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Introduction
The expansion of industries since the 18th century had 
increased the volume of untreated or partially treated heavy 
metal-containing wastewater discharged into pristine environ-
ments (Rockstrom et al., 2009). The increasing textile, tannery, 
leather, pigment and dyes, petroleum refining, paints, and wood 
processing industries were among the high emitters identified 
in the past(Yaseen & Scholz, 2018, 2019). These industries 
release wastewater containing heavy metals which can cause 
various public health problems through the exposure of either 
directly to the contaminated abiotic environment such as air, 
water, and soil (Rockstrom et al., 2009) or biotic environment 
through bioaccumulation and biomagnification in the food 
chain (Kandziora-Ciupa et al., 2017; Rajeshkumar & Li, 2018; 
Sarah et  al., 2019). Exposure to heavy metals may result in 
health problems ranging from physical distress to chronic 
damage of renal, liver, nervous, respiratory, circulatory, and 
reproductive systems ( Jaishankar et  al., 2014; Rehman et al., 
2019; Wani et al., 2015). Lead (Pb2+) and copper (Cu2+) are 
extremely toxic (Manirethan et al., 2020; Yu et al., 2001). Their 
aqueous form seriously affects the marine environment 

(Torres-Caban et  al., 2019). For example, Cu2+ ion induces 
cellular toxicity in the aquatic ecosystem (Rehman et al., 2019) 
and affects the photochemical activity of phytoplankton (Zhu 
et  al., 2019). Also, excess copper accumulation in humans 
causes Wilson’s disease that results in hepatic and neurological 
disorders (Myers et al., 1993). Whereas, lead affects almost all 
organs and systems in humans even if it affects the predomi-
nantly nervous system and causes cognitive impairment in 
both adults and children ( Jaishankar et al., 2014; Rahman & 
Singh, 2019; Wani et al., 2015).

Various techniques were developed and employed to remove 
heavy metals from aqueous media and employed to mitigate the 
effect on human and the environmental health. The developed 
treatment methods are co-precipitation (Han et al., 2019; Lin 
et al., 2018), coagulation (Bora & Dutta, 2019; Chaouf et al., 
2019), solvent extraction (Molaei et al., 2019; Vasudevan et al., 
2009), electrochemical treatment (Silva et al., 2018; Turcanu & 
Bechtold, 2017), solid-phase adsorption extraction (Ayawei 
et al., 2017; Kaushal & Singh, 2017), ion exchange (Tripathi & 
Rawat Ranjan, 2015), flotation (Deliyanni et al., 2017; Kyzas & 
Matis, 2018), membrane filtration and reverse osmosis (Barakat, 
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2011; Byun et  al., 2019). However, most of these chemical-
based technologies required high investment and operational 
costs and also stringent process conditions. Also, many of them 
generate intermediate hazardous byproducts. Many studies 
were reported on the potential of bio-sorption for the removal 
of different heavy metals (Gebrehawaria et al., 2015; Laqbaqbi 
et al., 2019; Pawar et al., 2018; Radwan et al., 2020; Saad et al., 
2018, 2019; Shahverdi et  al., 2016). It is supported by ion 
exchange and complexation actions that have become an emerg-
ing green, cost-effective, and efficient heavy metals removing 
technique (Elgarahy et al., 2021). A chemical modification of 
bio-sorbents for heavy metals was also reported for heavy metal 
removal applications. A 2-Mercaptobenzimidazole derivative of 
chitosan (Elwakeel et al., 2021) and chemically modified plant 
waste (Wan Ngah & Hanafiah, 2008) were among the applied 
modified biosorption techniques for heavy metal removal. The 
biomass production in biosorption is cheaper and it has multi-
ple heavy metals uptake capacities, however the active sites of 
metal-binding ligands saturate easily and reversible sorption 
occurs (Talarico et al., 1988).

On the other side, clays are the abundantly found earthen 
materials with higher surface area and possess negatively 
charged layers of aluminosilicate minerals reported as suitable 
adsorbents for cationic pollutants from the aqueous solution 
(Bendaho & Ainad, 2015; Bhattacharyya & Gupta, 2007; 
Zhou, 2016). The hydrolysis of Al–OH or Si-OH bonds on 
the clay matrixes produces the surface negative charge that 
helps to uptake heavy metals from an aqueous solution (Ismadji 
et al., 2015).

The clay minerals such as kaolinite (Struijk et  al., 2017), 
vermiculite (Fuks & Herdzik-Koniecko, 2018), montmorillon-
ite (Abollino et al., 2003; Mbouga et al., 2018), and sepiolite 
(Moreira et al., 2017) were repeatedly studied as an adsorbent 
for heavy metals removal from aqueous solution. Most of the 
clay characterized by tetrahedral sheets-based substitutions 
such as the common 1:1 mineral group showed lower net sur-
face charges for adsorption. Whereas, 2:1 clay minerals such as 
montmorillonite clay characterizes cation substitutions of both 
main ions such as Al instead of Si and Mg as a replacement of 
Al has resulted more net negative charges (Abollino et  al., 
2003). It was also noted that substitution of the main cations 
(Al and Si) are taking place in the octahedral sheets separated 
from the interlayer spaces where the charge balancing cations 
are found (Abollino et al., 2003, 2008; Prathna et al., 2018). As 
a result, a more negative charge is found on the montmoril-
lonite clay layers and tends to attract cations including metal 
ions. Various studies review reported by Reddy et  al. (2016) 
shown that Fe-based nanoparticles are currently acting as a 
generation environmental remediation technology (Reddy 
et  al., 2016). Also, the organically or inorganically modified 
montmorillonite clay has applied and showed a promising 
result for treatment of hazardous textile wastewater (Abdel-
Karim et al., 2021). Another study on hazardous contaminants 
removal using the natural and zwitterionic surfactant-modified 

clay have shown the candidacy of clay for heavy metals and 
other cationic contaminant removal (Abdel Ghafar et  al., 
2020).

However, there is no study conducted on iron based chemi-
cal modification of natural clay especially smectite clay to pro-
duce better adsorbing materials. In this study, heavy metals 
(Pb2+ and Cu2+) removal efficiency of both modified (iron 
impregnated) and natural montmorillonite type nano-clay 
composite sorbents were tested to examine the impact of iron 
impregnation on the natural clay. The comparative metals 
sorption capacity of nano-clay and iron impregnated nano-clay 
was tested. In addition, the characteristics and interactions of 
copper (II) and lead (II) ions with the adsorbents at various pH 
were studied.

Materials and Methods
All the chemicals and reagents used in the study were analyti-
cal and trace metals grade. Trace metal grade, hydrochloric acid 
(37%), ethyl alcohol (98%), and nitric acid (65%) were obtained 
from Essarkay Chemicals & Equipment Centre, India. A stock 
solution of copper (II) with a concentration of 1,000 ppm was 
supplied by Merck KGaA (Darmstadt, Germany). A stock 
solution of lead (Pb2+) with concentration 1,018 ppm was sup-
plied by Sisco Research Laboratories Pvt. Ltd. Tetrahydrated 
ferrous chloride (FeCl2·4H2O, 98%), hydrogen peroxide (30%), 
and NaBH4 (95%) were purchased from Sigma Aldrich, 
Mumbai, India. Procedurally, the natural clay materials were 
collected, cleaned, treated and the nano-clay and iron impreg-
nated nano-clay were produced. Then, the characterization and 
comparative adsorption capacity test experiments for both 
Cu2+ and Pb2+ were carried out.

Preparation of nano-clay

Natural clay material, the adsorbent of this study was collected 
from the river flood plain deposits from Asko district in Addis 
Ababa, Ethiopia at a specific location of 09° 03′ 45″ N latitude 
and 38° 41′ 49.68″ E longitude. The collected natural clay was 
cleaned manually, dried, and ground for 30 minutes using Ball 
Mill (Ball Mill PM & E 132A, 22 RPM, 220 V). The ground 
clay was then dispersed in 10% hydrogen peroxide solution for 
20 minutes at 30°C to remove the organic carbon. The resulting 
slurry was washed with acidified distilled water (HCl solution, 
pH~4) at constant stirring (800 rpm) for 30 minutes to remove 
the inorganic carbon and finally left for settling for 3 hours. The 
supernatant was carefully removed along with the floating mate-
rials leaving behind the settled nano-clay. The latter was trans-
ferred to a 500 mL beaker and dried overnight at 105ºC. Then, 
it was milled in a ball mill for 5 hours and calcined at 720ºC for 
6 hours in a Muffle furnace (Shapet Electric Company, India).

Impregnation of iron into the nano-clay

Iron impregnated nano-clay composite was synthesized based 
on the Borohydride reduction method (Shahwan et al., 2010). 

Downloaded From: https://complete.bioone.org/journals/Air,-Soil-and-Water-Research on 03 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Tarekegn et al.	 3

About 1.07 g of FeCl2·4H2O, which corresponds to 0.30 g Fe 
was dissolved in a 4:1 (v/v) ethanol/water mixture (24.00 mL 
ethanol, 6.00 mL deionized water) and 1.50 g of the nano-
clay was added to this solution. The mixture was ultrasoni-
cated for 30 minutes and centrifuged at 6,000 rpm. The 
precipitate was then transferred into a 250 mL conical flask. 
About 0.61 g of sodium borohydride was dissolved in 100 mL 
of deionized water and this solution was added dropwise to 
the aqueous nano-clay-Fe2+ dispersion and stirred until a 
black precipitate was obtained. Once the NaBH4 solution was 
consumed completely, the dispersion was stirred additionally 
for 30 minutes and centrifuged for separation. The iron 
impregnated nano-clay thus obtained was dried overnight at 
50ºC.

Preparation of adsorptive

Copper ion stock solution (200 ppm of Cu2+) was prepared by 
mixing (v/v) standard metal solutions with double distilled 
water (i.e. 80 ml of 1,000 ppm standard solution + 320 mL 
double distilled water). Similarly, exactly 200 ppm of Pb2+ 
metal stock solution was prepared from the 1,018 ppm lead 
(Pb2+) AAS standard. Then, the stock solutions were further 
diluted to different concentrations for batch experiments. 
Besides, a dilution series with concentrations 2, 4, 6, 8, and 
10 ppm were prepared and used to plot calibration curves.

Characterization of the nanomaterials

The structure and composition of prepared nanomaterials 
(nano-clay and iron impregnated nano-clay) were character-
ized using a powder X-ray Diffraction instrument ( Jeol, Japan) 
equipped with Cu K∝ radiation source at a scanning range and 
speed of 10º to 90º and 2º per min, respectively. The surface 
functional group, the molecules, and compounds available in 
the nanomaterials were determined using the KBr method 
FTIR spectra analysis. The spectra of the adsorbents were 
recorded using a spectrophotometer (Alpha II, Bruker) at a 
wavelength range between 2.5 and 15 µm (wavenumber range 
from 4,000 to 400 cm−1). In addition, the particle size of nano-
materials were studied using scanning electron microscopy 
( JSM 890, JEOL, Tokyo, Japan) at 7 kV and 1 × 10−12 Å.

Moreover, the nitrogen adsorption—desorption proper-
ties, surface area, and pore size distribution of the nanomate-
rials were analyzed using Nova Station A (Quantachrome 
Instruments, Florida/USA) according to the method 
reported by Galarneau et al. (2014) and Rigby et al. (2008) 
the Barrett Joyner Halenda (BJH) methods were applied to 
analyze the pore size distributions, pore volume, and surface 
areas of nanoparticles at an outgas temperature of 423.15 K. 
The analysis was performed under high nitrogen (99.5% N) 
and a low oxygen environmental condition. About 0.2905 g 
(0.25937 cc(v)) was degassed by nitrogen gas for 6 hours at a 
temperature of 423.15 K. The thermal stability was also 

determined using a thermogravimetric analyzer (TG/
DTA6300, EXSTAR6000). The mass of nanomaterials was 
continuously measured with the change in temperature over 
time. The elemental composition in the nano-clay was ana-
lyzed using S8 Tiger dispersive x-ray spectrometers tech-
nique (Bruker model, Germany). The sample was loaded 
automatically into S8 TIGER using an X-ray tube (Rh, 
4 kW) at collimators of 0.23, 0.46, 1, and 2°. Then, the quali-
tative and quantitative elemental composition was read by 
SPECTRAplus software.

Adsorption studies

The adsorption of Cu2+and Pb2+ was evaluated using batch 
experiments for both nano-clay and iron impregnated nano-
clay composite. The experiments were performed in series of 
250 mL stoppered bottles containing 120 mL of metal at the 
required concentration (2–12 ppm) and adsorbent dosage. The 
mixtures were placed in a thermal shaker and shaken for 
180 minutes at an agitation speed of 80 rpm and a temperature 
of 30ºC. The effect of the initial concentration of the metals 
(Cu and Pb) was optimized first by varying the concentration 
from 2 to 12 ppm at pH-9, 60 mg adsorbent dosage, and 30°C 
temperature. Similarly, effect of pH on the adsorbent activity 
was studied using different pH at pH 3.0 and pH 5.0 at con-
stant adsorptive concentration (6 ppm), contact time (180 min-
utes), and adsorbent dosage (60 mg). Similarly, the adsorbent 
dosage was studied using experiments conducted at different 
dosage levels ranging from 0.17 to 1.00 g/L and constat pH 9 
and adsorptive concentration 6 ppm. Finally, the contact time 
optimization was studied by varying contact time from 30 to 
180 minutes meanwhile keeping the pH, adsorptive concentra-
tion, and adsorbent dosage constant at 9, 6 ppm, and 60 mg, 
respectively.

The residual copper (II) and lead (II) ions concentration 
remained in the solution were measured using atomic absorp-
tion spectrophotometer (AAS-GBC 932 plus, Dandenong/
Australia). The removal efficiencies (RE) in % of the adsor-
bents were calculated by equation (1).

	 RE C
C

100= −








×1 final

initial
% 	 (1)

where, RE is removal/adsorption efficiency (%); Cfinal is the 
residual concentration of Cu2+ and lead metal ions in the solu-
tion, mgL−1, Cinitial is the initial concentration of copper (II), 
and lead (II) in the solution, mgL−1.

Analysis of adsorption isotherm, kinetics, and 
thermodynamics parameters

The experimental data of Pb2+and Cu2+ adsorption using both 
adsorbents (nano-clay and iron impregnated nano-clay) were 
fitted with Langmuir (equation (2)) and Freundlich isotherm 
models (equation (3)). Whereas, the adsorption feasibility of 
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both materials was evaluated by the Langmuir separation fac-
tor (equation (4)).

	 C
q q K q

Ce

t e L e
e= +

1 1 	 (2)

	 logq logK
n
logCe f e= +

1 	 (3)

	 R
C KL

L
=

+
1

1 0

�	 (4)

where Ce (mg/L)—the equilibrium concentration of heavy 
metals (Cu2+ and Pb2+) in the solution(mg/L), qe and qt—the 
number of heavy metals adsorbed by the adsorbent at equilib-
rium and at a time, respectively (mg/g), KL the equilibrium 
constant for Langmuir and Freundlich isotherm, respectively 
and C0—is the initial concentration of heavy metals in the 
solution (mg/L or ppm).

The kinetic activities of the nano adsorbents on lead and 
Cu2+ adsorption was investigated by fitting the experimentally 
observed result on Pseudo first order (equation (5)) and 
Pseudo-second-order (equation (6)) kinetic models.

	 Ln q q lnq Ke t e−( ) = − 1t 	 (5)

	 t
q K q qt

= +
1

2
2
e e

t 	 (6)

Where qt is the amount of lead or Cu2+ removed at time t per 
gram of adsorbents (mg/g), qe is the adsorption capacity at 
equilibrium (mg/g), K1 is the pseudo-first-order rate constant 
(1/min), and t is the contact time (min) and K2 is the rate con-
stant of pseudo-second-order kinetics (g/mg. min).

Whereas, the thermodynamic parameters such as free 
Gibb’s energy (ΔG°), heat of enthalpy (ΔH°), and entropy (ΔS°) 
of the lead and Cu2+ ions removal activities were evaluated for 
each adsorbent based on equations (7)–(10).

	 K q
Ce

e

e
= 	 (7)

	 ∆G RTln° = − Ke 	 (8)

	 ∆ ∆ ∆G S° °= −H T 	 (9)

	 ln S
R

H
RT

Ke = −
° °∆ ∆

	 (10)

where qe (mg/g) is the quantity of heavy metals (lead or Cu2+) 
adsorbed on the nanomaterial at equilibrium, Ce (mg/L)—the 
equilibrium concentration of heavy metals in the solution, R 
( J/mol. K) is the universal gas constant (8.314), T (K) is the 
absolute temperature, and Ke is the adsorption equilibrium 

constant, ΔG° is Gibbs free energy, ΔS° is entropy, and ΔH° is 
the enthalpy of the system.

Results and Discussion
Characteristics of the nano-adsorbents

Chemical composition (XRF analysis) of the nano-clay.  The 
chemical compositions of the nano-clay reported in this study 
are shown in Figure 1. The nano-clay contains predominantly 
SiO2 (47.6%) and Al2O3 (23.39%) followed by Fe2O3 (3.8%), 
K2O (1.53%) and TiO2 (1.17%). In addition, it contains trace 
amount of MgO (0.72%), Na2O (0.7%), CaO (0.35%), and 
P2O5 (0.07%). The amounts of silicon dioxide were found to be 
two times the quantity of aluminum oxide. As per Uddin 
(2018) report, the 2:1 ratio of SiO2 to Al2O3 in this clay mate-
rial has confirmed the predominant composition of montmo-
rillonite mineral. In addition, Engidasew and Abay (2016) 
report showed the dominancy of acidic welded tuff on the 
nano-clay parent material with the same source for the present 
study. The chemical weathering of the welded tuff in this area 
produces a nano-clay highly composed of montmorillonite. 
Besides, the presence of different ions (Ca2+, Mg2+, Na+, K+) 
indicates the substitution of cations at the interlayer of the 
nano-clay sheet structure.

XRD Analysis of the Nano-clay and iron impregnated nano-clay 
composites.  The crystallinity of both nano-clay and iron impreg-
nated nano-clay composite materials was confirmed by the 
presence of major and micro peaks in its XRD pattern (Figure 
2a and b). The size of the nano-clay spectral peaks was charac-
terized by a d-spacing range between 4.29 and 1.29 Å. The 
nano-clay was characterized by the presence of several peaks at 
various 2Ɵ locations such as 20.70, 26.47, 36.26, 39.25, 40.00, 
42.12, 45.45, 49.81, 54.5, 59.48, and 73.08 with a (hkl) miller 
indices (001), (011), (110), (102), (111), (200), (201), (112), 
(002), (121), and (104), respectively. The spectral signature of 
the nano-clay (Figure 2a) reflected the x-ray diffraction spectral 
pattern of a cubic centered potassium aluminum silicate.

Figure 1.  Chemical composition of the natural nano-clay.
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The presence of montmorillonite mineral and quartz were 
also identified by the X-ray diffraction signature of the nano-
clay at hkl (100), (110), and hkl (011), respectively (Figure 2). 
The study finding was cross confirmed with Miller indices 
(hkl) signature of montmorillonite clay x-ray diffraction pat-
terns that were reported by various authors (Naderi et al., 2018; 
Omurlu et al., 2016; Zhirong et al., 2011). The hkl (100) and 
(011) at 2 theta degrees 20.70 and 26.47, respectively have 
shown mainly the presence of spectral peaks of silicon and 
quartz. Whereas, the peaks found at the lower angle (location) 
of the band indicated calcium and magnesium compositions. 
This was further compared to the previous report; the location 
of peaks reflected at a lower angle between 35 and 40 degrees 
has the spectral signature of calcium and magnesium montmo-
rillonite clay (Pawar et al., 2018; Zhang et al., 2019). Also, the 
smaller peaks at the higher angles (location) have shown other 
impurities of the natural clay. Whereas, the spectral peak with 
miller indices (121) at 2theta of 60 degrees (Figure 2b) shows 
attachment of iron as a result of the impregnation process. As a 
result of the smaller size to radii ratio of iron as compared to 
aluminum, iron substituted aluminum in the octahedral struc-
ture of the clay sheet. Also, a similar phenomenon to the iso-
morphous substitution of iron for aluminum in the octahedral 

sheet of clay structure was reported (Rengasamy, 1975). All 
these results lead to the conclusion of the presence of calcium 
and magnesium-containing montmorillonite minerals in 
nano-clay. As shown in Figure 2c to f, the structure of nano-
clay and iron impregnated nano-clay after the adsorption pro-
cess were changed from crystalline to amorphous; showing the 
filling of particles crystalline surfaces by the adsorbates. The 
adsorption of both metals (Pb and Cu) inside the surface has 
changed the structure of the nano adsorbents.

SEM analysis of nano-clay and iron impregnated clay compos-
ites.  Both the nano-clay and iron impregnated nano-clay com-
posite adsorbents exhibited an irregular shape (Figure 3a and c). 
As a result of highest humidity in the study area (Mangalore/
NITK), the shape of clay and its derivative particles were not 
able to be identified clearly. Besides, the average size of parti-
cles of nano-clay and iron impregnated nano-clay were 89.1 
and 72.4 nm respectively. As shown in the gauss modeled par-
ticle size distribution curve in Figure 3b, many particles of the 
nano-clay were found in the size range 70 to 90 nm. Whereas, 
the dominant portion of iron impregnated nano-clay was 
found in the size range between 50 and 80 nm (Figure 3d). In 
the study, the addition of iron in the nano-clay together with 

Figure 2.  X-ray diffraction (XRD) patterns of (a) nano-clay before adsorption, (b) iron impregnated nano-clay before adsorption, (c) nano-clay after Pb2+ 

adsorption, (d) iron impregnated nano-clay after Pb2+ adsorption, (e) nano-clay XRD pattern after Cu2+ adsorption, and (f) iron impregnated nano-clay 

after Cu2+ adsorption.
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the impregnation of the chemical and thermal process has 
improved the size of particles to relatively smaller sizes. Some 
studies reported the size reduction and crystallinity of nano-
particles by calcination and chemical processes (Satapathy 
et al., 2014). In Satapathy et al. (2014), it was reported the con-
clusion that nanoparticles might select its suitable temperature 
to achieve the lowest possible size as well as crystalline, and in 
this literature; Nd:Y2O3 composite nanoparticles achieved the 
smallest size less than 100 nm on calcination temperature of 
600ºC than the temperature ranges between 800 and 1,100ºC. 
In this study, both nanoparticles have been calcined at a tem-
perature of 720ºC for 6 hours to achieve nanosized particles as 
shown in Figure 3b and d.

FTIR analysis of nano-clay and nanocomposite.  Figure 4a shows 
the various FTIR bands formed from nano-clay. According to 
John Coates (2006), the broadband formed at 1,067.76 cm−1 
was due to Si-O-Si bond vibration, whereas the formation of 
multiple bands between 469 and 800 cm−1 was the result of 
Al-OH vibration as well as bending of Si-H bond. The FTIR 
spectrum of iron impregnated nano-clay (composite) showed 
the formation of multiple bands (Figure 4b). In the composite 
FTIR spectrum, the lowest multiple bands were formed due to 
the asymmetric stretch of Fe-O and the bending of Al-OH 

bonds. Like the nano-clay, the vibration of Si-O-Si was 
observed at a band of 1,037.52 cm−1. The other bands observed 
between 550 and 700 cm−1 attribute to Si-H bond vibrations. 
The band appeared at point 1,037.52 cm−1 affirmed the pres-
ence of γ-FeOOH in the composite.

BET analysis of the nano-clay and iron impregnated nano-
clay.  Figure 5a and c showed a type III isotherm associated 
with a nitrogen adsorption characteristic of nanoclay and iron 
impregnated nanoclay, respectively. Both nanoadsorbents have 
shown the unlimited monolayer adsorption characteristics as a 
result of the higher interactions of adsorbate with an adsorbed 
layer than interactions with the adsorbent surfaces. In addition, 
BJH pore size analysis has indicated a unimodal particle distri-
bution curve (Figure 5b and d) with an average pore size of 
2.81 and 3.83 nm for nanoclay and iron impregnated nanoclay, 
respectively. Also, a calculated BJH surface area of 43.49and 
73.110 m²/g were found for the nanoclay and iron impreg-
nated, respectively. Meanwhile, the respective pore volume of 
nanoclay and iron impregnated nanoclay was found to 0.104 
and 0.153 cm3/g.

According to the international union for pure and applied 
chemistry (the IUPAC) nanoparticles pore size classification 
(mesopore:2–50 nm) (Mays, 2007), the nano-clay and iron 

Figure 3.  SEM image nano-clay (a), particle size distribution of nano-clay (b), SEM image Iron impregnated nano-clay (c), and particle size distribution of 

iron impregnated nano-clay (d).
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impregnated nanoclay particle’s results were found in the 
mesopore size range. The pore size result of this study has coin-
cided previously reports. Krupskaya et al. (2017) reported the 
average pore size of natural and acid-treated montmorillonite 
clay particles to 5 nm. The acid treatment leads to the appear-
ance of the pore in the layer by partial leaching of octahedral 
cations, OH− protonation, and changes of Al3+ coordination 
(Krupskaya et al., 2017). The same authors reported that acid 
treatment increases in total pore volume rather than increasing 
average pore size. In this study, a change in the average pore 
size of particles from 2.80 (nano-clay) to 3.83 nm (iron impreg-
nated nano-clay) was made by HCl (pH 4) acid as well as ther-
mal treatment.

Thermogravimetric analysis of nano-clay and iron impregnated 
nano-clay.  Figure 6a and b illustrates the thermal stability of 
the nano-clay and iron impregnated nanoclay. As a result of 
higher moisture content in the sample due to more humidity in 
the Surathkal/Mangalore area, the sample has shown a big 
mass reduction after the TGA process. A total of 1.32 mg 
(6.20%) mass loss was recorded in the temperature range 

between 0 ºC and 800ºC. A multistage decomposition process 
was observed in the TGA profile of the nano-clay. Whereas, 
the fastest mass reduction (4.92%) including moisture loss was 
observed in the temperature range between 60ºCand 200ºC. 
The mass of nano-clay has been reduced slightly by 1.10% in 
the temperature range between 200ºCand 500ºC. There were 
only small nano-clay mass changes with a slight deviation 
(0.20%) observed between 500ºC and 800ºC; which indicated 
good adsorbent stability at higher temperatures (Figure 6a). 
Also, the result of the differential thermal analysis showed the 
presence of one exothermic (40ºC) and two endothermic pro-
cesses that (64 and 398ºC) contributed to the mass change of 
the nano-clay (Figure 6a). The exothermic and endothermic 
processes were an indication of the reduction and oxidation of 
nano-clay materials at different temperature ranges of the ther-
mographic band (Figure 6a).

The result of TGA and DTG of the iron impregnated 
nano-clay composite (Figure 6b) shows the contribution of a 
single-stage decomposition process to the mass changes of iron 
impregnated nano-clay. Several oxidation peaks were observed 
in the TGA bands. Figure 6b shows a gradual decrease in the 
mass of iron impregnated nano-clay from 25.54 mg (lower 
temperature, 57ºC) to 0.29 mg by 98.3% (maximum tempera-
ture, 600ºC). As shown in the DTG result (Figure 6b), an exo-
thermic process occurred at 60ºC. The decomposition and 
oxidation processes that were observed at the lower tempera-
ture (DTG 60ºC) have resulted in a decrease and increase in 
the mass of nanocomposite, respectively. The volatile organic 
materials and moisture were liberated during the decomposi-
tion process and decrease the mass of the composite. Yet again, 
the liberated gas was oxidized and increased the mass of nano-
composite in the sealed thermographic band

Adsorption of Cu2+ and Pb2+ using nano-clay and 
iron impregnated nano-clay composite

The effect of contact time.  Figure 7 shows the effect of contact 
time on Cu2+ and Pb2+ removal efficiency of both nano-clay 
and iron impregnated nano-clay adsorbents. The removal rate 
of Cu2+ ions using the nanoclay at 30 minutes was 26.2 ± 2.15% 
and increased to 99.9 ± 1.05% at 180 minutes. The increasing 
Cu2+ removal rate with an increasing contact time of adsorbent 
was reported (Zhirong et  al., 2011). The optimized contact 
time for the highest Cu2+ ion removal rate of nano-clay was 
achieved at 180 minutes. However similar increasing trend was 
observed, the Cu2+ ion removal rate of iron impregnated nano-
clay was faster than the nano-clay. Both the surface charges 
modification as a result of isomorphous substitution and the 
presence of other iron species on the surface have improved the 
copper and lead removal activity of the iron impregnated nano-
clay. The Cu2+ metal removal efficiency of iron impregnated 
nano-clay composite material at 30 and 150 minutes was 
28.4 ± 2.6%, and 99.7 ± 1.87%, respectively. The optimum 

Figure 4.  FTIR Spectra of: (a) nano-clay (b) iron impregnated nano-clay 

materials.

Downloaded From: https://complete.bioone.org/journals/Air,-Soil-and-Water-Research on 03 May 2024
Terms of Use: https://complete.bioone.org/terms-of-use



8	 Air, Soil and Water Research ﻿

contact time of copper (II) ions removal achieved using the 
iron impregnated nano-clay composite was about 150 minutes. 
The impregnation of iron in the natural nano-clay has improved 
Cu2+ ion removal efficiency by reducing the contact time. Pre-
vious studies have reported various contact times of copper (II) 
ions removal using different adsorbents.

About 30 minutes of contact time was recorded for the 
highest removal rate of copper (II) ion using aluminum pillared 
montmorillonite clay (Karamanis & Assimakopoulos, 2007). 
While another study showed an optimal contact time of 
420 minutes for removal of copper (II) metal ion from aqueous 
solution using a single and mixed pillared clay (Mnasri-Ghnimi 
& Frini-Srasra, 2019). Despite some improvement observed in 
the iron impregnated form of the nano-clay, the optimal con-
tact time for the metal’s removal was found in between the pre-
viously reported values.

On the other side, the lead (II) ion removal efficiency of the 
nano-clay gradually increased from 64.45 ± 2.03% at 30 min-
utes to 95.31 ± 1.98% at 90 minutes and reached 98.16 ± 1.69% 
at 150 minutes (Figure 7). Similarly, the iron impregnated 
nano-clay adsorbent showed a sharp increasing trend from 
66.98 ± 1.96% (30 minutes) to 99.25 ± 2.21% (90 minutes). As 
shown in Figure 7, Pb2+ ion removal efficiencies of both the 
adsorbents were increased with increasing contact time. The 
optimum lead (II) removal efficiency (98.16 ± 1.69%) was 
observed for nano-clay at 150 minutes while it was 90 minutes 

for iron impregnated nano-clay (99.25 ± 2.21%) efficiency. 
The optimum contact time achieved by the iron impregnated 
nano-clay adsorbent (90 minutes for 99.25 ± 2.21%% lead (II) 
ion removal) was better than the optimum contact time of lead 
(II) removal using natural zeolitic tuff adsorbent (120 minutes 
for 94 ± 1.97% lead (II) removal) as reported in Karatas study 
(Karatas, 2012). Lead (II) ion adsorption study using siderite 
has shown a maximum Pb2+ removal efficiency (90%) at 
90 minutes contact time (Erdem & Özverdi, 2005).

The effect of initial concentration.  At the lower initial concentra-
tion of the adsorptive where the surface area and availability of 
adsorption sites were relatively high, better metal ions removal 
actions took place. In this study, the rate of adsorption of both 
nano-clay and iron impregnated nano-clay adsorbents was 
decreased with an increase in Cu2+ concentration. Similarly, 
the lead (II) removal actions of both adsorbents were decreased 
with an increase in initial concentrations of adsorptive or metal 
ions. This is explained by the availability of adsorption sites on 
the nano-clay and iron impregnated nano-clay for the increas-
ing Cu2+and Pb2+ ion concentration. Also, another study 
showed the decreasing adsorption process while increasing the 
amount of adsorbed copper (II) ion per amount of adsorbents 
(Benzaoui et al., 2018). Figure 8 shows the rate of change of 
adsorption of Cu2+ and Pb2+ using nano-clay and its iron 
impregnated form. The Cu2+ removal efficiency of pure 

Figure 5.  (a) Nitrogen gas adsorption-desorption characteristics of nanoclay, (b) pore Sze distribution curves of nanoclay, (c) Nitrogen gas adsorption-

desorption characteristics of iron impregnated nanoclay, and (d) pore Sze distribution curves of iron impregnated nanoclay.
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nano-clay was sharply decreased from 99.7 ± 2.35% at lower 
adsorptive concentration (2 ppm) to 73.6 ± 2.14% at relatively 
higher concentration (6 ppm). Whereas, copper (II) removal 
efficiency of iron impregnated nano-clay was decreased slowly 
from 99.8 ± 3.15% at lower copper (II) ion concentration 

(2.00 ppm) to 82.3 ± 2.13% at copper (II) concentration 
(6 ppm).

The study noted that the optimal initial concentration of 
copper (II) for highest removal using the nano-clay and iron 
impregnated nano-clay was 4 and 6 ppm, respectively. Similarly, 
the removal efficiency of nano-clay and iron impregnated 
nano-clay were decreased from 99.2 ± 3.25% ([Pb2+]:2 ppm) 
to ~70.1 ± 2.17% ([Pb2+]:8 ppm) and 99.3 ± 2.55% 
([Pb2+]:2 ppm) to ~75±2.97% ([Pb2+]:8 ppm), respectively. 
The initial lead (II) ion concentration that was successfully 
removed by the nano-clay and iron impregnated nano-clay at 
an optimum level was 4 and 6 ppm, respectively. This result has 
been supported by Karats; an increase of adsorptive (Pb2+ and 
Cu2+) in solution resulted in higher competition of sorption 
activity for a limited pore space and decreased the removal 
efficiency(Karatas, 2012). In the iron-modified clay, the adsorp-
tions are supplemented by additional physicochemical pro-
cesses to uptake the heavy metals. The synergetic effect of 
impregnated iron in the nano-clay has resulted from a better 
metal ions uptake through various physicochemical mecha-
nisms such as ion exchange, redox, adsorption, aggregation, 
hydroxylation with continuous precipitation (Zou et al., 2016). 
Also, as reported in Qian et al. (2009), ion-exchange with an 
interlayer ion such as H, Ca, and K ions, surface precipitation, 
and binding with the available active sites on the surface of iron 
(hydro) oxides of iron impregnated nano-clay remove heavy 
metals (Pb2+ and Cu2+) from the test solution. In this study, it 
was observed that the addition of iron has improved the copper 
(II) and lead (II) ions removal efficiency of nano-clay by 
two-folds.

The effect of pH on Cu2+ and Pb2+ removal from aqueous solu-
tion.  Figure 9 indicates the effect of pH on copper (II) and 
lead (II) removal efficiencies of the nano-clay and iron 

Figure 6.  TGA and DTG profile of (a) nano-clay and (b) iron impregnated 

nanoclay.

Figure 8.  The effect of initial concentration on Cu2+ and Lead removal 

efficiency of iron impregnated nano-clay (n:3, pH:9, Temperature:30°C, 

Contact time: 180 minutes, Adsorbent dose: 0.5 g/L].

Figure 7.  The effect of contact time on copper (II) and lead (II) ions 

removal efficiency of nano-clay and iron impregnated nano-clay (n:3, 

pH:9, Temperature: 30°C, [Pb2+]: 6 ppm, Adsorbent dose: 0.5 g/L].
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impregnated nanoclay. Copper (II) and lead (II) ions have the 
highest tendency to form a precipitate at alkaline conditions 
and be separated from an aqueous solution by a mechanism of 
chemical precipitation (Çetinkaya & Aydin, 2017; Pang et al., 
2009). Pang et al. (2009) reported an effective pH range of 7.8 
to 8.8 and 6.3 to 11.1 for the highest lead hydroxide and copper 
hydroxide precipitations, respectively. Also, an optimum pH of 
5.0 to 7.0 was reported for Pb2+ and Cu2+ adsorption (Çetin-
kaya & Aydin, 2017). In this study, the experiment was con-
ducted at lower pH (pH 3.0 and 5.0) to exclude the higher pH 
induced metal hydroxide precipitation (Pb(OH)2$ & 
Cu(OH)2$) and clearly understand the adsorbents activity 
without any intervention.

Accordingly, the copper (II) removal efficiency of the nano-
clay was increased from 7.63 ± 3.13% at pH 3to 33.9 ± 3.23% 
at pH 5. And, the lead (II) ion removal efficiency of nano-clay 
was increased from 43.3 ± 3.13% at pH 3.0 to 69.1 ± 0.63% at 
pH 5.0. Whereas, the efficiency of iron impregnated nano 
clay’s copper (II) ion removal was increased from 27.9 ± 2.63% 
(pH 3.0) to 65.62 ± 3.21% (pH 5.0)., and its Pb2+ removal 
efficiency was increased from 63.2 ± 2.22% at pH 3.0 and 
reached 82.83 ± 2.23% at pH 5.0. In general, it was observed 
that the heavy metals (Cu2+ and Pb2+) removal efficiency of 
both nanosorbents were increased with increasing pH from 3.0 
to 5.0 (Figure 9). At lower pH, the surface of adsorbents in an 
aqueous solution has become positively charged by the excess 
hydronium ions and repulses cations. Also, the active sites of 
the clay-based adsorbent stay positively charged at lower pH 
and be surrounded by negatively charged ion (OH−) at higher 
pH (Zehhaf et al., 2012). So, the increasing pH of the test solu-
tion has modified the surfaces to negative charges so that it 
created a suitable condition to bind and uptake copper (II) and 
lead (II) ions for the solution. The less hydronium ion that cov-
ers the surface of the adsorbents at increased pH (pH ~5.0) 

tends to make more negatively charged species and attract the 
positively charged heavy metal ions.

The impregnation of iron into the nanoclay has improved 
the adsorption efficiency of both heavy metals (Cu2+ and 
Pb2+) ions. Impregnation of iron into the nano-clay increased 
the negative charges of the adsorbent active sites by substitu-
tions of cations and the introduction of various iron ionic spe-
cies in the solution. Its integration with iron or other metal 
with characteristics such as good surface area, size, and surface 
charge synergizes its metal ion sequestration capacity from an 
aqueous solution. A similar finding that was reported by 
Arancibia-Miranda et al. (2016) showed the achievement of 
better performance of the nanoclay adsorbents at extreme pH 
and temperature through the immobilization of iron inside 
the nanoclay matrices(Arancibia-Miranda et al., 2016). In the 
study, at extreme conditions (lower pH, pH 3.0), the iron 
impregnated nano-clay adsorbent has shown a better effi-
ciency of Pb2+ and Cu2+ ion adsorption and has become proof 
for iron-containing nano-clay composite has good resistance 
to extreme pH change. In conclusion, the addition of iron 
inside the clay matrices has improved the heavy metals uptake 
capacity of the nanoclay. However, the maximum adsorption 
efficiency that was achieved by nanoclay ([Pb2+]:6 mg/L, 
RE:69.1% and [Cu2+]:6 mg/L, RE:33.9%) and iron  
impregnated nanoclay ([Pb2+]:6 mg/L, RE: 82.83% and 
[Cu2+]:6 mg/L, RE:65.62%) in this study at higher pH 
(pH:5.0) haven’t met the WHO maximum contaminant 
limit (MCL) of Cu2+ (0.05 mg/L) and Pb2+ (1.5 mg/L). So 
that, further studies need be carried out to complement the 
adsorbent existing capacity by a pH induced chemical precipi-
tation at an elevated pH.

The effect of adsorbent dosage.  The availability of potential active 
adsorption sites determines the uptake of metal ions from the 
aqueous solution. In this study, the effect of dosage on adsorp-
tion of copper (II) and lead (II)ions was studied with a dosage 
ranging from 0.17 to 1.00 g/L. Figure 11 shows the copper (II) 
and lead (II) ions removal efficiency of adsorbents at different 
dosages. It was observed that the adsorption capacities of both 
nanomaterials were increased slightly with increasing dosage. 
Studies conducted by Hu et al. and Şahan reported an increase 
in adsorbent dose, in general, gives more internal pore space for 
metals to be adsorbed, and effective copper, cadmium, and lead 
removal from test solution were achieved (Hu et  al., 2017; 
Şahan, 2019).

In the present study, nano-clay and iron impregnated 
nano-clay composite have achieved the highest copper 
removal efficiency (~100%) at a dosage of 1.00 and 0.83 g/L, 
respectively. The efficiency of nano-clay was increased from 
37.25 ± 2.35% to 86.37 ± 3.24% when the dosages increased 
from 0.17 to 0.50 g/L. Whereas, iron impregnated nano-clay 
has achieved the removal efficiency of 58.2 ± 3.25% at 
0.17 g/L to 93.0 ± 3.14% at 0.50 g/L dosage. Likewise, 

Figure 9.  The effect of pH on Pb removal efficiency of nano-clay and iron 

impregnated nano-clay (n:3, Contact time: 180 minutes, Temperature: 

30°C, [Pb2+]: 6 ppm, Adsorbent dose: 0.50 g/L).
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Georgescu et al. reported Pb2+ removal rate increment from 
99.68 ± 3.09 to 100 ± 0.0% when the Cr-pillared clays sorb-
ent dose was increased from 0.25 to 4 g/L (~37.5 mg/150 mL 
to 600 mg/150 mL) (Georgescu et al., 2018). In addition, the 
increasing Pb2+ uptake was observed as a result of increasing 
active pore spaces on the adsorbent surfaces. Also, Figure 10 
shows a sharp increasing Pb2+ ion removal trend for nano-
clay and iron impregnated nano-clay from 0.17 to 0.50 g/L. A 
relatively very small quantity of adsorbents has been used in 
this study. A dose range of 6.25 to 31.25 g/L was utilized to 
remove 100 mg/L of Cu2+ and Pb2+ from the solution and 
attained 2.8 to 10.4 mg/g lead removal capacity (El-Korashy 
et al., 2016) and ~ 11.8 mg/g of Pb2+ removal was achieved in 
this study.

The optimal nano-clay and iron impregnated nano-clay 
dosage for highest removal of 6 ppm lead (II) ion from the test 
solution at pH 9.0 and 30ºC was found to be ~0.83 and 
~0.67 g/L; respectively. The addition of iron into the adsorbent 
changes the physicochemical interactions such as ion exchange, 
redox, aggregation, hydroxylation with continuous precipita-
tion of copper and lead hydroxides (Zou et al., 2016). The pres-
ence of iron in the composite improved the nano-clay required 
dosage per the quantity of Pb2+ adsorptive. This was further 
explained by the formation of the negatively charged surface 
complex at slightly alkaline pH (~ pH 9) and the effect of iron 
speciation that tends to increase the rate of Pb2+ adsorption 
from the test solution (Yu et al., 2001).

Adsorption isotherms, Kinetics and 
Thermodynamics

Adsorption Isotherm.  Figure 11 show the isotherm trends of 
copper (II) and lead (II)adsorption activity of the nano-clay and 
iron impregnated nano-clay. Figure 11a and b show the Lang-
muir isotherms of copper (II) and lead (II) adsorption on 

nano-clay. Whereas, Figure 11c and d depict the Langmuir 
adsorption isotherm of copper (II) and lead (II) onto the iron 
impregnated nano-clay. In addition, Figure 13 shows the Freun-
dlich adsorption isotherm of lead (II) and copper (II) onto nano 
clay and iron impregnated nano-clay. Besides, the lead and cop-
per isotherm parameters of both nano-clay and iron impreg-
nated nanoclay adsorbents are summarized in Table 1. The lead 
(II) ion adsorption isotherm of nano-clay was best fitted with 
the Langmuir isotherm expression by a linear correlation coef-
ficient, R2~ .995. Whereas, its adsorption isotherm for copper 
(II) ion has shown a better fit to the Freundlich adsorption iso-
therm model by a linear correction coefficient, R2~ .999. The 
Langmuir isotherm model has shown a better fit to copper (II) 
ion adsorption activity of iron impregnated nanoclay (R2 ~ 
.999). In addition, a similar linear correlation coefficient, 
R~0.963 has been observed for both Langmuir and Freundlich 
isotherm models of lead (II) ion removal activity of the iron 
impregnated nanoclay. Its similarity is as a result of higher lead 
metal ions removal efficiency of the iron impregnated nanoclay 
and the exhaustion of Pb2+adsorptives from the solution before 
reaching the adsorption isotherm last decision point. So that, 
further adsorption study of higher Pb2+adsorptive concentra-
tion using iron impregnated nanoclay need to be carried out to 
distinguish the type of isotherm to be dominantly be observed. 
In general, as it was shown in Figures 11 and 12, and isotherm 
parameters summarized in Table 1, iron impregnated nano-clay 
has shown more characteristics of Langmuir isotherm for cop-
per (II) adsorption. Whereas, nanoclay has shown a good fit 
Langmuir isotherm for lead (II) adsorption and Freundlich iso-
therm model for copper (II) adsorption.

The RL value of all the experimental conditions of adsorp-
tion of copper (II) and lead (II) on the iron impregnated nano-
clay as well as the nanoclay that were found in between 0 and 1 
(0 < RL < 1) indicated the feasible adsorption process in all 
conditions.

Kinetic activity.  Figures 13 and 14 have shown the model fit 
trends of experimentally observed lead (II) and copper (II) ions 
adsorption value on a Pseudo first order and Pseudo second 
order kinetics model equations. Whereas, Table 2 summarized 
the model fitting parameters for lead (II) and copper (II) ions 
adsorption activities of nano-clay and iron impregnated nano-
clay. The copper (II) ion adsorption activity of nano-clay was 
fitted with the Pseudo first order and second-order kinetic 
models by correlation coefficients (R2) ~ .979 and .998, respec-
tively. Whereas, the copper ion adsorption activity of the iron 
impregnated nano-clay was fitted with the pseudo-first-order 
and pseudo-second-order kinetic model by a correlation coef-
ficient R2~.989 and .995, respectively. The copper adsorption 
activity in both adsorbents was best fitted with pseudo-second-
order kinetics.

In the other side, the linear correlation coefficient for lead 
(II) ion adsorption activity of nano-clay was fitted to the 

Figure 10.  The effect of adsorbent dose on lead removal efficiency of 

nano-clay and iron impregnated nano-clay (n:3, pH:9, Temperature: 30°C, 

[Pb2+]: 6 ppm, Contact time: 180 minutes).
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Figure 12.  Freundlich isotherm model of (a) Freundlich adsorption isotherm of lead (II) on nano-clay (b) Freundlich adsorption isotherm of copper (II) on 

nano-clay, (c) Freundlich adsorption isotherm of lead (II) on iron impregnated nano-clay and (d) Freundlich adsorption isotherm of copper (II) on iron 

impregnated nano-clay.

Figure 11.  Langmuir isotherm model of (a) copper (II) adsorption activity of nano-clay, (b) lead (II) adsorption activity of nano-clay (c) copper (II) 

adsorption activity of iron impregnated nano-clay and (d) lead (II) adsorption activity of iron impregnated nano-clay.
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pseudo-first and second-order kinetics by R2~.981 and .994, 
respectively. Also, the iron impregnated nano-clay has shown 
R2~ .991 and .995, respectively to the pseudo-first-order and 
second-order kinetic models.

The linear correlation coefficient of pseudo-first-order 
kinetic activity of lead (II) and copper (II) ions adsorption for 
both nano-clay and iron impregnated nano-clay adsorbents 
were quite smaller than the pseudo-second-order kinetic model 
fit. Also, the qcal values for both heavy metals adsorption using 
nano-clay and iron impregnated nano clay in-case of the 
pseudo-second-order kinetic model equation are closer to the 
qexp. values (Table 2). So that, the heavy metals (lead and cop-
per) adsorption activity in this experiment is best explained by 
the Pseudo second-order kinetic model expression. This has 
indicated the involvement of chemisorption activity for the 

removal of those heavy metals from the solution using the 
nano-clay and iron impregnated nano-clay.

Pseudo-second-order kinetic activity of bentonite clay 
adsorbent for lead and copper ions was reported (Şahan, 2019). 
In the report, lead ion has shown better selectivity and fast 
removal trends as compared to copper ions. A faster lead ion 
removal (Table 2) was also observed in this study which is con-
sistent with the finding reported by Şahan (2019) The cationic 
chemisorption capacity of natural clay and plagioclase feldspar 
supported by a pseudo-second-order kinetics behavior were 
reported (Al-Futaisi et al., 2007; Gürses et al., 2006). Also, the 
nZVI modified zeolite and montmorillonite nano-clay adsor-
bents have shown the best fit of pseudo-second-order kinetic 
expressions for lead (II) ion removal from aqueous solution 
(Arancibia-Miranda et  al., 2016). In general, the finding of 

Table 1.  Characteristics of the Langmuir and Freundlich Isotherms of Heavy Metals (Cu2+ and Pb2+) Removal Using Nano-Clay and Iron 
Impregnated Nano-Clay.

Isotherm Type of 
nanomaterials

Heavy 
metal

Intercept Slope Qmax (qe) KL Kf RL n R2

Langmuir isotherm Iron impregnated 
nano-clay

Cu2+ 0.097 0.026 10.312 3.745 0.0044 .999

Pb2+ 0.064 0.021 15.731 3.081 0.0054 .963

Nano-clay Cu2+ 0.113 0.006 8.820 17.716 0.0009 .991

Pb2+ 0.091 0.035 10.993 2.576 0.0064 .995

Freundlich isotherm Iron impregnated 
nano-clay

Cu2+ 0.897 0.114 7.896 8.779 .980

Pb2+ 0.064 0.021 1.158 48.473 .963

Nano-clay Cu2+ 0.852 0.112 7.119 8.967 .999

Pb2+ 1.027 0.218 10.641 4.583 .983

Figure 13.  Pseudo first-order kinetics of copper (II) and lead (II) 

adsorption using nano-clay and iron impregnated nano-clay.
Figure 14.  Pseudo second-order kinetics of copper (II) and lead (II) 

adsorption using nano-clay and iron impregnated nano-clay.
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kinetic activity of lead (II) and copper (II) ions removal in this 
study is consistent.

Thermodynamics parameters.  The experimental values of ΔH° 
and ΔS° were determined from the slopes and intercepts, 
respectively (Figure 15, lnKe vs. 1/T). Then, ΔG° of the adsorp-
tion process was determined from the corresponding ΔH° and 
ΔS° of the experiments. As summarized in Table 3, the ΔG° 
value of the experiments were increased from small to big neg-
ative number across an increasing temperature of the system 
and showing a spontaneous process. All the adsorption experi-
ments were achieved by a negative ΔG° value which shows a 
spontaneous sorption process that supports increasing metal 
sorption at higher temperatures. Whereas, the ΔH° and ΔS° 
result of copper adsorption onto the nano-clay was about 
+122.809 and +0.411 KJ/mol, respectively at R2 ~ .977. The 
positive ΔH° of all the experiments (Table 3) shows the 

endothermic nature of the reaction processes which causes an 
increasing qe with rising temperature. Consistent with this 
study, an endothermic process of Cu2+ and Pb2+ was reported 
(El-Korashy et al., 2016; Elwakeel et al., 2017).

In addition, the positive value of ΔS° (Table 3) has been 
calculated in all nano-sorbents activity. It confirmed the higher 
affinity of nano sorbent for heavy metals (lead and copper) 
removal from the solution. The positive entropy result has 
shown the high level of disorder and spontaneity of the heavy 
metals (lead and copper) adsorption activity in this study 
(Meng et al., 2018; Yavuz et al., 2003).

In addition, the higher negative value of its free Gibbs 
energy (−ΔG° < −20 KJ/mol) has shown the dominance of the 
chemisorption process in all metals (lead (II) and copper (II)) 
sorption processes. A similar author reported the occurrence of 
physisorption activity in the experimental conditions with neg-
ative free gibes energy less than −20 KJ/mol.

Table 2.  Kinetic Activity of Cu2+ and Pb2+ Adsorption Using Nano-Clay and Iron Impregnated Nano-Clay.

Parameter Iron impregnated nano-clay Nano-clay

  Cu2+ Pb2+ Cu2+ Pb2+

Pseudo-first-order kinetics

 K1 (min−1) −0.065 −0.074 −4.43E-02 −0.07

 qe (cal), mg/g 28.670 3.707 13.866 4.403

 R2 .989 .991 .979 .981

Pseudo-second-order kinetics

 K2 (g/mg. min) 0.0004 0.0008 0.0002 0.00005

 qe, Cal (mg/g) 16.871 14.890 15.014 17.200

 R2 .995 .995 .998 .994

 qe (exp.) 11.84 11.90 11.50 11.78

Figure 15.  Thermodynamic characteristics of: (a) the copper and (b) lead ions adsorptions activity of the nano-clay and iron impregnated nano-clay.
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Conclusion
The nano-clay showed mesoporous media with an average sur-
face area of 43.49 m2/g, a pore volume of 0.104 cm2/g, and pore 
diameters of 2.81 nm while the iron impregnated nano-clay 
was characterized by a surface area of 73.11 m2/g, pore volume 
0.153 cm2/g, and pore diameters of 3.83 nm. Impregnation of 
iron onto the natural clay had provided better surface area, 
pore-volume, and pore diameter for the application of pollut-
ants adsorption. Both nanomaterials have shown a crystalline 
structure. As a result of humidity in the study area and the 
related issue of agglomeration, the shape of nanoparticles was 
not identified clearly and recommended to be studied in the 
future using a high-resolution SEM or TEM instrument. Ca2+, 
Mg2+, Na+, and K+ were found in the clay natural composition 
which might play a role in the chemisorption process.

The highest Cu2+ and Pb2+ removal capacity of nano clay 
was about ~11.9 and ~11.95 mg/g, respectively. Whereas, the 
iron impregnated nano-clay has achieved the highest Cu2+ and 
Pb2+ removal capacity ~11.97 and 11.96 mg/g, respectively. 
Iron impregnated nano-clay has achieved the highest copper 
removal efficiency at an optimum pH, dose, contact time, and 
concentration to 5, 0.83 g/L, 150 minutes, and 4 ppm, respec-
tively. Also, its highest lead (II) ion removal performance was 
achieved at operational conditions of pH 5, contact time 
90 minutes, lead initial concentration 6 ppm, and the adsorbent 
dose of 0.67 g/L. Comparatively, the best operating conditions 
of copper ion removal using nano-clay were pH 5, contact time 

180 minutes., dose 1 g/L, and Cu2+concentration 2 ppm. Lastly, 
nano-clay has achieved higher lead (II) ion removal efficiency 
at parameter of pH 5, contact time 90 minutes, dose 0.83 g/L, 
and Pb2+ initial concentration 4 ppm. In all cases, the heavy 
metals removal mechanisms followed a pseudo-second-order 
kinetics. The adsorption of lead (II) using nanoclay and copper 
(II) using iron impregnated nanoclay have fitted with charac-
teristics of Langmuir adsorption isotherm. Moreover, a 
Freundlich isotherm behavior was observed for copper (II) 
adsorption characteristics of the nanoclay. Whereas, lead (II) 
removal activity of nanoclay well fitted with a Langmuir. 
Whereas, lead (II) ion removal activity of iron impregnated 
nanoclay has fitted with both Langmuir and Freundlich iso-
therm at similar linear correlation coefficients (R2~.963) value. 
This was attributed with properties of a higher metal’s adsorp-
tion efficiency of the iron impregnated nanoclay and the lower 
adsorptive concentration of the solution. Further study is rec-
ommended to be carried out using a higher Pb2+ adsorptive 
concentration to distinguish the type of adsorption isotherm of 
the iron impregnated nanoclay adsorbents. Its kinetic activities 
and thermodynamic parameters showed the activity of chem-
isorption to heavy metals removal from the test solution. Also, 
both adsorbents have shown a heterogeneous sorbent’s surface. 
The heavy metals adsorption activity was spontaneous (-ΔG) 
and endothermic (+ΔH°). In addition, a high level of adsor-
bents disorder (+ΔS°) was observed and contributed to the 
heavy metal removal process.

Table 3.  Thermodynamics Parameters of Cu2+ and Pb2+ Adsorption Using Nano-Clay and Iron Impregnated Nano-Clay.

Adsorbent Heavy metals Temperature, K Ke ΔG°, KJ/mol ΔH°, KJ/mol ΔS°, KJ/mol R2

Nano-clay Cu2+ 303 2.685 −24.869 122.809 0.411 .977

313 6.627 −49.189

323 39.827 −98.898

333 198.334 −14.638

Pb2+ 303 9.710 −57.236 104.243 0.362 .990

313 27.659 −86.352

323 96.573 −12.267

333 408.001 −16.634

Iron impregnated nano-clay Cu2+ 303 6.115 −45.595 139.599 0.475 .991

313 27.031 −85.756

323 230.892 −14.606

333 767.563 −18.383

Pb2+ 303 28.636 −84.469 802.878 0.293 .996

313 88.606 −11.664

323 237.738 −14.685

333 498.334 −17.188
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In conclusion, the impregnation of iron into the natural clay 
improves Cu2+ and Pb2+ ions removal performance at lower 
pH as well as at higher Cu2+ and Pb2+ concentrations and has 
shown promising results to be scale-able to the level of indus-
trial wastewater treatment through complementary pH re-
adjustment. However, the study recommends studying the 
isotherm characteristics of iron impregnated nanoclay at a 
higher adsorptive concentration, adsorbent’s recyclability, and 
replicating the experimental test under multi-matrices in the 
presence of interferences at real industrial wastewater.
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