigaku, Japan). The morphological 

structure of the bentonite clay was determined by a field 

emission scanning electron microscope (model SU8020, 

Hitachi, Japan) coupled with energy dispersive 

spectrophotometer (EDS) of Oxford Instrument while 

the specific surface area was determined using the 

adsorption and desorption nitrogen isotherms, at liquid 

nitrogen temperature of -196
o
C on Surfer Thermo 

Scientific (Thermo Scientific, USA). The FTIR spectra 

were recorded with a FTIR spectrophotometer (model 

Spectrum One, PerkinElmer, USA) using KBr pressed 

disk technique and the cationic exchange capacity of the 

clay was estimated using the ammonium acetate 

NH4OAc method (Burt, 2004).  The thermogravimetric 

(TGA) curves were obtained using a Q500 equipment 

(TA Instruments, USA). All the analyses were carried 

out at the Central laboratory, Universiti Teknologi 

Malaysia.  

  

2.3  Batch Adsorption  

2.3.1 Preparation of stock solution 

Heavy metals solutions were prepared using 

Pb(NO3)2.4H2O, Cd(NO3)2.4H2O and MnO2 for lead 

(II), cadmium (II) and manganese (II), respectively. 

Distilled water was used for solution preparation and 

dilution to desired concentrations of 10, 20, 30, 40 and 

50 mg/L for each metal ion. All the reagents used in this 

study were of high grade quality.  

 

2.3.2 Equilibrium experiments 

Fifty milligrams (50 mg) of the oven dried powdered 

clay (bentonite) was mixed with 50 mL of metal solution 

prepared at different concentrations. Batch adsorption 

was carried out on heavy metal ions (lead (II), cadmium 

(II) and manganese (II)) in aqueous solution (the three 

metal ions present simultaneously). The mixtures were 

shaken on orbital shaker (SASTEC
TM

) at 25
o
C and speed 

of 110 rpm for 72 h (Plate I). The contact period is 

presumably sufficient for the adsorption of heavy metals 

to attain the equilibrium (Hajahmadi et al., 2015). Then, 

the suspension was filtered using a 0.45 µm syringe 

filter. The residual metal ions concentration was 

measured using ICP-OES. The removal of Pb (II), Mn 

(II) and Cd (II) ions from aqueous solution was 

calculated using mass balance equation, 

       (1) 

where, qe (mmol/g) is the adsorption capacity, Co and Ce 

(mM) are the initial and equilibrium concentrations, 

respectively, V (L) is the solution volume and m (g) is 

the mass of adsorbent. 

 

 
Plate I: Experimental setup for batch adsorption 

process 

2.3.3 Kinetic experiments 

V
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Batch adsorption kinetic experiments were conducted on 

the mixed metals solution (10, 30 and 50 mg/L) by 

varying agitation (contact) time. Zero point five grams 

(0.05 g) of clay was brought into contact with a series of 

50 mL multicomponent heavy metals solution of known 

concentration in 250 mL Erlenmeyer flasks. The 

mixtures were shaken on orbital shaker (SASTEC
TM

) at 

a speed of 110 rpm, and 25
o
C. The contact time was 

varied from 0 to 720 min. At predetermined time 

intervals (0-720 min), the suspension was withdrawn 

and filtered using a 0.45 µm syringe for concentration 

measurement using ICP-OES.  

 

3. 0 RESULTS AND DISCUSSION 

3.1 Characterization of bentonite clay 

The result of chemical analysis (wt%) in Table 1 shows 

that the clay consists mainly of silica and alumina, with 

metallic oxides such Fe2O3,  K2O,  CaO and TiO2 

present in minute quantities. The brownish colour 

observed in the clay may be due to the relatively high 

concentration of Fe2O3 (8.20 wt.%). The presence of 

CaO in the clay and the absent of Na2O (Table 1), 

suggests that the predominant clay mineral is the Ca-rich 

type (Nweke et al., 2015). In Table 1, the chemical 

composition was obtained from XRF while the ICPOES 

was used to measure the concentration of the cations for 

CEC determination and the specific area was obtained 

using BET method. 

 

 

Table 1 Characteristics of bentonite samples  

 

 

Sample 

Chemical composition (wt.%)   

SiO2 Al2O3 Fe2O3 CaO K2O TiO2  

Specific 

area, SBET 

(m
2
/g) 

CEC 

(meq/100 g) 
 

NB 62.3 21.0 8.20 1.17 4.59 1.22  23.5 47.70  

           

Figure 1 shows the EDX spectra of bentonite samples 

consisting mainly of silicon (Si) and aluminium (Al). 

Other elements present include calcium (Ca), 

magnesium (Mg), potassium (K), iron (Fe) and titanium 

(Ti). The result of the EDX is in agreement with the 

chemical analysis obtained from XRF (Table 1) and the 

major components in the clay sample were Si and Al, 

which are the basic elements for smectite clay group 

(Araujo et al., 2013).  

 

 
Figure 1: EDX spectra of natural bentonite 

 

Similarly, the clay sample can be designated as 

polycationic bentonite due to the presence of Ca
2+

 and  

Mg
2+

 cations, which are suitable for adsorption process 

(Bertagnolli et al., 2011). 

 

The specific area of the bentonite clay in Table 1, is 

adequate for adsorption to occur and according to 

IUPAC definition, the clay is predominantly 

mesoporous materials with average pore diameter in a 

range of 2-50 nm (Budsaereechai et al., 2012). 

 

The cation exchange capacity described the ability of a 

clay to exchange cations in aqueous solution. From 

Table 1 and Figure 1, the major cations in bentonite 

sample were Ca
2+

 and Mg
2+

. The clay exchange sites 

contain mostly calcium, and a higher CEC value allows 

a higher capacity to trap trace elements, which is also 

beneficial in the adsorption of positively-charged 

pollutants (Zhansheng et al., 2006). The cation exchange 

capacity of calcium montmorillonite ranges from 40 to 

70 mEq/100 g, while that of sodium montmorillonite is 

between 80 and 150 mEq/100 g (Murray, 2007). 

Therefore, the bentonite sample with a cation exchange 

capacity of 47. 7 mEq/100 g (Table 1) has the tendency 

of exchanging its cation with heavy metals in solution. 

The surface morphology and the micro structure of 

adsorbent materials play a vital role in knowing the 

surface heterogeneity and presence of pores that can 

allow sorption to take place. The SEM image and 

morphology of bentonite clay is shown in Plate II.  

 
Plate II: SEM images of natural bentonite 

(magnification: x 15, 000) 



Simultaneous Adsorption Of Lead (Ii), Cadmium (Ii) And Manganese (Ii) Ions 

52 
 

Bentonite clay (montmorillonite) generally exhibits 

ultrafine, thin, leaf-like crystals forming a dense 

aggregates, or open honeycomb texture (Zuzana et al., 

2012). The micrograph of the clay in Plate II shows that 

the bentonite grains are aggregated mass of irregularly 

shape particles that appeared to have been formed by 

several flaky particles stacked together in the form of 

agglomerates.  

 

Figure 2 shows the nitrogen adsorption-desorption 

isotherms of bentonite clay sample. It can be seen that it 

shows type IV isotherm according to IUPAC 

classification (Budsaereechai et al., 2012). The volume 

of adsorbed gas decreases in relation with the relative 

pressure. 

 

 
Figure 2: Adsorption and desorption isotherms of 

bentonite clay sample 

 

The FTIR spectrum serves not only as a fingerprint for 

mineral identification, but also gives unique information 

about the mineral structure, including the family of 

minerals to which the specimen belongs, the degree of 

regularity within the structure, nature of isomorphic 

substituents, the distinction of molecular water from 

constitutional hydroxyl, and the presence of both 

crystalline and non-crystalline impurities (Djomgoue 

and Njopwouo, 2013).  

 

 
Figure 3: FTIR spectra of bentonite clay material 

Figure 3 shows the spectra of bentonite clay sample in 

the wave number range of 4000-400 cm
-1

. The bands 

corresponding to the water molecules in the interlayers, 

and the structural hydroxyl groups in the clay layers are 

in the region between 3750 and 3500 cm
-1

, and the 

characteristic silicate bands are found between 1200 and 

700 cm
-1

. The bands at 600-400 cm
-1 

could be originated 

from Si-O bending and Al-O stretching vibration 

(Tomul and Balci, 2007).  Water molecules basically 

exhibit three types of vibration: symmetric and 

asymmetric stretching and angular deformation of H-O-

H group.  

 

In addition, the 1600 to 1700 cm
-1

 range corresponds to 

angular deformation of H-O-H, while the 3100 to 3700 

cm
-1

 range corresponds to the O-H stretching 

(Bertagnolli et al., 2011).  The peaks at 3433 and 3439 

cm
-1

 are assigned to OH stretching, and are within the 

range of 3420-3450 cm
-1 

for water in montmorillonite 

that gives a broad band (Zuzana et al., 2012). The peaks 

at 1030, 1045 and 1049 cm
-1

 are assigned to stretching 

vibration of Si-O, and the band observed at 922 cm
-1

 

corresponds to Al-Al-OH (Er-ramly and Ider, 2014). 

Various bands at 733, 750 and 752 cm
-1

 are assigned to 

Al-O-Si, while peak at 685 cm
-1

 indicates OH 

deformation (Davarcioglu and Ciftci, 2010). The 

functional groups in bentonite clay include Al-OH, Al-

O, Si-O, Si-OH, Al-Al-OH, Al-Mg-OH (Araujo et al., 

2013; Yu et al., 2016). The main surface functional 

groups in clay that generate loads for possible 

adsorption are the pH dependent Si-OH and Al-OH 

groups (Araujo et al., 2013). 

 

3.2  Equilibrium studies of heavy metals 

adsorption 

Adsorption at equilibrium indicates the uptake capacity 

of adsorbent at which the rate of adsorption is equal to 

the rate of desorption. The metal uptake for all the three 

metals increased from low concentrations to a saturation 

points, where their uptakes remain almost constant even 

when their concentrations were increased as shown in 

Figure 3.  

 
Figure 4: Equilibrium adsorption of lead (II), 

cadmium (II) and manganese (II) ions onto natural 

bentonite 
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Figure 4 shows the equilibrium adsorption of heavy 

metals in multicomponent system. The adsorption of Pb 

(II), Mn (II) and Cd (II) onto the bentonite sample could 

be prompted by the surface area in addition to the 

surface functional groups via ion-exchange mechanism 

between the metal ions and the surface active sites of 

bentonite (Vhanangwele and Mugera, 2015).  

 

The difference in adsorption capacities between metals 

are commonly explained using hydration energy, 

hydrolysis constant, electro-negativity, and hydroxide 

solubility product of the metals (Nguyen et al., 2015). 

From Figure 5, Pb (II) ions were favourably adsorbed 

over Mn (II) and Cd (II) ions.  

 

The Langmuir and Freundlich models both incorporated 

three parameters into an empirical isotherm were 

employed to test for the fitness of the experimental data. 

The models were solved through non-linear regression 

using Solver for the least sum of squared error and 

optimum correlation of determination (R
2
). The 

respective constants are summarized in Tables 2. The 

data for the adsorption of all the metals from the mixed 

metals solution satisfactorily fitted to the Langmuir 

model. This suggests that the adsorption sites were 

homogeneous with monolayer adsorption (Nguyen et. 

al. 2015). The values of maximum uptake (Qm) 

predicted by the Langmuir model were in accordance 

with the experimental data (Figure 4).  

 

 

Table 2: Isotherm constants for multicomponent adsorption of Pb (II), Cd (II) and Mn (II) onto bentonite clay 

 

 
Langmuir  Freundlich 

Heavy 

Metal 
    Qm   

(mmol/g) 
      KL  

(L/mmol) 
    SSE     R

2
  

    KF 
(mmol/g) 

(L/mmol)1/n 
1/n SSE R

2 

Pb (II) 0.0363   79.6 5.9×10
-6

 0.993  0.0534 0.261 8.6×10
-5

 0.910 

Mn (II) 0.0085 391.0 4.3×10
-6

 0.802  0.0113 0.152 6.2×10
-6

 0.714 

Cd (II) 0.0170   25.0 3.9×10
-5

 0.743  0.0233 0.283 1.8×10
-5

 0.819 

 

The maximum uptakes (% removal) for the metal ions 

were 0.036 mmol/g (58.1%) for Pb (II), 0.017 mmol/g 

(27.4%)  Cd (II) and 0.009 mmol/g (14.5%) Mn (II). It 

indicates that lead (II) uptake was predominant as 

compared to those for cadmium (II) and manganese (II). 

The sorption capacities of metal ions was in the 

following order: Pb (II) > Cd (II) > Mn (II). This trend is 

in agreement with the increasing order of hydrated ionic 

radii of metal ions of 0.401, 0.426 and 0.438 nm for Pb 

(II), Cd (II) and Mn (II) ions respectively (Wang et al., 

2011). The smallest cations should ideally be adsorbed 

faster and in larger quantities compared to the larger 

cations, since the smaller cations can pass through the 

micropores and channels of the bentonite structure with 

ease (Afordita and Mirjana, 2014).  

 

3.3  Kinetics of Multicomponent Adsorption  

Simultaneous adsorption of lead (II), cadmium (II) and 

manganese (II) was measured at different time intervals 

and concentrations. The results shown in Figures 5a, b 

and c are the effects of contact time on the adsorption of 

lead (II), cadmium (II) and manganese (II), respectively. 

The uptakes at equilibrium remained constant even with 

increasing initial concentrations. Lead (II) ions were 

favourably adsorbed at all concentrations used over Mn 

(II) and Cd (II) ions. This was also similar with the 

decreased order of hydrated ionic radii of metal ions 

earlier discussed.  

 
(a) 

 
(b) 
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(c) 

Figure 5: Effect of contact time on (a) lead (II), (b) 

cadmium (II) and (c) manganese (II) adsorption 

 

The kinetics data were evaluated using the pseudo first 

and pseudo second order kinetics. These models 

revealed the nature and mechanism of adsorption 

process. The constants were also determined using 

Solver and the values sumarized in Tables 3. Comparing 

the regression coefficient (R
2
) values, the pseudo second 

order model fitted better the adsorption kinetics than the 

pseudo first order model. The better fit of the pseudo 

second order model suggests that chemical process may 

be the rate-limiting step in the adsorption (Nguyen et al., 

2015). 

 

 

Table 3 Rate constants of pseudo-kinetics models for multicomponent heavy metals adsorption 

Heavy 

metal 

Initial 

conc. 

(mg/L) 

qe,exp 

(mmol/g) 

Pseudo-first order kinetic  Pseudo-second-order kinetic 

qe,cal 

(mmol/g) 

K1 

(min
-1

) 
SSE R

2
 

 qe,cal 

(mmol/g) 

K2 

(mmol/g.min) 
SSE R

2
 

 

Pb(II) 

10 0.022 0.019 0.110 1.6×10
-5

 0.604  0.020 8.77 7.1×10
-6

 0.825 

30 0.027 0.024 0.103 1.1×10
-5

 0.823  0.025 7.14 8.6×10
-6

 0.865 

50 0.043 0.040 0.192 1.7×10
-5

 0.614  0.041 11.4 7.9×10
- 6

 0.815 

            

 

Cd(II) 

10 0.006 0.006 1.00 1.4×10
-6

 0.533  0.006 58.7 2.9×10
- 7

 0.802 

30 0.005 0.005 1.00 1.9×10
-6

 0.652  0.005 45.1 3.0×10
-7

 0.840 

50 0.011 0.010 1.00 2.4×10
-6

 0.525  0.010 47.7 3.8×10
-7

 0.843 

            

 

Mn(II) 

10 0.015 0.014 1.00 2.1×10
-6

 0.581  0.015 55.4 3.2×10
- 7

 0.845 

30 0.028 0.024 0.079 5.7×10
-5

 0.506  0.025 4.48 2.9×10
- 5

 0.736 

50 0.033 0.030 0.121 3.1×10
-5

 0.617  0.031 6.40 1.1×10
-5

 0.866 

 

4. CONCLUSIONS 

The potentials of Dijah-Monkin bentonite for 

simultaneous adsorption of lead (II), cadmium (II) and 

manganese (II) ions in aqueous solution in a batch were 

investigated and from the results obtained, the following 

conclusions were drawn: 

(i) Adsorption of each metal ion increases with 

increased in initial concentration until 

equilibrium was attained and the order of 

selectivity of metal ions was Pb (II) > Cd (II) > 

Mn (II). 

(ii) The adsorption efficiencies were 58, 27 and 

15% for Pb (II), Cd (II), Mn (II) respectively. 

(iii) The Langmuir isotherm model yields a better 

fit to the experimental data. 

(iv) The pseudo second order model appeared to fit 

the data satisfactorily.  

The overall result of the study shows that Dijah-Monkin 

bentonite clay is a promising low-cost 

adsorbent for effective removal of mixed heavy 

metals ions from aqueous solution.  
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ABSTRACT 

Residual chlorine in water distribution systems is an important parameter needed for ensuring the 

standard of potable water supplies. This research investigates the bulk chlorine decay rate in water 

from public treated water supply from Kaduna North water treatment plant, Malali-Kaduna, Nigeria. 

The data generated from the study was used to validate a mathematical model of residual chlorine 

versus time developed using POLYMATH 6.10 professional software. The initial average residual 

chlorine value of 0.323 mg/l of the treated water obtained is lower than the recommended World 

Health Organization (WHO) value of 0.5 mg/l. The resultant model was found to be:     

                    . Comparison of the results of the simulation of this model and the 

experimental data shows a good correlation with values of R
2 

(a measure of the closeness of the data 

to the fitted regression line) and R
2
 adj as 0.961 and 0.956 respectively. The model can therefore be 

used as an alternative to the manual method of determining the variation of residual chlorine along 

the treated water distribution network. The research revealed the need for booster chlorination after 

one hour along the distribution line or application of higher mass rate of chlorine at the source to 

maintain the minimum residual chlorine up to the farthest end.  

Key words: Chlorine, Decay Rate, Water Distribution System, Modeling, Simulation  

 

1. INTRODUCTION 

According to American Water Works Association 

(AWWA), 2004, the earliest recorded use of chlorine 

directly for water disinfection was on an experimental 

basis in connection with filtration at Louisville, KY in 

1896. The advantages of chlorine disinfection include 

simplicity, low cost and a broad range of effectiveness 

such as controlling aesthetic quality, removing iron, 

manganese, and hydrogen sulphide; sterilizing mains 

and storage tanks; restoring and preserving pipeline 

capacity and maintaining distribution system bacterial 

quality by reducing the growth of microorganism and 

slimes (Abdullahi and Abdulkarim, 2010; Hua et al., 

1999; Vasconcelos et al., 1997). 

 

When chlorine is dissolved in water, it hydrolyzes to 

form hypochlorous and hydrochloric acid as follows; 

 

Cl2 + H2O   HOCl + HCl  (1) 

 

The hypochlorous acid further ionizes or dissociates into 

hydrogen and hypochlorite ions as follows;  

                                        

   

The oxidizing effect on micro-organisms is produced by 

both hypochloric acid and hypochlorite ions (Eryilmaz 

and Palabiyik, 2013). When Chlorine is used for 

disinfection, it reacts readily with oxidizable substances 

such as      and      and other organic matters. 

Thereafter, chlorine reacts with ammonia to form 

chloramines (monochloramine,       and 

dichloramine,      ) which further oxidize with more 

chlorine to trichloramine      (Nitrogen trichloride). 

Research results have also revealed that chlorine decay 

occurs due to reactions with materials associated with 

the pipe wall resulting in corrosion and biomass growth 

on the inner pipe walls (Kowalska et al., 2006). The 

break point is reached when these reactions are 

completed so that continued addition of chlorine 

produces free residual chlorine (White, 1986). 

Therefore, residual chlorine can be defined as the 

concentration of all oxidizing agents produced by 

chlorination of natural water that remains after a certain 

period of time. Its measurement is done to determine the 

efficiency of disinfection. 

 

Chlorine dosages in distribution systems are determined 

primarily by the need to ensure minimum chlorine 

residual in the distribution system water so as to 

eliminate disease causing microorganisms or substances 

that adversely affect the taste and quality of the 

distributed water as well as the condition of the 

distribution system. On the other hand, control of excess 

chlorine doses is required to reduce the extent of 
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formation of disinfection byproducts (DBPs) that are 

known for causing health related risks in humans 

(Tiruneh et al., 2016). Rossman et al. (2001) define the 

bulk chlorine decay as chlorine reaction with dissolved 

and suspended matter, mostly natural organic matter 

(NOM) in the water, thus the chlorine reactions with 

compounds attached to or derived from pipe materials 

can be ignored. In most waters, the reactions of chlorine 

with NOM make up the majority of the chlorine 

demand. Bulk decay may be isolated from wall decay by 

carrying out chlorine decay experiments on the source 

water under controlled conditions in laboratory (Hua et 

al., 1999) 

 

A water distribution system (WDS) is a hydraulic 

conveyance system laid on road shoulders where 

topology and topography are known and that transmit 

water from the source to the consumers. It consists of 

elements such as pipes, valves, pumps, tanks and 

reservoirs, flow regulating and control devices (Bello et 

al., 2015). According to Vasconcelos et al. (1997), 

proper understanding, characterization, and prediction of 

water quality behavior in the water distribution systems 

are critical to meeting regulatory requirement and 

consumer-oriented expectations. This can be achieved 

through computer-based modeling and simulation of the 

water quality variables along the distribution systems 

with time. 

 

A model is a simplified representation of a system 

intended to enhance our ability to understand, explain 

change, preserve, predict and possibly control the 

behaviour of a system. Modeling is thus the process of 

establishing inter-relationship between important entities 

of a system (Abdulkareem, 2000); while simulation is a 

means of gaining relevant information on the 

characteristics of full size prototypes without incurring 

the expenses of building a full size prototype to test 

(Morley, 1979). According to Kowalska et al. (2006), it 

is difficult to predict chlorine decay in large distribution 

systems, especially if they work under poor hydraulic 

conditions (aged pipes, small velocities, etc.). Therefore, 

when testing chlorine decay, it seems easier to separate 

the reactions associated with the bulk liquid from those 

associated with the pipe wall. Mathematical modeling of 

chlorine decay in distribution systems is essential in 

order to be able to predict chlorine residuals with 

reasonable accuracy and reduce the cost and time 

associated with monitoring. In large distribution 

systems, monitoring of chlorine residuals may be 

prohibitively expensive (Tiruneh et al., 2016). 

Therefore, computer based model will be a promising 

cost effective alternative (Vasconcelos et al., 1997). 

 

In recognition of the importance of residual chlorine as 

an essential final check to the quality of water supply to 

the consumer, a number of researches have been 

conducted on chlorine decay kinetics and development 

of model to predict chlorine decay in drinking water in 

recent time (Castro and Neves, 2003; Georgescu and 

Georgescu, 2012; Goyal and Patel, 2014; Hua et al., 

1999; Kowalska et al., 2006; Tiruneh et al., 2016; 

Vasconcelos et al., 1997).  However, there is still need 

for further research in this area particularly in 

developing countries like Nigeria, where water 

distribution system is characterized with over 

dependence due to excessive growth in population and 

intermittent supply of water. To cope with high demand, 

the service areas are usually divided into few zones and 

each zone receives supply for limited hours which leads 

to the stagnation of water in pipes during non-supply 

hours and decay of chlorine for rest of the hours. The 

intermittent supply scenario exposes consumers to 

health risks due to the higher likelihood of 

contamination of water pipelines through joints and 

damaged segments during periods when the system is 

not pressurized. Also, there is a problem related to 

maintenance of pressure at the farthest node in 

intermittent water supply.  

 

According to Kowalska et al. (2006), the residence time 

of water in any distribution system changes the quality 

of the water, because the values of many parameters 

decrease or increase as a result of chemical and 

biological reactions which depend on the environment in 

the distribution system. This research investigates the 

variation of residual chlorine with time in water from 

public treated water supply from Kaduna North water 

treatment plant, Malali-Kaduna, Nigeria and to use the 

data generated to develop a mathematical model relating 

residual chlorine with time using polymath software. 

This study is significant because the effect of residence 

time on concentration of residual chlorine is a necessary 

check for both the chlorine application strategy which 

guides the selection of supply hours of water to achieve 

the effectiveness of booster chlorination strategy for the 

intermittent water supply.  

 

2. MATERIALS AND METHODS 

Study Site and Sample Collection 

The study area is the Kaduna North water treatment 

plant, Malali-Kaduna, Nigeria. The treated water 

samples were collected using sample bottles sterilized 
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with sulphuric acid and washed thoroughly with distilled 

water. The samples were taken at the point of discharge 

to consumers at the water treatment plant once weekly 

for a period of three weeks. 

 

Determination of Residual Chlorine 

The residual chlorine was determined using a NN 

Diethyl-Pthenogene Diamine reagent (DPD test). The 

test was carried out in a British Drig House (BDH) 

comparator which comprises of two 10 ml cuvettes, two 

standard discs, 3/40/A and 3/40/B disc with range of 

residual chlorine measurements of 0.1 – 1.00 and 0.2 – 

0.4 mg/l respectively. The first tests were carried out at 

the point of collection to avoid any time lapse, while the 

subsequent tests where carried in the laboratory. 

 

For each batch of test, a cuvette was filled with 10ml of 

the sample and inserted into the left compartment of the 

BDH comparator. The second cuvette was then filled to 

about 2cm of its depth with the same sample and a DPT 

tablet was then dropped into it and allowed to dissolve 

completely. The mixture was then inserted into the right 

compartment of the comparator and then observed. A 

pink colour development indicates the presence of 

residual chlorine. The value of the residual chlorine was 

determined by rotating one of the discs until a colour 

march is attained in the viewing window and the 

residual chlorine was directly read through the window 

in the lower right hand corner of the comparator. This 

was repeated for all the samples at intervals until no 

residual chlorine was observed. 

 

Modeling Procedure and Statistical Analysis 

A simple linear regression model for an outcome y as a 

function of a predictor x takes the form: 

                                              

 for i = 1, ………, n 

Where n represents the number of observations (rows) in 

the data set (Model Data Science with R, 2017). 

 

Kowalska et al. (2006) states that the water quality 

parameter changes with the residence time of water in 

any distribution system. A study by Franson (1994) 

shows that chlorine demand for water disinfection is 

dependent on the time of contact. The relationship 

between the residual chlorine and time can be expressed 

mathematically as (Abdullahi and Abdulkarim, 2010): 

                                                              

Introducing a constant, Equation (4) becomes: 

                                                               

To correct variations from other factors such as 

temperature, pH etc. (Zheng, 2013) not accounted for, a 

constant    is introduced, thus Equation (5) becomes: 

                                                      

Where:     = Residual Chlorine  

                and    are constants 

   t = time 

 

Using POLYMATH 6.10 professional software, the 

values of these constants can be evaluated and 

substituted into Equation (6) to obtain the model 

equation. 

 

The statistical analysis and the linear fit of plot of 

predicted versus actual experimental residual chlorine 

values was obtained using OriginPro 8.0 software. 

 

3. RESULTS AND DISCUSSION 

Effect of residence time on Chlorine concentration in 

treated water samples 

The values of residual chlorine determined from the 

treated water samples with respect to time once per 

week for a period of three weeks and the average values 

are presented in Table 1. An initial average observed 

value of 0.323 mg/l can be considered inadequate 

because according to WHO (1993), a residual 

concentration of free chlorine of greater than or equal to 

0.5 mg/L (0.5 ppm or parts per million) after at least 30 

minutes contact time at pH less than 8.0 is 

recommended for treated water (CDC, 2014). However, 

this will only be appropriate when users drink water 

directly from the flowing tap. It has been found that 

while a residual chlorine level of 0.5 mg/L at the 

treatment plant may be enough to maintain the quality of 

water throughout the distribution network; however, it is 

most likely not to be adequate to maintain the quality of 

the water at this residual chlorine level when the water is 

stored at home in a bucket or jerry can for over 24 hours. 

The United States Centre for Disease Control and 

Prevention therefore recommends initial residual 

chlorine of 2.0 mg/L at the point of dosage. 

     

Table 1: Experimental values of Residual Chlorine 

 

S/No. Time 

(Min) 

Residual Chlorine (mg/l) 

Week 

1 

Week 

2 

Week 

3 

Average 

1 0 0.3 0.32 0.35 0.323 

2 5 0.25 0.28 0.27 0.267 

3 23 0.2 0.21 0.22 0.21 

4 30 0.15 0.16 0.15 0.153 

5 45 0.125 0.13 0.125 0.127 
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S/No. Time 

(Min) 

Residual Chlorine (mg/l) 

Week 

1 

Week 

2 

Week 

3 

Average 

6 55 0.1 0.1 0.1 0.1 

7 70 0.07 0.08 0.07 0.073 

8 80 0.03 0.03 0.04 0.043 

9 95 0 0 0 0 

10 100 0 0 0 0 

 

Figure 1 shows a gradual decrease in average residual 

chlorine values from 0.323 mg/l at 0 minute to 0 mg/l 

after a residence time of 95 minutes. This is as a result 

of further reactions of chlorine with dissolved and 

suspended matter which are usually natural organic 

matter (NOM) in the water along the distribution line. 

This is in accordance with the findings of Kowalska et 

al. (2006) which states that the water quality parameter 

changes with the residence time of water in any 

distribution system. This decrease in chlorine 

concentration with time is referred to as chlorine decay 

(Goyal and Patel, 2014). The result also shows the need 

for booster chlorination along the distribution network 

after every 60 minutes residence time of treated water in 

the supply pipeline. The booster chlorination helps in 

maintaining proper balance between the minimum and 

maximum residual chlorine concentrations. 

Alternatively, to cope up with the decay in chlorine, 

higher mass rate of chlorine is applied at the source to 

maintain the minimum residual chlorine up to the 

farthest end, however, studies have also shown that this 

may result in harmful disinfection by-products (DBP) 

formation at the nearest locations to the source and less 

concentration of residual chlorine at farthest location 

(Goyal and Patel, 2014). 
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Figure 1: A plot of Average Residual Chlorine (mg/l) 

against time (min) 

Modeling and Statistical Analysis 

The model of the relationship between the average 

chlorine value and time was determined by substituting 

the experimental average residual chlorine values into 

the POLYMATH 6.10 professional software. The 

resultant model was found to be: 

                                      (7) 

 

The result of the simulation of the model (Equation 7) is 

shown in Table 2. 

  

Table 2: Simulated Values of Residual Chlorine 

S/No. Time (Min) Residual Chlorine (mg/l) 

1 0 0.2809 

2 5 0.2658 

3 23 0.2117 

4 30 0.1906 

5 45 0.1455 

6 55 0.1155 

7 70 0.0704 

8 80 0.0403 

9 95 -0.0048 

10 100 -0.0199 

 

A plot of simulated residual chlorine values against time 

(Figure 2) gave a straight line which shows a regular 

decrease in the simulated residual chlorine values (ideal 

situation) with negative residual chlorine values of -

0.0048 and -0.0199 at 95 and 100 minutes respectively 

which are not obtainable in real situations. This may be 

attributed to the effect of other factors such as pH and 

temperature not taking into consideration during the 

development of the model (Zheng, 2013). 
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Figure 2: A plot of experimental and simulated 

residual chlorine values against time 
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Statistical analysis of the result using OriginPro 8.0 

software gave the values of the correlation coefficient 

(R²) and adjusted R² as 0.961 and 0.956 respectively.  R-

squared is a statistical measure of how close the data are 

to the fitted regression line. It is also known as the 

coefficient of determination, or the coefficient of 

multiple determinations for multiple regressions. The R
2
 

coefficient gives the proportion of the total variation in 

the response predicted by the model, indicating ratio of 

sum of squares due to regression (SSR) to total sum of 

squares (TSS).  The R
2
 value was found to be closed to 

adjusted R
2
 value of 0.961 showing a good relationship 

between simulated and experimental values.  A high R
2
 

value, close to 1, is desirable and a reasonable 

agreement with adjusted R
2
 is necessary (Ghafari et al., 

2009).  A high R
2
 coefficient ensures a satisfactory 

adjustment of the model to the experimental data. 

 

The linear fit of plot of predicted versus actual 

experimental residual chlorine values (Figure 3) shows a 

straight line with an error of 0.0408.  This indicates 

good prediction of experimental data using the model.  

Actual values are the measured values for a particular 

experiment, whereas predicted values are generated by 

using the approximating functions. 

 

 
Figure 3: A plot of predicted versus actual 

experimental residual chlorine values 

 

4. CONCLUSION 

The objective of this research was to assess the bulk 

chlorine decay of treated water samples from Kaduna 

North water treatment plant, Malali-Kaduna, Nigeria 

under controlled conditions in laboratory and to use the 

results obtained to validate a model of the change in 

residual chlorine versus time developed using 

POLYMATH 6.10 professional software. The major 

conclusions drawn from the results are: 

1. The initial average residual chlorine value of 0.323 

mg/l of the treated water is lower than the 

recommended WHO value of 0.5 mg/l. 

2. The result revealed the sensitivity of residence time 

to residual chlorine hence the need for booster 

chlorination after one hour (1 hr) along the 

distribution line or application of higher mass rate 

of chlorine (0.5 mg/l) at the source to maintain the 

minimum residual chlorine up to the farthest end. 

3. The resultant model gave a good prediction with 

values of R
2 

and R
2
 adj as 0.961 and 0.956 

respectively. The model can therefore be used as an 

alternative to the manual method of determining the 

variation of residual chlorine along the treated water 

distribution network. 

 

5. RECOMENDATION 

Further researches should focus on the effect of 

reactions with materials associated with the pipe wall 

resulting in corrosion and biomass growth on the inner 

pipe walls on residual chlorine. 
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ABSTRACT 

Transient compressible natural gas flow through a pipeline was studied by the use of a finite volume 

method in 2D axisymmetric cylindrical coordinates. To account for turbulence within the pipeline 

system, the standard        turbulence equations were modeled together with the Navier Stokes 

equations via the Reynolds-Averaged method. The equation of state employed was the Soave-Redlich-

Kwong equation. The Pressure Implicit with Splitting of Operators (PISO) algorithm was then used 

for calculating the pressure and velocities on a staggered grid. Computer simulation was carried out 

to determine pressure variation, density variation, velocity variation and temperature variation 

within the pipeline system. The shapes of the profiles obtained from the results were in agreement 

with those obtained in validated literature results. 

Keywords: Transient, compressible, cylindrical, axisymmetric, pipeline and turbulence. 

 

1. INTRODUCTION 

Unsteady flow of natural gas in pipelines involves 

change of certain flow variables such as pressure, 

velocity, density, temperature with respect to time or 

distance as a result of disturbances in the system. The 

accurate prediction of these variables is therefore very 

important since this information gives the pipeline 

operator an insight into the behaviour of the system at 

any given point in time.  

 

Many researchers in the past have modelled 

compressible flow in pipelines using various numerical 

methods. Siögreen (1995) employed the use of centered 

finite difference methods of general order of accuracy 

2p to solve the compressible Navier-Stokes equations.   

Kessal et al (2014) analytically and numerically 

analysed a set of equations governing an isothermal 

compressible fluid flow in short pipeline. The equations 

were written in characteristics form and solved by a 

predictor-corrector lambda scheme for the interior mesh 

points. The method of characteristics was used for the 

boundaries. Accurate grid-converged results were 

obtained. 

 

Behbahani-Nejad, et al (2008) presented an effective 

transient flow simulation based on the transfer function 

models and Matlab Simulink for gas pipelines and 

networks. In the paper by Nouri-Borujerdi (2011), 

simulation of transient 1D compressible adiabatic gas 

flows in a long pipeline following a catastrophic failure 

using a finite difference scheme was carried out. The 

advantages of this scheme are reduction of grid points, 

less computational effort and time with high accuracy. 

Noorbehesht (2012) modelled compressible natural gas 

flow in a transmission line at steady state in 2D 

cylindrical coordinates. The Navier Stokes equation, the 

ideal gas equation of state and the k-ε turbulence models 

were applied. A finite volume method, involving the 

SIMPLER algorithm (Patankar and Spalding, 1972; 

Patankar, 1980) was then used for the solution of the 

equations. Results obtained by this method agreed very 

well with experimental data obtained from the National 

Iranian Gas Company. An approximate 4% error proved 

the accuracy of this method. Finally, effect of variation 

in temperature of inlet gas, gas’ flow rate, and ambient 

temperature on pressure drop and system’s parameters 

were studied. In another paper, Noorbehesht, et al, 

(2013) investigated the dynamic behavior of natural gas 

in transmission line by same finite volume method 

applied earlier. The accuracy of this method was verified 

by comparing the experimental field data with this 

approach, showing errors of approximately 4 to 4.5%, 

which shows the precision of this approach. Finally, a 

case study was used as an application for the model and 

the best possible operating solution was proposed for a 

compressor station failure during winter. Nouri-

Borujerdi et al (2007) investigated the numerical 

modeling of the dynamic behavior of compressible gas 

flow in pipelines by a finite-volume based finite-element 

method. The numerical simulation was performed by 

solving the coupled conservation form of the governing 

equations for 2D laminar, viscous, supersonic flows in 
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the developing region under different thermal boundary 

conditions. The results indicated that heating the gas 

flow leads to an increase in pressure loss.  Nouri-

Borujerdi et al (2010) again presented a study on 2D 

unsteady turbulent compressible high pressure gas flow 

with a rupture at its center numerically. A computer 

code based on a mixed finite element-finite volume 

formulation for an unstructured grid was used to solve 

the problem. The turbulence modeling is based on the  

    model, followed by a two layer technique near the 

wall. His results show that the numerical scheme 

employed is stable and accurate. 

 

So many other works have been carried out by 

researchers which cannot be listed here. Most of these 

works have been done in Cartesian coordinates. Few 

have been carried out in cylindrical coordinates. This 

work therefore presents a finite volume method for 

solving 2D transient gas flow in cylindrical coordinates 

using the real gas Soave-Redlich Kwong equation of 

state. The finite volume method involves the use of the 

Pressure Implicit Scheme with Splitting of Operators to 

solve the Reynolds-Averaged Navier Stokes equation in 

2D axisymmetric cylindrical coordinates. The      

turbulence model is incorporated to enable the 

prediction of turbulent eddy viscosity. To the authors’ 

knowledge, no work has been published which employs 

this same method of simulation. To validate the model, 

pressure data published by Noorbehesht (2012) which he 

obtained from the National Iranian Gas Company for the 

validation of the model he proposed were used. The 

geometry of the pipeline he considered for simulation 

was scaled down for the purpose of this simulation and a 

scale factor obtained. This scale factor was then used to 

calculate the inlet and outlet pressures employed in the 

present work to obtain an accurate result for the pressure 

profile. The profile is similar to that obtained by 

Noorbehesht (2012). This proves the accuracy of the 

solution used for the model. Profiles for temperature, 

density, velocity along the pipeline were also obtained.  

 

2. THE MATHEMATICAL MODEL 

The basic equations used to model flow in pipelines and 

employed in this work are the compressible Navier-

Stokes equations. In carrying out this work, it was 

assumed that the cross-sectional area of the pipe is 

constant. Another assumption made is that the gas flow 

is highly turbulent. 

 

2.1 Conservation of mass or continuity equation: In 

its general form, the continuity equation is expressed as 

(Bird et al, 2002); 

  

  
 

 

 

 

  
       

 

  
     

                                                                                      

2.2 Conservation of Momentum equation in terms of 

  in the r and z-directions: For gas flows in a pipe, the 

compressible Navier-Stokes equations can be written for 

the axial and radial directions, respectively (Bird et al., 

2002) as;  
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2.3 Conservation of Energy Equation; The energy 

equation in its basic form in terms of temperature is; 

 

  
       

 

  
         

 

 

 

  
         

 
 

  
    

    

  

 
  

  
 

 
 

 

 

  
     

    

  

 
  

  
 

                                                

 

2.4 Equation of State 

The equation of state adopted in this work is the Soave-

Redlich-Kwong equation stated as follows (Perry et al, 

1997, Soave (1972)): 
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The kinetic energy of turbulence,     and the turbulence 

dissipation term,      are computed by solving the 

following two transport equations; 

 

  
     

 

  
       

 

 

 

  
       

 
 

  
    

  

  

 
  

  
 

 
 

 

 

  
     

  

  

 
  

  
 

                                               
 

  
     

 

  
       

 

 

 

  
       

 
 

  
    

  

  

 
  

  
 

 
 

 

 

  
     

  

  

 
  

  
 

                                              

In the above equations,                  

           
  

 
   and         

  

 
               

                                  ,     and  

    are the radial and axial velocity components       , 

k is the thermal conductivity        ,     is density  

       ,     is dynamic viscosity         ,     is 

shear stress         ;   ,    and    are the radial, axial 

and azimuthal directions respectively;      ,   ,     and  

    are temperature    , pressure        , time     , 

constant pressure specific heat capacity         and 

heat flux       respectively. 

 

3.  NUMERICAL TECHNIQUE 

The finite volume method is the numerical solution 

method adopted in this work. It is one of many methods 

that come under a general name - Computational Fluid 

Dynamics. In using the finite volume method, the 

general form of the conservation equations of fluid for 

the geometry considered in this work, for any scalar 

variable   can be represented as follows; 

 

  
     

 

  
       

 

 

 

  
       

 
 

  
  

  

  
  

 

 

 

  
   

  

  
 

                                                    

   represents any of the variables,                   

while    represents     and    . In employing the 

method, bracketed smaller contributions to the viscous 

stress terms in the transport equation are hidden 

(Versteeg and Malalasekera, 2007). Equations 1, 2, 3, 

10, 15 and 16 are then integrated over a control volume 

after which Gauss’ divergence theorem is applied to 

give the following; 

 
  

 

  
        

 
            

 
           

  
 
    

  

  
   

  
 
     

  

  
   

  
  

                                            

The solution region comprising of a grid is then divided 

into discrete control volumes (CV). The CV surface 

consists of four (in 2D) plane faces, denoted by lower-

case letters corresponding to their direction (e, w, n, s) 

with respect to the central node (P) (Ferziger and Peric, 

2012) 

 

The governing equations are then integrated over the 

CV to obtain a discrete equation on node P. The 

equation is as follows; 

        
    

  
                  

                  

    
  

  
 
 
    

  

  
 
 

    
  

  
 
 

    
  

  
 
 

                                                                  

The integration of the continuity equation also gives; 

      
       

  
                      

        

                                                          

In the discretization of the governing equations, implicit 

discretization was employed in the temporal terms. A 

time step of                seconds was used. 

Implicit discretization for unsteady flows has the 

advantage of producing unconditionally stable results. 

Central differencing scheme was used in the spatial 

diffusion terms while second order upwind differencing 

scheme was employed in the spatial convection terms.  

 

The general discrete equation is then; 
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where                  
        ,     

                       ,            , 

          ,              ,             

 

In solving the above equation, the staggered grid 

arrangement was used. The reason for using staggered 

grid in solving pressure-velocity coupling equation is as 

a result of a uniform pressure field that would be 

obtained if velocity and pressure were stored at the same 

nodal points. 

 

Next, a pressure-velocity calculation procedure, known 

as, Pressure-Implicit with Splitting of Operators (PISO) 

originally developed by Issa (1986) for the non-iterative 

computation of unsteady compressible flows was 

employed in the computation. It is a guess-and-correct 

procedure and has been adapted by Versteege and 

Malalasekera (2007) for steady flows. It involves one 

predictor step and two corrector steps. The method is an 

improvement to Semi-Implicit-Pressure Link Equation 

(SIMPLE) algorithm originally invented by Patankar 

and Spalding (1972) in the sense that it has an additional 

corrector step to enhance it. Furthermore, it is efficient 

and fast (Versteege and Malalasekera, 1995).  

 

Boundary conditions 

The boundary conditions for gas flow in pipeline in a 2D 

geometry are as shown in Figure 1. 

Steady state condition 

 Fluid boundaries: 

a.  Inlet:           are defined and    is defined 

by state equation. 

b. Outlet: general condition of fluid which is 

almost commonly applied in finite volume 

method is as follows (Versteeg and 

Malalasekera, 1995, Noorbehesht,2012): 

  

  
       

   

  
   

And a defined       aiming considered mass flow rate, 

and    is the normal outward vector of outlet surface. 

 Solid boundary: 

No slip condition;        

Constant temperature on the wall;       

Symmetric boundary condition;  
  

  
   

 

Figure 1:    Flow domain and boundary conditions 

(Noorbehesht, 2012) 

 

 

Initial Conditions for Unsteady State 

The parameters                must be specified 

according to their initial values at      Therefore, the 

steady state condition data are also the initial conditions 

of the unsteady state. 

 

Operating Conditions; 

Pipe diameter           , pipeline length     

     ; inlet pressure                ; outlet 

pressure                   ; inlet temperature 

               ; outlet temperature             ; 

Physical properties of gas; the current properties of the 

gas are assumed constant. Molecular weight        ; 

thermal conductivity                  specific 

heat at constant pressure                 ;; 

viscosity, μ                       

 

4 RESULTS  

Model Validation and Simulation 

To validate the model, pressure data published by 

Noorbehesht (2012) which he obtained from the 

National Iranian Gas Company for the validation of a 

model he proposed were used. The pipeline he 

considered for simulation was 135km in length. Inlet 

and outlet pressures were 71.11bar and 55.55bar 

respectively while inlet and outlet temperatures were 

46.86
o
C and 34

o
C respectively. For the purpose of 

validation of the model considered in this work, this 

pipeline length was scaled down to 500m. The scale 

factor was calculated by the method of geometric 

similarity presented by Rajput (1998). It was then used 

to obtain the inlet and outlet pressure values stated 

above (i.e.            and             ). The 

temperatures employed in the present simulation 

remained 46.86
o
C at the inlet and 34

o
C at the outlet.  

Steady state results were first obtained and then used as 

initial conditions for the unsteady state simulation. 

ANSYS FLUENT, a finite volume simulation software 

was used for simulation. The profile for pressure is 

similar to that obtained by Noorbehesht (2012). This 

proves the accuracy of the solution used for the model. 

Profiles for temperature, density, velocity, along the 

pipeline were also obtained. They are presented below.  
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Figure 2: Graph of pressure distribution along the 

length of the pipeline 

 
Figure 3: Graph of temperature distribution along 

the length of the pipeline 

 
Figure 4: Density distribution along the pipeline length 

 
Figure 5: Velocity distribution along the length of the 

pipeline 

 
Figure 6: Variation of velocity along the pipeline 

length at different inlet temperatures 

 

5. DISCUSSIONS 

Figure 2 above shows a plot of the distribution of 

pressure along the pipe at transient condition. A drop in 

pressure from 26,000Pa at the pipe entrance to 20,600Pa 

500m downstream of the pipe can be seen. This is to be 

expected since for a fluid flowing down a conduit, 

there’s usually a pressure drop due to frictional 

resistance. The plot shows same trend as that obtained 

by Noorbehesht (2012), Noorbehesht and Ghaseminejad 

(2013), Nouri-Borujerdi (2011). The Figure 3 above 

shows a plot of the temperature distribution in the pipe 

at transient condition. There is also a decrease in 

temperature. This trend is the same as that of the 

pressure as can be seen since from the equation of state, 

pressure is directly proportional to temperature (Perry et 

al, 1997; Bansal, 2008). 

 

Figure 4 and Figure 5 show plots of density and velocity 

respectively. It can be seen that density decreases along 

the length of the pipeline while the velocity plot shows a 
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reverse trend. This is in consonance with the mass flow 

rate equation shown below (which shows that velocity 

increases with density decrease); 

                                                                                 

 

Where                          

                                            

                                           

 

Figure 6 shows variation of velocity of gas with inlet 

temperature along the pipeline. Inlet velocity increases 

due to inlet temperature increase. The inlet temperatures 

include 313.86K, 315.86K, 317.86K and 319.86K. The 

increase of course stems from the fact that motion of gas 

molecules (hence their velocity) increases as 

temperature increases in a given system (Noorbehesht, 

2012). This same trend is seen towards the end of the 

pipeline though the velocity values for the 315.86K and 

317.86K inlet temperatures tend to be the same. 

 

6. CONCLUSIONS 

A method for predicting flow properties in a natural gas 

pipeline has been presented in this work. First, transient 

compressible natural gas flow was modeled via the 

continuity, momentum and energy equations together 

with the       turbulence equations. The real gas 

Soave-Redlich-Kwong equation was included as an 

auxiliary equation. The method of simulation involved 

the use of the PISO algorithm on a staggered grid. 

ANSYS FLUENT was then used to carry out the 

simulation. The results of the simulation show that the 

method employed is adequate for predicting flow 

properties in a pipeline system. The method can be 

employed by the Oil and Gas industries for the 

knowledge/control of natural gas pipeline system 

behaviour. 
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NOMENCLATURE 

            Velocity in the radial (r) direction,      

         Velocity in the axial (z) direction,      

            Radial direction 

           Axial direction,     

            Temperature,   

             Time,   

            Total internal energy,   

            Thermal conductivity,      

             Kinetic energy of turbulence,      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

           Mass flow rate,      

            Cross-sectional area,    

            Pressure,      

            Pipeline length,   

            Volume,    

            Pipeline diameter, m 

            Constant pressure specific heat capacity, 

      

            Heat flux,      

g            Acceleration due to gravity,      

             Average value for compressibility factor 

            Gas constant 

Greek Characters 

            Dynamic viscosity,         

            Density,       

            Shear stress tensor,      

            Azimuthal direction 

   Turbulence dissipation rate,      
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ABSTRACT 

 

In the development of solid mineral in any nation, the most important issue of noteworthy is that 

whereas mineral industries appreciate that they mine and process mineral to maintain and advance 

standard of living of humanity, they must do so in a manner that protects the earth and its environs so 

that the generations unborn are not adversely impacted and can enjoy its bounties. However, this 

paper explores solid mineral mining in the perspective of sustainable development or sustainability, 

and provides some guiding principle for mining industries wanting to operate more sustainably. 

Social and environmental issues are highlighted. Some sustainable practices for solid mineral 

development were brought to light which includes sustainable mining practices (safety, economy, 

resource efficiency, environment, community). Others sustainable practices discussed comprise 

environmentally sustainable mining, which recommended reduction in both the input (water, energy, 

land disruption) and output (waste, acid rock drainage) flow into mining system; and framework for 

responsible/ sustainable solid mineral development. Now that Nigerian government has recently 

revisited solid mineral roadmap with the view of license issuance to prospective miners, it will 

become increasingly important that mines should start pursuing socioeconomic and environmental 

issues with improved strategy that involves sustainable development into mode of operations in the 

companies. 

 Key Words: environment, social, sustainable development, mining 

 

 

1.0 INTRODUCTION 

Minerals are considered to be the key to development 

and the foundation upon which our modern society is 

built. Goods made from mineral raw materials are the 

basis of all advanced societies. Adequate supplies of 

mineral materials and wise usage of mineral resources 

have always been the most important determinants of a 

nation's survival (Adekeye, 1999). Minerals and metals 

have brought huge benefits to society – they are vital 

commodities that serve as a foundation to society’s 

material quality of life. In today’s world, population 

growth, urbanization, social and economic development 

and even demands for a green (or low carbon) economy 

are all contributing to an increase in the demand for 

minerals. However meeting that demand and achieving 

the benefits comes at a cost (ICMM, 2012; Adekeye, 

1999). 

 

There have been disputes over land use, property rights 

and environmental damage, concerns about revenue 

transparency and corruption and a growing debate about 

the distribution of the benefits of mineral wealth. 

Tensions within communities and regions have often 

been the result. In the extreme, there has been conflict. 

However, mining is a key contributor to economic 

growth and improved material quality of life. Mining’s 

long time horizon, its need for both skilled and unskilled 

labour, its links to regional infrastructure and service 

development as well as the importance of the products 

that it produces, means that its activities should be 

conducted in a manner which is environmentally and 

socially acceptable to be able to contribute sustainable 

development. With responsible public and private 

management, the mining and metals industry can 

contribute to poverty alleviation across the world while 

maintaining ecosystem integrity (ICMM, 2012).  

 

To date, it appears that the main constraints to 

sustainability in the mining sector derive from the ever-

increasing demand for mined resources; the 

consumption of resources (mostly energy and water) 

needed to extract and process metals; and the increasing 

pollution generated by the extraction process. This holds 

true for both large-scale, often multinational corporate, 

operations as well as for small-scale or artisanal 

ventures (SDKP, 2016). Unless the environmental and 

social issues that are associated with solid mineral 

development are managed, the considerable disruption 

to livelihoods and to the social fabric of communities in 

the mines can negate any positive and long- term 

benefits that solid mineral mining brings (Rajaram et al., 

2005).   

 

From the perspective of mining companies, reducing 

impacts and risks eventually translate into lower costs of 

doing business—and provide opportunities for building 

relationships with local communities. Better community 

relations reduce the chances of conflict between the 

mining industry and those who work in or live nearby 

mining operations. Poor community relations can even 
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lead to the militarization of the mining site and draw the 

company into wider conflict (Rajaram et al., 2005).  

 

Transparency, effective regulation and good corporate 

governance can unlock the potential for extractive 

industries to operate as a force for social progress. In 

this work, solid mineral mining operations are 

thoroughly explored in light of sustainable development 

for responsive social and environmental practices.  

 

2.0 SUSTAINABILITY IN RELATION TO SOLID 

MINERAL INDUSTRIES 

The concept of sustainability has been defined as 

“meeting the needs of the present without compromising 

the ability of the future generations to meet their needs” 

(WCED, 1987). To the perspective of solid mineral 

development, sustainability should mean to meet the 

people’s need at a safe, low cost, and low environmental 

harms pending the availability of an appropriate 

alternative energy resource is put in place; and not to 

mean production sustenance of the energy source for 

indefinite time (Lyn, 2003). In a nut shell, the various 

competitive needs of human needs have to be balanced 

economically, socially and environmentally in the 

domain of sustainable development (Sustainable 

Development Commission, 2011; WCED, 1987). 

 

Furthermore, sustainable development can be seen by 

solid mineral industries, firstly, in terms of concern on 

environment that results from the way and manner they 

operate. Their manner of industrial operations can lead 

to damages on the environment, for example, air, soil 

and water pollution, disruption of vegetation and 

wildlife, waste, and greenhouse harms. Secondly, in 

terms of development which explains the big role 

private sector can play in poverty reduction and 

educational improvement through practices of social 

responsibility. Development is still an aspect of social 

problems which also includes health, human rights, 

safety, and issues relating to the harmful impacts of 

industrial activities on indigenous communities in 

developing countries (Jenkins, 2005). 

 

3.0 SOCIAL ISSUES IN MINING SOLID 

MINERALS 

In most of resource-rich countries, especially the 

developing countries, extractive industries employ 

relatively few people. But their operations have wider 

effects on local communities, which often feel excluded 

from the benefits and the wealth that extractive 

industries generate, and harmed by the disruption or 

ecological impacts of extraction (Africa Progress 

Report, 2013). In respect of this, there is need for 

effective social responsibility, which is the responsibility 

of an organisation for the impacts of its decisions and 

activities on society and the environment, through 

transparent and ethical behaviour that: 

•   contributes to sustainable development, including 

health and the welfare of society; 

•   takes into account the expectations of stakeholders; 

• is in compliance with applicable law and consistent 

with international norms of behaviour; and 

•   is integrated throughout the organisation and 

practised in its relationships (ISO, 2010). 

 

The following are “Big Five –Tough” Social Issues as it 

relates to solid mineral development (SRK Consulting, 

2015). 

i. Involuntary resettlement. Economic and physical 

displacement of communities often accompanies mining 

projects. Resettlement is an emotional issue, with human 

rights a prominent concern. When resettlement 

processes are badly managed, reputations can be 

severely damaged, and the process is difficult to reverse. 

There is need to develop best-practice Resettlement 

Frameworks and Action Plans, incorporating provisions 

to restore livelihoods and to improve quality of life. 

ii. Indigenous peoples. Indigenous peoples have strong 

links with the natural environment, and especially with 

land. Miners seeking to work in areas where land and 

other traditional rights are in play face complex issues, 

and sometimes get limited help from governments 

reluctant to deal with traditional rights. So it is required 

to plan and undertake appropriate consultation with local 

indigenous communities. 

iii. Artisanal mining. Artisanal mining provides a living 

for many poor people in resource-rich developing 

countries. The sector is often unregulated, with formal 

miners having to compete with artisanal diggers for their 

own resources. Governments often deal erratically with 

artisanal miners, and some companies that have taken 

strong action have been accused of rights abuses. There 

is need to develop Strategies and Action Plans to address 

volatile artisanal mining situations. 

iv. Corporate governance and standards. Many 

developing countries have weak legislation on the 

management of mining impacts, and the use of tax and 

royalty revenues. This may allow some officials to adopt 

corrupt practices, and some miners to dodge 

responsibilities. Therefore it is advisable that the mining 

industries to make use of international instruments that 

promote financial transparency (for example, the 

Extractive Industries Transparency Initiative), and on 

internal arrangements to promote and entrench best-

practice governance. 

v. Corporate social investment (CSI). Mining 

contributes to the economies of many developing 

countries; however, the wealth may not reach local 

communities. Responsible miners often seek to 

contribute to local development, but they face a number 

of challenges, including unrealistic expectations and a 

plethora of deserving projects. The mining industries 

should pursue CSI strategies that are defensible and 

sustainable. They should also establish Development 

Foundations, based on a partnership between mines and 

communities. 
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4.0 ENVIRONMENTAL ISSUES IN MINING 

SOLID MINERALS 

Mining activities are carried out in various stages, each 

of which raises specific environmental concerns. 

Broadly speaking, these stages are: deposit prospecting 

and exploration, mine development and preparation, 

mine exploitation, and treatment of the minerals 

obtained at the respective installations with the aim of 

obtaining marketable products. The most important 

environmental impact as a result of solid mineral 

development includes: impacts on water resources (acid 

mine drainage and contaminant leaching; erosion of 

soils and mine wastes into surface waters; impacts of 

tailing impoundments, waste rock, heap leach, and dump 

leach facilities; and impacts of mine dewatering). Others 

are impacts of mining projects on air quality as a result 

of emissions; impacts of mining projects on wildlife 

(habitat loss; and habitat fragmentation); impacts of 

mining projects on soil quality; leakages of chemicals; 

and lastly, climate change considerations (EIAs, 2015). 

Environmental impacts thus become economic and 

social issues as livelihoods are disrupted. Environmental 

impacts continue well after the mine has been exhausted, 

so it is local communities that bear the long-term burden 

of mining. The environmental legacy of mining in 

Africa is generally that of large unfilled holes and 

abandoned artisanal mining sites (Kaushik and Kaushik, 

2010).  

 

5.0 SUSTAINABLE MINING PRACTICES IN 

SOLID MINERAL INDUSTRIES 

A body of literature exists suggesting that mining can 

contribute to sustainable development by focusing on 

successful economic, environmental and community 

outcomes. However, in a mining context, these pillars 

(the triple bottom-line) fail to adequately account for 

two important areas, essential for a sustainable mining 

operation, as illustrated by the Broken Hill example. 

One “missing” dimension is safety, which receives more 

attention in the mining sector than arguably any other 

industry. The media coverage and political focus applied 

to any mine “accident” exceeds virtually all other 

industries. It is not unusual for regulators to force a mine 

to close on the basis of a poor mine safety record 

(DRET, 2011). 

The second missing dimension is a focus on extraction 

practices of the mineral resource itself. In the literature, 

researchers have tended to concentrate on the 

exhaustibility of the resource as a depleting asset (Auty 

and Mikesell, 1998). However, the researchers approach 

the subject from a macro level and usually from an 

economic perspective. It is suggested that there is a need 

to focus on the micro level, at the individual mine site, 

where the resource is managed sustainably or 

unsustainably. This element or dimension can be termed 

‘resource efficiency’ or simply ‘efficiency’. It 

differentiates mining from other industries and is the 

basis or platform for any sustainable benefit to flow to 

the community (DRET, 2011). Mine managers will be 

on track in establishing a sustainable mining operation if 

they then focus on the following five areas: safety, 

environment, economy, efficiency and the community 

(Laurence, 2011). 

Safety  

For both ethical and business reasons, a mining 

operation should aim to prioritise safety. Characteristics 

of safe mines include a commitment to risk 

management; appropriate attitudes and behaviours; 

reporting systems need to be in place; a focus on 

education and training; and a focus on processes and 

equipment (Laurence, 2005).  

Economy 

Unless a mine is profitable, it cannot be sustainable. The 

aim for mine managers is to generate profit responsibly 

for as long as possible by keeping costs to a minimum 

while maximizing revenue. This will also maximize the 

equitable benefits to all stakeholders, including 

shareholders, employees, local communities and 

businesses, which depend on the mine, as well as the 

governments that benefit by means of taxes and 

royalties.  

Resource Efficiency 

A mine also has to be efficient in the way the resource is 

managed and extracted. Mining engineers, geologists 

and metallurgists collaborate to optimize resource 

extraction. Examples of non-sustainable mining 

practices abound and include “high grading” the ore 

body, which entails mining only the highest grade 

material for short term gain. This is a practice used by 

companies and individuals within those companies with 

a short time frame. Efficiency also encompasses the 

management dimension at a mine site, as poor 

management decisions can often lead to production 

difficulties or equipment breakdown or industrial 

relations or other factors that impact on optimum 

resource extraction (Mitchell et al., 1995). 

Environment 

Adopting leading environmental management practices 

on mine sites makes excellent business sense. Unless 

steps are taken in the planning and operational stages to 

protect environmental values, long-term liabilities such 

as acid mine drainage, may result. Thanks in part to the 

increasing awareness of environmental issues, there is 

considerable literature relating to the environment and 

sustainable development.  

Community 

Finally, a mine needs a ‘social licence to operate’ Unless 

the community is engaged and supportive of a mining 

operation, opposition and confrontation may ensue. 

Mining operations run by corporations have been 

disrupted on many occasions in the recent past 

particularly from local artisanal and small-scale miners, 

who were mining in many cases before the 

commencement of the larger-scale operations.  

Dysfunctional community interaction will ultimately 

distract management from its main focus of efficiently 

running the mine. Enlightened mining companies, 

particularly those operating in the developing world, 

maintain their social license to operate by undertaking 

various initiatives, including preferentially employing 
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local people; training and providing skills in businesses 

or enterprises that will endure after the mine closes and 

so on.  

 

6.0 ENVIRONMENTALLY SUSTAINABLE 

MINING 

Developing and integrating practices that reduce the 

environmental impact of mining operations can make 

mining become more environmentally sustainable. 

These practices include measures such as reducing water 

and energy consumption, minimizing land disturbance 

and waste production, preventing soil, water, and air 

pollution at mine sites, and conducting successful mine 

closure and reclamation activities. 

However, although mining process itself may not 

consume vast portion of land but the infrastructure and 

pollution linked to mining activities have a serious 

potential to affect the health of ecosystems and reduce 

their ability to provide the goods and services necessary 

for human and environmental well-being (Rajaram et 

al., 2005). When the environment is healthy to future 

generations yet unborn is recognized as satisfying the 

concept of sustainable development. 

In order to be more environmentally sustainable, mining 

operations are increasingly conducted in a manner that 

minimizes their impact on the surrounding environment, 

and leaves mine sites in an acceptable state for re-use by 

people or ecosystems. A number of management 

strategies and technologies that should be developed and 

used by the mining industry to reduce the environmental 

impacts of mining, and are discussed below: 

 

a. Reducing Inputs 

i. Water 

In mining, water is used within a broad range of 

activities including mineral processing, dust 

suppression, slurry transport, and employee 

requirements. Water is used in a number of applications 

at mine sites. By diverting surface water and pumping 

groundwater, mining operations can reduce both the 

quantity and quality of water available downstream for 

aquatic ecosystems and other industrial and municipal 

water users, especially in areas with arid climates. 

In response to water scarcity in many mining regions, a 

number of innovative water conservation practices are 

being developed and implemented to reduce water use.  

Various control techniques can be used to reduce the 

potential for water contamination and minimize the 

volume of water requiring treatment. These techniques 

include (Lottermoser, 2012):  

1. Intercepting and diverting surface water (rain 

and snowmelt runoff, streams, and creeks) from 

entering the mine site by building upstream dams to 

reduce the potential for water contamination from 

exposed ore and waste rock 

2. Recycling water used for processing ore in order 

to reduce the volume of water requiring treatment 

3. Capturing drainage water from precipitation at 

the mine site through the use of liners and pipes and 

directing the water to tailings dams in order to 

prevent potentially contaminated water from 

entering groundwater or flowing off site 

4. Allowing the water to evaporate in ponds to 

reduce the volume of contaminated water; in dry 

regions, enough water may be evaporated that no 

water needs to be discharged, resulting in the 

containment of contaminates at the mine site 

5. Installing liners and covers on waste rock and 

ore piles to reduce the potential for contact with 

precipitation and contamination of groundwater 

Different combinations of strategies can be applied, and 

the selection of strategies is site-specific. (Lottermoser, 

2012). 

 

ii. Energy 

Mining and metal processing can be very energy-

intensive processes. For instance, diesel fuel is used by 

trucks and excavators during mining, electricity is used 

to grind ore and refine copper and aluminum, and coal is 

required in order to smelt iron ore and make steel 

(Rankin, 2011). The extraction of fossil fuels (coal, oil, 

and gas), and the construction of infrastructure required 

for energy generation have their own environmental 

impacts, including the production of greenhouse gases 

and increased risk of environmental contamination along 

the energy supply route. Reducing energy consumption 

at mines can reduce greenhouse gas emissions and 

extend the life of fossil fuel reserves in addition to 

reducing operating costs and therefore the cost of the 

commodity being mined (Rankin, 2011). Mining 

companies are also investigating renewable energy 

sources to reduce costs and reliance on external energy 

sources including solar power in Chile and wind 

turbines. 

 

iii. Land disruption 

Mine sites currently disturb a small fraction of the 

Earth’s total land surface. However, mining activities 

use land at every stage of the mine cycle, including 

exploration, construction, operation, closure, and post-

closure (ICMM, 2011). Vegetation is cleared for the 

construction of buildings, roads, and powerlines, open 

pits or tunnels are dug to gain access to the ore, and 

waste storage facilities such as tailings ponds are 

expanded over the life of the mine, potentially leading to 

habitat loss and deforestation (ICMM, 2011). 

There are a number of ways to reduce the land-use 

impacts of mining. These include reducing the overall 

footprint of the mining area, minimizing the amount of 

waste produced and stored, maintaining biodiversity by 

transplanting or culturing any endangered plants found 

on site, and planning mines around existing 

infrastructure where possible (ICMM, 2011).  

 

b. Reducing Outputs 

i. Waste 

Mine waste includes solid waste, mine water, and air 

particles, which can vary significantly in their 

composition and potential for environmental 

contamination. In addition to preventing soil, water, and 

http://www.miningfacts.org/Environment/What-happens-to-mine-sites-after-a-mine-is-closed/
http://www.miningfacts.org/Environment/What-happens-to-mine-sites-after-a-mine-is-closed/
http://www.miningfacts.org/Environment/What-are-the-water-quality-concerns-at-mines-/
http://www.miningfacts.org/Environment/How-is-water-quality-determined-in-general-/
http://www.icmm.com/www.icmm.com/water-case-studies
http://www.mining.com/two-solar-power-plants-to-relieve-mining-sectors-power-needs-in-chile/
http://www.cbc.ca/news/canada/north/story/2011/11/03/north-diavik-wind-farm.html
http://www.cbc.ca/news/canada/north/story/2011/11/03/north-diavik-wind-farm.html
http://www.miningfacts.org/Environment/How-are-waste-materials-managed-at-mine-sites/


Journal of the Nigerian Society of Chemical Engineers, 32(2), 2017 

 

73 
 

air pollution, waste management plans are required in 

order to select and design appropriate storage facilities 

for the large volumes of waste produced at most mine 

sites (Rajaram et al., 2005). Methods for minimizing and 

eliminating wastes in the production of minerals and 

metal commodities include (Rankin, 2011): using 

cleaner production techniques; environmental control 

technologies; using waste as raw material, and reducing 

the amount of waste produced through process re-

engineering. 

Water management strategies are used to reduce the 

volume of waste water produced, and if necessary, to 

treat it to an acceptable quality before it is released 

(Rajaram et al., 2005). 

 

ii. Acid Rock Drainage 

Acid rock drainage (ARD) or acid mine drainage refers 

to the acidic water that is created when sulphide 

minerals are exposed to air and water and, through a 

natural chemical reaction, produce sulphuric acid (NAP, 

2012). ARD has the potential to introduce acidity and 

dissolved metals into water, which can be harmful to 

fish and aquatic life. Preventing and controlling ARD is 

a concern at operating mine sites and after mine closure. 

ARD can pollute surface and groundwater with acidity 

and dissolved metals, which can adversely affect aquatic 

organisms and water users downstream. A number of 

strategies are used to predict, prevent, and mitigate ARD 

at mine sites.  

 

iii. Restoring Environmental Function at Mine Sites 

Mining is a relatively temporary activity, and mine sites 

have finite operating lives which are determined by the 

size and quality of the ore deposit being mined. Mine 

site reclamation and closure activities aim to restore land 

disturbed by mining activities to an acceptable state for 

re-use by people or ecosystems. 

 

7.0 FRAMEWORK FOR RESPONSIBLE/ 

SUSTAINABLE SOLID MINERAL 

DEVELOPMENT 

To achieve a responsible solid mineral development, the 

following framework has been highlighted (Doreen, 

2016). 

i. Builds on MMSD (Mining, Minerals and Sustainable 

Development) and, ICMM (International Council on 

Mining & Metals) 

ii. Deciding whether a mine is an appropriate use of 

land. The need to preserve ecologically and 

culturally significant areas and to weigh land and 

resource use options is very paramount to sustainable 

mining development.  For instance, Mining should 

not occur in any marine protected areas or in any site 

that is categorized as protected or restricted areas, 

and companies should ensure that their projects 

provide net conservation benefits that are consistent 

with maintaining the biological resources and 

ecosystem services on which local communities 

depend. 

iii. Ensuring environmentally responsible mine 

development. Once a decision to mine has been 

made, certain environmental provisions should be in 

place to avoid negative outcomes and capitalise on 

benefits. This point details the environmental issues 

that need to be addressed at each stage of mine 

development. This includes: exploration 

management, environmental impact analysis, water 

contamination and use, air, energy consumption, 

noise, waste management, cyanide, reclamation and 

rehabilitation, financial guarantees, and post-closure. 

iv. Ensuring that mine development results in benefits to 

workers and affected communities. This includes 

issues related to free, prior, and informed consent of 

communities for mining, health and safety 

provisions, capturing benefits more broadly, and 

developing consent agreements with communities. 

Others include participation of workers and the host 

communities in decision making/consultation, access 

to information/disclosure, consent-benefit and 

compensation agreements, recognizing women’s 

rights and addressing gender-related risks, 

recognizing labour rights and addressing worker-

related risks, resettlement/relocation and 

compensation, and security issues and human rights. 

v. Ensuring that appropriate corporate governance 

structures are in place. Include broader corporate or 

national governance provisions to ensure 

transparency in revenue payments between 

governments and companies, and reporting company 

progress made toward implementing responsible 

practices.  

 

8.0 CONCLUSION 

This article presented sustainability as an increasingly 

prominent discourse, particularly among solid mineral 

mining companies, clarifying exactly how solid minerals 

can be developed and operated in an environmentally 

acceptable and socially responsible manner to be able to 

gain and sustain the full economic benefit derivable 

from this natural resource. Since solid mineral 

development has potentials to impact a wide range of 

environmental and social units in the mode of 

operations, there is need for commitment to improve 

environmental performance, and also collaborate with 

the stakeholders and community groups from the onset. 

To make this happen, the concept of sustainability needs 

to be employed. This paper has also presented some 

guidance for prospective mining industries that have 

interest to improve on their sustainable way of 

operation. Some sustainable practices for solid mineral 

development were brought to light which includes 

sustainable mining practices; environmentally 

sustainable mining which recommended reduction in 

both the input and output flow into mining system; and 

framework for responsible/ sustainable solid mineral 

development. Now that Nigerian government has 

recently revisited solid mineral roadmap with the view 

of license issuance to prospective miners (Kayode, 

2015; Kayode, 2016), it will become increasingly 

http://www.miningfacts.org/Environment/How-are-waste-materials-managed-at-mine-sites/
http://www.miningfacts.org/Environment/How-is-water-managed-and-treated-in-mining/
http://www.miningfacts.org/Environment/What-is-acid-rock-drainage/
http://www.miningfacts.org/Environment/What-happens-to-mine-sites-after-a-mine-is-closed/
http://www.miningfacts.org/Environment/What-happens-to-mine-sites-after-a-mine-is-closed/
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important that mines should start pursuing 

socioeconomic and environmental issues with improved 

strategy that involves sustainable development into 

mode of operations in the companies.  
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ABSTRACT 

The primary objective of this work is to develop a model capable of predicting the single-phase flow of 

methane through coal as a porous media. The model was developed by applying the principle of 

conservation of mass on a controlled volume of coal seam and incorporating the Darcy’s law for laminar 

flow of methane. The model was solved numerically using implicit formulation of Finite Difference 

method. The result was validated with literature data. Predictions were made on the sensitivity of the 

model by varying parameters such as permeability, cleat distance, temperature, permeability, porosity, 

viscosity and the partial pressure. The result obtained showed that an increase in permeability led to an 

increase in effective stress and decrease in flow rate. Permeability and porosity are flow characteristics 

that influence fluid flow through its pores. The result also indicated that permeability is highly dependent 

on the applied gas pressure and the rock stress. The model will aid the extraction of methane for 

economical recovery and use, as well as underground mine degassing for safety reasons and also can be 

integrated into existing reservoir simulator to predict the variability of reservoir properties and how 

operating parameters affect performance under real conditions. 

Keywords: Modeling, Coal seam, Porous Media, Darcy’s Law, Permeability, Partial Pressure. 

 

1.0 INTRODUCTION  

Substantial amount of methane rich gas are generated 

and stored in coal formation.  The coalification process 

whereby plant material is progressively converted to 

coal generates large quantity of methane rich gas, which 

is stored within the coal structure. In the process of 

coalification, coals increase in rank from lignite to sub-

bituminous, bituminous and anthracite. Coal rank 

directly influences the gas (methane) storage capacity of 

coal. The type of organic material, depositional setting, 

pH, temperature, reducing potential depth of burial and 

time of burial influence the rank and type of coal 

formed(Saulsberry et al., 1996). Most commercial coal 

bed methane is domicile in coals within the rank range 

of sub-bituminous to low volatile bituminous coal. Coal 

of this rank usually provides optimum gas (methane) 

content and natural permeability. The lignite, anthracite 

and graphite rank are usually low in methane gas 

because of its extremely low permeability, the lignite 

has high porosity while the anthracite and graphite are of 

low porosity and high volatile components drive off 

(Alpern and Lemos de Sousa, 2002).  The presence of 

this gas has been recognized due to explosion and 

outburst associated with underground mining [Harpalani 

and Schraufnagel, 1990]. The recovery process of 

methane in coal begins with a production well that is 

often stimulated by fracturing to connect the well bore to 

the coal natural fracture system through an induced 

fracture [Mazumder et al.,. 2001]. There are two types 

of fractures that occur in coal, these are termed butt cleat 

and face cleats. Face cleats develop first and tend to be 

more continous than butt cleats. Butt cleats usually form 

at right angle to face cleats and are discontinuous, 

resulting in lower permeability (Harpalani and 

Schraufnagel, 1990). When the pressure in the well is 

reduced by pumping water from the well using artificial 

lift mechanism, the pressure in the induced fracture is 

reduced which in turn reduces the pressure in the natural 

coal fracture system. Initially, when the natural coal 

fracture system pressure drops the critical desorption 

pressure, methane starts to desorp from the primary-

secondary porosity interface and is released into the 

secondary porosity system [Andersen, 2003]. As a 

result, the absorbed gas concentration is the primary 

porosity system near the natural fractures is reduced. 

This reduction creates a concentration gradient that 

result in mass transfer by diffusion through the micro 

and meso porosity [Mazumder et al., 2001]. Adsorbed 

methane continues to be released as the pressure is 

reduced. Methane is extracted from coal mines to 

majorly reduce its emissions which causes mine 

explosion and for use as a clean source of fuel 

[Hargraves, 1984].  

 

The need for reservoir models that can predict and 

evaluate production capability of coal gas is apparent. 
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There are many models of reservoir available.of which 

Karacan et al., (2011; 2007) presented the Finite 

Element Method Laboratory (FEMLAB) technique for 

improving gas management in coal mines. Wang (2003) 

also used the Computational Fluid Dynamic (CFD) 

modeling technique in investigating the significance of 

ventilation and gas management during coal mining. 

Curl (1978) and Hargraves,(1984) have given detailed 

reviews on the nature and characteristics of methane 

content in coal seams. Lama and Nguyen (1987) 

conducted diffusion test, permeability test, desorption 

test on a cylindrical specimen to determine flow of 

methane. Wide spread utilization of coal bed methane 

model has established the tools for analyzing and 

estimating production from coal bed methane mines. It 

is the aim of this study to predict the single-phase flow 

of methane through coal as a porous media [Harpalani & 

Schraufnagel, 1990]. In this study, a model is developed 

for the extraction of methane for economical recovery 

and use, as well as underground mine degassing for 

safety reasons and also can be integrated into existing 

reservoir simulator to predict the variability of reservoir 

properties and how operating parameters affect 

performance under real conditions. Numerical 

MATLAB technique was adopted for simulation. 

 

2.0 MODEL DEVELOPMENT  

Figure 1 depicts a hypothetical representation of coal 

cleat with continuous methane flow across its boundary.  

Methane molecules absorbed from the sites, *diffuse 

through the coal matrix till they find a cleat [Harpalani 

& Zhao, 1991].  After entering the cleat system, this 

flow follows the Darcy’s law and come out. The coal 

bed is made up of small cubic blocks separated by 

fractures. The spacing of the fractures determines how 

far the methane has to diffuse before reaching the 

fracture and the dimension of the fracture decides the 

quantity of methane that can flow through [Harpalani et 

al., 1990]. The one dimensional, coal matrix is 

considered as a prism. This methane diffuse through 

micro pores and meets the cleats [Gamson et al., 1992]. 

These cleats allow it to flow to the bore well.  

 

 

 

 

 

 

 

 

 

 

 

      

 

 

 

 

where 
A  is the density of methane, 

zyxAV
,,,

   is the 

velocity of methane in the   zyx ,, direction 

respectively, the methane enters at point yx,   or 

z  and exists at  xx  ,  yy   and zz   

respectively.  

 

2.1 Model Assumptions 

In the derivation of the model, the following 

assumptions are made: 

1) The flow of methane inside the cleats is 

considered as laminar and hence Darcy’s law 

is applicable (Lama and Nguyen, 1987; 

Wang, 2013).  

2) The coal body is a rectangular prism.  

3) Gravitational effects are negligible  

4) The effect of diffusion is neglected in the 

cleats. 

5) Isothermal condition is assumed during 

degasification process 

6) The width and cleat spacing remains 

constant during the gas flow period  

7) No accumulation of methane at the fracture 

surface.  

 

coal cleat 

CH4 

Figure 1A & B: Hypothetical representation of coal body with flow of methane gas 
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8) During desorption of methane there exists no 

matrix shrinkage.  

9) Permeability is assumed to be constant while it 

varies as per the Klinkenberg Law (Lama and 

Nguyen, 1987).  .  

 

Under these conditions, the general relation for mass 

balance of methane flow in and out of the control 

volume for a rectangular prism without chemical 

reaction may be stated as: 

 [net rate of mass efflux of methane for control volume] 

+ [net rate of accumulation of methane within the 

control volume] = 0              (1)  

Defining each term and substituting appropriate 

variables into equation (1) yields: 

0
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Assuming that methane is flowing in z-direction only; 

we have  
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                               (3) 

The  flow of  methane in coal as porous media follows 

the Dancy’s law which states that the flow rates of a 

fluid through a  porous media is proportional to the 

partial pressure gradient; thus: 
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Recall that one mole of methane contains a mass 

equivalent to its molecular weight; thus  
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therefore,  
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Substituting equation (3) and (6) into equation (2) gives 
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where K is the permeability of the fluid,  is the 

viscosity of the fluid,  A is the cross- sectional area of 

the cleat, R is the universal gas constant, t is the absolute 

temperature, M is the molecular weight of methane. 

Equation (9) represents the model for the methane flow 

in coal as porous media. 

 

2.2 Solution Technique and Operating 

Parameters 

Equation (9) with the respective boundary conditions 

P(x,0)= 7.5mpa, and P(0,t)= P0 was solved numerically 

using implicit formulation of Finite Difference method. 

The following operating parameter obtained from 

literature was used for the simulation. 

 

PARAMETERS (UNIT) VALUE 

Temperature (T)  293K 

Viscosity (µ) 1.081 x 10
-5

NS/m
2
 

Initial Pressure (P0) 101.325 kPa 

Porosity (Ø) 0.025 

Universal Gas Constant (R) 8314J/kmol.K 

Molecular Weight of methane 

gas(MA) 

16.043 

Permeability of the matrix (k) 2.47 x 10
-15

m
2
 

Density of matrix (ρ) 1370kg/m
3
 

 

3.0 RESULTS AND DISCUSSION 

3.1 Variation of partial pressure of methane 

with cleat distance at permeability k =2.47e-15; 

porosity φ= 0.025 

Figure 2 shows a plot of the methane gas pressure 

against the Cleat distance for a permeability of 2.47e-15 

and porosity of 0.025 at different times. There is a fast 

decrease in pressure in all times within 28 meters of the 

Cleat. This amounts to the release of more methane gas 

within this region of the Cleat. 

 
Figure 2. Methane gas pressure against Cleat 

Distance for Permeability k = 2.47e-15 and Porosity 

φ= 0.025 
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It was also observed that there was a very small decrease 

in the pressure after about 80 meters of the Cleat. This 

could arise due to the small amount of the methane gas 

occupying this region of the Cleat.  

 

3.2  Effect of porosity on partial pressure of 

methane with cleat distance at permeability k =1.47e-

15; porosity φ= 0.025 

Figure 2 shows a graph of the partial pressure of 

methane for about 10% decrease in the permeability of 

the system. A close observation showed that, even 

though there was no noticeable change in the partial 

pressure of the gas, as compared to Figure 1, the amount 

of the gas released was smaller. 

 
Figure 3. Gas pressure against Cleat distance for 

Permeability k =1.47e-15; Porosity φ= 0.025 

 

This observation demonstrated that the permeability of 

the system plays important role when the flow or release 

of the methane gas from the Cleat was considered. High 

permeability allows for large extraction of the gas from 

the coal seams.  

3.3 Effect of Porosity Partial Pressure of 

Methane with Cleat Distance at Permeability k 

=2.47e-15; Porosity φ= 0.020 

For a 10% reduction in the matrix porosity, the partial 

pressures of the gas at different times are very distinct, 

as Figure 3 showed. This graph also illustrated that 

within 10 meters of the Cleat, the amount of the flue gas 

was almost the same, independent of the time in 

simulation. After about 12 meters, the release of the gas 

became a function of time. 

 
Figure 4.. Partial pressure of methane gas against 

Cleat distance for permeability K=2.47e-15 and 

Porosity φ= 0.020 

That is to say that more gas was released after 240s. 

Furthermore, the production of methane was 

independent of Cleat distance after 70 meters for all the 

time simulated. 

 

3.4 Effect of Viscosity on Partial Pressure of Methane 

with Cleat Distance at Permeability k =2.47e-15; 

Porosity φ= 0.020  

The production of pure methane could be achieved by 

the decrease in the viscosity of the gas. That would 

mean that there was no impurity coming along with the 

gas. 

 
Figure 5. Methane pressure vs Cleat distance for K = 

2.47e-15, φ=0.02, µ = 1.081e-6 (10% decrease) 

 

If this assumption was considered true scientifically, 

then Figure 5 could be considered correct. This figure 

showed that the production of pure methane gas was 

independent of the simulation time. This illustrated that 

the same amount of methane was produced irrespective 

of the time of operation. 
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3.4 Effect Of Temperature on Partial Pressure of 

Methane With Cleat Distance at Permeability K 

=2.47e-15; Porosity Φ= 0.020  

 

 
Figure 6. Methane gas pressure Vs Cleat distance for 

T=313K, k=2.47e-15, µ= 1.081e-5, and φ = 0.02 

 

An increase in temperature did not alter the behavior of 

the system. However, it was observed that there was a 

little distortion of gas flow from the Cleat if the 

temperature was further increased above 313K. This 

result is in agreement with work done in literatures 

(Karacan et al., 2011; 2007; Wang, 2013)  

 

4.0 CONCLUSION 

This work has demonstrated that more of the methane 

gas was released from the Cleat base when there is an 

increase in the partial pressure of the gas in question. 

The effect of parameters such as permeability, cleat 

distance, temperature, permeability, porosity, viscosity 

and the partial pressure were investigated. The results 

revealed that an increase in temperature did not affect 

the behavior of the system but however if the 

temperature rises above 313K there will be changes in 

its behavior. It was also observed that at 10% decrease 

in porosity, the changes in the behavioral pattern of the 

partial pressure of methane gas are almost negligible. 

The proposed model considered only laminar flow 

applying Darcy’s law and can be applied to the flow of 

methane in the macro-pores (fractures) of coal bed. 
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ABSTRACT 

Zeolite A and Y have been successfully synthesized using conventional and alkaline fusion methods 

from Ahoko Kaolin. The percentage crystallinity of synthesised Zeolite A ranged from 22.52 to 30.70 

% for samples synthesized by conventional hydrothermal method and from 28.74 to 43.35 % for those 

synthesized by alkaline fusion route.  Zeolite Y crystallinity ranged from 37.09 – 48.92 % and from 

37.55 - 47.73 % for the conventional and alkaline fusion synthesized zeolite respectively. A replicated 

2
3
 factorial design was used to study the influence of three different variables (crystallization 

temperature, crystallization time and ageing time) on the quality of the synthesized zeolites expressed 

in terms of CEC. For zeolite A, the crystallization temperature is the most significant factor and the 

interaction between the ageing time and crystallization temperature is less significant on the CEC. 

While for zeolite Y, the ageing time is the most significant factor and the interaction between 

crystallization time and ageing time is less significant. The average CEC for  Zeolite A and Y samples 

obtained by conventional and fusion method ranges between 264.32 – 585.75, 303.31 – 627.74, 

239.32 – 585.74 and 287.31 – 600.75 meq/100 g respectively. 

Keywords: Zeolite, Alkaline fusion, Factorial design, cation exchange capacity and crystallinity. 

 

1.0 INTRODUCTION  

Most common synthetic zeolites are types A, X, Y and 

ZSM-5 and are widely used in the process industries as 

well as many other human endeavours. Due to their 

exceptional properties, both natural and synthetic 

zeolites are commercially useful in adsorption, ion-

exchange operation as well as molecular sieve and as 

catalyst especially in refinery operations (Breck , 1974). 

 

Most natural zeolites are of lower Si/Al ratios, since 

structure-directing agents necessary for formation of 

siliceous zeolites are absent. Also the catalytic activity 

of natural zeolites is limited by their inadequate supply, 

non-uniform pore size, impurities and low surface areas 

(Kovo, 2011). As a result of these shortcomings, 

synthetic zeolites were developed mimicking the 

conditions of their natural counterparts but at lower 

temperature and shorter time (Auerbach, et al  2003; 

Kovo, 2011,  Karami and Rohani (2009)).  Zeolites are 

generally synthesized by hydrothermal processes using 

commercial or synthetic chemicals (sodium aluminate, 

aluminium hydroxide, silica gel, sodium metasilicate) as 

a source of silica and alumina and which are quite 

expensive generally. The use of kaolin as a combined 

source of silica and alumina is economical because it 

reduces the cost of producing zeolite from expensive 

chemicals (Kovo, 2011).  

 

Many previous works on the synthesis of zeolitic 

material from Ahoko kaolin were carried out by 

conventional hydrothermal method (which is based on 

dissolution of metakaolin with alkaline solutions, mainly 

NaOH followed by hydrothermal crystallization of the 

aluminosilicate gel) using one-factor-at-a-time approach 

which fails to detect interaction among variables (Kovo, 

2011). In this work, design of experiments (two-level 

factorial design) was used in the transformation of 

Nigerian Ahoko kaolin into zeolites A and Y by two 

different methods: (i) Conventional hydrothermal 

alkaline activation (ii) Alkaline fusion prior to 

hydrothermal treatment. The second method tends to 

dissolve more of the aluminosilicate and also aid in 

transformation of quartz and kaolinite into sodium 

silicate (Rios, et al  2008; Espejel-Ayala, et al, 2013). 

Since kaolin composition vary with location and the 

optimal way to learn about zeolite synthesis is by 

examining zeolite synthesis from different perspectives 

(Auerbach et al,   2003), it become imperative to use this 

method on a new deposit such as Ahoko Kaolin. 

 

Design of experiments (DOE) has become one of the 

most popular statistical techniques since 1990s. When 

planning a test series, several experimental strategies 

can be used and one suitable method that is increasingly 

been adopted as an experimental strategy is the factorial 

design as it takes into consideration the interactions 

between factors and examine if a factor has an influence 

on a specific variable or not (Montgomery, 2005). 

 

Cation exchange capacity which is a significant property 

of zeolites results from the presence of loosely bound 

cations of alkali and alkaline earths elements, often 

called exchangeable cations in the structure of the 

zeolites which are easily exchanged when zeolites come 

in contact with solutions of “saturating” or “indexing” 

ions (Konstantinos, 1999). The commonly  

exchangeable ions are Ca
2+

, Mg
2+

, K
+
, Na

+
 and NH

4+
 

and it is usually expressed as milliequivalents per gram 

(or per 100g) of material. The reaction between a zeolite 

and an ionic solution is illustrated as:   
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                                         (1) 

N1 is the exchangeable cation in the zeolite Z and N2 is 

the saturating or index ion in solution. According to the 

work of Mumpton (1999), Cational Exchange capacity 

(CEC) increase with the aluminum content of the zeolite 

because more extra framework cation is needed to 

balance the charge. 

 

The most widely used cation exchange process is by 

treating zeolites with aqueous solutions that contains the 

cation to be introduced. This is achieved by suspending 

the zeolites in the solution under the appropriate 

conditions (amount and concentration of the salt, 

temperature and pH) for ion exchange, followed by 

filtration and washing of the filter cake. This  work 

therefore  study the preparation of zeolite A and Y from 

Ahoko kaolin  using different techniques and also  

investigate their cation exchange behavior using two 

level factorial design analysis for the first time.  

 

2.1 MATERIALS AND METHODS  

The starting material is Ahoko kaolin which was refined 

to reduce the quartz content. This is followed by drying 

and pulverizing using porcelain mortar and pestle. The 

chemicals used are: sodium hydroxide pellets (97.5%), 

sodium hydroxide powder (99%), sodium metasilicate 

(95%), ammonium acetate (98%), ethanol (99%) and 

deionised water. 

2.2  Experimental Design  
In order to reduce the total number of experiments, two 

level experimental designs with three factors was used. 

The experimental factors chosen are ageing time (hr), 

crystallization time (hr) and crystallization temperature 

in (
o
C). The number of experiments is expressed as: 

 

N = (2
k
) x R     (2)   

 

Where  N= Number of experiments, k = Number of 

factors and R = Number of replicate.  The level of 

independent variable  of the experiment are shown in 

table 1 and 2 for the two zeolites while the factorial 

design matrix are presented in table 3 and 4 for the 

zeolites synthesized  

Table 1 levels of Independent Variable for Zeolite A 

Levels Low  High 

Coding -1  +1 

Ageing Time (hr) 3  12 

Crystallization time (hr) 3  6 

Crystallization temperature 

(
o
C) 

70  100 

 

Table 2 Levels of Independent Variable for Zeolite Y 

Levels Low  High 

Coding -1  +1 

Ageing Time (hr) 3  6 

Crystallization time (hr) 6  9 

Crystallization temperature 

(
o
C) 

70  100 

 

Table 3: Factorial Design Matrix for Zeolite A 

Synthesis Using Conventional  Treatment (AC) and 

Alkaline Fusion (AF) Methods. 

           

Samples 

 AC                           

AF 

Ageing 

Time 

(hr) 

Crystallization 

Time (hr) 

Crystallization 

Temperature 

(
o
C) 

AC1 AF1 3 3 70 

AC2 AF2 12 3 70 

AC3 AF3 3 6 70 

AC4 AF4 12 6 70 

AC5 AF5 3 3 100 

AC6 AF6 12 3 100 

AC7 AF7 3 6 100 

AC8 AF8 12 6 100 

 

Table 4: Factorial Design Matrix for Zeolite Y 

Synthesis Using Conventional  Treatment (YC) and 

Alkaline Fusion (YF) Methods. 

               

Samples 

 YC                          

YF 

Ageing 

Time 

(hr) 

Crystallization 

Time (hr) 

Crystallization 

Temperature  

(
o
C) 

YC1 YF1 3 6 70 

YC2 YF2 6 6 70 

YC3 YF3 3 9 70 

YC4 YF4 6 9 70 

YC5 YF5 3 6 100 

YC6 YF6 6 6 100 

YC7 YF7 3 9 100 

YC8 YF8 6 9 100 

 

2.3 Zeolites  Synthesis Procedures  

 

2.3.1  Conventional Synthesis Method for Zeolite 

A and Y 

 Synthesis of Zeolite A  

The metakaolin was obtained by calcinations of refined 

kaolin in a muffle furnace at 600
o
C

 
for 1 hour using a 

crucible. The synthesis of zeolite A was carried out from 

reaction mixture with molar composition 

4.25Na2O:Al2O3:2SiO2:275.4H2O. In order to synthesize 

zeolite A with the above molar composition, 2.434 g of 

NaOH pellets was dissolved in 35 g of distilled water in 

reaction beakers and subsequently 1.574 g of metakaolin 

was added under stirring condition.  

  

Synthesis  of Zeolite Y  

Zeolite Y was synthesized from gel with molar 

composition of: 10Na2O:Al2O3:10SiO2:300H2O. 25 g of 

distilled water was measured and divided into two equal 

parts. 1.181 g of NaOH pellets and 1.332 g metakaolin 

was dissolved in one part and 12.953 g of sodium 

metasilicate was equally dissolved in the second part 

and both sets were mixed together. The aluminosilicate 

gels were aged at room temperature for different ageing 

time. Hydrothermal treatment of the aged mixtures was 

carried out in an autoclave at varying crystallization 
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time and temperature. At the end of which the mixture 

was filtered and washed with distilled water until pH of 

filtrate were about 9. The samples were subsequently 

dried in an oven at 80
o
C for 6 hours and characterized 

with XRD.   

2.3.2  Alkaline Fusion Method for Zeolite A and Y 

Synthesis of  Zeolite A  

In this method, 6.2 g of kaolin (combined source of 

silica and alumina) was dry mixed with 7.44 g of NaOH 

powder (kaolin/NaOH = 1/1.2) for 30 minutes. The 

mixture was heated in a muffle furnace at 600
o
C for 1 

hour. 

 

The fused product of kaolin and NaOH was ground and 

then 4.4 g of this was dissolved in 21.5 ml of distilled 

water under stirring (in ratio of 4.9 ml of water/g of 

fused product) under stirring condition to form the 

amorphous precursors followed by ageing at room 

temperature and hydrothermal treatment at different 

crystallization temperatures and times. At the end of the 

hydrothermal treatment, the sample was filtered, washed 

(to a pH of 9) and dried in an oven for 6 hours at 80
o
C. 

The products obtained were characterized by XRD.  

  

Synthesis  of Zeolite Y  
In order to synthesize zeolite Y from kaolin by fusion 

method, 6.2 g of kaolin was dry mixed with 9.3 g of 

NaOH powder in a ratio of 1/1.5 (kaolin/NaOH), the 

mixture was calcined in a muffle furnace at 750
o
C for 3 

hours. 

 

2.5 g of the fused mass and 3.168 g of sodium 

metasilicate were dissolved in 37.5 ml of distilled water 

in a ratio of (15 ml of water/g of fused mass). The 

resulting gel was aged at room temperature and 

crystallization was carried out at desired temperatures 

and time. The amount of reagents used was based on 

previous experimental work of Xinmei et al. (2003) and 

Mu Mu (2008) who synthesized Zeolite Y with molar 

composition of  9Na2O:Al2O3:6SiO2:249H2O using this 

method. At the end of the hydrothermal treatment, the 

sample was filtered, washed (to a pH of 9) and dried in 

an oven for 6 hours at 80
o
C. The products obtained were 

characterized by XRD. 

 

2.4 Determination of Cation Exchange Capacity 

The cation exchange capacity (CEC) was determined 

using the ammonium acetate saturation method at room 

temperature under standard atmospheric pressure  using 

zeolite powders. About 150 mg of the ˂125 µm size 

fraction was accurately weighed from each sample and 

transferred to a mechanical shaker where 10 ml of 1N 

solution of sodium acetate (CH3COONa) was mixed for 

5 minutes. The mixture was then centrifuged in order to 

obtain a clear supernatant solution which was decanted. 

This procedure was repeated another two times to ensure 

that all cations in the zeolite have been replaced with Na 

ion. The Na-laden zeolite was washed with 30 ml of 

99% ethanol and shaken in a mechanical shaker for 5 

min. The supernatant was removed, and the procedure 

was repeated one more time to ensure that the zeolite 

was clean and laden only with Na. 

 

The Na laden zeolite was then mixed with 1N 

ammonium acetate solution (CH3COONH4) buffered at 

pH 7 to replace the exchanged sodium ion with 

ammonium ion. The suspension was well shaken, left 

overnight and centrifuged. The clear liquid was 

decanted. The same procedure was repeated with 

CH3COONH4 five times adding fresh 10ml of 

CH3COONH4 to ensure that all Na ions were replaced 

by NH4 ion. After each step, the supernatant of 

CH3COO
-
 solution was decanted to a 100 ml volumetric 

flask which was diluted to 100 ml with ammonium 

acetate solution and the sodium ion concentration in this 

supernatant was determined by atomic absorption 

emission spectroscopy. The sodium binding capacity 

was then calculated from: 

   
         

    
                            (3) 

 

Where qe is the exchanged Na ions per weight of zeolite 

(mg/100 g) or CEC value, co is the Na concentration 

(mg/L), and cb is the Na concentration in the blank 

(mg/L). Both co and cb were measured by AAS. V is the 

volume of the aqueous phase (ml), equal to 100 ml in 

this experiment; m is the amount of zeolite (g), equal to 

150mg and MW is the molecular weight of Na (g).                    

 

3.0 CHARACTERIZATION TECHNIQUE   

The nature of phase and percent purity (crystallinity) of 

synthesized zeolites were identified using an AXS 

Bruker advance-8 Diffractometer using CuKα 

(λ=0.1541nm) radiation at 40 kV and 40 mA and a scan 

speed of 0.04
o
 in the 2θ range of 5-50

o
,  

 

4.0 RESULTS AND DISCUSSION 

Figures 1 and 2 show the XRD pattern of the 

synthesized zeolite A using both conventional and 

alkaline fusion methods respectively. From the 

conventional method, the formation of zeolite A was 

observed through the peak diffraction at 2θ = 12.49, 

17.69, 24.04, 35.83, 39.53, 43.61, 47.41 and 48.02 as 

reported by Traecy and Higgins (2001). The zig-zag 

peaks in the background indicates the presence of 

amorphous phase of metakaolinite. The peak at 2θ is 

28.53 confirm the presence of sodalite. This is in 

accordance with Ostwald’s rule of successive reaction. 

From the analysis of the peak area, percent crystallinity 

was estimated. The percent crystallinity ranged from 

22.52 - 30.70 with sample AC7 having the highest 

percent crystallinity. 

 

While the characteristic peak of zeolite A synthesized by 

alkaline fusion method was observed at 2θ between the 

range of 7.21, 10.19, 12.49, 20.47, 24.04 and 36.59. The 

peak due to quartz was observed to be present at 2θ = 

26.6 (Treacy and Higgins, 2001). Although the peaks are 

weak, but they are quite consistent with the reference 

especially the AF samples. The percent crystallinity 
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ranged from 28.74 - 43.35 % with sample AF6 having 

the highest percent crystallinity. 

 

From the analysis of the results for the two methods of 

synthesis, except samples AF2 and AC2, samples 

synthesized through alkaline fusion route possess higher 

percent crystallinity than the samples synthesized by 

conventional method. Also the first diffraction peak 

appeared at 2θ = 7.21 and 12.49 for AF’s and AC’s 

samples respectively. This can be attributed to the fact 

that the fusion aid in transformation of quartz and 

kaolinite into large amount of sodium silicate 

amorphous aluminosilicate (metakaolinite), which 

indicates that the fusion process was very effective in 

extracting the Si species in these mixture (Rios et al., 

2008 and Espejel-Ayala et al., 2013). 

 

 

 

  

Figure 1: XRD Pattern of  Synthesized Zeolite A by conventional method  (AC Samples) 

 

 

Figure 2: XRD Pattern of Synthesized Zeolite A by fusion method (AF Samples) 
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Figures 3 and 4 show the XRD pattern of the 

synthesized zeolite Y using both conventional 

hydrothermal and alkaline fusion prior to hydrothermal 

treatment methods respectively. The characteristic peak 

of zeolite Y prepared by conventional hydrothermal 

method was observed at 2θ = 11.86, 15.61, 23.58, 29.55, 

35.56, 39.38, 43.11 and 47.64 as reported by Traecy and 

Higgins (2001). The percent crystallinity ranged from 

37.09 – 48.92 % for samples YC6 and YC1 respectively. 

On the other hand the first diffraction peak for alkaline 

fused zeolite Y are observed at 2θ = 6.19 for samples 

YF7 and YF8, 11.86, 21.7, 23.58, 28.87, 33.19 for all 

samples. Other peaks appeared at 23.58 (YF7 and YF8). 

For samples YF5, YF6 and YF8 Zeolite Na- P1 was 

present at 2θ = 17.66 as reported by Treacy and Higgins 

(2001). Except the work of Mu Mu and Mya Mya, 

(2008), and Xinmei et al. (2003) there is limited 

literature on synthesis of zeolite-Y from kaolin by 

alkaline fusion route. Though weak, most of the peaks 

are quite consistent with the reference especially the YF 

samples.  

There is the presence of quartz at 2θ = 26.6 for all the 

samples indicating the unreactive nature of quartz. From 

the peak area the percent crystallinity was calculated and 

it ranged from 37.55 for sample YF2 to 47.73 % for 

sample YF7.  

 

 

 

Figure 3: XRD Pattern of  Synthesized Zeolite Y by conventional method (YC Samples) 

 

 

Figure 4: XRD Pattern of  Synthesized Zeolite Y  fusion method(YF Samples) 
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Comparing the two methods, unlike in zeolite-A 

synthesis where the alkaline fused products gave a better 

result in terms of percent crystallinity, at low 

temperature (70
o
C) YC samples have higher percent 

crystallinity except YC3, while at a temperature of 

100
o
C, YF samples, the fused product gave better 

percent crystallinity.  

 Kovo, 2011 concluded that temperature is an important 

parameter that influences zeolite crystallization because 

a small change in heating temperature can cause instant 

transformation in the zeolite phase. 

The full factorial design presented in Tables 3 and 4 and 

their uncoded values are shown in Figures 5 and 6. 

 

 
 

 
Figure 5. Cube Plots for Zeolite A CEC Response 

 
 

 
Figure 6 Cube Plots for Zeolite Y CEC Response 

 

The cube plot was used to examine how the process 

variables affect the zeolite A CEC.  The plots show the 

response surface plot of zeolite A CEC. The cube plot 

corner points represent a different factorial design and 

illustrate the average zeolite A CEC result for the 

synthesis based on the process variables level. 

Some of the calculated CEC values are quite high 

compared to the theoretical values of 548 and 339 

meg/100 g for zeolites A and Y respectively which may 

be due to presence of some unidentified/undetected 

phases or impurities. These values are higher than values 

reported by San Cristobal (2010) which is 292.8 

meq/100 g for zeolite A and by George and Hara (2008) 

who reported a value of 330 meq/100 g for zeolite Y.  

The alkaline fused samples gave better results than the 

conventional synthesized samples, in addition, Zeolite A 

has higher CEC than Zeolite Y, and this could be due to 

the high aluminum content of Zeolite A, since CEC 
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increases with the number of aluminum present in the 

zeolite framework (Mumpton, 1999). 

 

4.3 Factorial Analysis Showing Effects of 

Crystallization Temperature, Crystallization Time 

and Ageing Time on Zeolite A CEC. 

Tables 5 and 6 show the estimated effects and 

coefficients for zeolite – A CEC. The result of the 

estimated effects suggests that the model contains three 

main effects, which can be evaluated in the absence of 

significant interactions and three two-way interaction 

effects. The p-values for all three main effects are less 

than 0.05 (Crystallization temperature = 0.000, 

Crystallization time = 0.000 and ageing time = 0.000). 

Therefore, there is evidence of a significant effect. The 

p-value result from the Tables also indicate that there is 

significant interaction between crystallization 

temperature and crystallization time (0.000) and 

between crystallization time and ageing time as their 

terms have p-values less than 0.05 (       . The 

Tables also show that crystallization temperature has the 

greatest effect (177.56 and 176.56) on zeolite A CEC. In 

addition, the tables show that setting the crystallization 

temperature high produced higher zeolite A CEC than 

setting the crystallization temperature low. The 

interaction between crystallization temperature and 

crystallization time has the second greatest effect (-

108.34 and -115.84) on zeolite A CEC. The negative 

sign shows the settings of the two process variables have 

antagonistic effect (need to be at opposite setting). The 

result of the main effect plots show that the 

crystallization temperature is set high and crystallization 

time is set low to produce zeolite A of high CEC. 

 

Crystallization time has the third greatest effect (-86.58 

and -93.58) on zeolite A CEC. In addition, setting the 

crystallization time high produced lower zeolite A CEC 

than setting the crystallization time low. Ageing time 

has the fourth greatest effect (-23.09 and -17.09) on 

zeolite A CEC. In addition, higher ageing time produced 

lower zeolite A CEC than lower ageing time. The 

interaction between crystallization temperature and 

ageing time has the smallest effect (-1.23 and 3.27) on 

zeolite A CEC. In addition, setting the interaction high 

produced lower zeolite A CEC than setting the 

interaction low. The values in brackets are for AC and 

AF respectively.  

 

 

Table 5: Estimated Effects and Coefficients for Zeolite A (Samples AC) CEC 

Term Effect Coef SE 

Coef 

T-Value P-Value 

Constant  -1143. 2.56 145.35 0.000 

Crystallization Temperature 177.56 19.95 2.56 34.71 0.000 

Crystallization Time -86.58 227.9 2.56 -16.93 0.000 

Ageing Time -23.09 29.5 2.56 -4.51 0.002 

Crystallization Temperature*Crystallization Time -108.34 -3.102 2.56 -21.18 0.000 

Crystallization Temperature*Ageing Time -1.23 -0.426 2.56 -0.24 0.816 

Crystallization Time*Ageing Time 12.44 -6.95 2.56 2.43 0.041 

Crystallization Temperature*Crystallization 

Time*Ageing Time 

18.76 0.0926 2.56 3.67 0.006 

 

Table 6: Estimated Effects and Coefficients for Zeolite A (Samples AF) CEC 

Term Effect Coef SE 

Coef 

T-Value P-Value 

Constant  -1161. 1.56 262.56 0.000 

Crystallization Temperature 176.56 20.747 1.56 56.53 0.000 

Crystallization Time -93.58 244.7 1.56 -29.96 0.000 

Ageing Time -17.09 30.27 1.56 -5.47 0.001 

Crystallization Temperature*Crystallization Time -115.84 -3.343 1.56 -37.09 0.000 

Crystallization Temperature*Ageing Time 3.27 -0.437 1.56 1.05 0.326 

Crystallization Time*Ageing Time 14.94 -7.61 1.56 4.78 0.001 

Crystallization Temperature*Crystallization 

Time*Ageing Time 

20.76 0.1025 1.56 6.65 0.000 

 

The earlier analysis obtained from p-values of Tables 5 

and 6 show that the three main effects were significant 

at the 0.05  -level. Surface plot of zeolite A CEC 

against crystallization time and crystallization 

temperature of Figure 7 shows how crystallization 

temperature and crystallization time are related to zeolite 

A CEC. To maximize zeolite A CEC, high setting of 

crystallization temperature of 100
o
C and low setting of 

crystallization time of 3 hrs, while holding ageing time 

at 7.5 hrs should be chosen. 
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Figure 7. Surface Plots of Zeolite A CEC against 

Crystallization Time and Temperature 

 

The model Equations can be built up from estimated 

coefficients for zeolite A CEC of Tables 5 and 6. 

For conventional  method, 

                                  

                                          

      

        (4.1)  

For alkaline fusion method, 

                                    

                                          

      

        (4.2)  

Where     = Crystallization temperature    = 

Crystallization time and    = Ageing time. 

      

 (The model equations are valid if x1, x2 and x3 ≠ 0) 

 

 

 

4.3.2  Factorial Analysis Results Showing Effects 

of Crystallization Temperature, Crystallization Time 

and Ageing Time on Zeolite Y CEC 

Tables 7 and 8 show the estimated effects and 

coefficients for zeolite Y CEC. The result of the 

estimated effects suggests that the model contains three 

main effects, which can be evaluated in the absence of 

significant interactions and three two-way interaction 

effects. The p-values for all three main effects are less 

than 0.05 (ageing time= 0.000, crystallization 

temperature= 0.000 and crystallization time= 0.000). 

Therefore, there is evidence of a significant effect. The 

p-value result from Tables 4.3 and 4.4 also indicate that 

there is significant interaction between ageing time and 

crystallization temperature (0.000) and between 

crystallization temperature and crystallization time as 

their terms have p-values less than 0.05 (       . The 

Tables also show that ageing time has the greatest effect 

(179.56 and 174.81) on zeolite Y CEC. In addition, the 

tables show that setting the ageing time high produced 

higher zeolite Y CEC than setting the ageing time low. 

The interaction between ageing time and crystallization 

temperature has the second greatest effect (-122.84 and -

114.59) on zeolite Y CEC. The negative sign shows the 

settings of the two process variables have antagonistic 

effect. The result of the main effect plot shows that the 

ageing time is set high and crystallization temperature is 

set low to produce zeolite Y of high CEC. 

Crystallization temperature has the third greatest effect 

(-95.58 and -92.83) on zeolite Y CEC. In addition, 

setting the crystallization temperature high produced 

lower zeolite Y CEC than setting the crystallization 

temperature low. Crystallization time has the fourth 

greatest effect (-29.09 and -18.84) on zeolite Y CEC. In 

addition, higher crystallization time produced lower 

zeolite Y CEC than lower crystallization time. The 

interaction between ageing time and crystallization time 

has the smallest effect (-3.73 and 3.02) on zeolite Y 

CEC. The values in brackets are for YC and YF 

respectively.  

Table 7: Estimated Effects and Coefficients for Zeolite Y (Samples YC) CEC 

Term Effect Coef SE Coef T-Value P-Value 

Constant  -1015 4.10 86.79 0.000 

Ageing Time 179.56 428.0 4.10 21.89 0.000 

Crystallization Temperature -95.58 13.49 4.10 -11.65 0.000 

Crystallization Time -29.09 43.80 4.10 -3.55 0.008 

Ageing Time*Crystallization Temperature -122.84 -4.258 4.10 -14.97 0.000 

Ageing Time*Crystallization Time -3.73 -18.2 4.10 -0.45 0.662 

Crystallization Temperature*Crystallization Time 14.94 -0.585 4.10 1.82 0.106 

Ageing Time*Crystallization 

Temperature*Crystallization Time 

13.76 0.204 4.10 1.68 0.132 
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Table 8: Estimated Effects and Coefficients for Zeolite Y (Sample YF) CEC 

Term Effect Coef SE Coef T-Value P-Value 

Constant  -1219 2.23 171.66 0.000 

Ageing Time 174.81 472.8 2.23 39.14 0.000 

Crystallization Temperature -92.83 16.59 2.23 -20.78 0.000 

Crystallization Time -18.84 83.9 2.23 -4.22 0.003 

Ageing Time*Crystallization Temperature -114.59 -4.936 2.23 -25.65 0.000 

Ageing Time*Crystallization Time 3.02 -26.41 2.23 0.68 0.518 

Crystallization Temperature*Crystallization Time 15.19 -1.096 2.23 3.40 0.009 

Ageing Time*Crystallization 

Temperature*Crystallization Time 

21.51 0.3186 2.23 4.82 0.001 

 

 

The earlier analysis obtained from p-values of Tables 7 

and 8 show that the three main effects were significant 

at the 0.05  -level. Surface plot of zeolite Y CEC 

against ageing time and crystallization temperature of 

Figure 4.6 shows how ageing time and crystallization 

temperature are related to zeolite Y CEC. To maximize 

zeolite Y CEC, high setting of ageing time of 6 hrs and 

low setting of crystallization temperature of 70
o
C, while 

holding crystallization time at 7.5 hrs should be chosen. 

 
Figure 8. Surface Plots of Zeolite Y CEC against 

Crystallization Temperature and Ageing Time. 

 

The model Equations can be built up from estimated 

coefficients for zeolite Y CEC of Tables 7 and 8. 

 

For conventional hydrothermal method, 

                                

                                         

      

       (4.3)   

For alkaline fusion method, 

                                

                                          

      

        (4.4)  

Where     = Ageing time    = Crystallization 

temperature and    = Crystallization time.  

(The model equations are valid if x1, x2 and x3 ≠0) 

 

Table 9: Statistical Parameters of the Model 

Correlating Zeolite A and Y CEC to Crystallization 

temperature, Crystallization time and Ageing time 

                                                                                            

Values 

  

Statistical 

Parameters AC 

 

AF 

 

YC 

 

YF 

S 10.2303 6.2462 

16.4

076 

8.93

34 

R
2
 99.60% 99.86% 

99. 

08% 

99.7

0% 

R
2
adjusted 99.25% 99.73% 

98.2

7% 

99.4

4% 

R
2
predicted 98.39% 99.43% 

96.3

0% 

98.8

1% 

 

Table 9 shows the model proportion of the response 

variability that is (R
2
), the predicted R

2
, which is the 

level of prediction of the future data by the model  and 

the adjusted R
2
 useful for comparing models from the 

same data with different numbers of terms. The R
2
 value 

lies between 0 and 100%. The model predicts better 

when R
2
 value is closer to 100% (Doddapaneni, 

Tatineni, Potumarthi and Mangamoori, 2007). The sum 

of squares of the prediction errors (PRESS) for assessing 

model’s predictive ability from Table 4.5 is 10.2303, 

6.2462, 16.4076 and 8.9334 for AC, AF, YC and YF 

samples respectively. Low PRESS value is an indication 

that the model fits the data as Montgomery (2005) 
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reported that the model fits the data better when the 

PRESS is smaller. 

 

5.1 CONCLUSIONS 

Conventional and alkaline fusion methods was used 

successfully to synthesize zeolite-A and Y from Ahoko 

kaolin. This study also demonstrated the application of 

factorial analysis in determining the zeolite synthesis 

parameters that are having significant effect on zeolite 

CEC. For all the analysis of the samples synthesized, 

and using the percent crystallinity estimated from the 

peak area, the AF’s gave better results than AC’s 

samples while YF’s has better values than YC’s only at 

higher temperature. 

 

The alkaline fused samples gave better results than the 

conventional synthesized samples,   while Zeolite A has 

higher CEC than Zeolite Y, and this could be due to the 

high aluminum   content of Zeolite A. The synthesized 

zeolites showed high CEC as compared to other 

commercial zeolites Based on the factorial analyses; the 

crystallization temperature is the most significant factor 

for zeolite A. 
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ABSTRACT 

The physiochemical properties of natural clay and its modified form were investigated for use as 

catalyst. The clay samples were from Ukpor, in Nnewi in Anambra state, south eastern Nigeria. The 

particle size of 2mm was used. A known weight of the natural clay was mixed with a 36 N sulphuric 

acid at a molar ratio of 1: 5. The mixture was heated in a furnace at 500
o
C, ramped at 5

o
C/min for 

one hour. The resulted clay was calcined at 600
o
C for 6 hours. Both samples were characterized 

using X-ray fluorescence equipment (XRF), X-ray diffraction (XRDP) powder patterns, Scanning 

Electron Microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Energy Dispersive X-ray 

(EDX). The results of the treated clay revealed it’s amorphous, 67% increase of silicon. The EDX 

revealed 36.5% Si, 2.4% Al. No significant change in the O2 of both samples. Surface area was 500 

m
2
/g. The Si/Al ratio was raised to 15.0 for the treated clay. De-alumination method used showed 

greater influence on the physiochemical properties compared to aqueous HCl, NaHSO4 and H2SO4. 

This opens up higher possibility of controlling the degree of alumina and silica by choice for different 

industrial applications. 

Keywords: Clay; Beneficiation; Dealuminated clay; Dissolution; Sulphuric acid 

 
 
 

INTRODUCTION 

 

The creation of powerful new materials for innovative 

applications is one of 

the big technical and scientific challenges in our day. 

Clay, an aluminisilicate, material can be a good source 

of silica. High purity silica is used in a variety of 

industrial applications. It is used as a filler, a catalytic 

support, in optical glasses, in fused silica wares, and as a 

waveguide. Also, clays are solid minerals that can 

function as both Bronsted and Lewis acids in their 

natural and ion exchanged form. Ion exchange is the 

property of clays to adsorb certain anions and cations as 

well as their capacity to retain them in exchangeable 

state. In other words, the adsorbed ions are exchanged 

for other anions and cations in an aqueous solution, 

however, such exchange reaction can also take place in 

non-aqueous medium. The exchangeable ions are held 

around the outside of the silica-alumina clay structural 

units, and the exchange reaction generally does not 

affect the structure of the silica-alumina packet (Carlson, 

2004). A well-known example of the ion exchange 

reaction is the softening of water by the use of zeolites. 

Clay minerals are the most important chemical 

weathering products of aluminium rich rocks. Generally, 

clay is crystalline, the atoms are arranged in a regular 

order. The character of the clay mineral found in a given 

soil depends on the nature of the parent material, 

climate, topography, vegetation and time during which 

these factors have operated (Grim, 1992). 

Aluminosilicates is a three dimensional framework 

structure of silicate mineral in which the silicon atoms 

are replaced by aluminium atoms in a negatively 

charged framework with other cations uniformly 

distributed through it (Obaje et al., 2013).  

 

Treatments of clay involve subjecting clay to various 

treatments so as to modify the properties for the 

intended purpose. Such treatments include doping, 

desilication, dealumination, etc. Modifying the 

properties of clay can lead to variety of catalysts that are 

useful in effecting more different reactions and higher 

selectivity in product structure and yield. Their chemical 

composition and crystal structure are the basis on which 

clay is divided into groups, such as Kaolinite, Ulite, 
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Smectite and Chlorite. Among these, the most useful as 

a catalyst is a sub-group of the Smectite clay called 

Montmorillonite which is the main constituent of 

bentonites and Fuller's earth. (Arata and Hino 2011). 

Clay is important in the construction industry both as a 

building material and as a foundation for structures. An 

important industrial application of clays can be found in 

petroleum and petrochemical processing. Others include 

ceramic, electrical, pharmaceutical, paint, paper, nuclear 

energy and textile industries, respectively, etc.   Pillared 

clays which are more stable at higher temperatures 

(>200°C) are used in petroleum cracking, catalytic 

reforming and isomerisation of n-alkanes to branched 

chain alkanes. Many synthetic aluminosilicate can be 

made and several are manufactured industrially for use: 

as an ion exchanger and molecular 'sieves, examples are 

feldspars and zeolites (Fernando and Joan, 2007). The 

authors studied the dealumination of kaolin using 

sodium potassium hydroxide during gel formation for 

the synthesis of zeolite X. A variety of organic reaction 

that are catalysed by Bronsted acids or Lewis acids have 

been shown to take place in clays especially 

montmorillonite, more efficiently under milder 

conditions, with greater selectivity, better yield, and 

shorter reaction times.  

 

EXPERIMENTAL PROCEDURE 

 

The clay sample was pre-treated and sieved to 2mm. 

Dealumination of kaolin was carried out according to 

Iyakwari et al. (2016). A known weight of the natural 

clay was mixed with a standard analytical-grade 36 N 

sulphuric acid (H2SO4) solution at a molar at a ratio of 1: 

5. Aliquot of the mixture was placed in open quartz 

crucible. It was heated in a furnace at 500
o
C, ramped at 

5
o
C/min for one hour. Once the reaction time and 

temperature was reached the crucible was left in the 

furnace for 6 h. The physio-chemical properties of the 

resulted material were analysed. The catalytic surface 

areas of the catalysts were obtained from N2 adsorption 

isotherms determined at 77K using the Coulter
TM

 (SA 

3100
TM

 series). The samples were outgassed under high 

vacuum for 2 h at 200°C prior to the analysis. The pore 

size was determined using ImageJ software with SEM 

images. The crystallite size of the modified sample was 

calculated using data from X-ray diffractogram and 

X’pert data viewer software in the Scherrer's formula.  

 

RESULTS AND DISCUSSION 

 

The textural properties and elemental analysis of the 

natural and the dealuminated clay are given in Table 1. 

For convenience clay is designated as ‘C’ and its 

modified form as ‘DC’.  

 

Table 1: Result of Physical Analysis 

Parameter Natural 

clay  

(C) 

Dealuminated clay 

(DC)  

Specific surface 

area, m
2
/g 

100 500 

Particle size, µm 250 250 

Particle density, 

kg/m
3
 

1120 850 

Pore-volume, 

m
3
/g 

0.25 0.40 

Porosity 0.34 0.45 

The XRPD pattern of the clay was crystalline with three 

mineral phases identified (kaolinite, quartz and mica) 

however, the quartz and mica were minor. In the X-ray 

diffraction pattern of dealuminated clay, there were no 

kaolinite crystalline peaks. The disappearance of these 

major peaks gave way to amorphous material with a 

very broad band within the low-range angle 15-35
o
 2θ as 

in shown in Figure 1Figure. Rosenberg and Anderson 

(2012) described the broad band as an amorphous phase 

of silica (SiO2).   

 

 

 

Figure 1: XRPD patterns of both clay and its de-

aluminated form 

 

The elemental analysis shows that the aluminium 

content was reduced by 86% and the silicon increased 

by 69% (Table 2). However, the level of oxygen 

remained relatively constant. The presence of 0.9 wt% 

sulphur in the dealuminated clay is due to the sulphuric 

acid that was used during the dealumination of the clay. 

Clay 

De-aluminated 

clay 
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Table 2: Textural and Elemental Composition of clay and dealuminated samples 

 

 

Catalyst 

 

Crystallite 

size 

(nm) 

 

Elemental analysis (EDX) (wt%) 

 

O 

 

Si 

 

Al 

 

P 

 

Fe 

 

S 

C (clay)     42.06 57.8 21.5 18.0 1.9 0.9 - 

DC (dealuminated clay) - 57.3 36.5 2.4 2.9 - 0.9 

 

 

The dealumination was clearly successful, as the 

SiO2/Al2O3 ratio of the clay, which was initially 1:2 

increased to 15.0 (EDX analysis in Table 3). The 

modified clay has more silica and less alumina than the 

natural clay. 

 

Table: 3 Elemental Analysis and Textural Properties 

of Support 

Sample Si/Al 

(wt%) 

XRD pattern 

C (clay) 1.2 Crystalline 

DC (dealuminated 

clay) 

15.0 Amorphous 

 

The effect of dealumination on percentage composition 

of the Si and Al was also shown by XPS analysis. The 

Al 2p spectra for clay and its dealuminated form at the 

same binding energy of 74.5eV (Error! Reference 

source not found.2), correspond to aluminium (III) 

oxide (Moulder et al., 1995; Wagner et al., 2000) . 
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Figure2:  XPS Spectra of Al 2p of clay and the 

dealuminated samples 

 

The silicon (Si 2p) spectra of both samples were very 

similar around 103.3eV (the binding energy of silicon), 

as shown in Error! Reference source not found.3, 

which is a confirmation Si
4+

 in silicon oxide.  
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Figure 3:  XPS Spectra of Si 2p of both clay and the 

dealuminated samples 

 

CONCLUSION. 

 

The process of dealumination showed noticeable change 

in the properties of the clay. The result showed that the 

dealuminated clay had increased surface area; generally, 

it revealed improved physical properties of the treated 

clay sample. From the results obtained, it was deduced 

that the chemical composition of the dealuminated clay 

sample was different from the natural sample. However, 

the chemical composition was not relatively altered, but 

the percentages were altered.  This research has 

successfully reduced the Al
3+

 and increase the Si
4+

 of 

clay via a very simple process. Thereby, increasing the 

clay’s ability for Bronsted acid characteristics if used as 

catalysts or doped with metals for various industrial 

applications. The resulted aluminium sulphate is also an 

industrial chemical. 
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ABSTRACT 

Nigeria is richly endowed with a variety of solid minerals ranging from precious metals to precious 

stones and industrial minerals. The Nigeria Extractive Industry and Transparent Initiative (NEITI) 

reported that there are forty (40) different kinds of solid minerals and precious metals buried in 

Nigeria soil waiting to be exploited and processed. One of such minerals is Bitumen. Processed 

bitumen plays an important role in many everyday applications. It is one of the most used solid 

mineral resources.  The massive investment in infrastructure that will be required to cater for this 

exploitation presents a research opportunity into how solid minerals are explored and processed in 

Nigeria. Membrane separation (MS) technique is an essential separation and purification technology 

that can be used for a sustainable solid mineral processing and purification. This is due to its 

simplicity, lower capital and operating costs, and energy efficiency. It is a commercially successful 

competitor to other conventional separation techniques that are currently employed for solid mineral 

production, purification and treatment. The essence of this paper is to acquaint the readers with the 

immense benefits of membrane separation techniques in the extraction of Nigeria Bitumen and 

possibly see necessity of investing into its development. 

Keywords: membrane filtration, energy consumption, solid minerals treatment, produced water. 

 

1.0   INTRODUCTION 

Minerals are naturally occurring inorganic substances 

with a definite and predictable chemical composition 

and physical properties(Mohammed, et al., 2013, 

Vancleave, 2010). They can be in the form of solid, 

liquid or gas (such as metallic ores, crude oil and natural 

gas). Solid minerals are said to be mined in solid form 

before undergoing processing. And there are various 

forms of solid minerals; these include ores of metals 

(iron ore, gold), limestone, bitumen, coal and so on 

(Ajaka, 2009). 

 

Bitumen is a sticky, black and highly viscous liquid or 

semiliquid form of petroleum. It may be found in natural 

deposits or may be refined product; it is a substance 

classed as a pitch (Muhammad, 1992). Its viscosity 

ranges between 8 and 10 API degrees. Its density 

(kg/m
3
) lies between 1.0 and 1.18 and it is insoluble in 

water. It has a boiling point greater than 300
0
C with 

melting point ranging from 54 - 173
0
C and flash point 

greater than 200
0
C. Bitumen is around 95%  hydrogen 

and up to 5% sulfur, 1% nitrogen and 1% Oxygen and 

200ppm metals (www.aboutcivil.org). 

 

Processed bitumen plays an important role in many 

everyday applications. It is one of the most used solid 

mineral resources. It is said to be useful in Roofing, 

Sports, Environmental protection, pipe coating, Land 

slip containment, walkways, sound proofing, electrical 

insulation, cosmetics, medicine and textiles. Bitumen’s 

waterproofing and adhesive properties, durability and 

resistance to heavy loads make it the ideal material for 

use in all-weather environments. It is also a prime 

material in applications where strength and weather 

proofing are essential requirements. Moreover, bitumen 

membranes are extensively used as sound-deny panels in 

the automobile markets. It is also used as bituminous 

paints and disinfectants on a number of different 

surfaces, bitumen-based lubricants, preservative to 

plastic, sealants, and as asphalt for road construction and 

maintenance (Jacques, 2009, Kristjandottir, 2006). 

 

The total estimate of natural occurring bitumen deposit 

reserve in the World was in the range of 600 and 21,000 

billion metric tons (3,000 and 6,100 billion bbl) 

(Adewusi, 1992) and about 88 countries have been 

identified having known deposit of heavy oil and oil 

sands. The largest deposits are in Athabasca area in the 

north eastern part of the province of Alberta Canada, 

mailto:kabirmuritala@gmail.com
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this reserve contains ore 700 billion bbl. Other deposits, 

each containing 15 million bbl of bitumen are identified 

and are located in USA, Venezuela, Albania, Rumania, 

Malagasy and USSR (Ademodi et al., 1987, Adewusi, 

1992). 

 

Bitumen is found in large amounts worldwide but in 

exceptionally large quantities in Canada and Venezuela. 

Nigeria is also reported to have the second largest 

deposit of tar sand in the world containing about 41 

billion barrels of oil found in cretaceous ferruginous 

sediments extending over about120km from Ogun state, 

across Ondo state to the margin of Edo state. When fully 

developed, the industry will no doubt meet local 

requirements for road construction, farming 

improvement and also become a source of foreign 

exchange for the country (Milos, 2015, Enu, 1985).  

 

Bitumen is used primarily for paving roads and for the 

production of water proofing products, such as roofing 

felts and for sealing flat roofs. As a result of the increase 

in oil price since 2003, upgrading of bitumen to 

synthetic crude has become economical. Considering the 

scarcity of prime coking coals, bitumen extract has also 

been used as additive to upgrade medium coking coals 

to cokeable grade for coke making. The Nigerian market 

for bitumen has been estimated at about 150,000 per 

annum (Sepulveda et.al, 2010, Weskamp et.al, 1987). 

Thus, incorporating energy efficient and cost effective 

separation technology such as membrane into 

exploration, processing and purification of bitumen in 

Nigeria cannot be over emphasized. Specific roles of 

membrane separation processes in the bitumen industry 

include separation of bitumen from sand, water and 

minerals, treatment or removing residual water and 

upgrading various fractions. 

 

 

 

2.0 OVERVIEW OF MEMBRANE 

SEPARATION TECHNOLOGY  

In several processing industries, separation technology is 

widely used for separation and purification of mixtures. 

In the industry, separation process consumes 40% of 

industrial energy needs which is equivalent to 13.2% of 

total energy consumption. Separations take advantage of 

differences in physical or chemical properties of the 

mixture components. Out of the several separation 

techniques that are presently available, membrane 

separation technology could be used to bring about 

significant reduction energy consumption in solid 

mineral processing. There are several other advantages 

of using membrane separation technology when 

compared to other techniques (Ahmad, et al., 2013, 

Ahmad, et al., 2014, Koros, et al., 2009).  

1. Membrane can separate components of 

mixtures in its native state. 

2. Theoretically, all the industrial separation needs 

can be met by using membrane process 

3. Most membrane processes generally do not 

require a phase change to make a separation 

4. It is a modular separation system which 

requires relatively less energy 

5. Membrane processes present basically a very 

simple flow sheet 

6. Systems employing differing classes of 

membranes ranging from microfiltration to 

reverse osmosis allow for precise contaminant 

removal at the lowest cost 

7. Membrane systems typically require 50-70% 

less space than conventional technologies 

8. Membrane system have competitive life 

expectancy  

9. Membrane processes are environmentally 

benign since they require the use of relatively 

simple module,non-harmful materials or 

solvent and less carbon emission. 

10. Membrane system contains no moving parts. 

Table 1 Comparison of Energy Consumption of Membrane with Conventional Separation Techniques used 

Process Industry(Blume, 2004, Collings, et al., 2004, Eykamp, 1997, Gottschlich and Jacobs, Humphrey and 

Keller, 1997, Koros, Kratochvil, Shu and Husain, 2009) 

Processes Energy Consumption 

Suspended Particles and Macromolecular Solutes Processing 

Flash Evaporation 73kwh/m
3
 

Micro/ Ultra Filtration 7.6Kwh/m
3
 

50millions gallons/day Seawater Processing 

Thermal Distillation Plant 78.5Kwh/m
3
 

State-of-the-art Seawater RO 6.7Kwh/m
3
 

Propylene/Propane Separation 

Cryogenic Distillation 0.302Kwh/lb propylene prod 

Vapor Permeation Membrane 0.050Kwh/lb propylene prod 
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Table 1 shows the comparison between the energy 

requirement for membrane and other conventional 

separation processes used in the process industries. 

 

Despite the advantages of membrane over other 

separation processes, its use in industry is still relatively 

low. Some of the major reasons for this is the fear that is 

usually associated with the use of new technologies. 

Moreover, the life span of the conventional separation 

process plants (which may be up to 30 years) makes it 

difficult to immediately replace them with new ones. 

Thus, it is technically and economically advisable to 

initially inculcate the use of membrane while building 

new processing plants rather than replacing them in 

already existing plants. For existing plants, membrane 

can be introduced in the form of retrofit and use as 

hybrid along with the existing separation units. 

Membrane separation processes differ based on 

separation mechanisms and size of the separated 

components. The widely used membrane process 

include microfiltration (MF), ultrafiltration ( UF), 

nanofiltration(NF), reverse osmosis(RO), dialysis, 

electrodialysis, gas separation, pervaporation, membrane 

distillation, membrane crystallization and membrane 

contactors(Adewole, et al., 2013, Adewole, et al., 2015, 

Criscuoli, 2009, Eykamp, 1997, Li and Chen, 2005). All 

these processes differ in membrane material 

characteristics, membrane pore size and operating 

pressure to which they are exposed to. For instance, 

microfiltration membrane is defined as having pore size 

>0.1micron, ultrafiltration is as having between 0.01 and 

0.1micron, while nanofiltration is defined as > 0.001 and 

<0.01micron (Eykamp, 1995, Meynen, et al., 2014, 

Petersen, 1993). 

 

Dialysis is the transfer of solute molecules across 

membrane by diffusion from a concentrated solution to a 

dilute solution. In the electrodialysis process (such as the 

concentration of brine) a typical electrodialysis stack 

consists of a series of anion-exchange and cation-

exchange membranes arranged in an alternating pattern 

between an anode and a cathode to form individual cells 

(Strathmann, 1995). A reverse osmosis membrane 

separates the various low molecular-weight molecules 

and ions from the solvent by forcing the solvent or 

major component to pass selectively through the 

membrane by applying pressure greater than the normal 

osmotic pressure. Separation occurs based on size, 

solubility, and/or charge of the various penetrant 

species(Strathmann, 1995). Ultrafiltration is another 

pressure-driven membrane process capable of separating 

somewhat larger solution components on the basis of 

molecular size and the shape under an applied pressure 

difference across the membrane. In this process, the 

smaller molecules pass through the membrane and are 

collected as permeate while the larger molecules are 

retained by the membrane (Blume, 2004, Eykamp, 1995, 

Li, et al., 2005). The microfiltration process is similar to 

the ultrafiltration process, except that its effective 

separating range is from 1000Å to 100000Å in 

molecular size whereas the ultrafiltration range is from 

10Å to 1000Å (Petersen, 1993,Singh,etal.,2012). The 

most commonly used synthetic membrane devices 

(modules) are flat sheets/plates, spiral wounds, and 

hollow fibers. 

 

Flat plates are usually constructed as circular thin flat 

membrane surfaces to be used in dead-end geometry 

modules. Spiral wounds are constructed from similar flat 

membranes but in the form of a “pocket” containing two 

membrane sheets separated by a highly porous support 

plate (Osada et al., 1992). Several such pockets are then 

wound around a tube (figure 1) to create tangential flow 

geometry and to reduce membrane fouling. Hollow fiber 

modules consist of an assembly of self-supporting fibers 

(figure 2) with dense skin separation layers, and a more 

open matrix helping to withstand pressure gradients and 

maintain structural integrity (Osada et al., 1992). The 

hollow fiber modules can contain up to 10,000 fibers 

ranging from 200 to 2500 μm in diameter. The main 

advantage of hollow fiber modules is very large surface 

area within an enclosed volume, increasing the 

efficiency of the separation process 

.    

 
Figure 1: Spiral wound membrane module;( Source: 

MTR Inc, Aquilo Gas Separation ) 

 

https://en.wikipedia.org/wiki/Hollow_fiber_membrane
https://en.wikipedia.org/wiki/Hollow_fiber_membrane
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Figure 2: Cross Section representation of Hollow 

Fiber; (Source: MTR Inc, Aquilo Gas Separation) 

 

3.0 SEPARATION METHODS IN BITUMEN 

INDUSTRY 

The extraction of bitumen from oil sand mines involves 

the liberation and separation of bitumen from the 

associated sands in a form that is suitable for further 

processing in order to produce a marketable product. 

Among several processes for bitumen extraction, the 

Clark Hot Water Extraction (CHWE) process is a well-

developed commercial recovery technique. In the 

CHWE process, mined oil sands are mixed with hot 

water to create slurry suitable for extraction. Caustic 

soda is added to adjust the slurry pH to a desired level in 

order to enhance the efficiency of the separation of the 

bitumen. Recent industry development has shown the 

feasibility of operating at lower temperatures and 

without caustic addition in the slurring processes. In the 

CHWE process, the extract typically comprises 

hydrocarbon predominant phase (known as tailing 

stream) which is made up of coarse solids, some fine 

solids, and water. A typical composition of bitumen 

froth stream is about 60wt% bitumen, 30wt% water and 

10wt% mineral matter(solids). The water and mineral 

matter in the froth are considered as contaminants. 

Therefore, the froth needs to be purified to eliminate the 

contaminants or reduce them to a level suitable for feed 

into an oil refinery or an upgrading facility. 

 

The process to reject the water and mineral matter 

contaminants are known as froth treatment process. Due 

to the high viscosity of bitumen, the first step in the 

treatment is usually the introduction of a solvent. There 

are two major commercial approaches to reject the froth 

contaminants, namely naphtha solvent-based froth 

treatment, and paraffinic solvent-based froth treatment. 

Solvent addition (dilution) increases the density 

differential between bitumen, water and mineral matter. 

Contaminants rejection can be carried out by a number 

of methods, such as centrifugation or gravity separation. 

The separation scheme generally results in a product 

effluent stream of diluted bitumen and a reject or tailings 

stream, commonly referred to as the froth treatment 

tailing (which comprises of mineral matter, water, 

residual solvent, and some residual bitumen). In the 

paraffinic froth treatment process, the solvent dilution 

reduces the precipitation of asphaltenes from the 

bitumen as an additional contaminant which results in an 

improvement in the efficiency of the contaminant 

rejection process(Milos, 2015).  

 

An example of froth treatment (NFT) is disclosed in US 

Patent (Tipman and Sankey, 1993). Addition of naphtha 

may yield a bitumen product containing 1 to 3wt% water 

and <1.0wt%  solids. However, such product 

composition does not meet pipelines specifications and 

renders the NFT product stream unsuitable for 

transportation through pipeline. Paraffinic froth 

treatment (PFT) was described in Canadian 

Patents(Sharma and Raterman, 2014, Shelfantook, et al., 

2002). Addition of sufficient amount of paraffinic 

solvent results in asphaltene precipitation, formation of 

aggregates with the contaminants, and settling. 

Unfortunately, conventional treatments which separate 

water and mineral matter will not remove very fine 

particulate (fines) from the froth. Therefore, PFT settling 

vessels are sized to allow gravity settling of fines and 

other contaminants. This process provides a solids free 

bitumen product (<300ppm solids, <0.5%BS&W) 

suitable for transportation in a common carrier to 

refineries. Bitumen of such quality is termed ‘’fungible’’ 

because it can be processed in conventional refinery 

processes without fouling the refinery equipment. 

However, PFT is energy intensive and expensive and 

results in a waste stream of asphaltenes (a potentially 

valuable commodity). 

 

In general, water based extraction and solvent-based 

extraction are the two processes that have been used to 

extract bitumen from mined oil sands. The CHWE 

process, described above, is the most commonly 

employed water-based extraction, water is the dominant 

liquid in the process and the extraction occurs by having 

water displace the bitumen on the surface of the solids. 

In the case of solvent-based extraction, the solvent is the 

dominant liquid and the extraction of the bitumen occurs 

by dissolving bitumen into the solvent. 

 

Solvent based extraction processes for the recovery of 

the hydrocarbons have been proposed as an alternative 

to water-based extraction of mined oil sands. However, 

the commercial application of a solvent-based extraction 

process has, for various reasons, eluded the oil sand 

industry. A major challenge to the application of 

solvent-based extraction to oil sands is the tendency of 

fine particles within the oil sands to hamper the 

separation of solids from the hydrocarbon extraction. 

Solvent extraction with solids agglomeration is a 

technique that has been proposed to deal with this 

challenge. The original application of this technology 
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was coined Solvent Extraction Spherical Agglomeration 

(SESA). A more recent description of the SESA process 

can be found in (Sparks, et al., 1992).Solvent extraction 

bitumen has a much lower solids and water content than 

bitumen froth that was produced in the water-based 

extraction process. However, the residual amounts of 

water and solids content in solvent extraction bitumen 

may nevertheless render the bitumen unsuitable for 

marketing.  

 

3.1 Bitumen Extraction and Processing in Nigeria 

Nigeria’s Ministry of Mines and Steel Development 

identified three potential methods of bitumen extraction 

in Nigeria:  

 Small-scale surface mining 

 Large-scale surface mining and 

 In-situ extraction. 

 The depth of bitumen below the surface determines 

which extraction type is possible. Both in-situ and large 

scale surface mining operations are most likely to 

extract bitumen for upgrading into synthetic crude oil 

and/or other petroleum products. Bitumen from small 

scale surface mining is likely to only be economical to 

use for paving roads. Details of all the three types of 

extraction and their impact are described in literature 

(Grant, et al., 2013, Milos, 2015). 

 

In Nigeria, the approximate locations of the different 

types of oil are perhaps best explained as a gradient 

running north to south, with the heaviest oils generally 

in the north at the surface and the lightest in the south 

deep underground (figure Nigeria’s Bitumen Belt 

(Lagos, Ogun, Ondo,  and Edo States. Copied from 

Milos (2015)).3). The region which contains bitumen 

spans roughly across four states, namely Lagos, Ogun, 

Ondo, and Edo states. Much of the areas where heavier 

forms of oil and bitumen can be found remain under 

explored. Thus, the precise locations of each resource 

are unknown. The most comprehensive bitumen study to 

date is Geotechnical Investigations of the Ondo State 

Bituminous Sands from 1974, and was led by Professor 

O.S. Adegoke's of the Geological Consultancy Unit of 

the University of Ife. Few significant studies have been 

carried out since. The extents shown on the map in 

Figure 3 identify the zones where surface mining and in-

situ mining are most likely to occur (Adegoke, 1980). 

Some geologists speculate this zone extends all the way 

to the conventional oil blocks further south. 

 

 

 

 

 
 

 

 
Figure 3: Nigeria’s Bitumen Belt (Lagos, Ogun, Ondo,  and Edo States. Copied from Milos (2015)). 
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4.0 ROLES OF MEMBRANE TECHNIQUES IN 

THE EXTRACTION OF BITUMEN 

Membrane technology can be introduced into various 

stages of bitumen processing. This section is focused on 

description of some membrane separation processes that 

are suitable for use in bitumen processing. The U.S 

patent (Feimer and DesJardine, 1993)disclosed a method  

of ultrafiltration of heavy hydrocarbons through a multi-

stage membrane system. The patent describes at least 

two identical and sequential ultrafiltration steps to 

remove metals, conradson carbon residue (CCR), and 

asphaltenes. Variety of membrane materials such as 

polymide, polysulfone, polyaryl sulfide, polycarbonate, 

polyamide, polyacrylonitrile, or ceramic materials can 

be used in the system. Another U.S Patent (Smith, 1998) 

demonstrated a process for the selective removal of 

asphaltenes and metal compounds from oil by ultra-

filtration using a membrane. It emphasized the use of 

ceramic membrane because of its initial fouling 

resistance. 

 

The invention disclosed in the U.S Patent (Koseoglu, 

2014) was directed towards a process for upgrading a 

heavy oil feedstock. The procedure for heavy oil 

processing involves thermal cracking of the oil to 

produce a product stream which is then cooled to an 

intermediate temperature at which light ends and water 

can be volatized and removed in flash towers. Following 

a further cooling, the stream is mixed with an alkane 

solvent to facilitate asphaltenes precipitation. However, 

asphaltenes do not settle due to the high viscosity of the 

liquid. To solve this problem, the inventors suggested a 

two-step membrane ultrafiltration of the feed stream.  

Bitumen product may be produced through a number of 

extraction methods known in the art. The product 

effluent stream may comprise bitumen, solvent, 

precipitated asphaltenes, water and mineral matter. The 

mineral matter may comprise clay, sand, particulate 

matter, bulkier contaminants such as coal, wood, shale 

or large particles, and other solids. Typically, the 

naphthenic froth treatment (NFT) bitumen comprises 2-

3%w/w solids and/or water and does not meet pipeline 

specifications for transportation. All the contaminants 

may be removed by filtration-methods (microfiltration, 

ultrafiltration, or nanofiltration) (Ashtari, et al., 2012, 

Bakhshayeshi, et al., 2012, Eykamp, 1995, Li, Liang and 

Chen, 2005, Schwarze, et al., 2012, Singh, Ray, Xie and 

Hoang, 2012, Ullah, et al., 2012). 

 

A method of water treatment in an in-situ recovery 

method of producing bitumen from oil sand comprise of 

separating bitumen-mixed stream so as to leave oil-

containing water(which is called "produced water"). The 

bitumen-mixed fluid could be recovered from the oil 

sand well via microfiltration membrane using 

polytetrafluoroethylene (PTFE). Membrane 

configurations may include flat sheet membranes, spiral 

wound membranes, tubular membranes, or hollow fiber 

membranes. All these configurations permit separation 

of water, mineral matter or asphaltenes from a bitumen 

stream.  

 

5.0 CONCLUSION 

The potential application of membrane separation 

technology in bitumen processing was presented. The 

following conclusion can be drawn: 

 

Academic-Industry collaborative is vital in further 

exploration and development of needed membrane 

separation techniques and subsequent application in 

bitumen processing. 

 

Valuable savings could be achieved by using 

commercially available ready-made membrane systems 

while aggressively pursuing development of more novel 

membrane materials and modules to meet up other 

complex separation challenges in bitumen processing. 

Developing countries such as Nigeria need to 

incorporate membrane units from the beginning of 

bitumen processing plant construction because 

conventional energy intensive separation units have 30-

50 years useful lives. It is therefore difficult (for 

economic reasons) to replace them with membrane in 

future. 

 

Membrane can also be incorporated into existing 

bitumen processing plants in the form of retrofit and 

hybrid separation units. 
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ABSTRACT 

Zeolite NaX was successfully synthesized from both Kankara and Elefun kaolinite clay. Both clays 

were wet beneficiated, calcined at 850
o
C for six hours, to obtain a more reactive metakaolin. The 

metakaolin was dealuminated using 60wt% tetraoxosulphate (VI) acid for three minutes, washed to 

neutrality before the introduction of calculated amount of NaOH. The resulting gels were aged for 

seven days at room temperature and subjected to crystallization temperature of 100
o
C for reaction 

times of 6, 12, 24 and 36 hours, respectively. The samples and products were characterized using 

XRF, XRD, SEM and BET. The XRF analysis confirmed the status of the raw materials and gave a 

positive indication of the pretreatment and zeolitization processes. The highest intensity value from 

XRD was recorded for zeolite NaX at 24hrs reaction time, while the SEM and BET for products at 

36hrs tends to be more desirable. The zeolite NaX from Kankara and Elefun obtained at 100
0
C at 

36hrs had an octahedral shape, highly crystalline in nature, having a specific surface area of about 

479m
2
/g and 468 m

2
/g, respectively. The investigated characteristic properties tend to favorably 

compete with her commercial NaX (specific surface area-SSA of 423.6 m
2
/g).  

 

1. INTRODUCTION 

 

Zeolites are a well-defined class of naturally occurring 

and synthetically produced crystalline aluminosilicate 

substances with three-dimensional structures arising 

from oxygen linked framework of [SiO4]
4-

 and [AlO4]
5-

 

polyhedral. They are capable of facile and reversible 

cation exchange. The assemblages of tetrahedra create a 

porous matrix with regular arrays of apertures having 

well-defined dimensions so as to be able to selectively 

admit some molecules into their interiors, whilst 

rejecting others on the basis of molecular dimensions, 

giving them the important attribute of “molecular 

sieving.” The properties of ion exchange and molecular 

sieving have resulted in the successful 

commercialization of zeolites for industry scale 

ammonia treatment and in detergent formulations as 

calcium sequestrants, and make zeolites a strong 

prospect for removal of heavy metals from acid mine 

drainage and industrial wastewaters (Breck, 1974). 

Zeolite has increasingly finds a number of applications 

in numerous industrial processes, namely; water 

purification, catalyst in the petroleum refining processes, 

preparation of advanced materials and in nuclear 

reprocessing etc. Therefore, the idea of producing 

synthetic zeolite to continuously replace its limited 

natural analog cannot be overemphasized.  

 

 Zeolite X is a microporous material with a faujasite 

framework structure and a Si/Al molar ratio that varies 

from 1.0 to 1.5. Each unit cell in the three-dimensional 

pore system of faujasite zeolite consists of 8 supercages, 

8 sodalite cages, and 16 hexagonal prisms. Zeolite X has 

a large pore size (7.3Å) and a high cation exchange 

capacity – CEC (5meq g
-1

), which make this zeolite an 

interesting molecular sieve and a high-cation exchange 

material (Traa and Thompson, 2002). Zeolite X is 

receiving increased attention and currently a very 

attractive material for technological and environmental 

applications because of its prominent selective 

adsorption property, (Kim, 2003 and   Guesmi et al., 

2012), high exchange capacity (Hunger et al., 2000) and 

medium-strength basic sites. Its wide micropores make 

it useful for purification and separation of gases and 

organic components; high exchange capacity allows for 

adsorption of heavy cations and radionuclides 

(Derkowski et al., 2007).  

  

In Nigeria, many research works have been reported on 

the preparation and characterization of zeolites. 

Preliminary studies on synthesis of zeolite from local 

clay have been reported by Aderemi (2000), Atta 

(2007), Kovo (2012), Ajayi, (2012) and Ajayi (2013). 

Zeolites are usually synthesized from cheap silica-

alumina sources in alkaline phase under hydrothermal 

conditions. The cheap silica-alumina sources include 

kaolinite. It is therefore very pertinent for researchers, 

engineers, to continuously investigate properties that 

will favour the conversion of kaolinite clay to desired 

zeolite, considering it application in our economy. 

Hence, in this research work, kaolinite clay mined from 

both Kankara (Katsina State) and Elefun (Ogun State) 

was converted using hydrothermal method into zeolite 

NaX while investigating the effect of crystallization time 

on its crystallinity. 

 

 

 

mailto:aoajayi@abu.edu.ng
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2. METHODOLOGY AND MATERIALS 

2.1 Beneficiation and Calcination of Kaolin 

The clay (kaolin) samples were procured from Kankara 

village in Kastina State and Elefun village in Ogun 

State, Nigeria. Both kaolin samples were weighed and 

soaked in water for three days. During this period the 

slurries were stirred periodically (every 12 hours) after 

decantation of the supernatant water and addition of 

fresh water. The fine suspension thus obtained from 

each clay samples was sieved and allowed to settle. 

Thereafter the sediment was dried under atmospheric 

condition, followed by oven drying at 100
o
C for 12 

hours. The product from this stage is hereafter referred 

to as beneficiated Kankara kaolin (BKK) and Elefun 

kaolin (BEK). After drying, the beneficiated kaolin was 

ball milled to obtain a desired particle size. The 

beneficiated kaolinite clay was converted into a more 

reactive form - metakaolin through heating at elevated 

temperature of 850
o
C in a muffle furnace for 6hours.  

 

2.2 Dealumination 

In a conical flask, 30g of metakaolin was added to 

134.40ml of distilled water and 122.78ml of 96wt% 

H2SO4 (equivalent to 5-fold stoichiometric acid 

requirement and to form 60wt% of acid solution) to start 

the dealumination reaction. The reaction was driven by 

the thermal energy released by the acid-water mixture, 

with residence time set at 3 min (Ajayi et al., 2010). 

After the set time, the reaction was quenched with 

207.2ml of distilled water to bring the acid concentration 

to about 38wt%. The flask content was filtered through a 

vacuum pump filtration unit and the recovered solid was 

washed with deionized water in order to remove the 

excess acid. The de-aluminated metakaolin was dried, 

crushed and preserved for further application and 

analyses. 

 

2.3 Gel formation and Ageing 

10g of the dealuminated metakaolin (from Kankara) 

sample was weighed and transferred into a conical flask, 

where 57cm
3
 of de-ionize water was introduce in batch 

of 35cm
3
 and 22cm

3
 respectively. 35cm

3
 of the de-ionize 

water was introduce into a conical flask containing the 

10g of dealuminated metakaolin sample and the mixture 

was agitated for about 10mins. 8.6g of the NaOH pellet 

was introduced under constant stirring until the mixture 

becomes thicker and the remaining 22cm
3
 of the de-

ionize water was added until a jelly like solution was 

noticed. The same procedure was repeated for kaolin 

from Elefun and the resulting gels formed were 

transferred into a label polypropylene bottles and aged 

quiescently for a period of seven days at room 

temperature.  

 

2.4 Crystallization 

After seven days aging, the samples in the porcelain 

bottles were subjected to an elevated temperature of 

100
o
C in a calibrated microwave oven. The microwave 

oven consumes 1,100 W AC and produces 700 W of 

microwave power, an efficiency of 64%, while 400 W 

are dissipated as heat, mostly in the magnetron tube. The 

reaction was made to take place at the specified 

temperature of 100
o
C and time of 6hrs, 12hrs, 24hrs and 

36hrs, respectively. After the synthesis, the samples 

were washed thoroughly with deionized water to 

neutrality, filtered, dried, and stored for characterization.  

Based on previous investigations (Ansari et al., 2013 

and Ngoc et al., 2013), the crystallization temperature of 

100
0
C was chosen. 

 

2.5 Characterization 

The materials obtained at various stages were subjected 

to analyses, namely XRD, EDX-SEM, XRF and BET. 

X-Ray Fluorescence mineralogical composition of the 

samples was determined using a Thermo Fisher 

ARL9400 XP+ Sequential XRF equipped with a 

WinXRF software was for analyses. The samples were 

milled in to achieve particle sizes <75micron, dried at 

100°C and roasted at 1000°C to determine Loss on 

Ignition (LOI) values. 1g Sample was mixed with 6g 

lithium tetraborate flux (Li2B4O7) and fused at 1050°C 

to make a stable fused glass bead. The XRF analysis for 

the clay was conducted following ASTM C114 standard 

for oxide identification.  

X-ray powder diffraction (XRD) patterns were collected 

on an XPERT-PRO diffractometer (PANalytical BV, 

Netherlands) with theta/theta geometry, operating a 

cobalt tube at 35 kV and 50 mA. The goniometer is 

equipped with automatic divergence Slit and a PW3064 

spinner stage. The XRD patterns of all specimens were 

recorded in the 5.0°- 90° 2θ range with a step size of 

0.017° and a counting time of 14 s per step. The XRD 

analysis was conducted following ASTM 2478, standard 

for clay identification, while those for zeolite NaX were 

conducted following ASTMD5758.  

SEM and EDX analysis were recorded by using LEO 

S430 scanning electron microscope coupled with energy 

dispersive X-ray analyzer model Oxford LINK ISIS. 

Samples were prepared by dispersing dry powder on 

double sided conductive adhesive tape. Samples were 

coated with carbon by arc discharge method for SEM-

EDX. Samples were scanned in secondary electrons 

(SE) for morphology and back scattered electrons (BSE) 

mode for compositional image. 

In order to determine the specific surface area, 

automated gas adsorption analyzer, AUTOSORB-1 

(Quanta Chrome Instruments, USA) was used with 

adsorption-desorption isotherms of nitrogen at -196
0
C. 

For each analysis, 0.2g of sample were degassed at 

300
0
C under nitrogen for at least 3h. The specific 

surface areas of sample were calculated by the BET 

(Brunauer, Emmett, and Teller) method. The Specific 

surface area were determined following the standard 

method of ASTM C1274. 

 

3.0 RESULTS AND DISCUSSION 

3.1 Beneficiation processes-physical, thermal and 

chemical 

The compositional analysis of the raw kaolin (Kankara 

and Elefun) depicted in Table 4.1 indicated that Kankara 
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is richer in oxides of potassium, while Elefun had a 

higher value for TiO2 and both recorded similar 

composition for oxides of iron and magnesium. This 

observation was attributed to sources, location and mode 

of formation i.e. either potash or ferric kaolin. The effect 

of these inherent impurities could be noticed in the 

silica/alumina ratio of the starting kaolin. Theoretically, 

the silica/alumina ratio for pure kaolin is expected to be 

2 or slightly less than 2 but not greater than 2. In this 

case Elefun kaolin had a relatively higher silica to 

alumina ratio, which might suggest level of impurities 

and probably incomplete formation of the kaolinite 

structure. 

 

 

Table 2: Composition of raw, beneficiated, calcined and dealuminated kaolin 

 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3 ZnO SrO Si/Al 

RKK 0.123 0.460 39.646 56.627 0.18 0.215 1.417 0.103 0.213 0.964 0.002 0.003 2.42 

BKK 0.113 0.380 41.92 54.62 0.10 0.002 1.410 0.101 0.313 0.970 0.042 0.009 2.21 

CKK 0.125 0.452 40.423 55.98 0.15 0.100 1.412 0.103 0.213 0.950 0.002 0.003 2.35 

DKK 0.00 0.225 19.32 78.41 0.00 0.371 0.621 0.065 0.403 0.566 0.000 0.002 6.89 

REK 0.000 0.359 30.720 60.762 0.000 0.315 0.377 0.021 4.888 1.182 0.003 0.005 3.36 

BEK 0.103 0.480 38.92 55.62 0.00 0.301 0.360 0.001 2.313 1.170 0.022 0.003 2.43 

CEK 0.125 0.452 40.423 54.98 0.12 0.208 0.442 0.103 0.213 0.750 0.012 0.002 2.31 

DEK 0.00 0.199 16.91 76.30 0.00 0.363 0.363 0.077 4.958 0.828 0.000 0.002 7.66 

 

Legend 
RKK Raw Kankara Kaolin DKK Dealuminated Kankara Kaolin CEK Calcined Elefun Kaolin 

BKK Beneficiated Kankara Kaolin REK Raw Elefun Kaolin DEK Dealuminated Elefun 

Kaolin 

CKK Calcined Kankara Kaolin  BEK Beneficiated Elefun Kaolin     

 

The XRD pattern of the raw kaolin gave all the 

characteristic kaolinite peaks, with some peaks that can 

be attributed to quartz, illite, smectite, halloysite and 

muscovite (Figure 1). These peaks were found to 

conform satisfactorily to those in the open literature 

(Pinheiro et al., 2005; Lenarda et al., 2007; Panda et al., 

2010). The parent clay showed well defined reflections 

at 2Θ values of 12
0 

and 30
0 

(corresponding to the d 

values of 7.154Å; a reflection from [001]) giving typical 

characteristic peaks of kaolinite. The Kankara kaolin 

was found to contain, aside anatase, phases like 

potassium iron oxide and forsterite, resulting from the 

presence of potassium and ferric oxide in the raw kaolin. 

The XRD peaks were found to correlate with the XRF 

result as the 2Θ values of 12
0 

for Elefun kaolinite clay 

was found to have very low intensity.  

 
Figure 1: XRD patterns for raw Kankara and Elefun 

kaolinite clay. 

 

The closely packed flaky particles are stacked together 

in agglomerates and seem to be predominant in both 

sample analyzed, as depicted in Figure 2. Noticeably 

small aggregate particles found in between the silica-

alumina plates, under higher magnification, are 

indicative of inherent impurities, which are predominant 

in Elefun clay as shown in Figure 2 (b). 

 
Figure 2: SEM and EDX for raw Kankara (a) and 

Elefun (b) kaolinite clay. 

 

The XRD patterns of the calcined products presented in 

Figures 3 (a and b) are semi-amorphous in nature. The 

peaks for kaolinite disappeared upon thermal treatment, 

but it was observed that some phases were relatively 

passive to the thermal treatment. These observations 

were similar to those reported for metakaolins by other 

researchers (Belver et al., 2002, Elimbi et al., 2011). 

The intensity of some inherent impure phases like 

microcline, illite, dickite and brookite were also 

observed to reduce drastically with thermal treatment. 
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Figure 3: XRD pattern for calcined Kankara and 

Elefun kaolinite clay. 

 

Figure 3b showed the XRD pattern for metakaolin 

obtained from Elefun kaolinite clay, with retained peaks 

at 2 theta around 30 and 32, attributed to the presence of 

quartz and hematite (Fe2O3), respectively. Those two 

minerals were observed to be passive to thermal 

treatment despite the elevated temperature of 

calcination, which is in agreement with the works 

reported by Chandrasekhar and Pramada (1999) and 

Lenarda et al., (2007). 

              

 
Figure 4: SEM images for calcined Kankara (a) and 

Elefun (b) kaolinite clay. 

 

Figures 4(a and b) showed the SEM images for Kankara 

and Elefun metakaolin, respectively, obtained at 

calcination temperature 850
0
C. The SEM images for the 

samples were seen to be similar, despite the source of 

the starting kaolin. The images gave an evidence of 

partial destruction of the initial kaolinite structure and 

formation of the semi-amorphous metakaolin, with the 

destruction of the noticeable card-like structure of 

kaolinite clay, as seen in Figure 2 

 

The XRD patterns for the dealuminated samples pointed 

to the reduction of some noticeable phases after 

calcination and prominence of more silica rich phase 

with less alumina in the dealuminated sample. The 

intensity of these at the 2Θ around 20, 30 and 32, were 

more crystalline than same from the metakaolin. This 

tends to conforms with the chemistry of dealumination, 

where more silica is expected compared to alumina, for 

the former does not react with the acid. 

     

 
Figure 5: XRD patterns for dealuminated samples 

from Kankara and Elefun kaolinite clay. 

 

 
Figure 6: SEM images for dealuminated Kankara (a) 

and Elefun (b) kaolinite clay. 

 

The SEM images of the dealuminated Kankara and 

Elefun shown in Figure 6 (a & b) indicate the 

disaggregation of metakaolin structure on acid 

treatment, resulting to surface roughness and cluster 

formation. The large white particles appear to be formed 

by several flaky particles stacked together to form well 

bonded agglomerates. These observations were found to 

favorably agree with the works reported by Lenarda et 

al., (2007) and Panda et al., (2010). Additionally, some 

materials remained unaffected by the acid treatment, 

retaining its shape from metakaolin, were noticed in the 

SEM for both dealuminated products. 

 

3.2 Crystallization processes-gelation and 

reaction 

The gels formed were observed to have closely related 

minerals as shown in Figure 7 (a & b), irrespective of 

the source of kaolinite clay used, temperature of 

calcination and mode of dealumination. The new phases 

formed namely-CIT-1, TNU-9, Go, RUB’s noticed in 

the gels from Kankara and Elefun, testify to the action of 

NaOH introduced, since they are rich in sodium. The 

quartz peak was still noticeable in Elefun kaolinite clay. 

It worth mentioning, that the gel was analyzed without 

been subjected to aging, hence the reason for retained 

quartz peak in Elefun. 
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Figure 7: XRD patterns for gel produced from 

Kankara (a) and Elefun (b) kaolinite clay. 

 

Conclusively, it can be inferred from the XRD patterns 

in Figure 7 that the gels contained disordered form of 

aluminosilicate in a state of higher simplexity and 

entropy, which is required for crystallization. 

 
Figure 8: SEM images for gels from Kankara (a) and 

Elefun (b) kaolinite clay. 

 

The SEM image actually correlates the aforementioned 

speculation as shown in Figures 8(a & b), where the 

bulky though flaky particle observed in the figures were 

noticed to have broken down into smaller closely packed 

particles. The gel obtained from Kankara was observed 

to retain a relatively large portion of the flaky but bulky 

particle, embedded in amorphous aggregates, suggesting 

its compositional resistance to alkaline treatment. 

 

The XRD patterns of all the as-synthesized zeolite NaX 

exhibit diffraction peaks which are characteristic of NaX 

zeolite. It was observed from Figures 9-12, that increase 

in crystallization time resulted in enhanced crystallinity 

and crystal size of zeolites.  

       

Figure 9: XRD patterns for crystallized product at 6 hours 

Figure 10: XRD patterns for crystallized product at 12 hours 

  



Comparative Assessment Of Synthesis Of Zeolite X From Kankara And Elefun Kaolinite Clay 

109 
 

 

Figure 11: XRD patterns for crystallized product Sample of 24 hours 

Figure 12: XRD patterns for crystallized product Sample of 36 hours 

 

The intensity (by XRD) increased sharply with increase 

in crystallization time from 6 to 24hrs and then starts to 

decrease with time. It is speculated that the crystal phase 

already formed can be broken down into silica and 

alumina which might lead to the regrouping of the 

siliceous bond (formation of siloxane bridges) hence a 

rather more stable α-quartz phase. This can be noticed 

for both kaolinite clays sources, for the intensity for the 

major peak was observed to drop.  

 
Figure 13: SEM images for Kankara based NaX 

zeolite crystallized for 6hr and 36hr 

The SEM for NaX from kaolin and Elefun at 

crystallization time of 6 and 24hrs are shown in Figures 

13 and 14, respectively. Figure 13a, shows the 

appearance of octahedron shape corresponding to NaX 

but with rough unsmooth edges surrounded by rather 

amorphous like materials, suggesting incomplete 

conversion/crystallization process. This observation was 

not seen in the better and more refined shape obtained at 

36hrs (see Fig 13b). Same observation was noticed for 

Elefun as depicted in Figure 14 but with better 

morphology for NaX obtained at 6hrs and less 

amorphous unconverted materials.  

 
Figure 14: SEM images for Elefun based NaX zeolite 

crystallized for 6hr and 36hr 
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Figure 15 shows the values of specific surface area 

(SSA) for all samples and the NaX produced from it. 

The SSA for the raw kaolinite clays was observed to be 

very close in value, as well as that for the beneficiated 

and calcined samples. This reduction in the surface area 

for metakaolin is likely the result of aggregation of 

particles when structural water molecules were removed. 

The SSA for the dealuminated sample was observed to 

increased drastically due to the removal of alumina and 

enrichment of silica content, as also discussed by Belver 

et al., (2002). The relatively high surface area observed 

for the dealuminated sample served as an enhancement 

factor for gel formation, by providing the surface area 

required for the gelation and subsequent crystallization. 

Introduction of NaOH during gel formation reduces the 

inherent SSA.  

 
Figure 15: Specific surface area of all the samples 

and products 

 

This high value of surface area is required in order to: (i) 

reduce the level of segregation between the reacting 

species and (ii) enhance the reaction rate via availability 

of large surface area. Also, Belver et al., (2002), 

reported that the crystalline 

nature of the gel formed in their work had large particle 

size, responsible for the lowered surface 

area. The BET surface area for the as-synthesized zeolite 

was recorded to be attain a value of about 310 and 

330m
2
/g for NaX obtained at 6hrs crystallization 

reaction time and over 450m
2
/g for both Kankara and 

Elefun, respectively at crystallization time of 36hrs. This 

is so probably because at low crystallinity, the SSA are 

reduced due to amorphous aluminosilicate blockage of 

the external pores of zeolite crystals, which tends to be 

freed at increased crystallization time, hence higher SSA 

(Ansari et al., 2013) The SSA for NaX at 36hrs 

conforms with the value from the literature, of 

423.6m
2
/g (Schimidt et al., 2013). 

 

4. CONCLUSIONS 

Zeolite NaX was successfully synthesized from kaolinite 

clays sourced from Kankara and Elefun, despite their 

inherent impurities. Both clays were subjected to 

beneficiation processes to improve on the property of 

the starting material. The zeolitization processes was 

conducted at 1000C at varied crystallization reaction 

times of 6, 12, 24 and 36hrs, respectively. Zeolite NaX 

produced at 36hrs were observed to have closer property 

to their commercial counterpart despite their low 

intensity compared with those from 24hrs. XRD, SEM, 

XRF and BET analytical techniques were employed to 

characterized the raw materials and resulting products. It 

can be concluded that both clay can serve as good 

source for zeolite NaX synthesis, but with preference for 

Elefun kaolinite clay. 
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