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 Abstract. In this study, Dijah-Monkin bentonite clay was modified with a 
cationic surfactant hexadecyltrimethylammonium bromide (HDTMA-Br) 
at the level of twice the cation exchange capacity (CEC) and applied in 
adsorption to obtain the optimal conditions for the removal of lead (II), 
cadmium (II) and manganese (II) from a solution. The Box-Behnken 
design matrix comprised particle size of clay, initial metal ion 
concentration, and contact time as the independent variables, with the 
heavy metals' adsorption capacities and percentage removals as the 
responses. The experimental results fit linear models for the adsorption 
capacity and quadratic models for the percentage removal. Also, only 
the particle size and initial concentration significantly affected the 
responses. However, the effect of contact time was significant for 
cadmium removal, suggesting that the adsorption of cadmium ion on 
the adsorbent increases with increased contact time; this is due to high 
cadmium cation hydration energy of -1807 kJ/mol-1 compared to lead 
and manganese with -1481 kJmol-1, -1760 kJmol-1 respectively. 
Furthermore, the model equations for the responses were developed, 
and the optimum adsorption condition for the multi-metal adsorption 
that maximised the adsorption capacity and the percentage removal 
was obtained to be 150 µm particle size, 50 mg/l initial concentration 
over 171 minutes. 

Keywords: Adsorption; Analysis of Variance; Response Surface 
Methodology; Box-Behnken, Dijah-Monkin Bentonite Clay; 
Hexadecyltrimethylammonium bromide; Multi-metal; Zing-North East 
Nigeria.  

 

INTRODUCTION 

A healthy and rising human population necessi-
tates the availability of drinking water. However, 
the widespread use of chemicals and increased 
industrialisation steadily increase the burden of 
toxins in drinking water [1]. Heavy metals are 
among the most common pollutants found in 
wastewater, and even at low concentrations, they 
can be hazardous to humans and animals [2]. 
Managing pollution caused by heavy metals has 
recently become a significant issue, particularly 
in developing countries. 

Heavy metals are toxic or poisonous metals and 
metalloid elements with a relatively high density 
of 3.5 to 7 g/cm3. Many such metals are present 
extensively in the earth's crust and are non-

biodegradable [3]. Air, food and water are ab-
sorbed into the human body [2]. Heavy metals 
are among the most prevalent pollutants identi-
fied in wastewater.  

However, given the challenge of preventing the 
drainage of these pollutants into water supplies, 
implementing effective purification technologies 
is a relatively efficient way to maintain saf-
er/cleaner bodies of water. Multiple treatment 
methods have been studied for water purifica-
tion, such as using clay/modified clay, biological 
or inert content (bio-sorbent) for sorption, floc-
culation-coagulation by various chemical agents, 
etc. [4]. Adsorption is preferred among many 
techniques because it is cost-effective, highly ac-
curate, energy-efficient, versatile, and can quickly 
recycle spent adsorbent [5]. Heavy metals differ 

https://www.atbu.edu.ng/#/
http://dx.doi.org/10.22178/pos.105-33
mailto:oloyede.gideon@gmail.com
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Path of Science. 2024. Vol. 10. No 6  ISSN 2413-9009 

Section “Chemistry”   1009 

widely in their chemical properties and are used 
extensively in electronics, machines and the arte-
facts of everyday life, as well as in high-tech ap-
plications. As a result, they can enter into the 
aquatic and food chains of humans and animals 
from various anthropogenic sources and the nat-
ural geochemical weathering of soil and 
rocks [2]. Heavy metals in wastewater include 
lead, cadmium, arsenic, mercury, zinc, chromium, 
nickel, copper, vanadium, platinum, silver, gold, 
selenium and uranium [6]. Nearly all of these 
metals have no known biological function in liv-
ing organisms. At the same time, some, like cop-
per, zinc, and nickel, are considered essential be-
low 0.005 mg/l but are toxic when increased be-
yond the permissible unit [7]. 

Cadmium is one of the most toxic elements in the 
food chain and is the cause of kidney disorders 
and bone disease. Thus, cadmium is not essential 
for biological systems. It is used to manufacture 
nickel-cadmium batteries, plastics and pigments. 
Phosphate fertilisers and waste dumping are 
both routes for cadmium transference into the 
environment. Concern regarding the role and 
toxicity of cadmium in the environment is in-
creasing because it can be highly toxic to humans 
and animals. Smoking cigarettes is one of the 
sources of cadmium poisoning in humans [2]. 
The permissible limit for cadmium in drinking 
water is 0.003 mg/l [8]. 

Lead is another toxic heavy metal widely used in 
industrial applications such as batteries, printing, 
pigments, fuels, photographic materials, and ex-
plosives. However, lead can replace calcium in 
the skeletal system and accumulate. Exposure to 
lead (II) results in various neurodevelopmental 
effects, cardiovascular diseases, impaired renal 
function and fertility, hypertension, and adverse 
pregnancy outcomes [9]. The admissible limit for 
lead in drinking water is 0.01 mg/l [8]. 

Furthermore, Manganese (II) ion is the twelfth 
most abundant element and fifth most abundant 
metal on the earth. This metal has a silver-grey 
colour and is very easy to oxidise. Thus, Manga-
nese (II) is not a free element; it usually exists as 
oxides, carbonates, and silicates. It is absorbed by 
ingestion, inhalation and dermal permeation and 
administered intravenously. It is rapidly ab-
sorbed in the gastrointestinal tract and lungs and 
then distributed into different tissues through 
blood circulation. The liver, pancreas, bone, kid-
ney and brain are the organs containing the 
highest manganese levels in the human body 

[10]. The permissible limit for manganese (II) 
ions is 0.4 mg/l [8]. 

Adsorption using bentonite clay has been proven 
over the years to be a preferred method in water 
and wastewater treatment because of the sim-
plicity of the process, coupled with the abundant-
ly cheap supply of adsorbent, as well as the excel-
lent properties which translate to outstanding 
and efficient removal of target pollutants [11]. 
Bentonites can adsorb a wide range of water pol-
lutants due to their micron-size particles' large 
external and internal surface area [10]. The ad-
sorption capacities of clay minerals have experi-
enced significant improvement due to modifica-
tion with quaternary ammonium compounds 
(QACs) [12]. Organoclays have progressively 
been used as adsorbents for heavy metal removal 
since they are cheaper than commercially availa-
ble materials like zeolites and activated carbon 
[13]. The modification method involves altering 
the surface polarity of the clay minerals by inter-
calation with cationic surfactants [14, 15].  

Bentonite clay offers an attractive and inexpen-
sive option for removing inorganic and organic 
pollutants. The use of natural and modified ben-
tonite for the adsorption of several heavy metals 
has drawn attention over the years [16]. The ad-
sorption capacities of bentonite clay activated 
using different activation techniques are shown 
in Table 1. 
 

Table 1 – Adsorption capacities of bentonite [16] 

Modification 
/ activation 

BET, 
m2/g 

Pollutants/ 
Conc., mg/l 

pH 
Max. 

uptake, 
mg/g 

Acid-thermal 109.85 Cr (III)/0.1 6 220 
Natural 62.57 Pb (II)/200 7.4 51.9 
Acid - Cr (VI)/20 3 4.22 
Natural - Cu (II)/100 

 Cd (II) 
- 7.94  

 7.64 
Sulfate 73 Zn (II) 

Cu (II)/200 
– 700 

- 104.17  
158.73 

Phosphate 79 Zn (II) 
Cu 

(II)/200–
700 

- 111.11 
166.67 

Natural 23.5 Pb (II), Cd 
(II) and 

 Mn 
(II)/10–50 

6.6 9.32 

Calcined 20.0 Pb (II), Cd 
(II) and  

Mn (II)/10–
50 

6.0  
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Adsorption, like many other water and 
wastewater treatment methods, is a multi-factor 
dependent system whose efficiency can only be 
achieved when the independent variables such as 
pollutant load (usually in terms of initial concen-
tration of the adsorbate (s)), adsorption time, 
temperature, dosage, and adsorbent particle size 
are chosen under favourable conditions. While 
many studies have been published on process 
optimisation using most of the listed criteria, the 
effect of particle size on the efficiency of surface 
processes has received less attention. 

Response surface methodology is an optimisa-
tion tool that is very effective in determining the 
best conditions for a variety of processes, includ-
ing adsorption [17, 18, 19, 20], chemical reaction 
integrated separation processes [21, 22, 23] and 
many others. 

Therefore, this experiment was conducted not 
only to modify Dijah-Monkin bentonite clay with 
HDTMA-Br but also to determine the optimal 
particle size of the adsorbent, the initial concen-
tration of each Pb, Cd, and Mn coexisting in the 
same solution, the adsorption time for maximum 
heavy metals removal efficiency, and the adsorp-
tion capacity of the synthesised adsorbent. The 
model solution for this study was synthesised 
using a known concentration of the considered 
metals. 

 

METHODS 

Preparation and Modification of Dijah-Monkin 
Bentonite Clay. This work used raw bentonite 
clay collected from the deposit site at Dijah-
Monkin town in Zing LGA, Taraba State of Nige-
ria, subjected to preliminary treatment, benefi-
ciated, modified with cationic surfactant HDTMA-
Br, and characterised [24]. 

Adsorption Studies. All chemicals used are analyt-
ical-grade reagents. The multi-metal solution was 
prepared according to a procedure given by [16] 
to obtain 0.0048, 0.0089 and 0.0223 mole of lead 
(II), cadmium (II) and manganese (II) ion, respec-
tively. The stock solutions were further diluted to 
desired concentrations of 10, 30 and 50 mg/l to 
mimic heavy metals concentrations in industrial 
effluents. The multi-metal solution (lead, cadmi-
um and manganese) was obtained by mixing 
equal volumes of the known concentrations of 
the individual stock solutions where the particu-
lar concentration of the metals in the multi-metal 
solution retained their concentration as con-

firmed by atomic absorption spectrophotometer 
(Buck scientific model: VGB 210). 

The sorption process involves mixing 50 mg of 
HDTMA-Br modified bentonite clay of selected 
particle size ranges in 50 ml of the multi-metal 
solution according to the design matrix. The su-
pernatant was filtered using 110 mm diameter 
Whatman filter paper and analysed for metal ion 
residual concentration using the atomic absorp-
tion spectrometer (Buck Scientific model: VGB 
210).  

The adsorption capacity was calculated using the 
mass balance equation (Eq. (1)) [25]. 
 

𝑞𝑒 =
(𝐶0−𝐶𝑒)𝑉

𝑚
      (1) 

where C0(mg/l) and Ce(mg/l) are the initial and 
final (equilibrium) concentrations, respectively, 
V (l) is the volume of the solution treated, and 
m (g) is the mass of the adsorbent.  
 

Furthermore, the percentage of heavy metal re-
moval was obtained using Eq. (2) [25]. 

 

% ℎ𝑒𝑎𝑣𝑦 𝑚𝑒𝑡𝑎𝑙 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (
𝐶0−𝐶𝑒

𝐶0
) × 100 (2) 

 

Design of Experiment with Response Surface 
Methodology (RSM). Design of experiment (DOE) 
is a well-accepted statistical technique that can 
design and optimise the experimental process. It 
involves choosing the optimal experimental de-
sign and estimating the effect of several variables 
independently and simultaneously interacting. 
Response surface methodology (RSM) is a statis-
tical method used for experimental modelling 
and analysing the relationship between the input 
and response variables [26, 27, 28]. This study 
selected three process variables, particle size, ini-
tial metal ion concentration and contact time, to 
study the effect on adsorption capacity and per-
centage removal. Adsorption experiments were 
performed at selected level factors: particle size 
ranges of 50–150 μm, contact time of 30–180 
minutes, and initial multi-metal concentration of 
10–50 mg/l, as shown in Table 2. 

Analysis of variance (ANOVA) was used to ana-
lyse regression coefficients, prediction equations, 
and case statistics. Diagnostics Plots and model 
graphs were obtained using Design Expert v.6.0.8 
(Trial) to examine the effects of variables indi-
vidually and their interactions to determine their 
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optimum level. The point prediction method was 
used to optimise the levels of each variable for 
maximum response. 

Table 2 – Factors Level Selected for Adsorption 
Experiment 

Factors Code Units Level 
Low High 

Particle Size A µm 50 150 
Initial Concentration B mg/l 10 50 
Contact Time C minutes 30 180 

 

RESULTS AND DISCUSSION 

Characterisation and Structural Formula of Modi-
fied Bentonite Clay. Oloyede et al. (2021) report-
ed the XRD, FTIR, SEM, and XRF of the modified 
Dijah-Monkin bentonite clay. The XRF data were 
used to calculate the structural formula for the 
natural bentonite clay using the method present-
ed by [24]. The calculation is presented in Ta-
ble 3.  

 

Table 3 – Calculation of Structural Formula for Modified Dijah-Monkin Bentonite Clay 
Compound Percent Molecular 

weight 
Cationic 
valency 

Gram equivalent 
of cationic 

constituents 

Cationic 
valence per 

unit cell 

Cations per 
unit cell 

 Charge 

SiO2 63.44 ÷ 60.04 × 4 = 4.227 ÷0.130 =32.48236 ÷4 8.1206 
-0.1206 
8.0000 

tetrahedral 
group 

 
- 0.1206 

Al2O3 19.05 ÷ 101.96 × 6 =1.121 ÷0.130 =8.6155 ÷3 (2.8718) 
2.9924 

octahedral 
group 

 
-0.8756 

TiO2 0.71 ÷ 79.9 × 4 =0.036 ÷0.130 =0.036 ÷4 0.0683 
Fe2O3 6.34 ÷ 159.7 × 6 =0.238 ÷0.130 =1.831 ÷3 0.6102 
MnO 0.2 ÷ 70.93 × 2 =0.0056 ÷0.130 =0.0433 ÷2 0.0217 

3.6926 
 

 
Composite 

layer charge 
-0.9961 

    Sum(-Si and Al) = 2.1471    
    Octahedral Al ×3  +8.9773 

 11.1244 
 -12.000 
 -0.8756  

 
 
(Octahedral 
charge) 

  

CaO 1.04 ÷ 56.08 × 2 =0.0371 ÷0.130 =0.2850 ÷2 0.1425 Interlayer 
cation charge 

 
 
+0.6124 

K2O 2.88 ÷ 94.20 × 2 =0.0611 ÷0.130  
 5.7252 
 5.7252÷44 = 
0.130 

=0.4699 ÷1 0.4699 
0.6124 

Notes: Structural formula (half-cell)- [(Al3+
1.49 Ti4+

0.03 Fe3+
0.31 Mn2+

0.01)-0.44 (Si4+
4.1 Al3+

0.06)-0.06 O10(OH)2]-0.50(Ca2+
0.07 K+

0.24)+0.3 

 
The structural formulas were in close agreement 
with the general molecular formula for the 
montmorillonite group, with silicon occupying all 
the tetrahedral sites. In contrast, aluminium oc-
cupied two-thirds of the octahedral sites. Potas-
sium (K) and calcium (Ca) are exchangeable, and 
superscript "iv" is used to indicate tetrahedrally 
coordinated ions, while superscript "vi" is for oc-
tahedrally coordinated ions [12]. The general 
molecular formula of the montmorillonite group 
is (Ca, Na, H)(Al, Mg, Fe, Zn)2 (Si, Al)4O10(OH)2-

xH2O.  

The structural formula of the modified clay re-
vealed the reduction of aluminium ions in the 
tetrahedral group. Furthermore, the exchangea-
ble interlayer cations, such as calcium and potas-
sium ions, also experienced a decrease, indicating 
more available sites for adsorption. The one-

layer structural formula for modified clay in this 
study is [(Al3+2.99 Ti4+0.07 Fe3+0.61 Mn2+0.02)-0.88 
(Si4+8.12 Al3+0.12)-0.12O20(OH)4]-1.00(Ca2+0.14 
K+0.47)+0.61 

Box-Behnken Design (BBD). Table 4 presents the 
results of the responses (adsorption capacities 
and removal percentages) under different condi-
tions (particle size, initial concentration, and con-
tact time) from the design matrix using BBD. 

The lead adsorption capacity (LAC) experimental 
result in Table 4 showed that the highest adsorp-
tion for lead removal was 49.98 mg/g at serial 
run 13. The lowest was 9.81 mg/g at serial run 
10, while the lead percentage removal (LPR) was 
highest at 100% at serial run four and lowest at 
98.07% at serial run 10. 
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The cadmium adsorption capacity (CAC) experi-
mental result showed that the highest adsorption 
for cadmium removal was 49.41 mg/g at serial 

run 16, and the lowest was 9.77 mg/g at serial 
run 7. 

 

Table 4 – Selected Factors and Responses for the Adsorption Experiment of Multi-Metal Solution 

Run 
Factors Responses 

Particle size, μm 
Initial 

Concentration, mg/l 
Time (minute) Adsorption Capacity, mg/g Percentage Removal, % 

 (A) (B) (C) Pb Cd Mn Pb Cd Mn 
1 100.00 30.00 105.00 29.87 29.69 29.88 99.57 98.97 99.61 
2 100.00 30.00 105.00 29.88 29.70 29.89 99.60 99.00 99.62 
3 100.00 30.00 105.00 29.92 29.74 29.98 99.74 99.13 99.93 
4 50.00 30.00 180.00 30.00 29.76 29.88 100.00 99.20 99.59 
5 150.00 50.00 105.00 49.92 49.38 49.96 99.84 98.76 99.93 
6 50.00 50.00 105.00 49.96 49.33 49.88 99.92 98.67 99.75 
7 100.00 10.00 30.00 9.92 9.77 9.87 99.23 97.70 98.70 
8 50.00 10.00 105.00 9.93 9.90 9.97 99.33 99.00 99.73 
9 50.00 30.00 30.00 29.96 29.72 29.88 99.87 99.07 99.58 
10 150.00 10.00 105.00 9.81 9.85 9.86 98.07 98.50 98.60 
11 150.00 30.00 180.00 29.91 29.70 29.92 99.69 99.00 99.73 
12 100.00 30.00 105.00 29.90 29.64 29.88 99.66 98.80 99.61 
13 100.00 50.00 30.00 49.98 49.18 49.87 99.96 98.36 99.75 
14 100.00 10.00 180.00 9.92 9.84 9.97 99.15 98.40 99.70 
15 150.00 30.00 30.00 29.88 29.61 29.92 99.61 98.70 99.74 
16 100.00 50.00 180.00 49.92 49.41 49.95 99.85 98.82 99.90 
17 100.00 30.00 105.00 29.93 29.71 29.96 99.77 99.03 99.87 

 
In contrast, the cadmium percentage removal 
(CPR) was highest 99.96% at serial run 13 and 
lowest 98.70% at serial run 10. The manganese 
adsorption capacity (MAC) experimental result 
showed that the highest adsorption for manga-
nese removal was 49.96 mg/g at serial run 5. The 
lowest was 9.86 mg/g at serial run 10, while the 
manganese percentage removal (MPR) was high-
est 99.93% at serial runs 3 and 5; and lowest 
98.60% at serial run 10. Many authors have also 
used CCD to analyse the adsorption data critical-
ly. Obtaining various values of responses at dif-
ferent levels of the factor combination in the de-
sign matrix indicated that the chosen 3-factor 
BBD adequately represented the adsorption sys-
tem. In a recent investigation, CCD findings were 
obtained for pH, adsorbent dose, and initial con-
centration, with the maximum experimental re-
moval of Cd2+ and Pb2+ being 98.90% and 
99.99%, respectively [29].  

Modelling and analysis of variance of adsorption 
capacity. To establish a mathematical relation-
ship between each of the responses and the fac-
tors, the Fit Summary of the Design Expert 6.0.8 
was used. The lead adsorption capacity ANOVA 
presented in Table 5 shows that the Model F–
value is 1697439.16, which implies the statistical 

significance of the model with chances of error as 
low as 0.01%.  

Also, based on a 95% confidence level, which 
gives an allowable error value to be equal to or 
less than 5%, the significant terms for the linear 
model developed are A and B. Values for the 
standard deviation (std.), mean, and correlation 
value (CV) were obtained to be 0.025, 29.92 and 
0.084 respectively. Another coefficient of deter-
mination (R2), adjusted R2, predicted R2 and ade-
quate precision were also obtained to be 1.000, 
1.000, 1.000 and 3293.114, respectively. The val-
ues of these parameters indicate the accuracy of 
the model. 

Similarly, ANOVA results showed that the model 
developed for cadmium adsorption capacity was 
statistically significant with an F-value of 
194975.95 and a p-value accounting for more 
than 99% confidence level. Moreover, these 
terms significantly affected the model because 
the p-values obtained for B, C, and B2 were far 
less than the allowable probability of error (5%). 
Values for the std., mean, and CV were obtained 
to be 0.042, 29.64 and 0.14, respectively. In addi-
tion, the R2, adjusted R2, predicted R2 and ade-
quate precision were also obtained to be 1.000, 
1.000, 1.000 and 1224.602, respectively. 
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Table 5 – Analysis of Variance for Adsorption Capacity  
 Lead Cadmium Manganese 

Source 
Sum of 
squares 

Mean 
square 

F 
value 

Prob> 
F 

Rmk 
Sum of 
squares 

Mean 
square 

F 
value 

Prob > 
F 

Rmk 
Sum of 
squares 

Mean 
square 

F-
value 

Prob > 
F 

Rmk 

Model 3204.47 1068.16 1.697 
E6 

< 
0.0001 

S 
3208.23 1069.40 

1.28 
E6 

< 
0.0001 

S 3199.50 1066.5 
5.339 
E5 

< 
0.0001 

S 

A 3.756E-3 3.75 E-3 5.97 0.0296 S 8.89 E-3 8.89E-3 10.63 0.0062 S 5.281 E-4 5.281 E-4 0.26 0.6158  

B 3204.47 3204.47 5.092 
E6 

< 
0.0001 

S 3208.21 3208.21 3.84 
E6 

< 
0.0001 

S 3199.5 3199.50 1.602 
E6 

< 
0.0001 

S 

C 6.42 E-4 6.42 E-4 1.02 0.3309  0.023 0.023 13.01 0.0087 S 3.72 E-3 3.72 E-3 1.86 0.1955  

A2      4.772 E-3 4.772 E-3 2.69 0.1453       

B2      0.055 0.055 30.07 0.0009 S      

C2      4.357 E-3 4.357 E-3 2.45 0.1614       

AB      2.336 E-3 2.336 E-3 1.13 0.2892       

AC      6.25 E-4 6.25 E-4 0.35 0.5718       

BC      6.400 E-3 6.400 E-3 3.60 0.0995       

Residual 8.18E-3 6.293 E-4    0.012 1.777 E-3    0.026 1. E-3    

Lack of 
Fit 

5.486E-3 6.095E-4 0.90 0.5889 NS 7.119 E-3 2.373 E-3 1.78 0.2893 NS 0.017 1.886 E-3 0.84 0.3730 NS 

Notes: *NS- Not Significant; *S- Significant; *Rmk – Remark. 

 

The manganese adsorption capacity ANOVA 
shows a suggested Model F-value of 533895.56, 
which implies a significant model. In this case, B 
is the only considerable model term. Values for 
the std., mean, and CV were obtained to be 0.045, 
29.91 and 0.15, respectively. Others were R2, ad-
justed R2, predicted R2, and adequate precision, 

which were also obtained as 1.000, 1.000, 1.000, 
and 1846.868, respectively. 

Table 6 summarises the model statistics of the 
adsorption capacity response with the suggested 
model.  

 

Table 6 – Model Summary Statistics of Adsorption Capacity 

Responses Source 
Standard 
deviation 

R2 Adjusted R2 Predicted R2 PRESS Comments 

Lead adsorption capacity Linear 0.032 1.0000 1.0000 1.0000 0.023 Suggested 
2FI 0.032 1.0000 1.0000 1.0000 0.036  
Quadratic 0.028 1.0000 1.0000 1.0000 0.048  
Cubic 0.026 1.0000 1.0000  + Aliased 

Cadmium adsorption capacity Linear 0.081 1.0000 1.0000 0.9999 0.16  
2FI 0.087 1.0000 1.0000 0.9999 0.31  
Quadratic 0.042 1.0000 1.0000 1.0000 0.12 Suggested 
Cubic 0.036 1.0000 1.0000  + Aliased 

Manganese adsorption 
capacity 

Linear 0.045 1.0000 1.0000 1.0000 0.046 Suggested 
2FI 0.040 1.0000 1.0000 1.0000 0.044  
Quadratic 0.046 1.0000 1.0000 1.0000 0.11  
Cubic 0.047 1.0000 1.0000  + Aliased 

 
Accordingly, Pb, Cd, and Mn adsorption capacity 
data were respectively fitted to linear, quadratic, 
and linear models. After that, the obtained mod-
els were analysed for variance. 

The final empirical model in terms of coded 
factors for LAC, CAC and MAC is given in Eqs. (3)–
(5) respectively. A positive sign in front of the 
terms indicates a synergistic effect, whereas a 
negative sign indicates an antagonistic effect. The 
quality of the model developed was evaluated 
based on the correlation coefficient value. The R2 
value for these equations is 1.0000. 

𝐿𝐴𝐶 = +29.91 − 0.033𝐴 + 20.03𝐵 − 0.008958𝐶   (3) 

 

(𝐶𝐴𝐶)2 = +29.70 − 0.022𝐴 + 19.74𝐵 + 0.054𝐶 + 0.0034𝐴2 −
0.11𝐵2 − 0.032𝐶2 + 0.024𝐴𝐵 + 0.012𝐴𝐶 + 0.040𝐵𝐶               (4) 

 

𝑀𝐴𝐶 = +29.91 − 0.008125𝐴 + 20.00𝐵 + 0.022𝐶   (5) 

Figures 1, 2 and 3 represent the standard proba-
bility plot of the studentised form of residuals, 
which indicates whether the residuals follow a 
normal distribution, in which case the points will 
follow a straight line. In this study, the residues 
for LAC, CAC and MAC have a normal distribution 
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because the points follow the straight line with 
minimal variation from its direction. In this way, 
the proposed model's adequacy for observed da-
ta sets was confirmed.  

The 3D view of the models was presented in Fig-
ures 4, 5, and 6 for LAC, CAC, and MAC, respec-
tively, representing the linear interaction be-

tween the factors: initial concentration and parti-
cle size at a constant time of 105 minutes. The 
model graphs depict that the LAC, CAC and MAC 
increase in the initial concentration and larger 
particle size resulted in a higher adsorption ca-
pacity.

 

 

Notes: *LAC - Lead adsorption capacity, *CAC - Cadmium adsorption capacity, *MAC - Manganese adsorption 
capacity 

 

Modelling and analysis of variance for percentage 
removal. The lead percentage removal ANOVA 
presented in Table 7 shows that the Model F-
value was 27.18 for lead, which implied the mod-
el was significant with 0.01 % probability of er-
ror. A, B, B2, C2 and AB were the only considera-
ble model terms in this model. Values for the std, 
mean, and CV were obtained as 0.081, 99.60 and 
0.082, respectively. The R2, adjusted R2, predicted 
R2 and adequate precision were obtained as 
0.9722, 0.9364, 0.8145 and 19.324, respectively. 

The cadmium percentage removal ANOVA sug-
gested a Model F–value of 5.07, which implies a 
significant model. In this case, C and B2 are the 
only considerable model terms. Values for the 
std., mean, and CV were obtained to be 0.21, 
98.77 and 0.21, respectively. The R2, adjusted R2, 
predicted R2 and adequate precision were ob-
tained as 0.8669, 0.6958, 0.7438 and 1224.602, 
respectively. 

 

Table 7 – Analysis of Variance for Percentage Removal 
Source Lead Cadmium Manganese 

Sum of 
squares 

Mean 
square 

F 
value 

Prob> F Rmk Sum of 
squares 

Mean 
square 

F 
value 

Prob> 
F 

Rmk Sum of 
squares 

Mean 
square 

F 
value 

Prob> 
F 

Rmk 

Model 1.62 1.62 27.18 <0.0001 S 1.92 0.21 5.07 0.0219 S 1.66 0.28 4.37 0.0201 S 
A 0.11 0.11 16.34 0.0049 S 0.12 0.12 2.81 0.1373  0.054 0.054 0.84 0.3800  
B 1.15 1.15 173.4 < 

0.0001 
S 0.13 0.13 3.01 0.1263  0.84 0.84 13.19 0.0046 S 

C 5.81E-3 5.808E-
3 

0.88 0.3801  0.32 0.32 7.54 0.0287 S 0.16 0.16 2.57 0.1399  

A2 3.89E-3 3.888E-
3 

0.59 0.4684  0.18 0.18 4.34 0.0757       

B2 0.20 0.20 29.97 0.0009 S 0.90 0.90 21.48 0.0024 S      
C2 0.041 0.041 6.21 0.0415 S 0.17 0.17 4.14 0.0814       
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Source Lead Cadmium Manganese 
Sum of 
squares 

Mean 
square 

F 
value 

Prob> F Rmk Sum of 
squares 

Mean 
square 

F 
value 

Prob> 
F 

Rmk Sum of 
squares 

Mean 
square 

F 
value 

Prob> 
F 

Rmk 

AB 0.11 0.11 17.13 0.0044 S 0.088 0.088 2.09 0.1914  0.43 0.43 6.72 0.0268 S 
AC 7.61E-3 7.61E-3 1.15 0.3192  6.94E-3 6.94E-3 0.17 0.6967  6.94E-5 6.94E-5 1.1E-

3 
0.9743  

BC 2.25E-4 2.25E-4 0.034 0.8589  0.014 0.014 0.34 0.5769  0.18 0.18 2.86 0.1219  
Residual 0.046 6.62E-3    0.29 0.042    0.63 0.063    
Lack of 
Fit 

0.016 5.46E-3 0.73 0.5857 NS 0.24 0.078 5.31 0.0702 NS 0.53 0.089 3.57 0.1193 NS 

 

The manganese percentage removal ANOVA re-
vealed a suggested Model F value of 4.37, which 
implies a significant model. In this case, B and AB 
are the only considerable model terms. The val-
ues for the std., mean, and CV were obtained to 
be 0.25, 99.61, and 0.25, respectively. The R2, ad-
justed R2, predicted R2, and adequate precision 

were obtained as 0.7237, 0.5579, 0.1195, and 
8.044, respectively. 

Table 8 summarises the model statistics of re-
sponses with the suggested model. R2 reflects the 
experiment's efficiency, while the adjusted and 
predicted R2 are design expert software values.  

 

Table 8 –Model Summary Statistics of Lead Percentage Removal 

Responses Source 
Standard 
deviation 

R2 
Adjusted 

R2 
Predicted 

R2 
PRESS Comments 

Lead percentage removal Linear 0.18 0.7575 0.7015 0.5239 0.79  
2FI 0.17 0.8303 0.7284 0.2588 1.23  
Quadratic 0.081 0.9722 0.9364 0.8145 0.31 Suggested 
Cubic 0.087 0.9820 0.9281  + Aliased 

Cadmium percentage 
removal 

Linear 0.36 0.2541 0.0820 -0.4343 3.17  
2FI 0.39 0.3035 -0.1144 -2.0502 6.75  
Quadratic 0.21 0.8669 0.6958 -0.7438 3.86 Suggested 
Cubic 0.12 0.9733 0.8932  + Aliased 

Manganese percentage 
removal 

Linear 0.31 0.4589 0.3340 -0.0604 2.44  
2FI 0.25 0.7237 0.5579 -0.1195 2.57 Suggested 
Quadratic 0.26 0.7963 0.5344 -1.6311 6.04  
Cubic 0.16 0.9565 0.8260  + Aliased 

 

The standard deviation reflects the degree of de-
viation of the experimental from the actual value. 
The software suggested the quadratic model for 
LPR and CPR, while a two-factor interaction was 
suggested for MPR. The heavy metals percentage 
removal data were modelled based on the Fit 
Summary suggestions. Subsequently, analyses of 
variance for each of the models were carried out. 

The final empirical model in terms of coded 
factors for LPR, CPR, and MPR is given in 
Eqs. (6)–(8), respectively.  

 
(𝐿𝑃𝑅)⬚ = +99.67 − 0.12𝐴 + 0.38𝐵 − 0.027𝐶 − 0.030𝐴2 − 0.22𝐵2 +

0.099𝐶2 + 0.17𝐴𝐵 + 0.044𝐴𝐶 + 0.0075𝐵𝐶   (6) 

 

(𝐶𝑃𝑅)⬚ = +98.99 − 0.12𝐴 + 0.13𝐵 + 0.20𝐶 + 0.21𝐴2 − 0.46𝐵2 −

0.20𝐶2 + 0.15𝐴𝐵 + 0.042𝐴𝐶 − 0.060𝐵𝐶    (7) 

 

𝑀𝑃𝑅 = +99.61 − 0.082𝐴 + 0.32𝐵 + 0.14𝐶 + 0.33𝐴𝐵 − 0.004167𝐴𝐶 −

0.21𝐵𝐶       (8) 

Figures 7, 8 and 9 represent the standard proba-
bility plot of the studentised form of residuals, 
which indicates whether the residuals follow a 
normal distribution, in which case the points will 
follow a straight line. In this study, the residues 
for LPR, CPR, and MPR have a normal distribu-
tion because the points follow a straight line with 
minimal variation in their direction. In this way, 
the proposed model's adequacy for observed da-
ta sets was confirmed.  

Furthermore, the 3D view for the LPR depicts the 
relationship between initial concentration and 
particle size at a constant time of 105 minutes, 
shown in Figure 10. The model graph for the LPR 
shows that the increase in the initial concentra-
tion resulted in a higher percentage removal, 
while a higher particle size also increases the 
percentage removal. A slight increase in the per-
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centage removal was observed, with the percent-
age removal approaching equilibrium as the con-
centration increased. In contrast, the increase in 
the particle size linearly enhanced the percent-
age removal. 

The 3D view for the CPR, presented in Figure 11, 
shows that the percentage removal increased at 
lower concentrations and sharply declined as the 
concentration increased. Furthermore, the per-

centage removal reduced at shallow particle size 
and later increased as the particle size crossed 
100 µm. 

However, the 3D view of the model graph for the 
MPR, presented in Figure 12, shows that an in-
crease in the initial concentration of manganese 
results in a higher percentage removal and in-
creases steadily with an increase in the particle 
size. 

 

 

Notes: *LAC - Lead adsorption capacity, *CAC - Cadmium adsorption capacity, *MAC - Manganese adsorption capacity 

 

Summary of Optimised Adsorption Capacity and 
Percentage Removal.  The numerical optimisation 
method involved setting goals for each response 
to generate the optimal conditions. The optimisa-
tion goal was to maximise the adsorption capaci-
ties and percentage removal of the adsorbates, 
while the ranges of the factors were set as pre-
sented in Table 3. Table 9 shows the optimal ad-
sorption limits for the adsorption capacity and 
percentage removal of the metals in the solution, 
while Table 10 shows the optimum condition 
suggested by the software. 

Validation of the optimum condition. Adsorption 
experiments were carried out at the following 
optimum conditions (particle size 150 µm; initial 
concentration 50 mg/l and contact time 171 

minutes) to validate the predicted optimisation 
results. The responses and their residuals are 
presented in Table 11. 

 

Table 9 – Optimised RSM Values 
No Name Goal Lower limit Upper limit 

1 LAC maximise 9.87 49.98 
2 MAC maximise 9.86 49.9633 
3 CAC maximise 9.77 49.41 
4 LPR maximise 98.7 99.96 
5 MPR maximise 98.6 99.9333 
6 CPR maximise 97.7 99.2 
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Table 10 – Optimal Point and Predictions 
Particle 

Size 
(µm) 

Initial 
Concentration 

(mg/l) 

Time 
(min) 

LAC 
(mg/l) 

MAC 
(mg/l) 

CAC 
(mg/l) 

LPR 
(%) 

MPR 
(%) 

CPR 
(%) 

Desirability 

150.00 50.00 170.7 49.90 49.94 49.43 99.93 100 98.89 0.958 
150.00 49.98 169.4 49.88 49.92 49.41 99.93 100 98.89 0.958 
150.00 50.00 162.5 49.90 49.94 49.42 99.91 100 98.90 0.958 
150.00 50.00 157.8 49.90 49.93 49.42 99.90 100 98.91 0.957 

 

This result implies that the variation of the soft-
ware-predicted values at the optimum point is 
minimal, which ascertains the accuracy of the 
results obtained from the optimisation. 

 

Table 11 – Residuals of Validation of the Optimum 
Condition  
№ Responses Optimum 

value 
Validation 

value 
Residuals 

1 LAC 49.90 49.832 0.0683 
2 MAC 49.94 49.97 -0.0318 
3 CAC 49.43 49.98 -0.5507 
4 LPR 99.93 99.664 0.2689 
5 MPR 100 99.94 0.0600 
6 CPR 98.89 99.96 -1.0734 

 

Comparison of optimal operating conditions. The 
suggested optimal values for lead, cadmium and 
manganese were almost similar to those pro-
posed in other reported studies. Despite this, the 
values obtained differed, which shows that con-
ditions were specific for each system according 
to the adsorbent characteristics, adsorbate type, 
and operating factors. A study conducted by [20] 
on the adsorption capacity of bentonite-kaolin-
zeolite pellet in a multi-metal solution revealed 
99.84% and 61.93% removal for lead and cad-
mium, respectively, which confirms the preferen-
tial removal of lead over cadmium. Another study 
on the adsorption capacity of zeolite by [30] re-
vealed a 95.08% and 80.77% removal for lead 
and cadmium, respectively, while a study on the 
adsorption capacity of kaolin conducted by [31] 
for a multi-metal solution revealed a slightly dif-
ferent trend with 99.2% cadmium removal and 
96.3% lead removal. The result of this study, 
however, agrees with the superior uptake of lead 
over cadmium in a multi-metal system. However, 
manganese experienced a higher uptake com-
pared to both lead and cadmium, although the 
cation size indicated by the ionic radii increases 
from lead to manganese, i.e. 0.401, 0.426, 0.438 
nm for Pb (II), Cd (II) and Mn (II) respectively 
[32] indicating that the smaller the cations, the 

faster their adsorption and the quantity adsorbed 
because they passed through the pores and 
channels within the bentonite structure with 
ease [33]. This deviation is probably due to the 
variation in operating factor time. Lead uptake is 
spontaneous and attains equilibrium early 
(about 30 mins). Still, though not sporadic, man-
ganese uptake continues as the contact time in-
creases, accounting for more uptake at 170 mins 
optimal time. 

 

CONCLUSIONS 

This research focuses on the optimisation of pro-
cess parameters such as clay particle size (50–
150 µm), metal ions initial concentration (10–
50 mg/l) and contact time (30–180 minutes) for 
the maximum multi-metal adsorption capacity 
and percentage removal. The results of statistical 
analysis of the adsorption experiments carried 
out according to the Box-Behnken design showed 
that only the particle size and initial concentra-
tion had significant individual effects on the re-
sponses. However, the impact of contact time 
was substantial for cadmium removal, suggesting 
that the adsorption of cadmium ion on the ad-
sorbent increases with increased contact time; 
this is due to high cadmium cation hydration en-
ergy of -1807 kJ/mol-1 compared to lead and 
manganese with -1481 kJmol-1, -1760 kJmol-1 re-
spectively. Furthermore, the model equations for 
the responses were developed, and the optimum 
adsorption condition for the multi-metal adsorp-
tion that maximised the adsorption capacity and 
the percentage removal was obtained to be 150 
µm particle size, 50 mg/l initial concentration 
over 171 minutes. 
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