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Abstract
The removal of Lead  (Pb2+) ions from waste water in the aquatic environment by copper oxide–kaolinite composite forms an 
important step involved in the reduction of Lead ions in the environment. The study investigated the synthesis, characteriza-
tion, and application of copper oxide–kaolinite composite in the removal of Lead ions from aqueous systems. The synthesis 
of the composite involved a trimetric process to produce the copper oxide (CuO)–kaolinite composite. The characterization 
involved the determination of cation exchange capacity, specific surface area, and spectral analysis by sodium saturation 
method, nitrogen gas adsorption techniques, and scanning electron spectroscopy, respectively. The determination of param-
eters affecting the reaction mechanism and reaction kinetics involved the use of batch mode techniques. The findings indicated 
a reaction mechanism that was less than one proton coefficient, higher mass transfer rates when compared with uncoated 
kaolinite. Here, the intraparticle diffusion was higher than the value for the uncoated kaolinite. The reactions based on  Pb2+ 
initial concentration indicated that the coated kaolinite gradually became saturated as the concentration was increased. The 
reactions based on solid concentration (Cp) demonstrated a complex change in the capacity of adsorption over different  Pb2+ 
concentrations (10–40 mgL−1) and solid concentrations (2–10 gL−1). Here, the reduction in specific surface area, particle size 
increase, mineral aggregation, and concentration gradient effect controlled the complex changes in adsorption. In conclusion, 
the copper oxide–kaolinite composite significantly enhanced the adsorption of  Pb2+ ions.
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Introduction

The removal of Lead  (Pb2+) ions from waste water in the 
aquatic environment by copper oxide–kaolinite composite 
forms an important step involved in the reduction of Lead 
ions in the environment. Therefore, the use of modified 
mineral absorbents has gained considerable interest. Previ-
ously, the major source of  Pb2+ was from pigments found 
in Lead paints. Recently, the hydrometallurgical leaching 
of Cu–Pb–Zn ore to recover Cu and Zn metals releases 
metal load including  Pb2+ ions into the environment (Tka-
cova et al. 1993; Tipre and Dave 2004). These slurries and 
effluents constitute an emerging source of  Pb2+ ions into the 
aquatic environment and groundwater in particular. The con-
tamination of groundwater by these slurries is through infil-
tration into shallow wells (Kuncoro et al. 2018; Zhang et al. 
2018). These slurries and effluents containing  Pb2+ ions are 
toxic to humans and the ecosystem and have attracted scien-
tific interest (Arancibia-Miranda et al. 2016; Eric et al. 2010; 
Stephan et al. 2010; Dastoora and Larocpue 2004). This is 
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due to the fact that the hydrometallurgical wastes are laden 
with metal ions, and the pH is usually less than 5.

As a remedial measure, these wastes are stored in sealed 
plastic tanks under reducing condition. This process stimu-
lates the lowering of the concentration of metals and met-
alloid in the slurries and leaching mud before discharge 
into the aquatic environment (Plescia and Maccari 1996; 
Tavares et al. 2017). This remedial process is dependent on 
the oxidation–reduction state of these metallurgical wastes 
and has substantial effect on the leaching of elements. How-
ever, under reducing condition the leaching metals will be 
negligible (van der Sloot 1991; Romero and Rincón 1999; 
Jha et al. 2001). Therefore, there is need to simulate in the 
laboratory the removal of  Pb2+ ions from hydrometallurgical 
contained-slurries by using copper oxide–kaolinite compos-
ite as adsorbent.

Several methods and diverse treatment techniques have 
been used in the reduction in heavy metal in contaminated 
water (Elouear et al. 2008; Jiang et al. 2015; Ravichandran 
2004; Taraba and Bulavová 2018; Olivaa et al. 2011; Chen 
et al. 2016, 2017, 2018; Wang et al. 2018; Uddin 2017; Cat-
aldo et al. 2013; Strange and Onwulata 2002; Eze et al. 2013; 
Bouabidi et al. 2018; Maity and Ray 2018). However, some 
of these techniques have limited usage and the elucidations 
of reaction mechanisms require further attention. Conse-
quently, innovative water purification technologies have 
been set and applied to remove heavy metals from water. 
These techniques included ion exchange (Fu and Wang 
2011), membrane filtration (Blocher et al. 2003), coagula-
tion–flocculation–sedimentation (Rivas et al. 2004), and 
adsorption (Husein 2013; Uddin 2017; Zaki et al. 2017). The 
coagulation–flocculation–sedimentation method is widely 
used owing to its simplicity and low cost (Rivas et al. 2004; 
Ndabigengesere and Narasiah 2010). However, this method 
will generate a large volume of sludge with low density 
that requires further dewatering and disposal (Haydar and 
Aziz 2009). The technology using membrane provides high 
efficiency. However, this technology has some setbacks, 
inclusive difficulty in maintenance. The drawback of ion 
exchange is the interfering of competing ions and renewal 
(Haydar and Aziz 2009; Hom et al. 1982).

Different from these methods, adsorption is a safe method 
with high effectiveness and low cost (Qiu et al. 2009; Rwiza 
et al. 2018; Seema et al. 2018; Amiri et al. 2018). This tech-
nique can eliminate pollutants effectively without production 
of harmful by-products (He et al. 2017). Saleh et al. (2017a), 
(b) have reported the use of activated carbon and polyzwit-
terionic resin to remove Lead ions from aqueous solution. 
Therefore, the technology of adsorption remains significant 
due to its efficacy and simplicity (Crini 2005). One of such 
emerging methods is the use of copper oxide–kaolinite com-
posite to enhance adsorption. Drivable remediation of Lead-
contaminated water using copper oxide–kaolinite composite 

requires comprehension of the reaction mechanism and 
application of appropriate kinetic models to support reac-
tion pattern (Dzombak and Morel 1990; Lopez-Munoz et al. 
2011; Chiew et al. 2016).

In adsorption, several factors are known to control the 
reaction mechanism and reaction kinetics of Lead removal 
from the environment. These factors include metal spe-
ciation, metal mobility, sizes of adsorbent, adsorbent sur-
face charge, adsorbent surface area, and chemistry of pro-
ton–metal ratio (Arancibia-Miranda et al. 2016). The contact 
time and pH are regulating factors in the hydrolysis of Lead 
ions and species solubility (Zhengn et al. 2018; Maruthu-
pandy et al. 2017; Kuncoro et al. 2018). These parameters 
enhance the reorganization of reactive sites (Wang et al. 
2018). The particle concentration, particle sizes, and chemis-
try of the adsorbent control the diminution of Lead removal 
from the aquatic environment (Akpomie et al. 2015). A 
kaolinite coated with aluminum on its surfaces is known 
to reduce adsorption (Keren 1986; Karickhoff and Bailey 
1973). Outer-sphere complexation is linked to increase Lead 
removal as adsorbent particle concentration was increased. 
However, the increase in particle size and particle concentra-
tion does not necessarily result in an increase in  Pb2+ uptake 
all the time (Eze et al. 2013). The quantitative decrease in 
adsorption and vice versa is dictated by the increase in metal 
concentration (Akpomie et al. 2015; Hua et al. 2012). The 
four successive steps have been identified as pathway for a 
solid solution system undergoing adsorption. These include: 
external mass transfer, intraparticle diffusion, protonation, 
and adsorption of molecules of sorbate (Uddin 2017; Shen 
et al. 2017, 2018). The fast process of intraparticle diffusion 
and slow process of outer-sphere complexation are compo-
nents of the reaction mechanism involved in Lead uptake 
in aqueous solution (Bonnet et al. 2017; Dhal et al. 2013; 
Khodadadi et al. 2017). In addition, Lead removal from the 
aquatic environment is controlled by solution concentration 
and exchange of ions (Egirani and Wessey 2015a; Wang 
et al. 2016).

The use of untreated kaolinite in Lead removal formed 
the focus of the previous studies (Egirani and Wessey 2015a, 
b). An untreated kaolinite possesses the capacity to adsorb 
heavy metals. This comes from cation exchange and inner-
sphere complexes formation via the aluminol and silanol 
sites (Allahdin et al. 2017, Akpomie et al. 2015). Recent 
studies reported the use of CuO coating supported by kao-
linite to treat Lead ions in aqueous solution (Egirani et al. 
2017a, b). Here, the authors have used the same experimen-
tal conditions to investigate the effect of CuO–kaolinite com-
posite in the removal of Lead ions in aqueous media. This 
was in relation to pH, contact time, Lead initial concentra-
tion, and prolonged contact time. The experiments were con-
ducted using batch mode-related techniques under reducing 
condition. The synthesis of the adsorbent, characterization 
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of the adsorbent, and the testing of copper oxide-coated kao-
linite to remove Lead ions have been discussed.

Materials and experimental methods

Adsorbent characterization

In this paper, Richard Baker Harrison Kaolinite obtained 
from Richard Baker Harrison Company in the UK is denoted 
as RBH kaolinite. Suspension pH of RBH kaolinite and pH 
of solutions were determined using the Model 3340 Jen-
way ion meter. The cation exchange capacity (CEC) was 
evaluated by Na saturation method. Standard volumetric 
Brunauer, Emmett, and Teller (BET) method was used to 
determine the specific surface area of the RBH kaolinite 
(Brunauer et al. 1938). This was done by measuring the 
adsorption of  N2 gas on the mineral surface at the boiling 
point of liquid nitrogen (Lowell and Shields 1991). The 
spectral analysis was done using a JEOL JSM 5900 LV 
Scanning Electron Microscopy (SEM) with Oxford INCA 
Energy Dispersive Spectroscopy (EDS) (Karickhoff and Bai-
ley 1973; Janaki et al. 2014). The adsorbent samples were 
viewed, and images of secondary electron were acquired at 
low vacuum control pressure. A standard laboratory pro-
cedure was used to determine the point of zero salt effect 
(PZSE) of the RBH kaolinite. This procedure was carried 
out using potentiometric titration that was conducted after 
equilibration of 1% (by mass) of RBH kaolinite suspensions 
(Alves and Lavorenti 2005; Bolan et al. 1986). A 1:1 elec-
trolyte solution was initially adjusted to pH ranges near the 
PZSE and used as reference.

Synthesis of copper oxide–RBH kaolinite composite

The procedure was as previously reported (Eren 2009; 
Phiwdang et al. 2013; Egirani et al. 2017a, b). About 20 g 
of RBH kaolinite was mixed with 100 mL 1 M Cu(NO3)2 
solution and 180 mL of 2 M NaOH solution. These were 
freshly prepared, and the reaction mixture was maintained at 
90 °C for 48 h. The RBH kaolinite activated with the NaOH 
solution was dispersed into 150 mL of 0.10 M Cu(NO3)2 
solution. 0.10 M NaOH aqueous solution of three hundred 
microliters was titrated at the rate of 1 mL/h. Carbonate salt 
formation was minimized, by titrating under nitrogen flow 
condition (Maruthupandy et al. 2017). To free the content 
from  NO3

− ions, precipitate centrifugation and washing were 
carried out. Copper oxide-coated kaolinite solid was formed 
after heating the content for 4 h in air at 700 K. Adsorbent 
was verified from the X-ray diffraction (XRD) patterns of 
the product.

Batch mode adsorption experiments

This stock solution contains 100.0 mg/L Pb. 10 mL, 15 mL, 
20 mL, and 40 mL of the stock solution were dispensed 
directly into a 100.0-mL volumetric flask to prepare the 
10 mg/L, 15 mg/L, 20 mg/L, and 40 mg/L standards. These 
standards were treated with 2 g/L, 4 g/L, 6 g/L, 8 g/L, and 
10 g/L of the copper oxide–montmorillonite composites 
made onto 50 mL. A 0.2-µm pore size cellulose acetate fil-
ter was used on the supernatant and content analyzed for 
 Pb2+ ions left in solution, using a Hitachi Atomic Absorp-
tion Spectrophotometer (HG-AAS). The  Pb2+ solutions 
(10–40 mgL−1) were reacted with 1% each of RBH copper 
oxide-coated kaolinite suspension. To determine the effect 
of metal initial concentration, the suspension was made unto 
50 mL and subsequently equilibrated for 24 h at pH = 4–8. 
Here, only results at pH = 4 have been reported for mimick-
ing the scenario in hydrometallurgical contained-waste in 
reducing condition. A range of solid concentrations of cop-
per oxide-coated kaolinite (2 gL−1, − 10 gL−1) made unto 
50 mL were reacted with solutions containing Pb(II) ions 
(10–40 mgL−1) and equilibrated for 24 h at pH = 4–8. This 
was used to investigate particle concentration effect (Cp). 
Lead concentrations (10–40 mgL−1) were reacted with 1% 
RBH copper oxide-coated kaolinite at pH = 4 to 8. The sus-
pensions were made unto 50 mL and aged from 24 to 720 h. 
These were equilibrated for 24 h at pH = 4–8, and the content 
was securely sealed and kept in the dark to avoid oxida-
tion and leaching of CuO–kaolinite interface (Pirveysian 
and Ghiaci 2018). This was used to investigate the effect 
of aging. All experiments in triplicates were conducted at 
ambient temperature in reducing condition. Kinetic experi-
ments were carried out, to deduce the reaction mechanisms 
involved in Lead removal using several kinetic models. The 
proton coefficient otherwise known as the proton exchange 
isotherm was derived from change of pH versus Log Kd plot. 
This was based on Freundlich isotherm (Egirani and Wessey 
2015b; Wang et al. 2016) as given by Eqs. (1, 2):

Here, SOH equals the mineral surface binding site, 
 SO− equals the soluble arsenite species,  logKp equals the 
apparent equilibrium binding constant, and α equals the coef-
ficient of protonation. This represents the number of protons 
displaced when one mole of metal binds to the mineral surface 
(Egirani and Wessey 2015a; Contescu et al. 1993; Arshadi 
et al. 2014). The plot of logKd versus pH provided the slope as 
the proton coefficient. To determine this coefficient, 1% RBH 
copper oxide-coated kaolinite suspension was regulated to 
required pH. This was made unto 50 mL and reacted with Lead 

(1)∝ SOH ↔ SO−+ ∝ H+ …

(2)LogKd = Log(Kp{SOH}�) + αpH
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ion solution of 10 mgL−1. Secondly, the mass transfer rate and 
intraparticle diffusion were derived from Eqs. (3, 4, 5):

Here, Co equals the initial Lead concentration  (mgL−1) 
at time t = 0; Ct equals the concentration  (mgL−1) at time t; 
V equals the total copper oxide-coated kaolinite suspension 
volume; and m is the weight of the sorbent (g) (Egirani and 
Wessey 2015a; Uddin 2017). The kinetics of adsorbate to the 
mineral surface binding sites was controlled by the mass trans-
fer constant Kf. Here, Ct/C0 versus time provided the slopes of 
the curves derived from Eq. (4) (Hua et al. 2012; Egirani and 
Wessey 2015a):

Here, Ct and C0 denote the initial concentrations of  Pb2+ 
at time t, Ss equals the exposed specific surface area of the 
adsorbent, and Kf denotes the coefficient of mass transfer 
(Sharifpour et al. 2018). These models as reviewed by Qiu 
et al. (2009) and derived from the Freundlich isotherm were 
adopted to describe sorption of  Pb2+ ions. These models were 
considered appropriate for heterogeneous surfaces over a wide 
range of solute concentrations (Uddin 2017; Liu et al. 2018). 
To investigate the action of intraparticle diffusion on  Pb2+ 
adsorption, the Weber–Morris model was used (Feng et al. 
2004; Tavares et al. 2017; Uddin 2017) as given in Eq. (5):

Here, Ki equals the intraparticle diffusion constant 
(mg/g min) and the intercept (C) represents the effect of the 
layer boundary. Ki value is derived from slope (Ki) of the plots 
of Qt versus t0.5. A linear plot of Qt versus t0.5 indicates that 
diffusion of intraparticle was involved in the process of adsorp-
tion. The rate-controlling step was regulated by intraparticle 
diffusion, if these lines pass through the origin. Otherwise, 
this is indicative of some degree of boundary layer control 
(Nguyen et al. 2015; Taghipour et al. 2018).

The equilibrium adsorption capacity (q−1
e mgg) and adsorption 

percentage (%) were calculated from Eqs. (6, 7):

where C0 and Ce  (mgg−1) are the final equilibrium concen-
trations of  Pb2+ ions in solution, V(mL) is the volume of 
solution, and m(mg) is the adsorbent mass.

(3)Qt(mgg−1) = [Co − Ct]
V∕m

(4)

⎡
⎢⎢⎢⎣

d
�
Ct
�
C0

�

dt

⎤
⎥⎥⎥⎦t=0

≅ −Kf Ss

(5)Qt = Kit
0.5 + C

(6)Qe(mgg−1) = [C0 − Ce]
V∕m

(7)Adsorption efficiency =

(
C0 − Ce

C0

)
× 100

For these reaction mechanisms, 1% copper oxide-coated 
kaolinite was reacted with 10 mgL−1  Pb2+ ion solution. The 
content was made unto 50 mL and regulated to a range of 
pHs (pH = 4–8). The amount of  Pb2+ ions remaining in solu-
tion was determined after 2nd h, 4th h, 6th h, 8th h, 12th h, 
18th h, and 24th h. These experiments were conducted in 
triplicates at ambient temperature. A 0.2-µm pore size cel-
lulose acetate filter was used on the supernatant, and content 
was analyzed for  Pb2+ ions, using a Hitachi Atomic Absorp-
tion Spectrophotometer (HG-AAS).

Results

In this study, the RBH kaolinite contained  SiO2, 47 (%), 
 Al2O3 18 (%), with moisture content 1.5 (%), specific grav-
ity 2.6, water-soluble salt 0.20 (%), CEC 170.00 (mmols/g), 
colloid 3.00 (%), particle size range 0.600–20.01 (µm), 
pH = 6.05, specific surface area 47.01  (m2/g), 56.00 and 
7.00 point of zero salt effect. The adsorbent involved in this 
study has been characterized and is summarized in Table 1 
and Figs. 1, 2, 3, 4). The X-ray diffraction spectrum indi-
cated kaolinite as the key constituent. The EDS spectrum 
and SEM morphology indicated the presence of kaolinite 
and copper oxide. The point zero charges pHpzc (i.e., point 
of zero salt effect) and the specific surface area are charac-
teristics of the mineral surface. At the pHpzc, the negative 
charges on the mineral surface equal the positive charges. 
Therefore, this determines the positive and negative charges 
divide the mineral surface. These table and figures confirm 
kaolinite as the key mineral and copper oxide–kaolinite 
composite as the synthetic product.    

The proton coefficient (α) was based on a theoretical 
framework given by Eqs. (1, 2), predicted and derived from 
the plot (Fig. 5) and Table 2. The value was 0.02, < 1. The 
intraparticle diffusion was based on a theoretical framework 

Table 1  Summary of adsorbent (kaolinite) characterization (Egirani 
et al. 2017a)

Components of characterization Values

SiO2 (%) 47.00 ± 0.03
Al2O3 (%) 38.00 ± 0.05
Moisture content (%) 1.50 ± .01
Specific gravity 2.60 ± 0.04
Water-soluble salt (%) 0.20 ± 0.05
CEC (mmols/g) 170.00 ± .01
% (< 1000 nm) colloid 3.00 ± 05
Particle size range (μm) 0.60–20.01 ± 0.05
pH ± σ 6.05 ± 0.05
Surface area (SSA ± σ)  (m2/g) 47.01 ± 0.024
Point of zero salt effect (PZSE) 7.00 ± 0.01
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given by Eq. (5), predicted and derived from the plot (Fig. 6) 
and Table 3. The intraparticle diffusion constant derived 
from the slope was 13.346 (mgg−1) min0.5, and the intercept 
C was 448.64, ≠ 0. This plot consisted of two linear parts, 
with the first part representing the external mass transfer. 
The S-curve adsorption pattern plateaued after 720th min-
ute. The second part of this plot represented the intraparticle 
diffusion.   

The mass transfer rate predicted from Eqs. (3, 4) and 
derived from Fig. 1 (in Supplementary material) is given 
(Table 1 in Supplementary material). Also, this consisted 
of two linear parts, with the first part higher than the sec-
ond. The second linear part started after the 15th h. Fig-
ure 2 (in Supplementary material) consists of three lin-
ear parts. There was a decrease in capacity of adsorption 
as  Pb2+ initial concentration was increased. Adsorption 
capacity decreased from 3286 to 596.1895 mgg−1, over 
the range of  Pb2+ concentrations investigated. The maxi-
mum adsorption capacity occurred at 10 mgL−1. Figure 3 
(in Supplementary material) consists of three linear parts 
occurring in a complex pattern. With 40 mgL−1 initial 
metal concentration, there was a decrease in capacity of 
adsorption as particle concentration was increased unto 

Fig. 1  a X-ray diffraction of kaolinite (Egirani et al. 2017a), b X-ray 
diffraction of synthetic copper oxide–kaolinite showing peaks

Fig. 2  a EDS for kaolinite showing element peaks (Egirani et  al. 
2017a), b SEM for CuO–kaolinite composite showing particle sizes 
(Egirani et al. 2017a), c EDS for CuO–kaolinite composite showing 
element peaks
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8 gL−1; thereafter, it decreases as solid concentration was 
increased unto 10 gL−1. The highest adsorption capacity 
was at 40 gL−1. Adsorption capacity at 10 mgL−1 was the 
lowest over the range of initial metal concentrations inves-
tigated (10–40 mgL−1). The prolonged contact time (i.e., 
aging) increased with an increase in adsorption capacity. 
This adsorption plot consisted of one linear part, and the 
capacity of adsorption increased from 902 to 932 mgL−1 
(Fig. 4 in Supplementary material). The rate of removal of 
 Pb2+ ions increased from 570 to 870 mgg−1 over the range 
of residence times investigated. The adsorption capacity 
generally increased with the increase in pH. The adsorp-
tion efficiency increased from 84 to 86% over the range 
of pHs investigated (Fig. 5 in Supplementary material).

Fig. 3  Particle size distribution of kaolinite

5.0 5.5 6.0 6.5 7.0 7.5 8.0 8.5 9.0

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

N
et

 s
ur

fa
ce

 c
ha

rg
e 

(m
m

ol
/g

)

Suspension pH

 0.001 NaCl
 0.01 NaCl
 0.1 NaCl

Fig. 4  Point of zero salt effect of kaolinite (Egirani et al. 2017a)

4 6 8
6.32

6.34

6.36

6.38

6.40

6.42

6.44

lo
g 

K
d(

L/
g)

Initial pH

Fig. 5  Plot of Log Kd (distribution coefficient) versus final pH for 
CuO–kaolinite composite used for the determination of proton coef-
ficient

Table 2  Statistical presentation of proton coefficient for CuO–kaolin-
ite composite derived from Fig. 5

Equation Y = a + b * x

Proton coefficient α 0.023

Value SE

Log Kd (L/g)
 Intercept 6.230 4.51−6

 Slope 0.023 7.32−7
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Fig. 6  Plot of adsorption capacity versus time for CuO–kaolinite 
composite used for the determination of intraparticle diffusion
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Discussion

The proton coefficient, intraparticle diffusion, and mass 
transfer rates were used to discuss the reaction mecha-
nism. In the previous studies deprived of coated copper 
oxide on kaolinite, proton coefficient was greater than 
one (Egirani and Wessey 2015a; Wang et al. 2016). Here, 
the α for copper oxide-coated kaolinite was less than 
one (Table 2). This suggested that protonation was not 
the controlling factor in the adsorption of  Pb2+ ions by 
the copper oxide–kaolinite. There was an indication that 
protonation was lowered in the presence of copper oxide 
coating. A coated medium could mask the sites of acidity 
on the edges and planar surfaces of kaolinite. Intraparticle 
diffusion was involved in the adsorption process (Fig. 6 
and Table 3). However, this reaction was not rate limiting. 
Also, there was an indication of boundary layer control. 
When compared with the previous studies (Egirani and 
Wessey 2015a, b), the slope and intercept for the uncoated 
kaolinite were lower than the coated kaolinite, thus sug-
gesting that the presence of copper oxide coating enhanced 
intraparticle diffusion. Further comparison with the pre-
vious studies revealed that the mass transfer rates for the 
coated kaolinite were higher than results for the uncoated 
kaolinite (Egirani and Wessey 2015a). Thus, there was 
enhancement of mass transfer of adsorbate to the external 
layer of the adsorbent (Fig. 1 in Supplementary material). 
Based on the plot of adsorption capacity versus time, it 
was obvious that  Pb2+ adsorption was dependent on con-
tact time (Fig. 6). The dependent on time attribute of  Pb2+ 
removal was assessed from 2 to 24 h at ambient tempera-
ture. This was at initial  Pb2+ concentration of 10 mgL−1 at 
pH = 4–8. Here, only results at pH = 4 were discussed. This 
reaction pattern plateaued after the 12th h at 843 mgg−1.

Based on Fig. 6, the capacity of adsorption increased with 
the increase in contact time and the optimum adsorption 
(i.e., 856 mgg−1) was at the 24th h. The adsorption rate was 
initially fast, and the capacity of adsorption increased over 
time. The initial speedy adsorption of  Pb2+ ions in the first 
reaction step may be ascribed to larger numbers of active 
adsorption sites and was related to outer-sphere complexa-
tion (Hua et al. 2012; Tavares et al. 2017). The investigation 
of different metal concentrations was relevant in this report 

because most contaminated aquatic systems offer different 
concentrations of  Pb2+ ions. The decrease in adsorption 
capacity of the coated kaolinite as  Pb2+ concentration was 
increased indicated that the active and reactive sites of the 
RBH copper oxide-coated kaolinite were not yet saturated 
(Fig. 2 in Supplementary material). Egirani and Wessey 
(2015a) reported a similar decrease in  Pb2+ adsorption as 
initial concentration was increased for copper oxide-coated 
kaolinite. Again, for  Pb2+ ions adsorbed on uncoated kaolin-
ite, adsorption decreased with the increase in metal concen-
tration. It could be suggested that the mass transfer rate of 
metal ions between the solid solution phases was controlled 
by pressure gradient. Here, the numbers of active sites 
are fixed and became limited as  Pb2+ ions were adsorbed. 
Akpomie and others (Akpomie et al. 2015) reported a simi-
lar decrease in adsorption capacity for some heavy metals 
adsorbed on montmorillonite as the metal initial concentra-
tion was raised from 100 to 300 mgL−1. In this report, there 
was change in linear plot, after the 10 mgL−1 point. Thus, 
this indicated a gradual plateauing of the capacity of adsorp-
tion due to gradual saturation of the active and reactive sites.

The complex characteristics of adsorption over the range 
of Cps investigated were different from the report of Egi-
rani and Wessey (2015a). In this case, the increase in con-
centration of particle led to a complex adsorption process. 
The decrease in adsorption capacity suggested an increase 
in particle size and aggregation of the mineral system as 
the reaction proceeded. In addition, there was a decrease in 
the specific surface area and the reactive sites on the sur-
faces of RBH copper oxide–kaolinite. Again, an increase 
in adsorption as recorded at some metal concentration may 
be assigned to pressure gradient effect, due to increased 
Kp effect (Eq. 2). This characteristic means that for every 
reaction pressure exacted on the system due to binding con-
stant Kp, there was a corresponding pressure gradient effect 
on the system. 40 mgL−1  Pb2+ concentration provided the 
highest adsorption capacity of 3286 mgg−1, and 10 mgL−1 
offered the lowest adsorption capacity of 596 mgg−1. Thus, 
there was indication that the latter metal concentration was 
the minimum for minimal adsorption capacity of  Pb2+ ions 
in this regard.

In the previous studies by Egirani and Wessey (2015a), 
(b), there was a similar increase in adsorption capacity as 
aging was increased (Fig. 4 in Supplementary material). 
This characteristic was for the same range of residence 
times investigated. In this report, the adsorption capacity 
was higher over the same range of residence times inves-
tigated. This higher magnitude was essentially controlled 
by hydrolysis and reactive support of copper oxide coat-
ing. Because  Pb2+ removal was pH dependent, investigation 
of this was necessary in this report. The protonation and 
hydroxylation of a mineral surface controlled the adsorp-
tion process as pH was increased (Fig. 5 in Supplementary 

Table 3  Statistical presentation of intraparticle diffusion data for 
CuO–kaolinite composite derived from linear fit of Fig. 6

Equation Y = a + b * x
Value SE

Qt  (mgg−1)  min0.5

 Intercept 448.646 0.005
 Slope 13.346 2.046−4
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material). This characteristic was similar to an earlier report 
by Egirani and Wessey (2015a). Also, Akpomie et al. (2015) 
revealed a similar trend for adsorption of heavy metals on 
uncoated montmorillonite. As pH was increased, there was 
a decrease in protonation and enhancement in hydroxylation. 
This process favored  Pb2+ adsorption. The huge amount of 
quantities of protons competed with the  Pb2+ ions for reac-
tive and active sites at low or acidic pH. However, there was 
a decrease in the number of available protonation sites as pH 
was increased. This gave rise to an increase in hydroxylation 
on the copper oxide-coated kaolinite surfaces.

Conclusions

In this paper, the synthesis and characterization of cop-
per oxide–kaolinite composite and its effect on the 
removal of Lead have been investigated. The synthesis 
involved a trimetric process to produce the copper oxide 
(CuO)–kaolinite composite. The characterization involved 
the determination of cation exchange capacity, specific 
surface area, and spectral analysis by sodium saturation 
method, nitrogen gas adsorption techniques, and scanning 
electron spectroscopy, respectively. The determination of 
parameters affecting the reaction mechanism and reaction 
kinetics involved the use of batch mode techniques. The 
reaction mechanism of adsorption tested included proton 
coefficient that was less than one, intraparticle diffusion 
that was controlled by boundary layer, and mass transfer 
rates that were higher than those of bare kaolinite. There 
was a decrease in adsorption capacity as  Pb2+ concentra-
tion was increased, thus indicating that the active and 
reactive sites of the copper oxide-coated RBH kaolinite 
were not yet saturated. The complex characteristics of 
adsorption over the range of Cps investigated indicated 
that for every reaction pressure exacted on the system 
due to adsorption, there was a corresponding pressure 
gradient effect on the system. The decrease in adsorption 
capacity in this scenario suggested an increase in parti-
cle size and aggregation of the adsorbent system as the 
reaction proceeded. The higher magnitude of adsorption 
when compared with the previous studies indicated that 
adsorption was essentially controlled by hydrolysis, reac-
tive support of copper oxide coating, and increased reor-
ganization of active sites. Here, the adsorption efficiency 
increased from 84 to 86% over the range of pHs inves-
tigated. As the pH was increased, there was a decrease 
in protonation and enhancement of hydroxylation. This 
characteristic led to an increase in adsorption capacity the 
copper oxide–kaolinite composite. Therefore, the pres-
ence of copper oxide coating on kaolinite enhanced the 
reorganization of active sites and increased the adsorption 
of  Pb2+ ions.
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