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Abstract

The possible use of clay (AL2Si3O5(OH)4, locally mined (Makepe, Cameroon), as an

adsorbent, for the removal of cadmium from wastewater was investigated. Spectroscopic

studies including FTIR, porosity, elemental analysis (EA), XRPD, and SEM were used for its

characterization. The effect of different variables, namely: conc of metal ions and time of

interaction were studied. The adsorptive property of clay was tested using Cd(II) as the model

adsorbate. Equilibrium data was examined using a comparison of linear and non-linear

isotherm models. The adsorption behavior was well described by the non-linear Langmuir

isotherm model, showing a monolayer adsorption capacity for Cd. The kinetic rates were

modeled by using the Lagergren-first-order, pseudo-second-order and intraparticle model.

The pseudo-second-order model was found to explain the adsorption kinetics most

effectively. It was also found that the pore diffusion played an important role in the

adsorption and intraparticle diffusion was the rate-limiting step during the first 30 min. of

interaction.

1. Introduction



UNDER PEER REVIEW

2

Persistent heavy metal ions in trace quantities are difficult to remove from aqueous solution.

Adsorption is a promising technique for regulating mobility of chemical species and their

geochemical cycles in the environment. The process has the additional advantages of

applicability at very low concentrations, suitable for both batch and continuous processes,

ease of operation, little sludge generation, possibility of regeneration and reuse, and low

capital cost (Mohanty et al., 2006; Zhu et al., 2008). Thus, adsorption is continuously

becoming a preferred method for removal, recovery and recycling of toxic heavy metals from

wastewaters. Different types of adsorbents are used for removing metal ions from aqueous

solutions (Mohan et al., 2001; Gupta et al., 2003; Chiron et al., 2003; Peric et al., 2004;

Alvarez- Ayuso and Nugteren, 2005), each presenting some limitations that may include

either cost of the materials or complex chemistry hindering recovery.

Clay minerals are important constituents of soil and they play the role of a natural scavenger

for metals as water flows over soils or penetrate underground. By clay standards, kaolinite

(AL2Si3O5(OH)4, are the principal constituent of soil nanostructure (up to 40% minerals in

sedimentary rocks), (Ndibewu et al., 2010; Pedra et al., 2007). The high specific surface area,

chemical and mechanical stability, layered structure, high cation exchange capacity (CEC),

Brönsted and Lewis acidity, etc., have made the clay minerals excellent materials for

adsorption (Tanabe., 1981). Mellah and Chegrouche (1997) had used bentonite for removing

Zn(II) from aqueous solution with Langmuir monolayer capacity of 52.91 mg g−1 at 293 K.

The adsorption of Cd (II), Cu (II) and Zn(II) on sepiolite has also been reported (Sanchez et

al., 1999). Original and Na exchanged bentonites have been used for the removal of Cr(III),

Ni(II), Zn(II), Cu(II) and Cd(II) from aqueous solution (Alvarez-Ayuso and Garcia-Sanchez,

2003) with maximum adsorption capacity of up to 49.8, 24.2, 23.1, 30.0 and 26.2 mg g−1,

respectively. The removal of Cr (III), Cr (VI) and Ag(I) from water by bentonite has also

been reported (Khan et al., 1995) where Cr(III)-bentonite and Ag(I)-bentonite interactions

were found to be exothermic while Cr(VI)-bentonite interactions was endothermic. Strawn et

al. (2004) reported the adsorption of Cu (II) by smectites (montmorillonite and beidellite) as a

function of ionic strength and pH.

The present study investigates the adsorption of clay, in batch experiments, for the removal of

Cd2+ metal ions from aqueous solutions.



UNDER PEER REVIEW

3

2. Materials and methods

2.1. Chemicals

All the chemicals used were of analytical reagent grade. Deionised doubly distilled (DDD)

water was used throughout the experimental studies. Working standards were prepared by

progressive dilution of stock cadmium solutions (1000 ppm) using the DDD water.

2.2. Materials

The natural clays used in this study was mined from a subtropical wetland soil in Cameroon

((Littoral Region), West Africa. For this type of clay material, the cation exchange capacity

(CEC) = 12.04 meq/100 g was considered (Weiss and Amstutz, 1966). The clays were

washed several times with distilled and deionized water after which they were completely

dispersed in water. After 17 h at rest, the dispersed particles were centrifuged for one hour at

2400 rpm. The size of the clay particles obtained was < 2 μm.

These clay particles were dispersed in water and heated at 75°C in the presence of a solution

of sodium bicarbonate salts (1.0 M), citrate (0.3 M), and chloride (2.0 M). The purpose of this

treatment was to eliminate inorganic and organic compounds, aluminium found in the inter-

layer spaces and various free cations. Carbonates were removed by treatment with HCl (0.5

M) and chloride was eliminated after several washings. The organic matter was eliminated

completely by treatment with H2O2 (30% v/v) at 70°C. The purified clay was dried at 110°C,

then saturated with sodium (Na+). To ensure complete transformation into the sodium form,

all samples were washed several times with a NaOH solution (1.0 M).

2.3.3. Characterization of the materials
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The purity of the activated natural clay samples was tested by IR spectral analysis. An IR

transmittance spectrum of the ground samples was obtained in the 4000 to 400 cm−1 range on

a PerkinElmer Spectrum Two spectrometer (UK).

To confirm the purity of the activated natural clay samples, x-ray diffraction (XRD) spectra

were obtained. Analysis involved the identification and semi quantification of the

characteristic peaks of the minerals present. The XRD diffractograms presented in this study

were recorded using a Bruker D8 Discover X-Ray diffractrometer (XRD) (UK) from Bruker

(Germany) with a D5000 Ni-filtered CuK and an α radiation of 1, 5406 Å. Scans of natural

clay samples with both randomly and preferred orientation were taken over a range from 2θ =

10o to 100o at scanning speeds of 0.03°/5 s. The XRD patterns were collected using a Cu Kα

radiation (1, 5406 Å) source (40 keV, 40 mA). The scans were performed at room

temperature in 2θ steps of 0.02o, using open sample holders. The phases were identified using

Bruker Diffract Plus evaluation software, distributed by the International Centre for

Diffraction Data (ICDD).

A field emission scanning electron microscopy (FE-SEM) and energy-dispersive x-ray

(EDX) was employed to observe the surface morphology of the clay samples. The instrument

used to obtain SEM images and EDX spectra is a JEOL JSM-7600F Field Emission Scanning

Electron Microscope, 800 mm2, X-Max coupled to a silicon drift energy dispersive X-ray

detector (SDD) (Oxford Instruments Ltd, UK).

The samples were gold coated to improve its conductivity so as to obtain good images.

Additionally, EDX elemental spectra of a few spots on the samples were taken for

determining the surface elemental compositions. Representative images and spectra of the

samples are presented in Figs. 3 and 4.
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For elemental analysis (EA),  the percentage (%) carbon (C), nitrogen (N), oxygen (O) and

sulphur (S) of the various samples was equally observed with the EDX spectra, although not

very accurate for organic elements..

2.4. Equilibrium adsorption studies

The sorption equilibrium data of Cd2+ on clay was analyzed using Freundlich and Langmuir

isotherm models (Foo and Hameed, 2011). Freundlich isotherm equation x/m = kfC1/n can be

written in the linear form as given below (1).
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

 (1)

Where x/m and Ce are the equilibrium concentrations of Cd2+ in the adsorbed and liquid

phases in mg/g. KF and n are the Freundlich constants that are related to the sorption capacity

and intensity, respectively. Freundlich constants KF and n can be calculated from the slope

and intercept of the linear plot, with log (x/m) versus logCe. The Langmuir sorption isotherm

equation
eL

eL

Ck
CKQ

m
x




1
max on linearization becomes (2):

e
Le

e C
QQKQ

C

maxmax

11
 (2)

Where Qmax is the adsorption capacity (mg/g) when all adsorption sites are occupied, Ce is the

equilibrium concentration of cadmium, and the Langmuir constant KL (L/mg) is derived from

the ratio of the adsorption rate constant to the desorption rate constant.

2.5. Kinetic studies

Kinetic adsorption data were analyzed following pseudo-first-order kinetic model

(Lagergren,1998 ) (3):
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Where qe and qt refer to the amount of cadmium adsorbed (mg/g) at equilibrium and at any

time, t (h), respectively, and k1 is the equilibrium rate constant of pseudo-first-order sorption

(1/h). Integration of Eq. (3) for the boundary conditions t=0 to t and qt =0 to qt, gives

303.2
log

)(
log 1tkq

qq
q

e
te

e 


(4)

Eq. (4) can be rearranged to give (5)

303.2
log)log( 1tkqqq ete  (5)

The slope and intercept of plot of log(qe −qt) versus t (Fig. 9) were used to determine the

first-order rate constant k1. In many cases, the first-order equation of Lagergren does not fit

well with the whole range of contact time and is generally applicable over the initial stage of

the adsorption processes (Ho and McKay, 2000). Kinetic data were further treated with the

pseudo-second-order kinetic model (Ho and Wang, 2004). The pseudo-second-order

equation is also based on the sorption capacity of the solid phase. Contrary to the other

model, it predicts the behaviour over the whole range of adsorption and is in agreement with

an adsorption mechanism being the rate controlling step. The differential equation is the

following:

2
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Where k2 is the equilibrium rate constant of pseudo-second-order adsorption (g/mg min).

Integrating Eq. (6) for the boundary condition t=0 to t and qt =0 to qt, gives (7):

(7)

which is the integrated rate law for a pseudo-second-order reaction. Eq. (7) can be rearranged

to obtain a linear form (8):
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The slope and intercept of plot of t/qt versus t (Fig. 10) were used to calculate the second-

order rate constant k2. It is more likely to predict the behaviour over the whole range of

adsorption and is in agreement with the chemisorption mechanism being the rate controlling

step (McKay, 2000).

2.6. Adsorption mechanism

In order to gain insight into the mechanisms and rate controlling steps affecting the kinetics

of adsorption, the kinetic experimental results were fitted to the Weber and Morris’s

intraparticle diffusion model (Weber and Morris., 1963), in which the rate of intraparticular

diffusion is a function of t1/2 and can be defined as follows:

2/1

2/1

2 tk
r
D

fq w
p

t 









 (9)

Where rp is particle radius, Dt is the effective diffusivity of solutes within the particle, and

Kw intraparticular diffusion rate. kw values can be obtained by linearizing the curve q = f

(t1/2). Such types of plots may present a multi-linearity, implying that the overall adsorption

process may be controlled by one or more steps, such as film or external diffusion,

intraparticle diffusion and a chemical reaction on the pore surface, or a combination of more

than one step.(Weber and Morris,1963) reported that if intraparticle diffusion was involved in

the adsorption process, then a plot of the square root of time versus the adsorption amount

would result in a linear relationship, and that the intraparticle diffusion would be the

controlling step if this line passes through the origin.

3. Results and discussions

3.1. Characterisation of clay

3.1.1. XRD analysis

Results of the X-ray diffraction analysis for clay are shown in Figure 1. Shows that the d

spacing of clay, which could be attributed to the activated clay. Quartz (reflection at 4.226 Å,

2θ =21.061°; 2.336 Å, 2θ =38.523°; 1.822 Å, 2θ = 50.339°; 1.673 Å, 2θ =55.118° and 1.377
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Å, 2θ =68.314 °). The purified sample with Na-exchange shows the position of the 001

(reflection at 3.558 Å, 2θ =24.973°; 3.424 Å, 2θ =26.775°; 3.24 Å, 2θ =27.676°; and 2.56 1

Å, 2θ =35.021°) characteristic of Kaolinite and Boehmite (reflection at d= 1.971Å, 2θ =

45.835° and d=1.474 Å, 2θ =62.589°).
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Fig.1. X-ray diffraction patterns of the natural clay.

3.1.2. Fourier transform-infrared spectroscopy (FTIR)

The FTIR spectrum of the clay is shown in Fig. 2. The frequency absorption band at 3695.8

cm−1(OH-Al out-of-plane), 3624.4 cm-1(OH-Al in-plane) and 913.68 cm-1 indicate the

presence of OH-Al groups (Farmer, 1974).

- On one hand, peaks appearing at 2961.4, 2927.9 and 2869.1 cm-1 between (2700 and 3150

cm-1) and (1400 and 1500 cm-1) depicts the presence of alkyl groups (CH2-CH3 and CH3

(Bouras, 2003).

- The bands appearing at 1020 and 1120 cm−1 are ascribed to the formation of Si - O bond,

characteristic of aluminosilicate (Amritphale et al., 2005). The additional peak at 695.45 cm−1

indicates the presence of Al-OH and Si-O (Amritphale et al., 2005).

- The bands observed at 468.88 and 540. cm
-1

can be attributed to vibrations due to

deformation of Si-O and Si-O-Al bonds, respectively (Sayilkan et al., 2004).



UNDER PEER REVIEW

9

40 00 45 03 50 0 3 00 0 2 50 0 20 00 15 00 10 00 50 0

1 01

54
55

60

65

70

75

80

85

90

95

1 00

c m - 1

%
T

3695 .8 3624 .4

2 96 1.4 2927.9 2 869 .1

1 7 2 7 .7 1 46 7 .6

1 4 25 .6

1379.5
12 83

1 1 1 9 .3

1 0 3 5 .4 1 0 1 0 .2

913 .68

79 2 745.83

695.48

5 4 0 . 2 2

4 6 8 .8 8

Fig. 2. FTIR spectrum of a sample clay studied (MARV4)

3.1.3. SEM and EDX

To observe the morphology of the clay sample, an example of a scanning electron

microscopy (SEM) image is shown in Fig.3. The image displays the SEM micrographs of

functionalized clay. In this case, the particles are apparently smaller in size than natural clay

sample and are composed of disordered thin sheet particles aggregates. One can conclude that

functionalization promotes the formation of disordered and less cohesive aggregates,

probably due to a reduction of the edge-to-edge and face-to face interactions. Unlike the

hydrophilic end, which formed large size aggregates after drying of the clay sample became

hardened and dispersed in water (hydrophobic) while easily kept as a loose powder after

drying. This change constitutes an important advantage considering the product application in

commercial units. The EDX plot (Fig. 4) of clay shows the presence of carbon, oxygen, and

inorganic elements like aluminium, titane, silicium zinc, copper and iron (Table 1).
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Fig.3. SEM photographs of a sample clay sample (MARV4)

Fig. 4. EDX of a sample clay sample MARV4 showing abundance of certain metals (Al and

Si are typically present in clay minerals of this type)

Table 1. Elemental analysis of clay

elements C O Al Si P S K Ti Cu Fe Zn

Weight% 104.70 1505.47 336.37 348.39 4.17 0.49 3.69 12.58 5.99 74.79 13.14

Atomic% 6.70 72.49 9.60 9.56 0.10 0.01 0.07 0.20 0.07 1.03 0.15



UNDER PEER REVIEW

11

3.2. Effects of contact time and initial concentration of Cd2+

Fig. 9 shows the effect of contact time on removal of Cd2+. Experimental studies were carried

out with varying initial metal ion concentrations of Cd2+ ranging from 10 – 60 ppm using 0.2

g of adsorbent. Equilibrium adsorption was established within 30 min for the metal ion. It is

very clear from these results that the agitation time required for maximum uptake of metal

ions by clay was dependent on the initial metal ion concentration. This data is important

because equilibrium time is one of the parameters for economic feasibility studies for in

wastewater treatment plant application (Kadirvelu and Namasivayam, 2003). According to

these results, the agitation time was fixed at 2h for the rest of the batch experiments to make

sure that equilibrium was attained.
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Fig.5. Effect of agitation time and initial concentration of Cd2+ on the adsorption of Cd2+ (

conditions: carbon concentration, 0.2g/50 mL.)

3.4. Equilibria isotherms

Adsorption isotherms provide qualitative information on the nature of the solute–surface

interaction, as well as the specific relation between the concentration of adsorbate and its

degree of accumulation onto adsorbent surface at constant temperature. The equilibrium

experiment was studied room temperature, adsorbent mass: 0.2g, C0: 10 – 60 ppm. In order to
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understand the adsorption mechanisms of Cd2+ onto the clay, two adsorption isotherm

models, Langmuir and Freundlich, were used to fit the experimental data. For determining the

isotherm parameters (Table 2) by using non-linear regression, Origin version 7.0, a window

based statistical software, was used. Different adsorption isotherms obtained at clay are

illustrated in Fig.6 and 7. The values of the parameters and the correlation coefficients

obtained at clay are listed in Table 2. It is well known that the Langmuir model is usually

used with an ideal assumption of a monolayer adsorption surface (Langmuir, 1918). The

value of correlation coefficients (R2) for the two models at different concentration shows that

the goodness-of-fit of the models is Freundlich.
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Fig 6. Langmuir isotherm for cadmium adsorption onto clay at room temperature
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Fig 7. Freundlich isotherm for cadmium adsorption onto clay at room temperature

Table 2. Isotherm parameters for cadmium adsorption onto clay

Langmuir Qmax(mg/g) KL(L/mg) R2

13.869 0.036 0.982

Freundlich Kf(mg/g) n R2

1.647 2.411 0.634

3.5. Kinetic studies

In order to investigate the kinetics of adsorption of Cd2+, the Lagergren-first-order model and

Ho’s pseudo-second-order model were used. The values of the parameters and the correlation

coefficients obtained using non-linear regression by origin version 7.0 at four concentrations

are listed in Table 3. Adsorption equation obtained and the fitting of the kinetic models are

illustrated in Fig.8-9. It was found that the fitting to Ho’s pseudo-second-order model gave

the highest values of correlation coefficients more accurately than the other two models
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investigated. Therefore, Ho’s pseudo-second-order model could be used for the prediction of

the kinetics of adsorption of Cd2+ on the activated carbon.
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Fig.8. Pseudo-first-order kinetics for adsorption of Cd2+ onto clay
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Fig.9. Pseudo-second-order kinetics for adsorption of Cd2+ onto clay

Table.3. Kinetic parameters for Cd2+ adsorption onto clay

Model

Lagergren 2nd order Intraparticulaire diffusion

K1

(min-1)

R2 K2app

(g.ng-1.

min-1)

R2 h(mg.g-
1.min-1)

Kw R2 I

10 ppm 0.002 0.611 0.111 0.999 0.350 0.106 0.240 2.019

20 ppm 0.009 0.861 0.074 0.999 0.894 0.099 0.856 1.299

40 ppm 0.017 0.748 0.064 0.997 2.240 0.088 0.607 0.790

60 ppm 0.020 0.994 0.113 0.996 6.635 0.028 0.946 0.366

The fittings of the experimental kinetic results to the two models are shown in Figs. 8-9 and

the estimated parameters values are presented in Table 3. It can be seen from the R2 values
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that the pseudo-second-order model gives the best fit (R2: 0.996–0.999) but its predicted qe

values are overestimated as compared to the experimentally observed values, especially at

high cadmium concentration. However, qe values estimated from the pseudo-second-order

model are an extrapolation outside the time period that was experimentally investigated, the

fact still remains that the model accurately predicts the adsorption kinetics throughout the

period of experiments. Therefore, the pseudo-second-order model could be used for the

prediction of the kinetics of adsorption of Cd2+ on clay. As for the other two models, it is not

clear that there is a second best; Lagergren’s model performs reasonably well at high Cd2+

concentration and the goodness of fit deteriorates.

3.6. Adsorption mechanism

Fig. 10 shows the intraparticle diffusion plot of the adsorption of Cd2+ on the clay at four

concentrations. As it can be seen from this figure (Fig. 10), the plots of clay show similar

features that have two linear segments followed by a plateau. In the first 15 min, the first

linear portion passed through the origin, implying that the intraparticle diffusion played an

important role and controlled the rate of the adsorption. In the 60 min. that followed, the

regression was nearly linear but did not pass through the origin, suggesting that the

intraparticle diffusion was not the sole rate-controlling step in this stage. The Kw value

evaluated from the first linear parts of these curves at 10, 20, 40 and 60 ppm was 0.106,

0.099, 0.088 and 0.028, respectively. The I-value decreased with the increasing concentration

of Cd2+, which showed that the adsorption rate increased with the increasing concentration.

Comparing to the plots of 10 ppm, 20 ppm, 40 ppm and 60 ppm, the plot of 60 ppm had an

added curved portion in the first 5 min, showing that film diffusion played an important pole

in this stage (Weber and Morris, 1963).
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Fig.10. Plot of intraparticle diffusion model for adsorption of Cd2+ on clay

4. Conclusions

The present investigation showed that the clay used as an adsorbent can be effective for the

removal of Cd2+ from dilute aqueous solution. The surface area of the clay was relatively low

with large pore volume and was found to be microporous. The adsorption amount increased

with increasing concentration. The maximum adsorption for initial Cd2+ conc. (60 ppm) was

found to be 13.869 mg/g of clay. The Langmuir and Freundlich isotherm equations were used

to interpret the adsorption phenomenon of the adsorbate, and the Langmuir isotherm was

found to best describe the experimental data. There are several factors affecting the

adsorption of metal ions onto clay. The kinetic rates were modelled using the Lagergren-first-

order and pseudo-second-order equations, and the pseudo-second-order equation was found

to explain the adsorption kinetics most effectively. It was also found that the pore diffusion

played an important role in the adsorption. From an analytical point of vue, spectroscopic

techniques (XRD and FT-IR) and electron microscopy coupled to x-ray dispersive elemental

surface analysis (SEM/EDs) were found to be powerful tools for the characterization of clay

materials.
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