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a b s t r a c t

The removal of cadmium(II) and lead(II) from aqueous solution was investigated using thermally pro-
cessed halloysite. The samples were previously heated in the 200–1000°C range at interval of 200°C. 
The resulting materials were characterized by thermal analysis, electron microscopy, X-ray diffrac-
tion, electrophoretic mobility measurement, and N2 adsorption. Metal adsorption was studied as a 
function of pH, contact time, temperature, metal and adsorbent concentrations, and correlated with 
the physicochemical properties of the materials. A particular interest has been focused on the spec-
troscopic study to elucidate the mechanism of the interaction of M2+ (M = Cd or Pb) cations with the 
best adsorbent. The kinetic and equilibrium data were adequately described by the pseudo-second 
order and Redlich–Peterson models, respectively. The mechanism mainly involved an electrostatic 
interaction between these metallic cations and the hydroxyl groups of surface. Whatever metal, max-
imum adsorption occurred for the material that preserved its structure, i.e. H200 (halloysite heated at 
200°C) for Pb(II) and H400 for Cd(II). The intermediate adsorption of H600 and H800 was explained 
by their poorly organized structures due to dehydroxylation. H1000 was found to be the worst adsor-
bent due to its low specific surface area. Regardless of the material, the adsorption sequence was: Pb > 
Cd, which was correlated with the ionic properties of each metal. As long as it preserves its structure, 
halloysite clay proves to be an efficient adsorbent for removing heavy metals from aqueous solutions.
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1. Introduction

Cd(II) and Pb(II) are used in several industries, such 
as metallurgical alloys, electroplating, photography, 
pigmentation, paint, manufacture of battery and munition, 
and petroleum refining [1]. After use, these metal ions are 
mostly released into effluents. Their toxicity is enhanced by 
a biomagnification in the food chain and an accumulation in 
living tissues [2]. Cadmium intoxication leads to lung, liver 
and kidney damage, bone lesions, cancer and hypertension 

[3]. The presence of lead in the human body causes 
enormous health problems (headaches, abdominal pain, 
visual disturbances ...) that can lead to anemia or paralysis 
or even death in children [4]. Among the numerous methods 
available for removing heavy metals may be mentioned 
chemical precipitation, ion exchange, electrochemical 
treatment, reverse osmosis, and adsorption. Chemical 
precipitation is not suitable for removing low concentrations 
and also produces a large amount of sludge. Ion exchange 
is expensive and sophisticated. Electrolytic processes are 
considered to be cost-effective only for more concentrated 
solutions. Reverse osmosis, although very effective, is a 
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high-cost process because the membranes require a frequent 
replacement [5]. Adsorption was found to be an effective, 
economical, and easy technique to implement. Its other 
advantages are applicability at very low concentrations, 
suitability for using batch and continuous processes, little 
sludge generation, and possibility of regeneration and reuse.

Different adsorbents were used to fix Cd(II) and/or 
Pb(II) from aqueous solution, such as organic membrane 
[6], nanocomposites [7], sawdust [8], activated carbon [9], 
and polymer [10]. These materials were found to be costly 
in addition to disadvantages due to their subsequent 
treatment and regeneration. Among the inexpensive and 
readily available materials, 2:1 type layered clays have been 
extensively studied [11–13]. In contrast, 1:1-type minerals 
such as halloysite have been little investigated.

The originality of this manuscript was to investigate 
the possibility of using Algerian halloysite heated in the 
200–1000°C range as adsorbent of lead and cadmium 
from aqueous solutions. A particular interest has been 
focused on the spectroscopic study to elucidate the 
mechanism of the interaction of M2+ (M = Cd or Pb) 
cations with the best adsorbent. Before adsorption, the 
materials were characterized by TG/DTA, TEM, XRD, 
electrophoretic mobility measurement, and N2 adsorption. 
Metal adsorption was studied as a function of adsorbent 
concentration, pH, contact time, metal concentration, and 
temperature. The resulting parameters were correlated with 
the physicochemical properties of the materials.

2. Materials and methods

2.1. Materials

Halloysite from Djebel Debbagh, Guelma (eastern 
region of Algeria) was ground, ultrasonically dispersed in 
deionized water and dried, after separation by filtration. 
Its characteristics were reported in a previous work [14]. 
Samples were heated in a muffle furnace at 200, 400, 600, 
800, and 1000°C, at a rate of 10°C min–1. Each sample was 
processed at the relevant temperature for 2 h. It is well-
known that 2 h is a sufficient time that induces some 
transformations for different materials [15,16]. The samples 
were named H, H200, H400, H600, H800, and H1000.

2.2. Characterization

Thermal analysis (TG-DTA) was performed on a 
Netzsch Sta 409 C instruments. Approximately 190 mg of 
halloysite was heated in an alumina crucible with a heating 
rate of 17°C min–1, under an atmosphere of high purity N2. 
TEM images were determined with a Jeol 2100 electron 
microscope. An EDX detector for X-ray energy dispersive 
was attached to this microscope. The clay sample was 
previously ultrasonically dispersed in ethanol for 5 min. 
X-ray powder diffraction patterns were obtained using a 
Philips PW 1830 diffractometer with CoKa radiation (l = 
0.1789 nm) operating at 40 kV and 25 mA. XRD data were 
collected over a 2q range of 5–90° with a step width of 
0.03°. A Zetacad (CAD Inst., France) zeta-meter, equipped 
with microprocessor unit, was used for streaming potential 
measurements. The unit automatically calculates the 
electrophoretic mobility of particles. The assessment of 

textural properties was carried out by nitrogen adsorption–
desorption. The measurements were performed at 77 K via 
a Tristar instrument (Micromeritics). Specific surface areas 
were determined by the BET method. External surface areas 
and micropore volumes were calculated by the t-plot method. 
Mesopore volume was assessed from the desorption branch.

2.3. Adsorption procedure

Stock solutions of cadmium(II) or lead(II), of concentration 
200 mg L–1, were prepared by dissolving an appropriate 
amount of nitrate salts [Cd(NO3)2·4H2O or Pb(NO3)2] in 
distilled water. The working solutions were prepared by 
diluting the stock solution into the desired concentrations. 
The adsorption experiments were performed via the batch 
method. 0.04 g of the halloysite clay were mixed with 
20 mL of metallic cation solution. After each experiment, 
the solution was separated by filtration. The filtrate was 
analyzed by flame atomic absorption spectrophotometry 
(FAAS), using a Perkin-Elmer 400 series spectrophotometer. 
The adsorbed amount was calculated from the difference 
between the initial and final concentrations. The effects of 
metal and adsorbent concentrations, pH, contact time, and 
temperature were studied. The experimental conditions are 
outlined in Table 1.

2.4. Theoretical background

2.4.1. Adsorption kinetics

The kinetic data were described with pseudo-first-order, 
pseudo-second-order, and intraparticle diffusion models, 
which are presented, respectively, as follows [17–19]:

Table 1
Experimental conditions during the adsorption of Cd(II) and 
Pb(II)

Adsorbent 
concentration

Clay 2, 4, 6, 8, and 10 g L–1 
Temperature 298 K, contact time 2 h

pH pH Pb(II) 2.0, 3.5, 5, and 6
pH Cd(II) 2.0, 3.5, 5, 6.5, and 8
Clay 2 g L–1, temperature 298 K, contact time 
2 h

Kinetics Contact time 1, 3, 5, 10, 20, 40, 60, 120, and 
240 min
Clay 2 g L–1, temperature 298 K, pH(Pb2+) 6.5, 
pH(Cd2+) 6.0

Isotherms Pb(II) 10, 20, 40, 60, 100, and 200 mg L–1. Clay 
2 g L–1, temperature 298 K, contact time 2 h, 
pH 6.5
Cd(II) 10, 20, 40, 60, 100, and 200 mg L–1. Clay 
2 g L–1, temperature 298 K, contact time 2 h, 
pH 6.0

Temperature Temperature 298, 313, and 328 K. Clay 2 g 
L–1, Pb(II) 10, 20, 40, 60, 100, and 200 mg L–1, 
contact time 2 h, pH 6.5.
Cd(II) 10, 20, 40, 60, 100, and 200 mg L–1, 
contact time 2 h, pH 6.0
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When t → 0, the initial adsorption rate, h (mg g–1 min–1), 
is defined as:

h Qe= K .2
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where Qe: amount adsorbed at equilibrium (mg g–1), Qt: 
amount adsorbed at time t (mg g–1), K1: pseudo-first-order 
rate constant (min–1), t: contact time (min), K2: pseudo-
second-order rate constant (g mg–1 min–1), Kid: intraparticle 
diffusion rate constant (mg g–1 min–1/2 ), and C: constant 
proportional to the boundary layer thickness.

2.4.2. Adsorption equilibrium

The equilibrium data were analyzed by Langmuir, 
Freundlich, and Redlich–Peterson isotherm models, which 
are presented, respectively, as follows [20–22]:

Q Q
K C

e m
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+1 K CL e

 (5)
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Q
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where: Ce equilibrium concentration (mg L–1), Qe: amount 
adsorbed at equilibrium (mg g–1), KL: Langmuir adsorption 
constant (L mg–1), Qm: maximum adsorption capacity (mg 
g–1), KF: Freundlich adsorption constant (L g–1), n: constant 
related to adsorption intensity, KRP and M: Redlich–Peterson 
constants, and b: heterogeneity factor that depends on the 
surface properties of adsorbent.

2.4.3. Adsorption thermodynamics

The thermodynamic parameters DH0, DS0, and DG0 were 
evaluated using the following equations:

ln K R.Td = −( ) + ( )∆ ∆H S R0 0  (8)

K Q Cd e e=
 

(9)

∆ ∆ ∆G H T S0 0 0= −
 

(10)

where DH0, DS0, and DG0 are the changes in enthalpy (kJ 
mol–1), entropy (J mol–1 K–1), and Gibbs energy (kJ mol–1), 

respectively, T: absolute temperature (K), R: gas constant (J 
mol−1 K−1), and Kd: distribution coefficient (L g–1).

3. Results and discussion

3.1. Characterization

3.1.1. Thermal analysis

DTA and TG curves are depicted in Fig. 1. The DTA 
curve shows that the decomposition process of Algerian 
halloysite takes place in three main steps: (i) a first 
endothermic peak in the range 50–240°C, corresponding to 
the release of water adsorbed on the surface of particles, (ii) 
a second endothermic peak between 480 and 640°C, due 
to structural decomposition. The peak centered at 580°C 
is assigned to the dehydroxylation of structural aluminol 
groups [23], and (iii) an exothermic peak at 993°C, caused 
by the formation of amorphous SiO2 and g-Al2O3 [24]. The 
thermogravimetric curve highlights a continual mass loss 
between 25 and 1100°C of 12.5%. In the dehydroxylation 
range, a steep slope was obtained, corresponding to a 
major weight loss of 6.7% between 400 and 700°C. The 
dehydroxylation of halloysite consists in the following 
reaction:

Al O SiO H O Al O SiO H O2 3 2 3
dehydroxylation2 2 2 22 2 2 2 → +  (11)

3.1.2. Transmission electron microscopy

TEM images of untreated halloysite (H), H600, 
and H1000 are presented in Fig. 2. The particles of the 
starting material evidences a cylindrical shape whose the 
transparent central area runs longitudinally along the 
cylinder, indicating a hollow and open-ended structure. 
Particles differ both in diameter and length. Their external 
diameters vary from 50 to more than 100 nm, while the 
internal diameter is ca. 10 nm. These rolled tubes consist 
in a number of aluminosilicate sheets, curved, and closely 
packed. One finds 2 layer distances, one of 7.2 and another 
of 4.4 Å corresponding to the (001) and (111) reflections, 

Fig. 1. DTA and TG curves for untreated halloysite.
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respectively. Nanotubular particles were also obtained for 
H600, proving that the heat treatment at 600°C maintains 
the morphology of halloysite. Their external and internal 
diameters vary from 30 to 180 nm, and from 10 to 30 nm, 
respectively. A phase rich in Al, O, and Mn was evidenced 

by EDX. This phase consists of agglomerated small plates 
of diameter ca. 10 nm. Interlayer spacing could not be 
highlighted. This is probably due to the fact that the layers 
are immediately destroyed under the beam of electrons. 
H1000 presents both tubular and plate morphologies. The 
nanotubes are damaged. Their external diameters are ca. 
70 nm. At 1000°C, the dehydroxylation phenomenon alters 
the morphology of halloysite clays, because it leads to the 
formation of g-Al2O3 and amorphous SiO2.

3.1.3. XRD analysis

XRD patterns of unheated and halloysites heated at 
200, 400, 600, 800, and 1000°C are depicted in Fig. S1 in 
the supplementary data. The diffractogtam of the starting 
material shows a basal reflection at 7.6 Å (2q = 13.5°) with 
a shoulder at 10 Å (hh) (2q = 10.3°), indicating a partially 
hydrated halloysite. A feature of the X-ray pattern of 
halloysite having common tubular morphology is the very 
intense reflection at ~4.4 Å. The X-ray diagram of Algerian 
halloysite shows a prominent reflection at 2q value of 23.5°, 
corresponding to d-spacing of 4.4 Å. Quartz (q) and calcite 
(c) reflections were also observed. Their low intensities 
indicate minor quantities. The thermal treatment at 200 
and 400°C does not cause significant changes of structure, 
except that the intensity of the peaks characteristic of 
halloysite increases for H200 and H400. This increase may 
be ascribed to that of halloysite content in the sample, 
after removing physisorbed water. This shows that the 
crystalline structure of halloysite is stable up to 400°C. For 
the solids treated at 600 and 800°C, no clear diffraction 
peak is observed. This indicates a poorly organized 
structure and a progressive amorphisation of structure, 
which is due to the structure –OH group breakage. For 
H1000, a recrystallization process arises from amorphous 
substance, materialized by the appearance of several 
reflections, and identified as due to g-Al2O3. In parallel, the 
broad band observed in the 2q range of 5–18° is probably 
due to amorphous SiO2. In other words, the structural 
rearrangement of dehydroxylated halloysite results in the 
formation of g-Al2O3 and amorphous SiO2.

3.1.4. Electrophoretic mobility

Electrokinetic properties play a significant role in 
understanding the adsorption mechanism of inorganic 
species at the solid/solution interface. Fig. 3 shows the 
changes of the electrophoretic mobility of halloysitic 
clays as a function of pH. Untreated halloysite has an 
isoelectric point (I.E.P.) of 2.5 [14], corresponding to a 
surface charge neutralized. The heat treatment in the 
range 200-800°C slightly modifies this value within a 
narrow range of 2.6 ± 1. The measured values of mobility 
are also in close agreement, i.e., between 4 and –9×10–8 
m2·V–1·S–1. The increase of suspension pH from I.E.P. results 
in an increase in the negative charge of halloysitic clay. 
This can be ascribed to either the adsorption of OH– ions 
onto the positive charge centers or the deprotonation of 
surface hydroxyl groups [25]. H1000 behaves differently 
in comparison with the other samples. Its mobility varies 
considerably with pH, from 26 to –120×10–8 m2·V–1·S–1, 

Fig. 2. Transmission electron microscopy images of the hal-
loysite solids.
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whereas the neutralization of its surface charge occurs 
at a pH of 4.7. This behavior could be explained by the 
formation of g-Al2O3 and amorphous silica. A literature 
review shows that alumina has an I.E.P. of 7.8, while that 
of silica is 1.8 [26].

3.1.5. Textural analysis

The textural parameters are summarized in Table 2. 
SBET remain fairly constant up to 800°C, beyond which it 
drastically decreased from 63 m2/g for H200 to 17.8 m2/g 
for H1000. Whatever the sample, the values of external 
surface are higher than those of internal surface, while 
the volumes of micropores are negligible. Total volume is 
mainly represented by mesopores. They represent up to 
99% of total volume for H800. The lowest value of total 
volume of pores was found for H1000. The solid obtained 
at 1000°C consists of grains of alumina and amorphous 
silica. The latter precipitates into the matrix and fills pores, 
resulting in a smaller specific surface area [27].

3.2. Adsorption of Cd(II) and Pb(II)

3.2.1. Effect of adsorbent concentration

To evaluate the optimum dosage of the solids, different 
adsorbent concentrations were used (Fig. 4). Metal uptake 
decreases with increasing concentration. This evolution 
may be caused by an unsaturation of adsorption sites, 
and/or an aggregation of the adsorbent particles, resulting 
in a decrease in the total surface area and an increase in 
diffusional path length [28]. This result was previously 
reported for Cd(II) and Cr(VI) adsorption by modified 
kaolinites [5]. Optimum obtained for a concentration of 
2 g L–1 was considered in the subsequent experiments.

3.2.2. Effect of pH

To prevent metal precipitation, the adsorption of Cd(II) 
and Pb(II) ions was studied over the pH range 2–6 and 2–8, 
respectively. The effect of pH is shown in Fig. 5 at Cinitial = 80 mg 
L–1. As illustrated in Fig. 5, the removal of Cd(II) and Pb(II) 
from aqueous solution is pH-dependent. The adsorption 
capacity of Pb2+ increases with increasing solution pH. 
Such an evolution was also obtained for Cu(II) adsorption 
by halloysites intercalated with sodium acetate [29]. We 
cannot exceed pH 6 to avoid the hydrolyzed lead species 
such as Pb(OH)+ and Pb(OH)2 [30]. The uptake of Cd(II) first 
increases with pH and then reaches a plateau around 6.5. The 
same trend was observed for Cd2+ adsorption by different 
materials [31]. At low pH, adsorption is insignificant and can 
be explained by the fact that electrostatic repulsion occurs 
between M2+ ions (M2+ = Cd2+ or Pb2+) and the positively 
charged edge groups (S-OH2

+) [32]:

− −  → − ++ −SO + H OH S OH OHH+

2  (12)

When pH increases, clay surface becomes negatively 
charged favoring M(II) uptake:

− − +− −SOH + OH SO H O2

 (13)

− + − −−SO M S O M2+ 2+� …  (14)

With increasing pH, high removal efficiency can 
be attributed to electrostatic interactions between the 

Fig. 3. Electrophoretic mobility of the halloysite solids.

Table 2
Textural parameters of the halloysite solids

Samples Specific 
surface area 
SBET (m2/g)

External 
surface area 
Sext (m2/g)

Internal 
surface area 
Sint (m2/g)

Total volume 
of pores 
(cm3/g)

Micropores 
volume 
(cm3/g)

Mesopores 
volume 
(cm3/g)

MesoporesVolume
TotalVolume

´100

 
(%)

H200 63 50.1 12.9 0.288 0.006 0.282 97.9

H400 62.7 54.8 7.9 0.276 0.003 0.273 98.9

H600 60.5 48.9 11.6 0.306 0.005 0.301 98.4

H800 54 49.5 4.5 0.265 0.002 0.263 99.2

H1000 17.8 9.6 8.2 0.089 0.004 0.085 95.5
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positively charged Pb(II) or Cd(II) species and negatively 
charged binding sites, owing to SO– groups.

3.2.3. Effect of contact time

The effect of contact time on the adsorption of Cd(II) 
and Pb(II), at pH 6.0 and 6.5, respectively, was investigated 
in the range 1–120 min (Fig. 6). Adsorption rate is rapid in 
the first 10 min. This phenomenon could be attributed to 
the instantaneous occupancy of the most readily available 
sites on the adsorbent surface. Thereafter, it decreases 
gradually, reaching equilibrium at about 1 h. Further 
increase in contact time did not change significantly heavy 
metal removal. So, an agitation time of 2 h seems to be 
sufficiently long to achieve equilibrium. Fast adsorption 
at the initial contact time is due to the availability of the 
negatively charged surface sites. From 30 min, a quasi-
stationary state is obtained, in which the adsorbed amount 
is almost constant, and may be attributed to a very slow 
diffusion rate of metal through the adsorbent micropores 
[33]. As the volume of micropores is negligible for all 
halloysitic materials, uptake is insignificant between 30 and 
60 min. The parameters corresponding to the employed 

kinetic models are reported in Table 3. The pseudo-first-
order equation was found unsuitable. Determination 
coefficients, R2, are low, and the estimated theoretical 
quantities, Qe(cal), are different from the experimental 
values, Qe(exp). The fit of the experimental data with the 
pseudo-second-order model is more appropriate. Linear 
plots of t/Q vs. t [Eq. (2)] were obtained (data not shown), 
corresponding to high R2 values, i.e., > 0.99. The Qe(cal) and 
Qe(exp) values are in close agreement (Table 3). This model 
was successfully applied for the bioadsorption of Cd and 
Pb by lignocellulosic biomass [30]. Contrary to the other 
models, the second-order equation predicts adsorption 
behavior over the entire investigated range, for which 
both metal cations and adsorbent really take part. Except 
for H400, initial rates, h, are higher for lead adsorption. 
As hydration energies of Pb(II) and Cd(II) are 1481 and 
1807 kJ mol–1, respectively [34], cadmium cations strongly 
maintain their hydration shell and, then, diffuse slowly in 
the halloysitic matrix. The evolution of rate constants, K2, 

Fig. 4. Effect of solid/solution concentration on the amount ad-
sorbed by the halloysite solids.

Fig. 5. Effect of pH on the adsorption of Cd(II) and Pb(II) onto 
the halloysite solids.
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with initial rates is not clear, indicating that the adsorption 
of heavy metals onto modified halloysites does not follow 
only the kinetics of second-order. The possibility of the 
intraparticle pore diffusion of adsorbate is always present. 
The plots of Qt vs. t1/2 [Eq. (4)] led to three linear portions 
(figures not shown). The first represents the external 
transport of mass, the second, intraparticle diffusion, and 
the last, surface saturation [19]. High R2 values (≥ 0.99) 
were obtained (Table 3), corresponding to the second linear 
portion. The values of intraparticle diffusion rate, Kid, are 
higher for Pb adsorption. As the hydration energy of lead 
is weaker, it would be easy for these cations to diffuse 
into the pores of the adsorbents. The values of intercept, 
C, give an idea about the thickness of boundary layer, i.e., 
the larger intercept, the greater is the boundary layer effect 
[35]. Overall, the parameter C decreases with increasing 
temperature. Thermal treatment disrupts the interfacial 
properties of our materials, so that the external mass 
transport across boundary layer affects the adsorption of 
cadmium and lead to some extent.

3.2.4. Adsorption equilibrium

3.2.4.1. Isotherms

Adsorption equilibrium was studied via a bath process at 
25, 40, and 50°C. The isotherms are depicted in Figs. 7 and 8.  
Using the classification of Giles et al. [36], the obtained 
isotherms are L-shaped. The initial curvature of L-curve 
shows that pollutants have a high affinity for surface, 
while the slope falls steadily with a rise in concentration. 
The isotherms of Pb(II) (Fig. 7) indicates that the adsorbed 
amount decreases from 25 to 40°C, and then increases at 
50°C for all materials. However, maximum adsorption 
occurs at 25°C. These results show that adsorption is 
exothermic in the range 25–40°C, and thereafter becomes 
endothermic. The increase in lead uptake from 40 to 50°C 
may be attributed to either an increase in number of 
available active surface sites or increase in the mobility of 
Pb(II) cations [37]. Zhou et al. [38] also reported a similar 
behavior for the removal of Pb(II) by modified cellulose, 
i.e., maximum capacity at 30°C, followed by a decrease at 
50°C. Adsorption of Cd(II) (Fig. 8) decreases with increasing 
temperature on the interval of temperatures studied, 
indicating that low temperature favors cadmium removal 
from aqueous solution, and suggesting physical process.

3.2.4.2. Affinity

Maximum uptakes for each material towards lead 
and cadmium are reported in Table 4. Affinity follows 
the following sequences: H200 > H400 > H800 > H600 > 
H1000 for lead, and H400 > H200 > H600 > H800 > H1000 
for cadmium. This trend is valid for any temperature. The 
maximum amounts of Pb(II) and Cd(II) adsorbed were 
27.34 and 20.06 mg g–1, respectively. Whatever heavy metal, 
maximum adsorption occurs for the material that preserves 
its structure. As revealed from XRD, the crystalline 
structure of halloysite is stable until 400°C. For H600 
and H800, poorly organized structures with progressive 
amorphisation develop. So, the diffusion of Pb(II) and Cd(II) 
into halloysite matrix is prevented by the absence of a well-
ordered porosity. Another reason must be invoked: H600 
and H800 undergo dehydroxylation, while the adsorption 
of Pb(II) and Cd(II) mainly involves an electrostatic 
interaction between these metallic cations and the hydroxyl 
groups of surface, as suggested by the pH study. The lowest 
affinity showed by H1000 would be explained by its specific 
surface: 17.8 m2 g–1 compared to approximately 60 m2 g–1 for 
the remaining samples.

The following order was obtained for metal adsorption: 
Pb(II) > Cd(II), regardless of studied sample. We observed 
this trend even when the data were plotted as Qe (mmol 
g–1) against Ce (mmol L–1) (figures not shown). This 
evolution must be correlated with their ionic properties, 
i.e., ionic radius, electronegativity, hydration energy, and 
ionic potential. As hydration energies of Pb(II) and Cd(II) 
are 1481 and 1807 kJ mol–1, respectively, Pb(II) ions lose 
their hydration shell more easily and, thus, have a larger 
access to surface sites of halloysitic clays. In addition, 
the better affinity of Pb(II) might be also attributed to its 
higher electronegativity and ionic potential. This indicates 
that Pb(II) cations interact more strongly electrostatically 

Fig. 6. Effect of contact time on the adsorption of Cd(II) and 
Pb(II) onto the halloysite solids.
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Table 3
Kinetic parameters for the Cd(II) and Pb(II) adsorption onto the halloysite solids

Samples Pseudo-first order model Pseudo-second order model Intraparticle diffusion model

Qe (exp) 
(mg g–1)

K1 
(min–1)

Qe (cal) 
(mg 
g–1)

R2 Qe (cal) 
(mg g–1)

K2 (g 
mg–1 
min–1)

h (mg 
g–1 
min–1)

R2 Kid (mg g–1 
min–1/2)

C (mg 
g–1)

R2

Pb(II) H200 11.252 0.0059 1.330 0.7290 11.26 0.1236 15.65 0.9998 0.1991 9.83 0.9943

H400 9.210 0.0114 1.726 0.9522 9.27 0.1303 11.15 0.9999 0.3413 7.11 0.9924

H600 7.441 0.0108 2.093 0.9540 7.52 0.0982 5.54 0.9998 0.4215 4.87 0.9997

H800 6.097 0.0072 1.364 0.7441 6.13 0.1242 4.62 0.9997 0.2911 4.30 0.9998

H1000 4.111 0.0025 1.732 0.4099 4.15 0.4120 6.96 0.9998 0.1702 3.31 0.9867

Cd(II) H200 3.394 0.0385 0.845 0.5856 3.39 0.2768 3.19 0.9996 0.0654 2.84 0.9996

H400 10.540 0.0387 0.667 0.2905 10.53 0.4681 50.75 1 0.0545 10.13 0.9905

H600 2.305 0.0421 0.712 0.4683 1.96 0.2228 0.86 0.9969 0.1067 1.32 0.9967

H800 1.787 0.0475 0.709 0.4963 1.80 0.2591 0.84 0.9963 0.0957 1.23 0.9902

H1000 1.165 0.0426 0.296 0.4129 1.16 0.7996 1.08 0.9989 0.0503 0.88 0.9906

Fig. 7. Adsorption isotherms of Pb(II), according to the experi-
mental data (…) and RP model, (—), onto the halloysite solids.

Fig. 8. Adsorption isotherms of Cd(II), according to the experi-
mental data (…) and RP model, (—), onto the halloysite solids.
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with the groups present on the adsorbent surface [33]. In 
this sense, the hydrated ionic radius of Cd(II) (4.26 Å), 
compared to that of Pb(II) (4.01 Å), implies a fast saturation 
of adsorption sites, owing to steric hindrance. Surface 
available for hydrated Pb(II) is then greater than that for 
Cd(II) [39].

3.2.4.3. Fitting the models to the experimental data

Fitting of adsorption isotherm equations to experimental 
data is an important aspect of data analysis. The accuracy of 
model fit to experimental data is given by the determination 
coefficient, R2, which is the square of the correlation 
coefficient, R, and the average relative error, E%. The 
parameters of Langmuir, Freundlich, and Redlich–Peterson 
models are gathered in Table 5. The Langmuir isotherm (Eq. 
(5) shows an inadequate fit of the experimental data. For 
Pb (II), average relative errors much higher than 10% were 
obtained, while R2 values < 0.98 were found for almost all 
samples in relation to Cd (II). The low representativeness 
of this model with respect to the experimental data can 
be explained from its hypotheses: an adsorbent where 
all sites are identical and energetically equivalent seems 
to be unlikely for heat-treated halloysites. However, the 
Langmuir equation showed a good fit for Pb(II) and Cd(II) 
adsorption onto Australian zeolite [40]. The Freundlich 
equation [Eq. (6)] provides a satisfactory description of 
our experimental isotherms. The R2 values are > 0.98, 
though some average relative errors are > 15%. Its validity 
indicates that adsorption takes place onto energetically 
heterogeneous solids. The Freundlich parameter KF is 
appreciable for Pb(II) adsorption, in close agreement with 
its stronger retention. The exponent 1/n is less than unity 
for all adsorbents, implying that higher adsorption affinity 
occurs at lower concentrations. This model was found 
to be suitable for Pb(II), Cu(II), and Zn(II) adsorption 
onto kaolin [41]. Freundlich isotherm unfortunately fails 
at high concentration, because it does not have a finite 
saturation limit, and cannot be applied over a wide range 
of concentration.

The Redlich–Peterson model was used for the 
mathematical description of lead and cadmium isotherms. 
This equation includes three adjustable parameters 
and requires nonlinear regression. Its parameters were 
calculated and tabulated in Table 5. The Redlich–Peterson 
equation provides the best fit of the experimental isotherms. 

R2 values are larger than 0.98, while those of E do not exceed 
10%. This equation has a linear dependence on concentration 
in the numerator and an exponential function in the 
denominator, which intended it for both homogeneous 
and heterogeneous systems, and high concentrations. The 
RP model was successfully used for Cu(II) adsorption onto 
acetate-intercalated halloysites [29] and Cu(II), Cd(II), and 
Pb(II) onto activated carbon prepared from olive stones 
[42]. The values of b exponent are globally < 1, indicating 
favorable adsorption onto heterogeneous materials. The 
heterogeneity factor, b, depends on surface properties. 
Thermal activation results in deep changes in structure, 
texture, morphology, and surface reactivity with obtaining 
of energetically variable active sites.

3.2.5. Comparison with other adsorbents

The values of the maximum adsorption capacity of 
different adsorbents towards Pb(II) and Cd(II) are listed 
in Table 6. The results show that H200 and H400 have 
interesting capacities because higher than those of kaolinite, 
sawdust, and other biosorbents. Halloysite heated between 
200 and 400°C appears very effective for removing heavy 
metals from wastewaters.

3.2.6. Thermodynamic parameters

The thermodynamic parameters obtained from Eqs. 
(8)–(10) are listed in Table 7. The overall negative values 
of DH° indicate that heavy metal adsorption is exothermic 
and an increase in temperature disadvantages process. 
The negative values of DS° suggest adsorbate–adsorbent 
systems much more ordered, for which the number of 
freedom degrees at the solid–liquid interface decreases with 
adsorption. Since stability is associated with an ordered 
arrangement, our metallic cations are in much more chaotic 
distribution in aqueous solution than in adsorbed state 
[48]. The positive values of DG° suggest a nonspontaneous 
process. However, Gibbs energy increases with increasing 
temperature, indicating that better adsorption is obtained 
at low temperature. In this context, when positive values 
of DG° are associated with negative values of DH° and DS°, 
adsorption would be spontaneous at low temperature [49]. 
Ozdes et al. [50] also reported the spontaneous character of 
lead and cadmium adsorption onto illitic clay.

Table 4
Maximum uptake and ionic properties of Cd(II) and Pb(II)

Materials Maximum uptake and ionic properties of Cd(II) Maximum uptake and ionic properties of Pb(II)

Qmax (mg g–1) Hydrated ionic 
radius (Å)

Hydration 
energy (kJ 
mol–1)

Qmax (mg g–1) Hydrated ionic 
radius (Å)

Hydration 
energy (kJ 
mol–1)

H200 17.30 27.34

H400 20.06 23.58

H600 13.94 4.26 1807 19.90 4.01 1481

H800 12.77 22.19

H1000 11.76 14.81
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3.2.7. FTIR analysis and adsorption mechanism

The infrared spectra of H200 and Pb-loaded H200 
(H200 after adsorption of Pb(II)) were recorded in the 
4000–400 cm–1 range and depicted in Fig. 9. We considered 
only Pb-loaded H200 because cadmium interacts with the 
halloysite framework in the same way as lead.

The FTIR spectrum of H200 shows two bands at 3697 
and 3621 cm–1 attributed to the stretching vibrations of 

the inner-surface and inner sheet hydroxyls, respectively 
[51]. The 1090 and 1036 cm–1 bands were assigned to the 
stretching modes of apical Si–O and Si–O–Si, respectively 
[52]. The band at 469 cm–1 was attributed to the Si-O-Si 
bending.

After lead adsorption, the intensity of the 3697 and 3621 
cm–1 bands decreases, indicating the deep involvement of 
hydroxyl groups in the adsorption of heavy metals. Goyne 
et al. [53] showed that the proton dissociation on silanol 
surface sites starts at circumneutral pH as follows:

≡ ↔ ≡ +− −SiOH + OH SiO H O2  (15)

Bearing in mind that the adsorption of Pb cations (or 
Cd(II)) was performed at pH 6–6.5, attractive electrostatic 
interactions occur between the negatively charged sites of 
the H200 material and M2+ (M= Pb or Cd) cations. Such an 
interaction is justified by the slight change in the shape and 
position of the peaks of Pb-loaded H200.

4. Conclusion

Thermal treatment of Algerian halloysite from 200 to 
1000°C resulted in significant changes in structure, texture, 
morphology, and surface reactivity. The crystal structure of 
halloysite has been preserved up to 400°C. Dehydroxylation 
occurred between 480 and 640°C, while a recrystallization 
process took place at ca. 1000°C, leading to the formation 
of g-Al2O3. These materials were tested for removing Cd(II) 
and Pb(II) from aqueous solution. The adsorption of these 
metal cations was pH-dependent, spontaneous at low 

Table 6
Comparison of uptake capacities of Cd(II) and Pb(II) for various adsorbents

Adsorbent Qm (mg/g); [Ref.] Cd Adsorbent Qm (mg/g); [Ref.] Pb

Natural kaolinite 0.88; [43] Natural kaolinite 2.35; [43]

Rice husk 8.58; [44] Rice husk 8.60; [44]

Sawdust of Populus alba 8.88; [45] Sawdust of Populus alba 10.13; [45]

Neem oil cake 11.82; [46] Watermelon seed hulls 24.15; [47]

H400 20.06 H200 27.34

Table 7
Thermodynamic parameters for the Cd(II) and Pb(II) adsorption onto halloysite solids

Samples Pb(II) Cd(II)

∆H° (kJ 
mol–1)

∆S° (kJ 
mol–1 K–1)

∆G° (kJ mol–1) ∆H° (kJ 
mol–1)

∆S° (kJ 
mol–1 K–1)

∆G° (kJ mol–1)

298 K 313 K 323 K 298K 213K 223K

H200 –26.10 –0.088 0.094 1.413 2.292 –7.093 –0.037 3.898 4.451 4.82

H400 –16.30 –0.056 0.484 1.329 1.892 –3.114 –0.118 4.106 5.88 7.063

H600 –26.50 –0.091 0.532 1.892 2.799 –9.377 –0.049 5.119 5.849 6.336

H800 –22.84 –0.093 4.852 6.245 7.173 –16.495 –0.072 4.951 6.03 6.75

H1000 2.57 –0.008 4.883 4.999 5.076 –30.474 –0.124 6.409 8.266 9.504

Fig. 9. FTIR spectra of H200 and Pb-loaded H200.
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temperature, and exothermic in nature. The kinetic and 
equilibrium data were adequately described by the pseudo-
second order and Redlich–Peterson models, respectively. 
Maximum adsorption capacity was found to be 27.34 and 
20.06 mg g–1 for Pb(II) and Cd(II), respectively, and was 
linked to samples that preserved their structure. A well-
ordered porosity facilitates the diffusion of Pb and Cd cations 
into the halloysite lattice. The adsorption of heavy metals is 
governed by the electrostatic attraction between positively 
charged cations and negatively charged adsorption sites. 
The preferential adsorption of Pb compared to Cd was 
explained through their ionic properties, i.e. ionic radius, 
electronegativity, and hydration energy. The novelty of 
this paper is that a thermally activated halloysite, without 
structure destruction, can be effectively used as a low-cost 
and sustainable adsorbent for removing toxic metals from 
aqueous solutions.

Supplementary data available

Fig. S1 presents XRD patterns of unheated and 
halloysites heated at 200, 400, 600, 800, and 1000°C.
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Fig. S1. XRD patterns of unheated and halloysites heated at 200, 
400, 600, 800, and 1000°C.
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