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ABSTRACT
Natural kaolinite obtained from Share, Nigeria was treated with ammonium carbonate to enhance the adsorption capacity. The optimum 
operating conditions for the adsorption of metal ions on the natural clay (SK clay) were employed on the ammonium carbonate-treated clay 
(SK-AC clay). The adsorption data were analysed using adsorption isotherm and kinetic models. The statistical p-values were less than 0.05, 
indicating that the model terms are significant for the adsorption of the metal ions. The pseudo-second-order kinetic model best describes 
the metal ions adsorption mechanism. The activation energy values less than 40 kJ mol−1 obtained indicated physisorption. Langmuir 
adsorption isotherm model fitted the adsorption data for Fe2+, Zn2+ and Cr6+ ions while the Freundlich model fitted Pb2+ ions adsorption. 
Analysis of thermodynamic parameters shows the adsorption is spontaneous and endothermic. The ammonium carbonate-modified clay 
exhibited an increase in adsorption capacity from 10.74 to 13.60 mg g−1, 16.48 to 17.38 mg g−1 and 11. 96 to 13.8 mg g−1 for Fe2+, Pb2+ and 
Zn2+ ions while uptake of Cr6+ decreased from 8.75 to 7.25 mg g−1. The results showed that the adsorption of Fe2+, Pb2+ and Zn2+ ions onto 
kaolin-containing cowlesite can be enhanced by treating it with ammonium carbonate.
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INTRODUCTION

The increasing discharge of heavy metal-laden industrial wastewater 
into the environment without proper treatment is impacting 
negatively on aquatic animals, the environment and humans. Heavy 
metals are considered to be environmental hazards because they are 
toxic and not easily degradable.1-3 Metals such as iron, lead, chromium 
and zinc accumulated through the food chain are associated with 
health problems. For example, diseases such as hypertension, lethargy, 
neoplasia, and neurological disorder can be caused by excessive 
accumulation of iron.4-6 A high level of lead causes poisoning leading 
to brain damage, and dysfunction of the renal system, liver and 
central nervous system.7 High concentration of zinc poses health 
challenges such as anaemia, gastrointestinal disorder, skin dermatitis 
and nausea.8,9 In water, chromium exists in two stable oxidation states 
of +3 and +6 which differ in toxicity. Water-soluble Cr3+ is relatively 
non-toxic because it is less absorbed into the body tissue, while Cr6+ 
is toxic because it is highly absorbed into all cells of the body. Hence, 
accumulation of Cr6+ ion can cause respiratory distress, skin rashes, 
erythema of the face, duodenal ulcer and cancer.10,11 

To eliminate heavy metals from wastewater before discharging into 
the environment, several methods have been developed and applied 
over the years. The conventional methods include precipitation/
neutralisation, membrane separation, solvent extraction, reverse 
osmosis, ion exchange,  and adsorption.12 Chemical precipitation 
of copper ions from wastewater has successfully been carried out 
through a series of processes including decomposition reaction 
using calcium hydroxide, sedimentation at an adjusting pH range 
of 6–8 with 20% sulphuric acid and sedimentation using nickel and 
copper reagents.13 Removal of Zn2+, Ni2+ and Co2+ using a dynamic 
membrane prepared from electrospinning of chitosan and polyvinyl 
alcohol on polyester web has been investigated. From the results, 
removal efficiencies for the heavy metal ions and turbidity were 

over 90%.14 Thasneema et al. investigated liquid-liquid extraction of 
Zn2+, Pb2+ and Hg2+ using trihexyltetradecylphosphonium with three 
different ionic liquids which include chloride, dicyanamide and bis 
(trifluoromethyl sulfonyl) amide. The extraction efficiency obtained 
for the three ionic liquids was approximately 100% for all heavy 
metals. This removal efficiency was attributed to the hydrophobic 
nature of the ionic liquids.15 Removal of chromium from chromium-
coating production wastewater has been carried out using commercial 
Sea Water High Rejection (SWHR) technique and polyamide thin film 
high rejection brackish water membrane denoted as SE, AG and SG 
model series. At optimum acidic pH of 3, a rejection efficiency greater 
than 91% was obtained for the membranes in the increasing order of 
AG > SWHR > SG > SE.16 Moosavirad et al. studied the efficiency of 
a commercial ion exchange resin (Dowex 50WX8) to remove heavy 
metal ions from industrial wastewater. The optimum parameters were 
a pH range of 4–6 and 200 mg resin at a 4.0 mLmin−1 flow rate. From 
the results, the absorption capacity obtained for Cu2+, Cd2+, Zn2+, Ni2+ 
and Pb2+ were 45, 50, 50, 40 and 60 mg g−1 respectively.17 Sodium 
hydroxide-modified kaolinite has been utilized for the adsorption of 
heavy metal-laden steel industrial wastewater found to contain Fe2+, 
Pb2+, Zn2+ and Cr6+ ions with concentrations of 309.0, 20.50, 40.40 
and 10.90 mg L−1 for respectively.18 After four successive adsorption 
cycles, the metal ions concentration was removed at approximately 
99.77%, 99.95%, 98.91% and 99.91% for Fe2+, Pb2+, Zn2+ and Cr6+ 
ions respectively. The main advantages of some of these techniques 
are compatibility with other techniques and selectivity. However, 
membrane separation and resin are considered expensive and are 
associated with fouling problems. Solvent extraction is ineffective 
at high metal concentrations, and chemical precipitation has poor 
settling ability.19 

Compared to other techniques, the adsorption method is 
considered to be simple and more economically viable. To date, 
different adsorbents including activated carbon, carbon nanotubes, 
biological materials, agricultural waste, and clays have been used 
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to remove heavy metals from aqueous solutions. Rodriguez et al. 
investigated the adsorption capacity of multi-walled and suspended 
carbon nanotubes for the adsorption of some heavy metals. The results 
showed that the adsorption of Cu2+, Mn2+ and Zn2+ on the multi-
walled carbon nanotube increased six times more than the suspended 
carbon nanotubes with improved dispersion stability.20 The results 
for the adsorption of Cd2+ and Pb2+ on activated carbon produced 
from municipal organic solid waste have been found to be effective 
for the metal ions with removal efficiencies of 78% and 94% for Cd2+ 
and Pb2+ ions respectively.21 Adsorbent developed from magnetic 
Fe3O4 nanoparticles on hydrothermally treated fungi (Lucidum) 
spores has been found to remove Pb2+ ions from wastewater from a 
concentration of 5.0 ppm to 0.9 ppm. The results showed that the bio-
hybrid adsorbent can be reused after acid regeneration treatment.22 
Adsorption capacity and removal efficiency of Cu2+ and Ni2+ ions were 
studied on raw kaolinite and sulphuric acid-activated kaolinite. At 
the optimum conditions, the acid-activated kaolinite recorded higher 
adsorption capacity and percentage removal efficiency than the raw 
kaolinite, and the uptake of Cu2+ was greater than Ni2+ for both raw 
and acid-activated clay.23  

Clay is a natural low-cost adsorbent that has been utilized in the 
adsorption of heavy metals from wastewater.  The different types of 
clay minerals are determined basically by the two fundamental crystal 
sheets; the tetrahedral or silica and the octahedral or alumina sheets. 
Clay mineral layer structures are divided into two groups, 1:1 and 
2:1 type, determined by the number of tetrahedral and octahedral 
sheets in the layer structure.24 Kaolinite, a type 1:1 layered structure 
(Al2Si2O5(OH)4) has been used for the removal of heavy metals 
from aqueous solutions.25 Most natural kaolinites are composed of 
other crystal minerals as impurities which can reduce the adsorption 
capacity of the clay. Such impurities include anorthite, a calcium-rich 
aluminosilicate mineral belonging to the plagioclase feldspar family, 
cowlesite, a low-silica zeolite with extra-framework cations,26 and 
quartz, a natural hydrophilic oxide-free silica mineral.27 Removal 
of these impurities or their conversion to an adsorbent can greatly 
improve the adsorption capacity of kaolinites. 

This study was undertaken to enhance the adsorption capacity of 
kaolinite-containing cowlesite mineral by treating it with ammonium 
carbonate. The kinetics, isotherms and thermodynamics parameters 
for adsorption of Fe2+, Pb2+, Zn2+ and Cr6+ ions from aqueous 
solutions on the clay were also studied. The cowlesite portion of SK 
clay was converted to calcite using ammonium carbonate to enhance 
its adsorption capacity. Calcite is a stable polymorph of calcium 
carbonate which has been used for the adsorption of heavy metals.28-30 
Synthesis of calcite from different materials has also been reported.31-33 
Adekola et al. investigated the adsorption of Pb2+ ions with an initial 
concentration of 12.0 mg L−1 using natural and synthetic calcite. 
From the results, the synthetic calcite presented a higher adsorption 
capacity.34 The result for adsorption of Pb2+ and Cd2+ onto calcitic 
limestone with 40% calcite has been found have adsorption capacity 
in the order of Pb2+ > Cd2+ with removal efficiency of 40 mg g−1 and 
1.3 mg g−1 for Pb2+ and Cd2+ respectively.35 Adsorption of heavy metals 
on kaolinite and calcite is well established. Hence, the conversion of 
a non-adsorbent mineral on SK-clay to calcite, results in a kaolinite-
calcite matrix that will improve the adsorption capacity of the adsorbent. 
Operating parameters for the adsorption of the heavy metals include 
pH, adsorbent particle size, adsorbent concentration, agitation speed, 
initial metal ion concentration, and effect of ammonium carbonate 
modification. Statistical optimisation of the adsorption experiments 
based on the interaction of the parameters with contact time was 
designed and evaluated using Design-Expert software. The adsorption 
data obtained were analysed using different kinetic and adsorption 
isotherm models and the thermodynamic parameters were calculated. 
Relevant spectroscopic and microscopic techniques were used to 
characterise the SK and SK-AC clays respectively. 

MATERIALS and METHODS

Preparation of adsorbents

The clay sample (SK clay) was obtained from a deposit in Share, North 
of Bida basin, Kwara State, Nigeria. The clay sample collected was dried 
in the oven at 105 °C for one hour and pulverised. The grounded clay 
sample was soaked in deionised water for 24 hours and stirred. The 
pure clay particles in the slurry were sieved through a British Standard 
63 µm sieve for separation from sand particles and other impurities 
of larger size. The filtrate obtained was allowed to settle for 3 hours 
to separate the silt from the clay. The clay particles in the supernatant 
solution were sedimented by centrifugation for 30 minutes at the 
speed of 3500 revolutions per minute (rpm). The water at the top layer 
was decanted and the sedimented clay particles dried in an oven at 
105 °C for 1 hour.36

The following modified procedure was followed to modify SK clay 
with ammonium carbonate. A 20 g portion of 63 µm fraction of SK 
clay was added to a 0.5 L solution of 0.2 M ammonium carbonate in 
a conical flask. The mixture was stirred using a magnetic stirrer at 
the rate of 200 rpm, for 60 minutes at 27 °C. The slurry obtained was 
centrifuged at 3000 rpm for 30 minutes and the sediment was washed 
repeatedly with deionised water until a neutral pH was obtained and 
dried at 105 °C.36

Characterisation of adsorbents

X-Ray Diffractometry (XRD): The mineralogical characterisation of 
SK clay and SK-AC clay was carried out with X-Ray Diffractometer 
BRUKER, AXS D8 Advance (Bruker, Germany) using copper K 
radiation (λ K= 1.5406Å) at measurement time of 0.5 sec/step in 2 
theta range. 
Fourier Transform Infrared Spectroscopy (FTIR): The IR spectral of ≤ 
2.0m sedimented particle size fractions of the SK clay and SK-AC were 
run on Bruker Tensor 27 Platinum ATR-FTIR (Bruker, Germany) 
operated in the range of 4000 - 400 cm−1. 
Scanning Electron Microscopy and Energy Dispersive X-ray (SEM-
EDX): The morphological characterisation of the clay samples was 
carried out using TESCAN VEGA TS 5136LM Scanning Electron 
Microscope interphase with Electron Dispersive Spectrometer 
(ThermoFisher Scientific, USA) to observe the pore structure, shape, 
texture and elemental composition of the ≤ 2.0m sedimented particle 
size fraction of the clay samples. Before SEM images were taken, the 
dried sample was sprinkled on a double-sided carbon tape, excess 
blown off, and coated with a thin film of gold to prevent surface 
charging and thermal damage by the electron beam. The EDX analysis 
of the samples was performed on the same instrument without coating 
Surface Area Determination: The clay samples’ surface area-pore 
volume-pore sizes were determined using Micrometrics Type Tristar 
II 3020 Surface Area Analyser (Micrometrics Instrument Corporation, 
USA). The dried samples were ground to powder and 0.43 g of the 
ground sample was outgassed at a pressure of 0.6 Pa first at 30 °C for 6 
hours and further at 110 °C for 2 hours.  The surface area-pore volume-
pore sizes of the outgassed sample were measured by static adsorption 
of nitrogen at a temperature of −195.8 °C. The nitrogen adsorption/
desorption isotherm was automatically recorded by measuring 
the equilibrium pressure in the system after the introduction of a 
calibrated volume of nitrogen gas. The monolayer capacities of the 
adsorbate cross-section were then measured using the gas adsorption 
data based on the BET adsorption theory programmed on the system.

Adsorption experiments

The solutions of Fe2+, Pb2+, Zn2+, and Cr6+ ions were prepared from 
the metal salts (FeSO4.7H2O, Pb(NO3)2, ZnSO4.7H2O and K2Cr2O7) 
obtained from Sigma-Aldrich by dissolving the calculated amount of 
the salt in deionised water. An aqueous solution containing 100 mg L−1 
of the single metal ion solution was contacted with SK clay in a water 
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bath thermostated shaker for 240 minutes. Samples (5.0 mL) were 
withdrawn in triplicate using a syringe in the first 15 minutes and 
subsequently at time intervals of 30 minutes. The withdrawn samples 
were centrifuged at 3500 rpm for 15 minutes and the supernatant 
solutions were analysed using Atomic Absorption Spectrophotometer 
(Buck Scientific 210 VGP, USA).   

The design of the two-factorial experiments using Response Surface 
Methodology (RSM); optimal (custom) was done using Design-Expert 
Version 10 software. The average value of the metal ions concentration 
obtained from AAS analysis was used to calculate the amount of 
metal ions adsorbed and entered into the software as response for the 
experimental runs. Analysis of Variance (ANOVA) was applied to 
determine the significance of the adsorption process. Notations A and 
B were used in the experimental runs to study the interactive effect of 
two factors: A for all operation parameters and B for contact time. The 
statistical significance of the coefficient in the regression function of 
the response was determined using probability (p) and Fisher (F-test) 
values.37,38 

The influence of parameters (A) investigated for the adsorption 
includes pH of 2.0, 2.5, 3.0, 3.5, 4.0, 4.5, 5.0 and 5.5 for Fe2+, 2.0, 2.5, 
3.0, 3.5, 4.0, 4.5 for Pb2+, 2.0, 3.0, 4.0, 5.0, 6.0 and 7.0 for Zn2+, and 2.0, 
3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0 and 10.0 for and Cr6+ ions respectively. 
The stated pH ranges were used to avoid precipitation of the metals 
above pH of 5.5, 4.7, and 8.0 for Fe2+, Pb2+ and Zn2+ respectively.39 
Adsorbent particle size of  63, 75, 150, 250 and 300 µm, adsorbent 
concentration (1.0, 2.0, 3.0, 4.0, 5.0 and 6.0 g L−1), agitation speed 
(150, 200, 250 and 300 rpm), initial metal ion concentration (25, 50, 
100, 150 and 200 mg L−1) and temperature (303, 308, 313, 318, 323, 
328 and 333 K). The effect of ammonium carbonate-treated (SK-AC) 
clay was investigated at optimum conditions of the above operational 
parameters. 

A mass balance equation was used to determine the adsorption 
capacity of SK-clay:  

 (1)

where Co and Cx are the initial metal ions concentration and 
concentration at equilibrium (mg L−1), V is the volume of metal ion 
solution (L), m is the mass of adsorbent (g) and qx is the amount of 
metal ions in the adsorbent at equilibrium (mg g−1).

The percentage removal of heavy metal ions from the solution was 
calculated using the formula:

    (2)

The data obtained from the adsorption of the metal ions were evaluated 
using the kinetic models presented in Table 1.40

The kinetic parameters in Table 1 are denoted as follows: qt is the 
amount of metal ions adsorbed at time t (mg g−1), k1 is the pseudo-
first-order rate constant (min−1), k2 is the pseudo-second-order rate 
constant (mg g−1 min−1), α is the Elovich rate of initial adsorption 
(g.min2 mg−1), β is the Elovich desorption constant (g.min mg−1), K 
is the rate constant at equilibrium and C is the intra-particle diffusion 
constant.

From the kinetic analysis of adsorption data, the activation energy 

(Ea) was determined using Arrhenius equation:41

 (3)

where, A is Arrhenius factor, R is the ideal gas constant (8.314 J mol−1 

K−1) and T is temperature in Kelvin (K).
The equilibrium adsorption data obtained from the results of initial 

metal ion concentrations were analysed using the adsorption isotherm 
models (Table 2).42

The isotherm parameters in Table 2 are denoted as follows: b is 
the Langmuir isotherm constant (dm3 mg−1), Qn is the maximum 
monolayer coverage capacities of the clay (mg g−1), KF is the Freundlich 
isotherm constant (mg g−1) (dm3 g−1), n is the adsorption capacity, At 
is the Temkin isotherm equilibrium binding constant corresponding 
to the maximum bonding energy (L g−1), bt is Temkin constant for the 
heat of adsorption (J mol−1), qm is D–R theoretical saturated capacity 
(mg g−1) and β is the D–R isotherm constant related to the degree of 
adsorption (kJmol−1).

The mean free energy E (kJ mol−1) of adsorption per molecule of 
the adsorbed metal ion was determined by using the D-R relationship 

 (4) 

The thermodynamic parameters including Gibbs free energy change 
(ΔG), enthalpy change (ΔH) and entropy change (ΔS) were calculated 
using the following equations:

Vant’t Hoff equation was used to calculate ΔH and ΔS:43 

 (5)

The values of ΔH and ΔS were obtained from the slope and intercept 
of the plot of lnK versus. 

The value of ΔG was calculated using the expression:44

 (6)

To make the value of K dimensionless, its value was multiplied by 
the molecular weight and concentration of metal ion solution at a 
standard rate (Mole water per litre i.e., 1000 g divided by the molar 
mass of water).45 

RESULTS and DISCUSSION

Characterisation of SK clay and SK-AC clay 

X-ray diffraction analysis

The reflection peaks of the SK-clay sample producing the kaolinite 
interlay spacing were predominantly observed at 12.5, 25.0, 35, 38.5 
and 63.50 2θ with a percentage composition of 81.03% (Figure 1). The 
composition of free silica (quartz) was 4.39% at interlayer spacing 
reflection peaks of 21.0, 26.5 and 50.00 2θ. Similar diffraction patterns 
have been reported for kaolinite.46 Other minerals identified in the clay 
were anorthite (7.32%) at 14, 19, 22 and 280 2θ and cowlesite (7.26%) at 
6.0, 11.5, 23.0 and 300 2θ respectively. The observed reflection peaks for 
these minerals are in agreement with the literature: anorthite, 13, 18, 
22, 27.5, 300 2θ,47 and cowlesite, 23.3 and 30.00 2θ.48 The XRD pattern 

Kinetic model Integrated form of the equation Plot

Pseudo-first-order
 

Pseudo-second-order

Elovich

Intra-particle  
diffusion

Table 1: Adsorption kinetic models

Isotherm Linear equation Plot

Langmuir
 

Freundlich

Temkin

Dubinin– 
Radushkevich (D–R)

Table 2: Linear equation for adsorption isotherm models
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of SK-AC clay showed the appearance of calcite at 23, 29.5, 36, 43 and 
47.50 2θ (Figure 2). The percentage composition of the minerals after 
treatment with ammonium carbonate was 88.10%, 4.13%, 4.62% and 
3.15% for kaolin, calcite, quartz and anorthite respectively. The reaction 
of ammonium carbonate with cowlesite (CaAl2Si3O10.6H2O) present 
in SK clay resulted in the formation of calcite. This is made possible by 
the reaction of CO3

2- ions released as a result of the decomposition of 
(NH4)2CO3 with Ca2+ ions entrapped electrostatically in the cowlesite 
mineral. The ion entrapment method has been used to synthesize 
calcite49 and its synthesis using a carboxylate surface group has also 
been reported.50 Also, calcite has been synthesized from the reaction 
of sodium and potassium compounds with carbonates.51

Surface area parameter characterisation

Surface area analysis of the clays was done using Brunauer- Emmett-
Teller (BET), Langmuir and t-plot techniques, while surface areas of 
pores, pore volume and pore size distribution were determined using 
Barrett, Joyner and Halenda (BJH) technique.52,53 The adsorption-
desorption isotherm intercalated curve (Figures 3 and 4) revealed 
the SK clay and SK-AC clay as mesoporous (type IV isotherm) with 
hysteresis loop pattern type H3 platelet-like clays. 54 The pore structure 
parameter results for SK clay (Table S1), showed a single point surface 
area of 60.21 m2 g−1 and BET surface area of 11.04 m2 g−1 respectively. 
The multilayer thickness on the pore surface area as obtained from 
the Langmuir surface area and t-plot were 153.60 and 65.63 m2 g−1 
respectively. Similar surface area characterisation results for kaolinite 
clay have been reported.55

Variation in pore structure parameters of the clay as a result 
of treatment with ammonium carbonate was recorded. After the 

treatment, an increase in BET surface area from 11.04 to 14.0 m2 g−1 
and a decrease in single point surface area from 60.22 to 58.76 m2 g−1 
were obtained for SK-AC clay. BJH adsorption surface area of pores 
increased from 61.57 to 62.53 m2 g−1, while desorption surface area of 
the pores decreased from 75.51 to 72.60 m2 g−1. The Dubinin-Astakhov 
micro-pore surface and nanoparticle size equally increased from 87.16 
to 89.15 m2 g−1 and 4,284.46 to 5,435.09 Å respectively.  The increase 
in these parameters indicates the ability of SK-AC to retain more 
adsorbed metal ions than the natural SK clay. 

Fourier transform infrared spectroscopic analysis 

The results of the FTIR analysis of SK clay and SK-AC are shown 
in Figure 5. The SK clay presented two intensive absorption bands 
at 3694.79 and 3646.66 cm−1, representing hydroxyl (OH) groups 
stretching of the dioctahedral layer and inner hydroxyl groups and 
a third weak peak observed at 3620.39 cm−1 is the layer-surface 
OH group. These spectra bands and the XRD results confirm the 
clay as Kaolin and are supported by the literature.56 The broad and 
weak absorption band at 3418.06 cm−1 is due to the stretching of the 
H-O-H vibration of adsorbed water, while the peak at 1634.34 cm−1 
corresponds to deformation bands of water. The IR region of 1200 to 
455 cm−1 is characterised by Si-O-Si stretching vibrations (1114.62 
cm−1), Si-O stretching vibration (995.02 cm−1) and bending vibration 
absorption band of Al2-OH (909.68 cm−1). Peaks at 792.07 and 747.44 
cm−1 correspond to Al-O and Si-O out of plane, while the absorption 

Figure 1: XRD pattern of SK clay

Figure 2: XRD pattern of SK-AC clay

Figure 3. Nitrogen adsorption and desorption isotherm plot for SK clay

Figure 4. Nitrogen adsorption and desorption isotherm plot for SK-AC clay



RESEARCH ARTICLE John A. Lawal, Ezekiel O. Odebunmi and Folahan A. Adekola 65
 S. Afr. J. Chem., 2023, 77, 61–73
 https://journals.co.za/content/journal/chem/

peaks at 522.13 and 455.73 cm−1 were assigned to Al-O-Si and Si-O-
Si deformation respectively. Similar absorption bands for kaolin have 
been reported.57

No major significant shifts in frequencies were observed in the OH 
groups stretching vibration at the octahedral surface, A-Al-OH and 
Si-O bending after treatment with ammonium carbonate. However, 
a variation in the H-O-H deformation band at 1633.21 cm−1 was 
observed and a weak band at 1434.80 cm−1 resulted from the vibration 
of C-O stretching of the carbonate.58 

Scanning electron micrograph and electron dispersive x-ray 
analysis 

The micro-morphology image of the SK and SK-AC clay are shown 
in Figure 6. The SEM image reveals the structural orientation of SK 
clay as bulky flake-like particles of various sizes in dispersed form. 
Filmy particles of various sizes dominate the SK-AC clay. SEM images 
of kaolinite with thin-flaky layers and dispersed-orientated structures 
have been reported.59 

The EDX analysis shows the predominant elements are aluminum, 
silicon, carbon and oxygen (Figure 7). Other minor elements detected 
were potassium, titanium, iron and magnesium. The elemental 
analysis result shows a signal difference in intensities of weight (%) 
for the elements after treatment with ammonium carbonate in the 
following manner. Carbon was detected in SK-AC (3.07%). O-SiO2 
increased from 35.91% by weight in SK clay to 56.30% in SK-AC and 
S-SiO2 increased from 14.89% in SK-clay to 20.85% in SK-AC. Al-
Al2O3 also recorded a substantial increase from 10.28% in SK clay to 
14.55% in SK-AC clay. Only slight changes were recorded for elements 
such as titanium, magnesium, calcium and iron. EDX spectra of some 
kaolinite clays have been reported to contain silica and alumina in the 
range of 54.66 to 63.35% and 22.42 to 25.74% by mass respectively. 60,61

Adsorption results

Effect of pH 

The experiment to investigate the effect of pH on the adsorption of 
the metal ions on the clay was performed at a pH range of 2.0 - 5.5, 
2.0 - 4.5, 2 - 7 and 2 - 10 for Fe2+, Pb2+, Zn2+ and Cr6+ ions respectively. 
The average value of the metal ions obtained from AAS analysis was 
used to calculate the response (amount of metal ions adsorbed) for the 
experimental runs of 72 for Fe2+, 54 for Pb2+ and Zn2+ and 81 for Cr6+ 
ions. The set pH range is to avoid precipitation of the metal hydroxides 
which occurs above the pH range highlighted above.60 Other parameters 
kept constant include particle size of 63 µm, adsorbent concentration of 
4.0 g L−1, temperature of 313 K, agitation speed of 250 rpm and initial 
metal ion concentration of 100 mg L−1. The results for the adsorption of 
the metal ions (Figure 8), showed the adsorption capacity of SK-clay for 
Fe2+ significantly increased as the pH was increased from 2.0 to 5.0. The 
rate of adsorption of Fe2+ was observed to be rapid in the first 15 minutes 

Figure 6. SEM image: (a) SK clay (b) SK-AC clay 

a 

b 

Figure 7. EDX spectra: (a) SK clay (b) SK-AC clay

17 

a

b

a

Figure 5. FTIR absorption bands: (a) SK clay (b) SK-AC clay

a 

b 
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and then increased gradually to 120 minutes. Adsorption at contact time 
above 120 minutes was characterized by stable uptake; an indication of 
near state of adsorption equilibrium till contact time of 240 minutes 
with optimum removal efficiency of 39.0% (9.75 mg g−1). An increase 
in pH from 5.0 to 5.5, resulted in a decrease in uptake. This can be 
attributed to the hydrolysis of Fe2+ at a pH above 5.0, hence preventing 
the migration of the metal ions from the solution into the adsorbent 
surface 62,63 The adsorption capacity for uptake of Pb2+ increased as the 
pH increased from 2.0 to 4.5 with an optimum adsorption efficiency 
of 57.4% (14.35 mg g−1) at 240 minutes. The rate of Pb2+ adsorption 
was rapid in the first 15 minutes of contact time. The adsorption 
then proceeds at a slow rate to reach a near state of equilibrium at 90 
minutes with a stable or no significant increase from above 90 to 240 
minutes. For the Zn2+ ions, an increase in adsorption was obtained as 
the pH increased from 2.0 to 6.0 with maximum adsorption of 29.3% 
(7.33 mg g−1) at contact time 240 minutes. The rate of removal was 
initially rapid from the starting to 60 minutes of contact and a near-
steady state of equilibrium was obtained above 120 to 240 minutes.  A 
decrease in the adsorption of Zn2+ at neutral pH of 7.0 was attributed to 
the formation of zinc hydroxide.64 The pH range of 2 to 10 was used for 
the adsorption of Cr6+ and optimum adsorption of 19.8% (4.95 mg g−1) 
was obtained at a pH of 5.0 after a contact time of 240 minutes. The rate 
of removal was fast within 15-30 minutes and then slightly increased 
to 150 minutes before equilibrium of adsorption was attained. High 
adsorption of Cr6+ on clays at a pH range of 4.0 to 6.0 was attributed to 
the binding of Cr6+ to the hydroxyl group of the clay in the anionic form 
(hydrochromate) at this pH range.65 A decrease in adsorption of the 
metal ions at very low pH can be attributed to the high concentration 
of H+ ions competing with the metal ions for adsorption on adsorbent 
active sites,66 while a decrease in adsorption at pH above 6.0 is due to the 
formation of hydroxide complexes.67 From the results, the maximum 
adsorption capacity was obtained at pH of 4.5 for  Pb2+, 5.0 for Fe2+ and 
Cr6+ and 6.0 for Zn2+ ions respectively. 

Effect of particle size 

The effect of particle size on the adsorption of metal ions was performed 
at particle size of 63, 75, 150, 250 and 300 µm. The average value of 
the metal ions obtained from AAS analysis was used to calculate the 
response (amount of metal ions adsorbed) for 45 experimental runs 
for each of the metals ions. Parameters kept constant include optimum 
pH value of 4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ and 6.0 for Zn2+ ions, 
adsorbent concentration of 4.0 g L−1, agitation speed of 250 rpm, 

initial metal ion concentration of 100 mg L−1 and temperature of 
313 K. From the results (Figure 9), the maximum adsorption capacity 
for Pb2+ (61.5%, 15.38 mg g−1) and Zn2+ (33.0%, 8.25 mg g−1) were 
obtained with an adsorbent particle size of 63 µm at 240 minutes. 
The maximum adsorption capacity for Fe2+ (39.0%, 9.75 mg g−1) and 
Cr6+ (22.5%, 5.625 mg g−1) were obtained with particle size 75 µm at 
240 minutes. As the particle size increased from 75 to 300 µm, the 
adsorption of all the metal ions decreased drastically from 9.75 to 
3.75 mg g−1 for Fe2+, 15.38 to 9.75 mg g−1 for Pb2+, 8.25 to 3.85 mg g−1 
for Zn2+ and 5.625 to 4.5 mg g−1 for Cr6+ respectively. The 3D response 
surface pattern shows the adsorption of Fe2+, Pb2+ and Zn2+ is higher at 
particle size 63 µm while for Cr6+, the uptake is significant at a particle 
size of 63 and 75 µm respectively. Adsorption of the metal ions with 
particle sizes 63 and 75 µm was rapid in the first 15 minutes of contact 
time, followed by a gradual increase up to 120 minutes; above which 
was characterised by little or no significant increase. A larger particle 
size of 150 to 300 µm tends to attain adsorption equilibrium at a 
contact time of 60 minutes. Smaller particle size increases the surface 
area of the adsorbent for effective contact with adsorbate molecules.6

Figure 10. Effect of adsorbent concentration on SK clay (a) Fe2+ (b) Pb2+ (c) 
Zn2+ (d) Cr6+
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Figure 9. Effect of particle size on SK clay (a) Fe2+ (b) Pb2+ (c) Zn2+ (d) Cr6+
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Figure 8. Effect of pH on adsorption metals on SK clay: (a) Fe2+ (b) Pb2+ (c) 
Zn2+ (d) Cr6+
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Effect of adsorbent concentration

The effect of adsorbent concentration was determined using the 
optimum pH of 4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ and 6.0 for Zn2+, with 
particle size of 63 µm for Pb2+ and Zn2+ and 75 µm for Fe2+ and Cr6+ 
ions, agitation speed at 250 rpm, initial metal ion concentration of 
100 mg L−1 and temperature of 313 K. The average value of the metal 
ions obtained from AAS analysis was used to calculate the response 
(amount of metal ions adsorbed) for 54 experimental runs for each of 
the metals ions. From the results obtained (Figure 10), an increase in 
adsorbent concentration from 1.0 to 5.0 gL−1, increased the uptake of 
Fe2+ from 16.1% to 43% (16.1 - 8.6 mg g−1), Pb2+ from 32% to 71.3% 
(32.0 - 14.26 mg g−1) and Zn2+ from 14% to 46.3% (14.0 - 9.26 mg g−1) 
respectively after a contact time of 240 minutes. Adsorption of Cr6+ ions 
increased from 9.8% (9.8 mg g−1) at 4.0 g L−1 to 22.5% (5.625 mg g−1) at 
4.0 g L−1. Increasing the concentration of the adsorbent from 5.0 to 6.0 
gL−1, led to a decrease in adsorption capacity for Fe2+ and Pb2+ to 41% 
(6.83 mg g−1) and 70% (11.67 mg g−1), while that for Zn2+ recorded a 
slight increase to 48% (8.0 mg g−1). For Cr6+, the uptake decreased from 
22.5% at 4.0 g L−1 to 18% (3.0 mg g−1) at 6.0 g L−1. The 3D response 
surface plot showed the adsorption gradually increased as the time 
increased from 15 to 150 minutes. At a contact time of 180 minutes 
and above, the uptake of the metal ions tends to attain equilibrium 
with little or no significant increase in adsorption. From these results, 
5.0 g L−1 was chosen as the most suitable adsorbent concentration for 
Fe2+, Pb2+ and Zn2+ ions respectively and 4.0 g L−1 for Cr6+ ions. The 
mass of adsorbate metal ion per unit mass of adsorbent decreasing 
with an increase in adsorbent weight can be attributed to a decrease 
in the adsorbate-adsorbent ratio as the concentration of the adsorbent 
increases.69  

Effect of agitation speed 

The effect of agitation speed in the range of 200 to 300 rpm was 
determined using the optimum pH of 4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ 
and 6.0 for Zn2+, particle size of 63 µm for Pb2+ and Zn2+ and 75 µm 
for Fe2+ and Cr6+ ions, adsorbent concentration of 4.0 g L−1 for Cr6+ 
and 5.0 g L−1 for Fe2+, Zn2+ and Pb2+, initial metal ion concentration 
of 100 mg L−1 and temperature of 313 K. The average value of the 
metal ions obtained from AAS analysis was used to calculate the 
response (amount of metal ions adsorbed) for 36 experimental runs 
for each of the metals ions.  The 3D response surface plots showing the 
adsorption pattern for the effect of agitation speed are shown in Figure 
11. The maximum adsorption capacity for Fe2+ (44.3%, 8.86 mg g−1) 

and Cr6+ (22.5%, 5.625 mg g−1) were recorded at the speed of 250 
rpm, while the maximum uptake for Pb2+ (75%, 15.0 mg g−1) and Zn2+ 
(50%, 10.0 mg g−1) was attained at an agitation speed of 300 rpm after 
a contact time of 240 minutes. The uptake of the metal ions increased 
rapidly to a near state of equilibrium at 120 minutes. Above this time, 
till contact time of 240 minutes recorded no significant increase in 
adsorption. The increase in adsorption capacity as the speed of 
agitation speed increases can be attributed to a reduction in the film 
boundary layer and an increase in the rate of diffusion of ions to the 
adsorbent surface.70 From the results, the maximum uptake of the 
metal ions was obtained at an agitation speed of 250 rpm for Fe2+ and 
Cr6+ and 300 rpm for Pb2+ and Zn2+ ions respectively. 

Effect of initial metal ion concentration 

The effect of initial metal ion concentration (25 to 100 mgL−1) was 
determined using the optimum pH of 4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ 
and 6.0 for Zn2+, particle size of 63 µm for Pb2+ and Zn2+ and 75 µm 
for Fe2+ and Cr6+ ions, adsorbent concentration of 4.0 gL−1 for Cr6+ and 
5.0 g L−1 for Fe2+, Zn2+ and Pb2+, agitation speed of 250 rpm for Fe2+ 

and Cr6+ and 300 rpm for Pb2+ and Zn2+ and temperature of 313 K. 
The average value of the metal ions obtained from AAS analysis was 
used to calculate the response (amount of metal ions adsorbed) for 45 
experimental runs for each of the metals ions. The results obtained are 
presented in Figure 12. As the initial metal concentration increased 
from 25 to 50 mg/L, the percentage adsorption of Fe2+ decreased 
from 84% (4.2 mg g−1) to 65% (6.58 mg g−1) at a contact time of 240 
minutes. With further increase in initial metal ion concentration 
between 100 to 200 mgL−1, the percentage of metal ion adsorbed 
reduced significantly with an increase in adsorption capacity to 44.3% 
(8.86 mg g−1) at 100 mg L−1, 30% (9.18 mg g−1) at 150 mg L−1 and 
25% (10 mg g−1) at 200 mg L−1. A similar result was obtained for the 
adsorption of Pb2+ ions. As the initial metal ion (Pb2+) concentration 
increased from 25 to 200 mg L−1, the percentage of Pb2+ adsorbed 
decreased with an increase in adsorption capacity: 98% (4.9 mg g−1), 
94.4% (9.44 mg g−1), 76% (15.2 mg g−1), 69.5% (20.84 mg g−1) and 60% 
(24.0 mg g−1) at 25, 50, 100,150 and 200 mg L−1 at a contact time of 240 
minutes. The adsorption capacity of 97.4% (4.87 mg g−1) and 88.5% 
(8.85 mg g−1) were recorded for Zn2+ at initial concentrations of 25 
and 50 mg L−1. As concentration increased to 100, 150 and 200 mg L−1, 
the percentage adsorption drastically reduced to 50% (10.0 mg g−1), 
44.47% (13.34 mg g−1) and 34.75% (13.9 mg g−1) respectively at a 
contact time of 240 minutes. Adsorption of Cr6+ recorded at 90%, 
(5.625 mg g−1) and 47.6%, (5.95 mg g−1) at the initial concentration of 
25 and 50 mgL−1 and 24% (6.0 mg g−1), 18% (6.75 mg g−1) and 20.15% 

Figure 11. Effect of agitation speed on SK clay: (a) Fe2+ (b) Pb2+ (c) Zn2+ (d) Cr6+  
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Figure 12. Effect of initial metal ion concentration on SK clay (a) Fe2+ (b) Pb2+ 
(c) Zn2+ (d) Cr6+
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(10.08 mg g−1) for 100, 150 and 200 mg L−1 respectively at a contact 
time of 240 minutes. The decrease in the adsorption percentage of 
the metal ions from aqueous solutions and the increase in adsorption 
capacity as the initial concentration increased is in agreement with 
the literature.71 The 3D response surface pattern of adsorption of Fe2+ 
Pb2+ Zn2+ showed that their adsorption was rapid between 15 to 90 
minutes and maintained a near-state adsorption equilibrium with no 
significant increase in adsorption till contact time of 240 minutes. 
Adsorption of Cr6+ ions increased rapidly up to 90 minutes and 
proceeded on a gradual increase to a contact time of 150 minutes to 
attain near state of equilibrium.

Effect of temperature 

The effect of temperature in the range of 303 to 333 K was determined 
using the optimum pH of 4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ and 6.0 for 
Zn2+, particle size of 63 µm for Pb2+ and Zn2+ and 75 µm for Fe2+ and 
Cr6+ ions, adsorbent concentration of 4.0 g L−1 for Cr6+ and 5.0 g L−1 for 
Fe2+, Zn2+ and Pb2+, agitation speed of 250 rpm for Fe2+ and Cr6+ and 300 
rpm for Pb2+ and Zn2+ and initial metal ion concentration of 100 mg L−1. 
The average value of the metal ions obtained from AAS analysis was 
used to calculate the response (amount of metal ions adsorbed) for 
63 experimental runs for each of the metals ions.  From the results 
obtained (Figure 13), the adsorption of Fe2+ and Pb2+ increased with 
a maximum adsorption capacity of 53.7% (10.74 mg g−1) and 82.4% 
(16.48 mg g−1) at a contact time of 240 minutes as the temperature 
increased from 303 to 323 K. The maximum adsorption capacity for 
Zn2+ and Cr6+ recorded an increase as the temperature increased from 
303 to 333 K, achieving 59.8% (11.96 mg  g−1) and 35% (8.75 mg g−1) 
for Zn2+ and Cr6+ ions respectively at 240 minutes. An increase in 
temperature above 323 K, resulted in a decline in the uptake of both 
Fe2+ and Pb2+ ions. This observation was attributed to the desorption of 
the metal ions from the solid-liquid interface into the solution.72 The 
3D graphs presented a pattern that shows a plateau which indicates 
low or no significant difference in the rate of adsorption in the 
temperature range of 318 to 328 K for Fe2+, 318 to 328 K for Pb2+ and 
318 to 333 K for Zn2+ respectively. For Cr6+, the steep pattern signifies 
a rapid increase in the rate of adsorption on SK clay as the temperature 
was increased from 303 to 333 K. At the optimum temperature, the rate 
of adsorption of Fe2+ was rapid initial at contact time up to 90 minutes 
and then a slow steady increased as the contact time increased to 180 
minutes where a near state adsorption equilibrium was attained. The 
uptake of Pb2+ and Zn2+ ions gradually increased as the contact time 
increased from 15 to 120 minutes. Contact time between 150 minutes 
to 240 minutes, recorded no significant increase in their adsorption.  

The rate of adsorption of Cr6+ions recorded a rapid increase up to the 
contact time of 90 minutes. Above the contact time of 90 minutes, 
recorded a low increase in uptake and the near state of equilibrium at 
180 minutes with no further significant uptake till 240 minutes. 

Adsorption of metal ions on ammonium carbonate treated 
clay (SK-AC)

The optimum values of the experimental parameters obtained from the 
adsorption of the metal ions on SK clay were maintained at fixed values 
as follows: pH of 4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ and 6.0 for Zn2+, 
particle size of 63 µm for Pb2+ and Zn2+ and 75 µm for Fe2+ and Cr6+ 
ions, adsorbent concentration of 4.0 g L−1 for Cr6+ and 5.0g L−1 for Fe2+, 

Zn2+ and Pb2+, agitation speed of 250 rpm for Fe2+ and Cr6+ and 300 
rpm for Pb2+ and Zn2+, temperature of 328 K for Fe2+ and Pb2+ and 333 
K for Zn2+ and Cr6+ and initial metal ion concentration of 100 mg L−1. 
The design of the experiments was done using Design-Expert Version 
10 software based on one-factorial RSM; optimal (custom). Samples 
(5.0 mL) were withdrawn in triplicate (n = 3) using a syringe in the 
first 15 minutes and subsequently at time intervals of 30 minutes for 
240 minutes. The average value of the metal ions obtained from AAS 
analysis was used to calculate the response (amount of metal ions 
adsorbed) for 9 experimental runs for each of the metals ions. The 
results for the optimum adsorption capacity for SK-AC in comparison 
with SK-clay are presented in Figure 14. The increase in adsorption 
observed after modification was from 53.7% (10.74 mg g−1) to 68% 
(13.6 mg g−1) for Fe2+ ions, 82.4% (16.48 mg g−1) to 86.9% (17.38 mg g−1) 
for Pb2+ ions and 59.8% (11.96 mg g−1) to 69% (13.8 mg g−1) for Zn2+ 
ions respectively after a contact time of 240 minutes. For the Cr6+ 

ions, a significant decrease in uptake from 35% (8.75 mg g−1) to 29.0% 
(7.25 mg g−1) was recorded at a contact time of 240 minutes. The high 
increase in adsorption capacity recorded with the SK-AC sample was 
attributed to the presence of calcite (4.13% of SK-AC) which resulted 
from the reaction of cowlesite present in SK clay with the ammonium 
carbonate. This observation was supported by the BET surface area and 
pore structure parameters of SK-AC clay. Calcite has been reported to 
be effective in the adsorption of heavy metals.73 

Statistical analysis of data for measured responses 

The statistical parameters obtained from analysis of variance 
(ANOVA) for adsorption of Fe2+, Pb2+, Zn2+ and Cr6+ ions on SK clay 
as a function of temperature and contact time (Section 3.2.6) are 

Figure 13. Effect of temperature on SK-clay (a) Fe2+ (b) Pb2+ (c) Zn2+ (d) Cr6+
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Figure 14. Effect of modification with ammonium carbonate (n = 3)
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Metal ion Source Std. Dev. R-Squared Adjusted 
R-Squared

Predicted 
R-Squared Press

Fe2+ Sixth 0.12 0.9975 0.9955 0.9913 1.84

Pb2+ Sixth 0.098 0.9981 0.9967 0.9907 1.69

Zn2+ Sixth 0.15 0.9964 0.9936 0.9767 5.19

Cr6+ Sixth 0.13 0.9982 0.9968 0.9927 2.24

Table 3. Statistical results of correlation coefficients for the metal ions 
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presented in Table 3. The experimental variables kept constant were 
optimum values of pH (4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ and 6.0 for 
Zn2+), particle size values (63 µm for Pb2+ and Zn2+ and 75 µm for Fe2+ 
and Cr6+), adsorbent concentration (4.0 g L−1 for Cr6+ and 5.0 g L−1 for 
Fe2+, Zn2+ and Pb2+) and agitation speed (250 rpm for Fe2+ and Cr6+ 
and 300 rpm for Pb2+ and Zn2+) at initial metal ion concentration of 
100 mg L−1.

The polynomial equation in the sixth-degree model fits the response 
surface analysis of the metal ions adsorption. The observed R2 values 
(greater than 0.99) were in agreement with the predicted R2 and 
adjusted R2 values obtained for the metal ions with a difference of less 
than 0.2. These R2 values indicate that the model explained 0.99% of 
the variation in the original data and the experimental results perfectly 
fit the designs. The values for adequate precision, which measures the 
signal-to-noise ratio was 99.25, 112.012, 77.37 and 100.37 for Fe2+, 
Pb2+, Zn2+ and Cr6+ ions respectively. These values indicate sufficient 
signal for the model to navigate the design space. Signal-to-noise ratio 
value greater than 4 and an R2 above 0.8 are desirable for a good fit 
model.74 High F-values of 508.14, 699, 357.07 and 724.19 for Fe2+, Pb2+, 
Zn2+ and Cr6+ions, imply the model is significant for the adsorption 
of the metal ions at a 95% confidence level. The statistical p-values 
obtained were less than 0.05, indicating that the model terms are very 
significant.    

The empirical polynomial model equation (7–10) based on the 
response obtained for the significant terms of the 63 runs, A to B6 for 
the adsorption of the metal ions was used to fit the data. The interactive 
terms A and B are the coded level for temperature and time and this 
postulates the average result of changing one factor at a time from its 
low to high value. From the equations, the interactive terms showed 
how the response changed when the factors of temperature and time 
at optimum conditions of other variables were changed accordingly. 

Fe2+ (mg/g) =  +9.58 +3.54 × A + 1.71 × B − 1.55 × A2 − 2.39 × B2 − 
0.85 × AB2 − 4.29 × A3 − 1.79 × B3 + 4.50 × B4 + 0.89 × 
A3B2 + 2.39× A5 + 1.74 × B5 − 1.32 × A3B3 − 3.37 × B6    
 (7)

Pb2+ (mg/g) =  +15.30 + 2.02 × A +1.29 × B − 2.12 × B2 + 0.68 × 
AB2 − 0.91 × A3 − 1.00 × B3 −19.92 × A4 + 3.07 × B4 
+ 1.26× B5 + 0.69 × A4B2 + 13.31 × A6 − 2.18 × B6 (8)

Zn2+ (mg/g) =  +10.16 + 0.51 × A + 1.04 × B − 1.91 × B2 + 6.49 × A3 
+ 1.62 × A2B2 − 4.87 × A5 + 1.04 × B5 + 1.08 × A3B3 − 
1.55 × A4B2 + 6.96 × A6    (9)

Cr6+ (mg/g) =  +6.49 + 2.51 × A + 1.34 × B − 2.09 × B2 − 1.12 × B3 + 
3.89 × B4 − 0.46 × A2B3 + 2.00 × B5 − 3.58 × B6 (10)  

Kinetic modelling of adsorption data 

The adsorption data obtained from the effect of temperature were 
analysed using kinetic models including Pseudo first-order, Pseudo 
second-order, Elovich and Intra-particle diffusion (Figure S1-S4). The 
regression coefficient (R2) obtained, showed pseudo-second-order 
kinetic model best fit the adsorption data with R2 values greater than 
0.999 for all the metal ions (Figure 15; Table 4). The experimental values 
obtained (qexp) show good agreement with the pseudo-second-order 
model predicted values (qcal). Data obtained from the Elovich kinetics 
model showed that Pb2+ ions recorded the highest desorption constant, 
β (0.92 g.min mg−1) and the highest rate of initial adsorption, α (29.15 
g.min2 mg−1). The Plot for the intra-particle diffusion (Figure 16) is 
linear without passing through the origin. This is an indication that the 
rate-controlling step is particle diffusion and occurred simultaneously 
with film diffusion.75 From the results, the Pb2+ ion recorded the highest 
boundary layer thickness of 13.07. 

The activation energy (Ea) values for the metal ions were obtained 
from the slope of lnk2 against 1/T in the Arrhenius plot (Figure 17).  
And the Arrhenius data were obtained from the plot of the second-
order rate constant (Figure S5). The activation energy values obtained 
were 6.79, 11.23, 13.82 and 33.21 kJ mol−1 for Fe2+, Pb2+, Zn2+ and Cr6+ 
ions respectively. These values which are less than 40 kJ mol−1, showed 

Kinetic model Parameter Fe2+ Pb2+ Zn2+ Cr6+

Temp. (K) 333 328 333 323

First order

Relationship y = −0.0042x + 0.3404 y = −0.0042x + 0.2515 y = −0.0039x + 0.2237 y= −0.0039x + 0.54411

R2 0.2871 0.4785 0.555 0.5298

K (min−1) -9.7 × 10-3 -9.7 × 10-3 -9.0 × 10-3 -9.0 × 10-3

qxexp (mgg−1) 10.74 16.48 11.96 8.75

Second order

Relationship y = 0.0886x + 0.9913 y = 0.0592x + 0.3219 y = 0.0806x + 0.6307 y = 0.0592x + 0.3219

R2 0.9995 0.9997 0.9999 0.9997

qxcal (mgg−1) 11.24 16.83 12.41 9.56

qxexp (mgg−1) 10.74 16.48 11.96 8.75

K (mgg−1min−1) 8.0 × 10-3 1.1 × 10-2 1.0 × 10-2 3.4 × 10-2

Elovich

Relationship y = 1.3803x + 3.5007 y = 1.0903x + 10.722 y = 1.2756x + 5.3366 y = 1.741x – 0.3499

R2 0.9704 0.981 0.9585 0.9623

β (gmg−1) 0.72 0.92 0.78 0.57

α (mgg−1min−1) 9.52 29.15 14.51 0.95

Intra-particle diffusion

Relationship y = 0.308x + 6.5267 y = 0.2473x + 13.071 y = 0.2813x + 8.1671 y = 0.3846x + 3.5065

R2 0.8876 0.9270 0.8566 0.8629

K 0.308 0.2473 0.2813 0.3846

Table 4. Optimum temperature for adsorption kinetic parameters
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the mechanism of binding of the metal ions on the clay surface is 
physisorption.76 

Isotherm modeling of the adsorption data

The adsorption equilibrium data obtained from the effect of initial 
metal ion concentration (section 3.2.5) for the metal ions were 
analysed using the following isotherm models: Langmuir, Freundlich, 
Temkin, Dubinin-Radushkevich (D-R) and Flory-Huggin (Figure S6-
S10; Table S2). From the R2 values, the Langmuir isotherm model was 
found to best describe the adsorption process for Fe2+, Zn2+ and Cr6+ 
ions with R2 values of 0.9971, 0.9786, and 0.9089 respectively. While the 
Freundlich isotherm model fits the adsorption of Pb2+ with an R2 value 
of 0.9890 (Figure 18). From Langmuir isotherm model calculations, 
the monolayer adsorption capacity (Qn) for the metal ions is in the 
order of Pb2+ > Zn2+ > Fe2+ > Cr6+ with values of 24.94, 14.14, 10.35 
and 9.74 mg g−1 respectively. The binding energy constant (b) is in the 
order of Zn2+ > Pb2+ > Fe2+ > Cr6+ with values of 0.15, 0.15, 0.12 and 
0.07 dm3 mg−1 respectively. The Freundlich heterogeneity factor, 1/n 
for the metal ion are 0.50, 0.30, 0.75 and 0.095 for Fe2+, Pb2+, Zn2+ and 
Cr6+ respectively. The adsorption intensity was considered favourable 
as all 1/n values were less than 1. The KF relating to adsorption 
capacity calculated from the Freundlich isotherm equation was higher 
for Pb2+ ions, 6.31 (mg g−1)(dm3 g−1) than other metal ions and the 
decreasing order is Pb2+ > Zn2+ > Cr6+ > Fe2+. Calculations for the 
Temkin isotherm model show Cr6+ ion recorded the highest value for 
equilibrium binding constant, At (1343.43 L g−1), which corresponds 
to the maximum binding energy and bt, the constant related to the heat 
of adsorption (3191.40 J mol−1). Adsorption of Pb2+ ion recorded the 
lowest bt (625.94 J mol−1). The D-R theoretical saturated capacity (qm) 
value for the Pb2+ ion (16.95 mg g−1) was the highest. This corresponds 
to the high Qn value obtained from the Langmuir isotherm model. The 
mean free energy (E) values derived from the D-R constant, ß which 
defines the adsorption process were -15.68, -14.33, -14.36 and -15.32 
kJ mol−1 for Fe2+, Pb2+, Zn2+ and Cr6+ ions respectively. This indicates 
that the adsorption process is spontaneous for all the metal ions.77

Determination of thermodynamic parameters

The ΔG values obtained for the metal ions were negative and this 
confirms their adsorption as spontaneous (feasible) in the following 
decreasing order of thermodynamic stability: Pb2+ > Zn2+ > Fe2+ > 
Cr6+ ions (Table 5). As the temperature increased from 303 to 333 K, 
ΔG values in the range of -14.56 to -18.0 kJ mol−1, -15.52 to -19.34 
kJ mol−1 and -11.90 to -16.51 kJ mol−1 were obtained for Fe2+, Zn2+ 
and Cr6+ ions are respectively. The ΔG for Pb2+ ion ranged from -21.05 
to -24.93 kJ mol−1 as the temperature increased from 303 to 323 K. 
Increase the temperature from 323 to 333 K, led to the value of ΔG 
becoming -24.33 kJ mol−1. This indicates that adsorption of Pb2+ is less 
favourable at temperatures above 323 K. Positive enthalpy (ΔH) values 
were obtained for all the metal ions and follows the decreasing order: 
Cr6+, 33.01 > Zn2+, 22.36 > Fe2+, 21.73 > Pb2+, 17.29 kJ mol−1. This 
shows that the adsorption of the metal ions was endothermic and their 
relatively lower values below 80 kJmol−1 suggest physisorption as the 
predominant mechanism. The ΔS value was positive for all the metal 

Figure 18. The best fit adsorption isotherm model: (a) Fe2+ (b) Pb2+ (c) Zn2+ 
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Pb2+ ΔG (kJ mol−1) −21.05 −21.93 −23.14 −23.83 −24.93 −24.89 −24.33

Zn2+ ΔG (kJ mol−1) −15.52 −16.16 −17.14 −17.62 −18.12 −18.69 −19.34

Cr6+ ΔG (kJ mol−1) −11.90 −13.27 −14.13 −14.88 −15.52 −16.04 −16.51

Fe2+ Pb2+ Zn2+ Cr6+

ΔH (kJ mol−1) 21.73 17.29 22.36 33.01

ΔS (J mol−1K−1) 120.74 128.09 125.36 149.74

Table 5. Thermodynamic parameters for adsorption of Fe2+, Pb2+, Zn2+ and 
Cr6+ on SK-clay
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ions in the following decreasing order: Cr6+, 149.74 > Pb2+, 128.09 
> Zn2+, 125.36 > Fe2+, 120.74 J mol−1 K−1. The results confirm their 
adsorption as entropy driven at the solid-liquid interface. Positive ΔS 
values for the adsorption of metal ions on kaolinite clay have been 
reported in the literature.77

CONCLUSION

This study has demonstrated that heavy metal ions adsorption capacity 
of kaolinite clay containing cowlesite mineral can be enhanced by 
treating it with ammonium carbonate. The ammonium carbonate 
decomposes leaving the carbonate ions to react with calcium ions 
in the cowlesite to form calcite.  The formation of calcite-kaolinite 
improved the adsorption capacity of the clay. The optimum conditions 
of experimental parameters studied as functions of contact time for 
the adsorption of Fe2+, Pb2+, Zn2+, and Cr6+ ions on the natural clay 
were found to be as follows: pH (4.5 for Pb2+, 5.0 for Fe2+ and Cr6+ 
and 6.0 for Zn2+), particle size values (63 µm for Pb2+ and Zn2+ and 75 
µm for Fe2+ and Cr6+), adsorbent concentration (4.0 g L−1 for Cr6+ and 
5.0 g L−1 for Fe2+, Zn2+ and Pb2+), agitation speed (250 rpm for Fe2+ and 
Cr6+ and 300 rpm for Pb2+ and Zn2+) and temperature (328 K for Fe2+ 

and Pb2+ and 333 K for Zn2+ and Cr6+) at initial metal ion concentration 
of 100 mg L−1. The effect of contact time for all the parameters revealed 
that rapid adsorption of the metal ions takes place mostly in the first 
60 to 90 minutes and then increased steadily to 120 or 150 minutes. 
Above these contact, time resulted in adsorption equilibrium with no 
further increase in the uptake of the metal ions. The application of the 
optimum conditions of the parameters on the ammonium-treated clay 
recorded an increase in adsorption of Fe2+, Pb2+and Zn2+ ions and a 
decrease in uptake of Cr6+ ions. The statistical analysis of the responses 
showed the significance of the parameters and their interaction with 
the adsorbed metal ions with p-values less than 0.005 and relatively 
high F-values at a 95% confidence level. The pseudo-second-order 
kinetic model best describes the binding mechanism of the metal ions 
on the adsorbent surface. The activation energy values were less than 
40 kJ mol−1 and positive ΔH values of less than 80 kJ mol−1 showed 
the process is endothermic and suggested physisorption as the sole 
mechanism for the adsorption. The negative ΔG values obtained 
showed the adsorption of the metal ions is thermodynamically feasible. 
The relatively high positive ΔS values signified that the adsorption is 
entropy driven at the adsorbent-metal ions solutions interface. In 
conclusion, the present results indicate that the adsorption capacity 
of kaolin-containing cowlesite can be enhanced by treating it with 
ammonium carbonate. 
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