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ABSTRACT 9 
 10 
High costs of imported bleaching earths have led to the need for alternative local sources. The 
effectiveness of acid-activated Achalla clay in crude palm oil bleaching was examined. The clay sample 
was collected, sun-dried, manually ground, and activated with the hydrochloric acid solution. 
Characterization of the raw and activated clay samples was carried out using X-ray fluorescence (XRF), 
Scanning electron microscopy (SEM), and Fourier transform infrared spectroscopy (FTIR) analyses. The 
factors that were varied during the bleaching process were temperature, contact time, and adsorbent 
dosage. The adsorption kinetics, adsorption isotherm, and thermodynamics studies were also 
investigated. The XRF, SEM, and FTIR characterization results showed that the clays were kaolinites with 
some significant increase in the number of microporous surfaces and some changes in the functional 
groups. The results also indicated that the process performance improved at higher temperatures. The 
highest bleaching efficiency of the bleaching process was 85.6%. The pseudo-first-order model described 
the adsorption process from the experimental data with higher correlation coefficients than the pseudo-
second-order, first-order, and Intra-particle diffusion models. The equilibrium isotherm data were 
described better by the Temkin model than Langmuir and Freundlich models due to higher R2 values. The 
enthalpy and entropy values were determined to be 26,968.12 J/mol and 78.2273 J/mol respectively. The 
Gibb’s free energy was found to vary between -1.428.39 to 1,700.70 J/mol. The results of the 
thermodynamic parameters showed that it was a spontaneous chemical adsorption process and 
endothermic. This study has revealed that acid-activated Achalla clay can be used for the bleaching of 
crude palm oil at higher temperatures. 
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1. INTRODUCTION 14 
 15 
Palm oil is an important oil crop in Nigeria. It is used in producing food and household products like margarine, 16 
shortenings, cooking oils, confectionery fats, and soaps. It can also be added to fuel in some engines [1]. “However, the 17 
reddish color of palm oil is due to its high β-carotene content and its removal is highly important to obtain its commercial 18 
qualities which include light color, good oxidative stability, and bland taste” [2]. “This is because raw palm oil contains 19 
impurities like oxidation metals, organic pigments, trace metals, and trace soaps” [3]. 20 
 21 
“To make palm oil edible, these impurities which negatively influence the taste, smell, appearance, and shelf-life stability 22 
of the oil, thereby reducing its acceptance and marketability by the consumer need to be removed. Chemical and physical 23 
refining techniques can both be used for palm oil processing” [4]. “Physical refinery which is the most commonly applied in 24 
palmoil treatment consists of degumming, bleaching, and deodorization steps” [3]. “Chemical techniques involve acid 25 
degumming, alkali refining, bleaching, deodorization, and winterization stages” [4]. 26 

 27 
“Bleaching, which is the most critical process, removes a part of the color pigments, oxidation products, and minor 28 
constituents while deodorization thermally degrades the remaining pigments at high temperatures” [2]. “These color 29 
pigments produced by compounds include carotene, carotenoids, chlorophyll, and xanthophylls present in palm oil” [5]. 30 
“Hence, refining crude palm oil through adsorptive bleaching with the use of adsorbents remains very important and 31 



 

necessary for the removal of pigments and other unwanted compounds which negatively influence the taste of the oil. 32 
This is done by bringing the oil into contact with a surface-active substance that adsorbs the undesired particles” [3].   33 

 34 
“Bleaching of palm oil is been carried out with the use of activated carbons and activated bleaching earth” [6,3,7]. “The 35 
bleaching earth is also known as acid-activated clays while Fuller’s earth is raw clays” [4]. “It is well known that clay 36 
minerals can be used to decolorize oils because of their high adsorptive capacity. In other to enhance this adsorptive 37 
property, acid activation of clay is the most commonly used technique. Many factors have been reported to influence the 38 
bleaching performance of activated clay; these include the mineralogical and chemical composition of the clay, the clay’s 39 
particle size, the type and concentration of the activating agent, activation temperature, bleaching temperature, bleaching 40 
time, clay dosage, moisture content” [4,5]. 41 

 42 
“The knowledge of adsorption kinetics and equilibrium adsorption isotherm studies on an adsorbate–adsorbent system is 43 
important in the design of adsorption treatment plants. The relationship between the adsorbate concentration and 44 
adsorbent as a function of time is described by adsorption kinetics and aids in selecting the required reactor dimensions” 45 
[8]. On the other hand, equilibrium adsorption studies describe the equilibrium conditions of the adsorption process, while 46 
considering the concentration of the adsorbate in the liquid and solid phases at a definite temperature. The results 47 
obtained from equilibrium adsorption isotherm studies give information on the capacity and affinity of the adsorbent for the 48 
adsorbate [8]. Applying the right kinetic model gives the right mechanism for the adsorption of beta-carotene and leads to 49 
the high efficiency of the process control [9]. 50 

 51 
The results from previous kinetic studies of vegetable oil bleaching showed that the effect of catalysis on bleaching earth 52 
led to the fast decomposition of long β-carotene molecules to shorter molecules [4]. Previous studies involved the 53 
bleaching of palm oil with activated clay samples and kinetic studies on the bleaching process but these studies did not 54 
investigate the bleaching of locally prepared palm oil with local Achalla clay from Anambra State.  55 

 56 
Hence, the goal of this work is to investigate and develop a good local substitute for the commercially imported adsorbent 57 
(fuller’s earth) with the use of Achalla clay. The modification of Achalla clay sample with acid activation will be termed 58 
effective from the percentage color reduction obtained during its use in the bleaching of locally prepared palm oil. This 59 
research also investigated the adsorption kinetics and equilibrium characteristics of the activated carbon on the local palm 60 
oil bleaching using three kinetic models (pseudo-first-order, pseudo-second-order model and Intra-particle diffusion 61 
models) and three equilibrium models (Langmuir, Freundlich, and Temkin isotherm models). 62 
 63 
 64 
2. MATERIAL AND METHODS 65 
 66 
Detailed instruction about this section is given below 67 
  68 
2.1 Materials 69 
 70 
The raw clay sample (ACC) was obtained from Achalla town, in Awka North local government (6.3367�N, 6.9880�E), 71 
Anambra State, Nigeria. The crude palm oil was milled locally at Ifite, Awka in Anambra State. Other materials included 72 
hydrochloric acid (JHD, China), acetone (BDH, England), and distilled water (Springboard, Nigeria). 73 
 74 
2.2 Clay Preparation 75 

The clay sample obtained was sun-dried for 24 hours to make them amenable to grinding. It was then ground with a local 76 
mortar and pestle and sieved using a 150 µm mesh size. 77 
 78 
2.3 Degumming 79 

500 mL of crude palm oil was measured into a 2000 mL beaker and 1000 mL of boiled water was added to it. The gums 80 
and water were separated from the hot oil using a separating funnel. The process was repeated twice to ensure thorough 81 
removal of all the hydratable gums. 82 
 83 
2.4 Acid Activation 84 

200 g of the raw clay sample (ACC) was measured and mixed thoroughly with 250 mL of 5 M concentration of 85 
hydrochloric acid (HCl) to form a slurry. The mixture was put into a 500 mL beaker. The slurry was heated with a magnetic 86 
stirred hot plate (Adarsh, India) at 100 oC for 2 hours while being continuously stirred. After the acid activation, the slurry 87 
was allowed to cool in the air at room temperature. The slurry was filtered and washed free of acid (to pH ≈ 7) with 88 



 

distilled water. The acid-activated Achalla clay (AACC) was then dried at a temperature of 105 oC for 24 hours in the oven 89 
(Memmert, England). It was later ground using mortar and pestle, sieved using 150 µm mesh/sieve size, and stored for 90 
subsequent use. 91 
 92 
2.5 Clay Characterization 93 

The characterization carried out on the clays are explained below. 94 
 95 
2.5.1 X-ray fluorescence (XRF) analysis  96 

The chemical compositions of the clay sample before and after activation were determined using X-supreme8000 XRF 97 
spectrometer, China.  98 
 99 
2.5.2 Fourier transform infrared spectroscopy (FTIR) analysis 100 

FTIR analysis of the clay sample before and after activation was carried out using a Shimadzu FTIR-8400S 101 
spectrophotometer, Europe. All FT-IR spectra were recorded in the range of 4000-400 cm-1. 102 
 103 
2.5.3 Scanning electron microscopy (SEM) analysis   104 

A scanning electron microscope (Phenom ProX, Netherlands) was used to evaluate the surface morphology of the clay 105 
sample before and after activation. 106 
  107 

2.6 Adsorption Kinetics Experiment 108 
 109 
The batch process was applied in carrying out the bleaching experiment. 100 mL of the crude palm oil was measured into 110 
a 500 mL beaker and placed on a hot plate to reach the desired temperature before adding 1.0 g of AACC. The sample 111 
was continuously stirred during the bleaching period. The sample contained in the beaker was taken from the hot plate at 112 
the respective time of 10, 20, 30, 40, 45, and 50 mins and filtered to measure the absorbance using a UV 113 
spectrophotometer [3]. The experiments were carried out at temperatures of 50, 70, 90, and 100 oC. The effect of contact 114 
time on the bleaching efficiency of AACC was tested with four kinetic models. The mechanism controlling the adsorption 115 
process was evaluated using the intra-particle diffusion model [10]. 116 
 117 
2.6.1 First-order model 118 
The model equation assumes that the digestion process followed first-order and is given as [11],  119 

௧ܥ݈݊ = ௞భ௧
஼೚
																																				(1)                                                                   120 

2.6.2 Pseudo-first-order model 121 
The model evaluates the removal mechanism of β-carotene as adsorption is carried out through a boundary by diffusion. 122 
The model assumes that the adsorption of one adsorbate molecule took place onto one active site on the adsorbent 123 
surface [8]. The linear equation is given as  124 
 125 

ln(ݍ௘ − (௧ݍ = ln ௘ݍ  126                                                   (2)								ݐଵܭ−

where ݍ௘ and ݍ௧ are the amount of β-carotene adsorbed (mg/g) at equilibrium and at time t (min), respectively, and ܭଵ 127 
(min−1) is the pseudo-first-order rate constant. The model predicted ݍ௘ and ܭଵ are evaluated from the intercept and slope 128 
respectively from the plot of ln(ݍ௘ −  ௧) against time (t) [10,3]. 129ݍ
 130 
2.6.3 Pseudo-second-order model 131 

The model equation is based on the assumption that the adsorption of one adsorbate molecule took place on two active 132 
sites of the adsorbent surface [8]. The model is focused on the adsorption capacity of the solid phase [12]. The linear 133 
equation is given as 134 
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where qe and qt are the amounts of β-carotene adsorbed (mg/g) at equilibrium and at time t (min), respectively, and ܭଶ 135 
(g/mg min) is the pseudo-second-order rate constant. The Pseudo-second order rate constant ܭଶ, and qe were 136 
determined from the slope and intercept of the plot of ݐ ௧ൗݍ  versus t respectively [10]. 137 
 138 
2.6.4 Intra-particle diffusion model 139 
 140 
This model is applied from a mechanistic viewpoint [8]. The linear form of the equation [10] is 141 
 142 

௧ݍ = ଴.ହݐௗܭ +  (4)																																								ߝ

where qt is the amount of β-carotene adsorbed per unit weight of the adsorbent, ߝ (mg/g) is a constant which gives 143 
information about the boundary layer and ܭௗ (mg/g min−1/2) is the intraparticle diffusion rate constant and t is the contact 144 
time. A plot of ݍ௧ against t1/2 gives the slope, ܭௗ and the intercept, ߝ respectively. 145 
 146 
2.7 Equilibrium Adsorption Studies 147 

The bleaching vessels were 500 mL beakers which were placed on a hot plate. The palm oil (100 mL) was heated to the 148 
desired temperature before the clay. The mixture was continuously heated and stirred. The hot oil and clay mixture were 149 
filtered at the end of the experiment before measuring the absorbance using a UV spectrophotometer. The equilibrium 150 
adsorption experiment was carried out at different masses of the activated clay (1.0, 1.5, 2.0, 2.5, 3.0, and 7.0 g by 151 
weight). The experiments were carried out at the temperature of 100 �C and contact times of 10, 20, 30, 40, 45, and 50 152 
minutes. This was done to investigate the effect of mass percent of clay on the percentage decrease in absorbance of 153 
bleached palm oil. 154 
 155 
2.8 Adsorption Isotherm Modelling 156 
 157 
The isotherm models used for the study were as follows. 158 
 159 
2.8.1 Langmuir model  160 
 161 
The Langmuir isotherm model assumed that the adsorption at a particular site stops as soon as the adsorbent site is 162 
covered with the β-carotene molecules [8]. It also stipulates that all the adsorption sites have equivalent energy. The 163 
linear model equation [13,14] is given as 164 
 165 
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																																														(5)                                                                       166 

where ݍ௘ = ௑
௠

 , ܺ = ஺೚ି஺೟
஺೚

  and ܺ௘ = 1− ܺ  qe is the adsorption capacity of the adsorbent (mg/g) at equilibrium, m is the 167 
mass of the adsorbent (g). X is the amount of adsorbed solute while ܺ௘ is the amount of un-adsorbed solute. A₀ and A are 168 
the absorbances of crude oil and bleached oil respectively. The values of slope (ܭଵ) and intercept (ݍ௠) represents the 169 
maximum adsorption capacity and the adsorption equilibrium constant respectively and were evaluated from the plot of  ௑೐

௤೐
 170 

against ܺ௘. The Langmuir adsorption isotherm model only gives information on the equilibrium process and adsorption 171 
capability of the adsorption process [8]. 172 
 173 
2.8.2 Freundlich model 174 
 175 
The Freundlich isotherm model is based on the assumption that adsorption takes place on a heterogeneous surface [8]. 176 
The nonlinear expression of the Freundlich equation [13] is given as  177 

௘ݍ	݃݋݈ = logܭ + ଵ
௡
݃݋݈ ܺ௘ 																																						(6)   178 

                              179 
where K is a measure of the adsorption capacity while n is the heterogeneity factor and a measure of the intensity of 180 
adsorption [10]. The slope (log K) and intercept (1/n) were evaluated from the plot of log ݍ௘ (X/m) against log ܺ௘ 181 
respectively. The larger the value of the adsorption capacity K, the higher the adsorption capacity. The magnitude of 1/n in 182 
the ranges between 0 and 1 indicates favorable adsorption and as its value tends to zero, it becomes more 183 
heterogeneous. The Freundlich model equation is characterized by multilayer adsorption [8]. 184 
 185 
2.8.3 Temkin model 186 



 

 187 
This model deals with the indirect interactions between the adsorbent and the adsorbate that occur during the coverage of 188 
the surface resulting in a linear decrease in the heat of adsorption [15,16]. It does not assume a saturation limit [16]. The 189 
linear form of the Temkin model is given as 190 
  191 

௘ݍ = ்ܭଵ݈݊ܤ + ଵ݈݊ܺ௘ܤ 																																									(7)                                     192 

where ܤଵ= ோ்
௕

, R is the ideal gas constant (8.314 J/mol K), T is the temperature in Kelvin, ்ܭ (mg/g) is the Temkin isotherm 193 
equilibrium binding constant corresponding to the maximum binding energy and ܤଵ (Jmol-1) is the Temkin isotherm 194 
constant that is related to the heat of adsorption, b (kJ/mol) is the adsorption energy variation,  ݍ௘ (

௑
௠

) is the quantity of 195 
adsorbed color pigment at equilibrium (mg/g) and ܺ௘ (mgL-1) is the equilibrium concentration at equilibrium [11,16]. The 196 
Temkin constants, ்ܭ and ܤଵ are evaluated from the slope and intercept of the plot of ݍ௘ against lnܺ௘ [15]. The slope (ܤଵ) 197 
and the intercept (ܤଵ்݈݊ܭ) are determined from the plot of the model equation [17]. 198 
 199 
2.9 Evaluation of the Bleaching Performance 200 
 201 
At the end of each bleaching process, the content of the beaker was filtered through a Whatman NO 1 filter paper and the 202 
concentration of the filtrate was determined. The evaluation of the amount of pigment was made with a 752 UV-Vis 203 
spectrophotometer, China. The samples were diluted in acetone to a concentration of 10% (v/v) and the absorbance of 204 
the sample was determined at a wavelength of 450 nm using a UV spectrophotometer [3]. To measure the absorbance of 205 
the unbleached palm oil (A₀), 5 ml of the unbleached oil was diluted in acetone to a concentration of 10% (v/v), of oil to 206 
acetone ratio, and its absorbance was determined at a wavelength of 450 nm (nanometer) using the UV 207 
spectrophotometer. The bleaching performance of the absorbent was determined from equation (7) [12]. 208 
 209 

Bleaching performance (%) = ஺೚ି஺೟
஺బ

× 100%																								(8)                                            210 
Where A₀ and At are the absorbances of crude oil and bleached oil at time, t respectively. 211 
 212 
2.10 Adsorption Thermodynamics 213 
 214 
Adsorption thermodynamics studies can be used to give detailed information on the intrinsic energy and structural 215 
changes after adsorption [14]. Both energy and entropy factors are considered necessary when determining whether the 216 
adsorption process occurred spontaneously or not [14,6]. The properties of thermodynamics properties being Gibbs free 217 
energy change (ΔGo), enthalpy change (ΔHo), and entropy change (ΔSo) were evaluated, all in J/mol [12,10].  218 
 219 

Δܩ௢ = ܴ݈ܶ݊(݇ௗ)																																														(9) 
  220 
where 221 
ΔGo is the Gibbs free energy change of adsorption, R is the universal gas constant (8.314 Jmol−1K−1), T is the absolute 222 
temperature (K) and ݇ௗ is the thermodynamic equilibrium constant.  ݇ௗ is calculated from equation (10). 223 
 224 

݇ௗ =
௘ݍ
ܺ௘
																										(10) 

 225 
The enthalpy (ΔHo) and entropy (ΔSo) values are estimated from equation (11) where 226 
 227 

݈݊݇ௗ = 	
∆ܵ
ܴ −	

		ܪ∆
ܴܶ 				(11) 

 228 
ܩ∆ = ܪ∆ − ܶ∆ܵ									(12) 

 229 
The values of ΔGo were calculated from Equation (12) [14,15]. The values of ΔHo and ΔSo were calculated from the slope 230 
and intercept of the plot of ln ݇ௗ versus 1/T. ΔGo evaluates whether the process was a feasible and spontaneous one or 231 
not, ΔHo determines if the process was exothermic or endothermic, whereas ΔSo showed the random increase or 232 
decrease of the process at the solid/solution interface. A spontaneous reaction is obtained where a negative value of ΔGo 233 
is obtained [10]. The evaluation of the thermodynamic studies was carried out using the absorbance values obtained from 234 
the adsorption kinetics experiment. 235 
 236 



 

 237 
3. RESULTS AND DISCUSSION 238 
 239 
3.1 Characterization of the Adsorbent 240 
 241 
The results of the characterization of the clay samples are as follows: 242 
 243 
3.1.1 Fourier transform infrared spectroscopy (FTIR) analysis of the adsorbents 244 
 245 
“The infrared spectra were obtained for the adsorbents before and after the activation process with 5M HCl at 100 oC for 2 246 
hours in a wavenumber range of 4000 – 650 cm−1. The FTIR results of the raw and acid-activated clay samples were 247 
assigned according to the functional groups reported by” [11,18-20]. The FTIR results revealed that some of the functional 248 
groups disappeared whereas some groups appeared after the clay activation. The changes in these functional groups 249 
could be attributed to the action of heat and acid treatment during acid activation [11]. From observation, the functional 250 
groups that significantly made up the adsorbent’s compound were hydroxide (O–H), isothiocyanate (–NCS), and 251 
aromatics (C–H). The O–H stretching vibrations were observed within 3700 and 3600 cm-1. The C–H for the aromatics 252 
were both in-plane bend (found within 998.8 – 1114.5 cm-1) and out-of-plane bend (positioned within 670.9 -790.2 cm-1). 253 
Isothiocyanate (–NCS) bond was found at 2057.5 cm-1 while Vinyl C–H out of plane bend was observed at 909.5 cm-1 254 
[11,18-20]. 255 
 256 
The adsorbent spectra before and after the acid activation process were quite similar as also obtained in [12]. After the 257 
acid activation process, the intensity of the band in the region of 2053.8 to 998.9 cm−1 became increased indicating the 258 
release of water from the clay’s natural humidity due to heating [12]. The wavelength in the range of 3698 cm-1 as 259 
obtained in both activated and raw Achalla clays indicated that both clays are characteristics of pure kaolinites 260 
(Al2(SiO5)(OH)4) [21,22]. The dominant presence of kaolinite mineral was detected by the relative intensity of O–H 261 
stretching bands in the FTIR spectrum [23]. The kaolinite structure of the raw and activated adsorbents was partially 262 
ordered since the individual O–H bands at 3693.8, 3652.8, and 3623.0 cm-1 had low intensities but were identified [23]. 263 
The FTIR results for ACC and ACAC are shown in Figs. 1 and 2 respectively. 264 
 265 

 266 

 267 
 268 
 269 

Fig. 1. FTIR spectra of raw Achalla clay 



 

 270 
 271 

 272 

3.1.2 Scanning electron microscopy (SEM) analysis of the adsorbents 273 
 274 
SEM analysis was carried out to study the morphological properties and surface topography of the adsorbents before and 275 
after acid activation. The SEM results of ACC and ACAC are shown in Figs. 3 and 4 respectively. It was observed that 276 
there were differences in the morphology of the two clays. The particles that constituted both clays were not of the same 277 
sizes and shapes and revealed a total change in the texture of the surface of the activated clay. This was in consistence 278 
with previous results [8]. The result from ACC showed that there was a smooth surface morphology with pores of different 279 
sizes of crystallites in addition to luminous and non-luminous outlines confirming the presence of inorganic and organic 280 
materials. This was similar to the results obtained by some researchers [11,24]. The result showed that ACAC was loosely 281 
packed and coarse, as also seen in [25]. There were more pore spaces in ACAC than in ACC. This was in consistence 282 
with results obtained in [24]. It was observed that the particles of the raw clay were not of regular sizes and shapes but 283 
became more finely shaped after acid activation. Since adsorption is a surface reaction, an increment of pore spaces 284 
favors the bleaching process. The SEM analysis results indicated coarsely and loosely packs surfaces with irregular and 285 
hexagonal edges confirming that the clays were kaolinites. This observation was also reported by [25]. 286 
 287 
 288 

 289 

 290 
 291 
 292 

Fig. 2. FTIR spectra of acid-activated Achalla clay 

Fig. 3. SEM images of raw Achalla 
clay (ACC) (@100 µm) 
 



 

 293 

 294 
 295 
 296 
 297 
3.1.3 X-ray Fluorescence (XRF) analysis of the adsorbents 298 
 299 
The XRF results of the oxides and elements in ACC and ACAC are shown in Tables 1 and 2 respectively.  300 
 301 
 302 
Table 1. XRF result of oxides from raw and activated Achalla clays 303 

Oxide Concentration of raw 
Achalla clay (%) 

Concentration of acid-
activated Achalla clay (%) 

SiO2 64.292 74.800 
V2O5 0.073 0.052 
Cr2O3 0.011 0.017 
MnO 0.013 0.035 
Fe2O3 7.914 1.309 
CO3O4 0.023 0.002 

NiO 0.002 0.006 
CuO 0.045 0.034 

Nb2O3 0.010 0.007 
MoO3 0.003 0.001 
WO3 0.001 0.000 
P2O5 0.000 0.027 
SO3 0.118 0.008 
CaO 0.474 0.454 
MgO 1.237 0.000 
K2O 0.289 0.228 
BaO 0.000 0.010 
Al2O3 20.685 17.681 
Ta2O5 0.002 0.005 
TiO2 2.999 3.014 
ZnO 0.009 0.004 
Ag2O 0.005 0.007 

Cl 1.461 1.806 
ZrO2 0.202 0.241 
SnO2 0.000 0.000 
PbO 0.017 0.004 
Rb2O 0.003 0.001 
SrO 0.012 0.004 

 304 
The results revealed that the dominant mineral oxides present in the raw clay were silicon oxide/quartz, iron (II) 305 
oxide/hematite, and alumina at 64.292, 7.914, and 20.685% respectively. This was also observed in [13,10]. MgO, TiO2, 306 
and Cl of the raw clay were present in minor quantities whereas the remaining minerals were present in trace quantities. 307 
The minor quantity of MgO that was found present in the raw clay disappeared after activation. The major elements in 308 
their descending order, found in the clays were Oxygen, Silicon, Aluminum, and Iron. The other elements were seen in 309 
trace quantities. The presence of these major elements in the clays also confirmed that the clays were kaolinites [26].     310 

Fig. 4. SEM images of acid-activated 
Achalla clay (ACAC) (@100 µm) 
 



 

 311 
  312 
Table 2. XRF result of element from raw and activated Achalla clays 313 

Element Concentration of raw 
Achalla clay (%) 

Concentration of acid-activated 
Achalla clay (%) 

O 46.466 49.609 
Mg 0.390 0.000 
Al 14.48 13.722 
Si 23.424 30.213 
P 0.000 0.241 
S 0.049 0.004 
Cl 0.672 0.921 
K 0.293 0.256 

Ca 0.247 0.262 
Ti 1.863 2.076 
V 0.097 0.077 
Cr 0.014 0.026 
Mn 0.080 0.028 
Fe 11.466 2.103 
CO 0.052 0.006 
Ni 0.002 0.005 
Cu 0.037 0.031 
Zn 0.008 0.004 
Rb 0.006 0.002 
Sr 0.013 0.005 
Zr 0.239 0.316 
Nb 0.023 0.018 
MO 0.004 0.001 
Ag 0.014 0.022 
Sn 0.000 0.000 
Ba 0.000 0.020 
Ta 0.011 0.024 
W 0.002 0.000 
Pb 0.047 0.011 

 314 
3.2 Effect of Process Parameters on the Bleaching Efficiency 315 
 316 
Effects of contact time, temperature and adsorbent dosage at a constant temperature were carried out on a batch basis 317 
for the evaluation of the bleaching efficiency. The absorbance of the raw Achalla clay (ACC) was 2.50. 318 
 319 
3.2.1 Effect of Contact Time 320 
 321 
The effect of contact time (10, 20, 30, 40, 45, 50 min) on the bleaching performance of ACAC on crude palm oil was 322 
observed at 50, 70, 90, and 100 oC with a constant mass of 1 g of the adsorbent. The plot of the bleaching efficiency is 323 
shown in Fig. 5. The performance of the palm oil bleaching was observed to increase quickly in the first 30 mins but 324 
slowed down as it approached 50 mins [10,3]. This observation could be due to the large surface area during the 325 
beginning of the bleaching process and the reduction of the vacant sites towards the end of the process [4,10]. “The 326 
bleaching efficiency increased when compared from the beginning of the process till the end of the contact time of 50 327 
mins. Optimum bleaching performance of 78.8% was obtained at 100 oC after 50 min contact time. Both the percentage 328 
removal and the adsorption capacities increased with an increase in time. Equilibrium could still be reached with an 329 
increase in adsorbent or contact time. This indicated that an increase in contact time increased the rate of the bleaching 330 
performance” [11].  It can be seen that the adsorbent demonstrated a good potential for the adsorption of carotene from 331 
palm oil. 332 
 333 
 334 



 

 335 
 336 
 337 
 338 

3.2.2 Effect of Temperature 339 
 340 
The effect of temperature on the bleaching performance at 50, 70, 90, and 100 oC with an adsorbent mass of 1 g is shown 341 
in Fig. 6. It was observed that the bleaching efficiencies of the adsorbent varied with the temperature and increased with 342 
an increase in temperature [11,3]. The highest bleaching efficiency of 78.8% was obtained at 100 oC and it could be said 343 
that the optimum temperature would be obtained with an increase in temperature, contact time, or adsorbent since a lower 344 
percentage of the performance was not recorded with an increase in temperature [11]. [14] also reported an increment in 345 
bleaching efficiency as the temperature increased up to 100 oC. The increment in temperature increased the removal of 346 
beta carotene because the rate of diffusion of oil molecules increased at the surface pores as temperature increased. 347 
With the increase in temperature, the interactions, kinetic energy, solubility, reduction in resistance to flow and adsorption 348 
of the palm oil molecules the adsorption of the oil pigments increased [11,10]. 349 
 350 

 351 
 352 
 353 
 354 
 355 

Table 3. Absorbance Reading for ACAC from Adsorption Kinetics Studies 356 
Time (min) Absorbance Reading 

50 °C 70 °C 90 °C 100 °C 
10 2.42 2.28 1.78 1.57 
20 2.38 2.20 1.54 1.38 
30 2.35 1.86 1.28 1.02 
40 2.33 1.82 1.25 0.74 
45 2.32 1.78 1.21 0.66 

Fig. 5. Effect of contact time on the 
bleaching efficiency of ACAC on palm oil 
 

Fig. 6. Effect of temperature on the 
bleaching efficiency of ACAC on palm oil 
 



 

50 2.31 1.76 1.16 0.53 
 357 
 358 
Table 4. Bleaching Performance for ACAC from Adsorption Kinetics Studies 359 

Time (min) Bleaching Performance (%) 
50 °C 70 °C 90 °C 100 °C 

10 3.2 8.8 28.8 37.2 
20 4.8 12 38.4 44.8 
30 6 25.6 48.8 59.2 
40 6.8 27.2 50 70.4 
45 7.2 28.8 51.6 73.6 
50 7.6 29.6 53.6 78.8 

 360 
 361 
 362 
3.2.3 Effect of Adsorbent dosage at constant temperature 363 
The optimum temperature obtained from the effect of temperature was found to be 100 oC. At a constant temperature of 364 
100 oC, the mass of the adsorbent was varied from 1, 1.5, 2, 2.5, and 3 g with initial oil absorbance of 2.50 as obtained 365 
from the spectrophotometer. The bleaching performance was monitored at contact times of 10, 20, 30, 40, 45, and 50 366 
minutes. From Tables 5 and 6, it was seen that the absorbance and bleaching performance decreased and increased 367 
respectively as the dosage of adsorbent increased and as the time interval increased [14,3]. The relationships between 368 
the bleaching efficiency and the clay dosage variation at various contact times using the adsorbent are also shown in Fig. 369 
7. The bleaching efficiency started to stabilize as the medium tended towards equilibrium.[3]. The increase in bleaching 370 
efficiency remained constant for higher doses of adsorbent of up to 3 g but decreased in the rate at an adsorbent mass of 371 
7 g. The highest bleaching performance at 3 g was 85.6% while that at 7 g was 78%. This could be because as the mass 372 
of the adsorbent was increased, the color pigments were completely adsorbed to the available active sites which blocked 373 
further adsorption and reduced the efficiency of the beaching performance [14,6]. 374 
 375 
 376 

 377 
 378 
 379 
 380 
 381 
 382 
Table 5. Absorbance Reading for ACAC from Equilibrium Adsorption Studies @ 100 oC  383 

Time (min) Absorbance 
1 g 1.5 g 2.0 g 2.5 g 3 g 7g 

10 1.57 1.39 1.16 0.98 0.80 0.76 
20 1.36 1.16 1.14 0.72 0.65 0.74 
30 1.05 0.96 0.99 0.63 0.58 0.71 
40 0.72 0.68 0.59 0.58 0.46 0.68 
45 0.64 0.50 0.47 0.42 0.40 0.62 
50 0.52 0.46 0.41 0.38 0.36 0.55 

 384 

 385 

 386 

Fig. 7. Effect of adsorbent dosage on the 
bleaching efficiency of ACAC on palm oil 
 



 

Table 6Bleaching Performance for ACAC from Equilibrium Adsorption Studies @ 100 oC  387 
Time (min) Bleaching Performance (%) 

1 g 1.5 g 2.0 g 2.5 g 3 g 7g 
10 37.2 44.4 53.6 60.8 68.0 69.6 
20 45.6 53.6 54.4 71.2 74.0 70.4 
30 58.0 61.6 60.4 74.8 76.8 71.6 
40 71.2 72.8 76.4 76.8 81.6 72.8 
45 74.4 80.0 81.2 83.2 84.0 75.2 
50 79.2 81.6 83.6 84.8 85.6 78.0 

 388 
 389 
 390 
3.3 Adsorption Kinetic Modelling of palm oil bleaching by ACAC 391 
 392 
Kinetic modeling of beta-carotene adsorption can be used to analyze the performance of the adsorption process [9]. The 393 
efficiency of the adsorption rate can be obtained from the kinetic model plots where the rate of a reaction involving the 394 
mechanism and speed of the solute uptake are obtained [11,10]. The kinetic plots of the four models were used for the 395 
determination of the correlation coefficients and constants which act as a performance indicator of each model. The 396 
calculated kinetic constants and correlation coefficients at four different temperatures were presented in Table 7 while the 397 
kinetic plots are shown in Figs. 8-11. The kinetic model equations are shown in Table 8. The First-order kinetic model was 398 
investigated and low values of correlation coefficients (<0.9) were obtained. This showed that the modeling of the 399 
bleaching process of crude palm oil could not be described by the first-order kinetic model [11]. The pseudo-first-order 400 
kinetic model gave high values of correlation coefficients (>0.9) at all temperatures indicating good correlation showing 401 
that the modeling of the crude palm oil bleaching could be described by the model [10]. However, some researchers have 402 
obtained a low correlation coefficient (<0.9) from modeling with the pseudo-first-order model [11]. 403 
 404 
The plots of t/qe versus time at the varying bleaching temperatures were utilized in the study of the application of the 405 
pseudo-second-order in describing the process. High values of correlation coefficients were obtained showing that the 406 
modeling of the crude palm oil bleaching could be described by the model except at the temperature of 70 oC. The 407 
adsorption capacities calculated in the pseudo-first-order model were higher than that calculated from the pseudo-second-408 
order. The most commonly applied model for the identification of the adsorption process mechanism is the intra-particle 409 
diffusion model which expresses the relationship between the adsorption capacity (qt) at time t1/2. This model checks the 410 
likelihood of the adsorbate molecule diffusion from the surface of the adsorbent into the adsorbent pores [10]. “The 411 
correlation coefficients obtained from the kinetic model were high (>0.9 in most cases) indicating the suitability of the 412 
model in describing the kinetics of the removal of beta-carotene in crude palm oil. The linear plot of qt versus t1/2 did not 413 
pass through the origin indicating that the intra-particle diffusion is not the sole rate-limiting step for describing the kinetic 414 
process” [13,10]. “The boundary layer has some level of control if the plots do not pass through the origin, showing that 415 
other kinetic models may also control the rate of adsorption rate which may be operating simultaneously with the intra-416 
particle diffusion model” [8,13]. 417 
 418 
The highest value of rate constant for the first-order, pseudo-first-order, pseudo-second-order and intra-particle diffusion 419 
models were at 70, 70, 100 and 100 oC respectively as 0.0320 min-1, 0.0927 min-1, 21.8561 g/mg min and 0.0963 mg/g 420 
min1/2 (Table 7). The comparison of the analyzed data based on the correlation coefficient values showed that the 421 
experimental data were best described by the pseudo-first-order kinetic model as all the R2 values were closest to 1.0 422 
(>0.9) for all the varying temperatures [3]. The intraparticle diffusion model can also be applied in explaining the 423 
mechanism for the adsorption process. 424 
 425 
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 445 
Table 7. Adsorption kinetic parameters for the bleaching of palm oil using ACAC   446 

Kinetic model Kinetic constants Temperature (oC) 
50 70 90 100 

y = 8.881x + 230.9
R² = 0.997

y = 0.702x + 119.8
R² = 0.180

y = 1.473x + 20.36
R² = 0.991

y = 0.904x + 21.81
R² = 0.937

0 20 40 60

Fig. 8. Plot of First-order kinetic model 
 

Fig. 9. Plot of Pseudo first-order 
kinetic model 

Fig. 10. Plot of Pseudo second-order 
kinetic model 

Fig. 11. Plot of Intra-particle diffusion 
kinetic model 



 

First-order K (min-1) 0.0205 0.0320 0.0146 0.0193 
 R2 0.9304 0.8814 0.8792 0.9824 

Pseudo first-order K1 (min-1) 0.0659 0.0927 0.0716 0.0697 
 ௘ (mg/g) 0.0978 0.7204 0.5313 0.9586ݍ 
 R2 0.9667 0.9324 0.9693 0.9464 

Pseudo second-order K2 (g/mg min) 6,089.22 20,674.99 20.3691 21.8561 
 ௘ (mg/g) 0.0043 0.0083 0.0491 0.0458ݍ 
 R2 0.9975 0.1804 0.9913 0.9377 

Intra-particle diffusion Kd 0.0096 0.0565 0.0564 0.0963 
 ε 0.0079 -0.0795 0.1518 0.086 
 R2 0.919 0.9719 0.8911 0.9834 

 447 
 448 
Table 8. Kinetic equations of the adsorption models  449 

Kinetic model Parameter Temperature (oC) 
50 70 90 100 

First-order Equation y = 0.0205x - 
4.4457 

y = 0.032x - 
3.5682 

y = 0.0146x - 
2.2083 

y = 0.0193x - 
2.0801 

 R2 R² = 0.9304 R² = 0.8814 R² = 0.8792 R² = 0.9824 
Pseudo first-

order 
Equation y = -0.0659x - 

2.3249 
y = -0.0927x - 

0.328 
y = -0.0716x - 

0.6325 
y = -0.0607x - 

0.0423 
 R2 R² = 0.9667 R² = 0.9324 R² = 0.9693 R² = 0.9464 

Pseudo 
second-order 

Equation y = 8.8818x + 
230.91 

y = 0.7021x + 
119.8 

y = 1.4736x + 
20.364 

y = 0.9041x + 
21.812 

 R2 R² = 0.9975 R² = 0.1804 R² = 0.9913 R² = 0.9377 
Intra-particle 

diffusion 
Equation y = 0.0096x + 

0.0079 
y = 0.0565x - 

0.0795 
y = 0.0564x + 

0.1518 
y = 0.0963x + 

0.086 
 R2 R² = 0.919 R² = 0.9719 R² = 0.8911 R² = 0.9834 

 450 
 451 
 452 
Equilibrium kinetic modelling of palm oil bleaching by ACAC 453 
 454 
The fitness of the Langmuir, Freundlich, and Temkin isotherm models at varying temperatures were investigated and the 455 
evaluated constants and coefficient of correlation (R2) were listed in Table 9. Their linear plots at varying temperatures 456 
were not shown due to cumbersomeness. The coefficient of correlation was applied in the prediction of the model fitness. 457 
The value of ݍ௠ measured the surface area of the clay while the positive value of K1 indicated that the adsorbent was 458 
good for the adsorption of carotene in crude palm oil [27]. The decreasing value of the adsorption rate (K1) with 459 
temperature (negative correlation) indicated the decrease in the affinity between adsorbent and adsorbate as the 460 
temperature increased [12]. The maximum adsorptive capacity (ݍ௠) increased with increasing temperature showing that 461 
the adsorption process was an endothermic one [12]. However, the value of ݍ௠ obtained was lower than observed in 462 
other researches [11-12,28]. The value of ݍ௠ obtained in this work is comparable to the value reported by [13,29-31] 463 
where low values of ݍ௠ (<2) were also obtained after evaluation. This indicated that the adsorption capacity of beta 464 
carotene on ACAC was lesser when compared to other clays. However, [12] highlighted that the study of adsorption in a 465 
narrow liquid concentration may overestimate the monolayer capacity. The R2 values from Langmuir modeling were high 466 
(>0.9) and may have been due to a homogeneous distribution of active sites on the activated clay [10]. 467 
 468 
The constant K in the Freundlich isotherm model measures the adsorption capacity while constant n is a measured the 469 
favorability and intensity of the adsorption process [11]. The adsorptive capacity (K) increased with temperature up to the 470 
maximum temperature of 100 oC applied, indicating an endothermic adsorption process and favorability at high 471 
temperatures [11,12]. [11,10] stated that beneficial adsorption of beta carotene required that the value of n should lie 472 
between 1 and 10. However, from Table 8, it was seen that the values of n at four different temperatures were <1 [14-15]. 473 
The negative value of n obtained could be attributed to a high degree of carotene adsorption to the ACAC adsorbent used 474 
and the surface heterogeneity of its active sites [15]. The values of R2 from the four isotherm models were quite high, with 475 
Langmuir, Freundlich, and Temkin isotherms having R2 values >0.9. This is an indication that the data for the bleaching of 476 
crude palm oil with ACAC could be fitted to all the models as also observed in [15]. However, according to the correlation 477 
coefficient, the data were slightly better fitted by the Temkin model than the Freundlich and Langmuir models respectively 478 
as also reported by [14-15]. This indicated that the surface of ACAC was heterogeneous [15]. 479 
 480 



 

 481 
Table 9. Equilibrium isotherm parameters for the bleaching of palm oil using ACAC   482 

Adsorption isotherm 
model 

Kinetic 
constants 

Temperature (oC) 
50 70 90 100 

Langmuir K1 (l/mg) 0.8972 0.6500 0.3414 0.1607 
 ௠ (mg/g) 0.0028 0.0426 0.4579 1.8646ݍ 
 R2 0.9464 0.9602 0.9779 0.9681 

Freundlich K (l/g) 4.06×10-19 2.59×10-5 0.0363 0.2075 
 n -0.5768 -0.8290 -1.3550 -1.8801 
 R2 0.9844 0.9872 0.9844 0.9515 

Temkin KT (mg/g) 0.9985 0.9805 0.8464 0.0963 
 b (KJ/mol) -2.8396 -3.5460 -5.210 8.0444 
 R2 1.0 0.9996 0.9974 0.9819 

 483 
 484 
Adsorption Thermodynamics 485 
 486 
The thermodynamic plot and values of ΔGo, ∆ܪ௢ and ∆ܵ௢ are shown in Fig. 12 and Table 10 respectively. The value of 487 
ΔHo was positive as obtained by [14,12,10,3]. This indicates the endothermic nature of the adsorptive bleaching of crude 488 
palm oil on ACAC between 343 - 373 K temperatures [14]. This explains that more heat (energy) is required as the 489 
reaction proceeds to improve adsorption because the total energy released in the bond making is less than the total 490 
energy absorbed in bond breaking between the adsorbent and adsorbate [10]. This also indicates that the adsorption of 491 
beta carotene on ACAC took place via chemisorption (chemical adsorption process) since it was an endothermic process 492 
as physisorption is always exothermic. This result was in agreement with a researcher who reported that β-carotenes are 493 
mostly chemisorbed onto acid-activated bleaching clays [12]. However, some researchers reported that the value of 494 
enthalpy change indicated the type of adsorption, as the physical adsorption process gave a heat change of between 2.1 495 
to 20.9 kJ/mol while chemical adsorption obtained about 80 to 200 kJ/mol of heat [15]. 496 
The positive value obtained from entropy evaluation showed that process was feasible and did not go against the second 497 
law of thermodynamics [24]. The positive value of entropy also suggested an increase in randomness at the solid/liquid 498 
interface during adsorption [14,3]. This was because the number of water molecules surrounding the adsorbate was 499 
reduced during the process of bleaching thereby increasing the degree of freedom of the water molecules and the 500 
randomness at the solid/liquid interface during adsorption [10]. The positive values of ΔGo obtained at 323 and 343 K 501 
implied that the adsorption of beta carotene onto ACAC was not spontaneous at lower temperatures [24]. Negative ΔGo 502 
values indicated spontaneous reactions [10]. Hence, bleaching at higher temperatures of 363 and 373 K led to 503 
spontaneous reactions. The negative values of ΔGo as temperature increased indicated that the adsorption was more 504 
favorable at higher temperatures [18]. [19] obtained negative values of ΔG at higher temperatures and reported that the 505 
adsorption was unfavorable at a higher temperature. [3] also reported the decrease in ΔG values with increasing 506 
temperature showing that the feasibility of adsorption increased at higher temperatures. 507 
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 514 
 515 

y = -8245.x + 23.00
R² = 0.988

Fig. 12. Thermodynamics plot of crude palm oil 
bleaching with ACAC 
 



 

 516 
Table 10. Thermodynamic parameters for adsorption of beta carotene onto ACAC   517 

Temperature (K) Thermodynamic properties 

 (J/mol) ࡿ∆ (J/mol) ࡴ∆ (J/mol)  ࡻࡳ∆
323 6,780.3413 68,553.09 191.2469 
343 2,955.4033   
363 -869.5347   
373 -2,782.0037   

 518 
 519 
4. CONCLUSION 520 
 521 
Achalla clay activated with hydrochloric acid has been identified as an efficient adsorbent for beta carotene removal from 522 
crude palm oil, with up to 85.6% removal at 100 oC. Characterization of the raw and activated clays with XRF, SEM, and 523 
FTIR indicated that the clays were kaolinites with some major changes after activation which were observed from the 524 
significant increase in the number of microporous surfaces and some changes in the functional groups. Adsorption of beta 525 
carotene onto the clay surfaces increased with temperature, adsorbent dosage, and contact time. The maximum 526 
experimental bleaching efficiency was recorded at 3 g of the clay dosage. Kinetic studies revealed that equilibrium was 527 
reached within 50 minutes. The adsorption mechanism studies indicated that the intra-particle diffusion was not the sole 528 
determinant of the mechanism of the bleaching process as the pseudo-first-order model described the adsorption process 529 
from the experimental data with higher correlation coefficients than other kinetic models. The adsorption isotherm studies 530 
showed that the Temkin isotherm better explained the experimental data for the bleaching of crude palm oil using acid-531 
activated Achalla clay than Langmuir and Freundlich isotherms with the R2 values of Temkin isotherm ranging between 532 
0.9819 to 1.0, while the Langmuir and Freundlich isotherm gave a lesser fit. The thermodynamic parameters (ΔH, ΔS, and 533 
ΔG) showed that the adsorptive bleaching process was spontaneous and an endothermic one as a higher temperature 534 
was more favorable, with increasing randomness at the solid/solution interface. Its endothermic nature showed that the 535 
adsorption of beta carotene on the activated clay was a chemical adsorption process (chemisorption). Hence, Achalla clay 536 
from Anambra state, Nigeria can be used as an economically potential adsorbent for the bleaching of crude palm oil. 537 
 538 
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