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a b s t r a c t
In this study, raw diatomite was purified by thermal treatment in order to improve the adsorption 
capacity of diatomite. The prepared calcined diatomite samples were characterized by the X-ray dif-
fraction (XRD), scanning electron microscope (SEM) and Fourier transformation infrared (FT-IR) anal-
ysis techniques. The raw and thermally modified diatomite at 500°Cwas tested for the adsorption 
of Pb(II), Cu(II) and Cd(II) from aqueous solutions. Adsorption experiments were performed under 
batch process, using metal ions initial concentration, contact time and temperature as variables. The 
linear Langmuir, Freundlich and Dubinin–Radushkevich (D–R) adsorption equations were applied to 
describe the equilibrium isotherms. Equilibrium studies showed that thermally modified diatomite 
has a higher removal capacity for Pb(II), Cu(II) and Cd(II) from water than untreated diatomite. The 
kinetic data were evaluated using the pseudo-first-order, pseudo-second-order and intraparticle dif-
fusion kinetic equations. The experimental data proved a closer fit to the pseudo-second-order model. 
Thermodynamic parameters such as the enthalpy (ΔH0), Gibbs’ free energy (ΔG0) and entropy (ΔS0) 
were calculated for raw and thermally modified diatomite. These values showed that the adsorption 
of Pb(II), Cu(II) and Cd(II) ions onto diatomite samples was controlled by a physical mechanism and 
occurred spontaneously.
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1. Introduction

Diatomite (SiO2.nH2O) or diatomaceous earth of high 
porosity (80%–90% voids), low density, large specific sur-
face area, chemical stability, thermal conductivity and fine 
particle size (10–200 µm) is sedimentary rock composed of 
hydrated silica microfossils shells of the single-cell algae, 
generally known as diatoms. The structure of these diatoms 
formed mainly of silica [1,2]. In addition, the siliceous skele-
ton may include small amounts of organic [3] and inorganic 
components such as alumina mainly and lesser amounts 
of iron, alkaline earth, alkali metals, carbonates and other 
minor constituents [4]. It has plentiful surface hydroxyl 
functional groups (S–OH) and structural negative charge 

which arises from isomorphic substitution of Al3+ and/or 
Fe3+ for Si4+ in the crystal lattice [5]. Although diatomaceous 
earth  contains a large number of different binding sites such 
as silanol (Si–OH), aluminol (Al-OH), titanol (Ti–OH), and 
iron hydroxyl (Fe–OH), only the presence of the dominant 
 surface sites such as silanol and/or aluminol is assumed. This 
assumption is made to make simpler the fitting calculation 
of  equilibrium constants. Hydroxyl groups act as centers for 
adsorption through forming hydrogen bonds with the adsor-
bate [6] and can be divided into isolated free silanol (–SiOH), 
geminal free silanol (–Si(OH)2), and vicinal or bridged or OH 
groups bound through the hydrogen bond [7]. And also, 
diatomite consists of siloxane groups or –Si–O–Si– bridges 
with oxygen atoms on the surface [8]. Diatomite is used as 
filtration media for various beverages [1,9], building  material 
[10], catalytic matrix [11] and pozzolanic additive [12]. 
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In addition, diatomite as adsorbent is widely used in the 
removal of heavy metal ions [13,14]. The increasing concern 
about the pollution of the natural environment has encour-
aged growing attention in the existence and behavior of heavy 
metals in soils and water [15]. Lead and its compounds are 
considered as toxic pollutants and are included in the water 
hazard class 2. Copper is one of the biologically essential ions 
but is only required at low concentrations. Concentrations of 
copper higher than 1.0–1.5 mg L–1 in water lead to ecological 
and health problems. Cadmium is known for its toxicity with 
serious implications on human health [16]. 

 The use of diatomite as adsorbent, in addition to min-
eralogical composition of the material, depends on the 
physicochemical properties such as the adsorption capac-
ity, surface area, pore volume and surface charge. The nat-
ural form of diatomite is modified with the purpose of get 
better its physicochemical properties. Thermal treatment is 
one of these modification methods and changes structures 
of diatomite (temperature below the melting temperature). 
Recently, some studies have been presented on thermally 
modified diatomite as effective adsorbent for removing 
textile dyes and heavy metals from water solutions [1,4, 
17,18]. Before thermal treatment diatom-silica presents a 
high hydrated surface, in which most of silanols are covered 
with H-bonded water [19]. Generally, an increase in thermal 
treatment has an important effect on the type, distribution 
and content of surface hydrated species (water, H-bonded 
silanols and isolated silanols), affecting key reactive sites for 
different surface reactions, with its adsorption capability [4]. 
The raw diatomite contains organic impurities, which are 
removed after the calcinations [17]. Organic materials and 
carbonates decompose to CO2 and SO2 gases plus H2O and 
leave the bulk of diatomite during the thermal operation [3]. 
The removal of impurities leads to reduction of the specific 
surface area and increases the average pore diameter of 
raw diatomite, and also improves its adsorption capability 
of heavy metals and dyes [17]. Besides, high temperatures 
cause damage of vicinal micropores walls, which lead to a 
decrease in micropore and a corresponding increase in mes-
opore content [18]. The mesopores have the most influence 
in the adsorption of pollution which enables their surfaces to 
be accessible to solute molecules or ions [8].

Southeast of the central Anatolia and western Anatolia 
regions have the main source of diatomite in Turkey. It has 
recently been found to be the source of diatomite in the east-
ern region of Anatolia. In addition, a license area is avail-
able in Van. Diatomite is an inexpensive material. However, 
the cost of diatomite depends on its quality, how it will be 
used, and the preparation effort that has been invested by 
the supplier. The cost of diatomite that is straight from the 
mine without processing for use in industry starts at about 
$7 per ton. In this study, diatomite sample was collected 
from the area of southern Caldiran district in the province of 
Van (Eastern Turkey). Raw diatomite was calcined in order 
to improve the adsorption capacity of diatomite. Therefore, 
natural diatomite, which is a low-cost material, was modified 
by thermal process at different temperatures (100–1,000°C 
intervals) As a result of the evaluation of literature data and 
diatomite characterization analyzes (mineralogy and surface 
properties etc.), the thermal processing temperature was 
selected as 500°C for modification. The effects of thermal 

treatment on adsorption of Pb(II), Cu(II) and Cd(II) ions onto 
diatomite have been examined, and the optimum conditions 
have been determined for the maximum adsorption of these 
ions from aqueous solutions. The nature of the adsorption 
process has been also evaluated according to its kinetics, iso-
therms and thermodynamic aspects. 

2. Experimental

2.1. Preparation of absorbent materials 

The collected material from Caldiran-Van region, was 
washed once with distilled water and then dried at 105°C 
for 24 h, desiccated and sieved through 350 mesh sieve. 
Quantitative chemical analysis of diatomite obtained by X-ray 
fluorescence (XRF) technique revealed that the Caldiran-Van 
diatomite consists mainly of SiO2 (69.70%), and it has 11.50% 
Al2O3, 4.40% Fe2O3, 0.65% TiO2, 0.80% Na2O, 1.40% K2O and 
11.55% loss on ignition [20]. The prepared sample was ther-
mally treated under different calcining conditions. For ther-
mal treatment of diatomite, samples, each having a mass 
of 10 g, were heated to 1,000°C in 100°C intervals at a rate 
of 10 K/min and were thermally treated by keeping at each 
temperature for 2 h in a furnace. Thermal treatment time of 
diatomite was selected as 2 h because specific surface area 
did not change significantly with time [21], that is why it was 
kept constant above this time. Samples were then labeled as 
D100, D200, D300 and so on, and stored in polyethylene bags. 
Thermally untreated sample marked as DR. During the 
experimental procedure, 11 different diatomite samples were 
obtained and evaluated in total [4]. 

2.2. Sample characterization

XRF spectrometer (Philips 2400) was used for chemical 
composition analysis of diatomite sample. Thermogravimetric 
(TG) and Differential Thermal Analysis (DTA) was performed 
using Rigaku 2.22E1 Thermal Analyzer under the following 
operational conditions: heating from 10°C to 1,099°C at a rate 
of 20°C min−1 in atmospheric air. The specific surface areas (S) 
of each sample were determined by the Brunauer–Emmett–
Teller (BET) procedure by using N2 adsorption data. Fourier-
transform infrared (FT-IR) measurement was mounted on a 
Bio-Rad Win-IR spectrometer at a resolution of 2 cm−1 in KBr 
pellet at room temperature. The infrared spectra of prepared 
samples between 400 and 4,000 cm−1 were recorded. For miner-
alogical analysis, X-ray diffraction (XRD) pattern of diatomite 
were recorded by a Philips PW 1830-40 X-ray diffractome-
ter with a Cu-K radiation. The morphology of samples was 
examined by a scanning electron microscopy (SEM; model: 
LEO 440 computer controlled digital) [20]. The pH values of 
the raw and thermally modified diatomite suspensions were 
determined by a WTW pH meter (Series 720, Germany). 

2.3. Preparation of heavy metal standard solutions

All the chemicals employed were analytically pure, and 
experiments were conducted using Pb(II), Cu(II) and Cd(II) 
salt solutions. For this purpose, a stock solution containing 
1,000 mg L−1 of Pb(II), Cu(II) and Cd(II) ions was prepared by 
dissolving the appropriate amount of nitrate salts (Merck) in 
1 L of doubly distilled water. 
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2.4. Determination of the point of the zero charge (pHpzc)

Surface charge density depends on pH of the media. 
It is well known that surface charge of an adsorbent can 
be adjusted by altering the pH of the solution according to 
the pHpzc [22]. The pHpzc for the adsorbents was identified 
as the pH where 0.1 M HNO3 titration curves of different 
adsorbent masses (0.10, 0.20, and 0.30 g suspended in 0.03 
M KNO3) converged with that of the reactive blank solution 
[20]. When pH value is equal to pHpzc, the surface charge 
of adsorbents is neutral. At pH values greater than pHpzc, 
the adsorbent surface becomes negatively charged; it causes 
more attraction of the Pb(II), Cu(II) and Cd(II) ions onto the 
surface of adsorbents and increases the adsorption capac-
ity of studied metal ions by the adsorbents [23]. The pHpzc 
are determined as 3.70 for natural diatomite; thus, its sur-
face may be negatively charged, due to the presence of sur-
face hydroxyl sites, and able to adsorb positively charged 
heavy metal ions.

2.5. pH of adsorption

The speciation of each of the metals such as lead, copper, 
cadmium and zinc ions in solution is examined in single- and 
multi-element systems by Srivastava et al. [15]. According to 
this paper, Cu2+ and Pb2+ species occur up to pH ~6.0 in both 
systems, and cadmium ion exists predominantly as Cd2+ spe-
cies up to pH ~8.0 studied in both the systems. Since at pH 
range above 6.0 for Cu2+ and Pb2+ ions, and above 8.0 for Cd2+ 
ion, precipitation occurs in the solutions; the experiments 
are not conducted beyond these values of pH. Similar trends 
were reported by other researchers [23]. Therefore, adsorp-
tion studies were performed at pH 4.0 because it was the pH 
> pHpzc which is due to the electrostatic attraction between 
negative charged groups at the adsorbent surface and the 
positive charged metal ions. 

2.6. Adsorption studies

In this study, sorption potential of Pb(II), Cu(II) and 
Cd(II) ions was investigated using natural and thermal 
modified diatomite (D500) as adsorbents in aqueous solu-
tions by batch technique in 10 mL polyethylene tubes. To 
compare the heavy metal ions adsorption of adsorbents, 0.1 
g of raw and calcined diatomite was added into 10 mL of 
metal ions (Pb2+, Cu2+ and Cd2+) solution with different ini-
tial concentrations of: 10 mg L–1, 15 mg L–1, 30 mg L–1, 45 
mg L–1 and 60 mg L–1, and the aqueous solution was shaken 
in a thermally controlled automatic shaker at temperatures 
of 298, 308, 318 and 328 K, at 120 rpm for different time peri-
ods (1, 5, 10, 15, 20, 30, 45, 60, 90 and 120 min) until equi-
librium conditions had been reached. Initial experiments 
indicated that the time period necessary for equilibrium 
to be attained in the metal ions/adsorbent systems was 90 
min, since after this time the amount of metal ions adsorbed 
did not alter remarkably with time. Therefore, in all experi-
ments performed, 90 min was selected as the optimum con-
tact time. The remaining ion concentrations in the aqueous 
solutions after the adsorption process were measured by a 
Solaar AA M series v1, 23 model (Thermo Scientific, UK) 
atomic absorption spectrophotometer.

3. Results and discussion

3.1. Thermal treatment of raw diatomite

The properties of pure silica or silica-containing mate-
rials such as diatomite, as an oxide adsorbent, are deter-
mined in the first step: (i) the porous structure of the material 
and (ii) the chemical activity of the surface. This activity is 
related to the concentration and the distribution of different 
types of OH groups, and on the presence of siloxane bridges 
[6]. The density of the hydroxyl groups is proportional to 
the specific surface area. Amorphous silica contains not only 
OH groups on the surface, but also structurally bound water 
within the silica structure and inner ultramicropores of the 
material [6,24]. Firstly, the effects of thermal treatment on 
specific surface area of diatomite are investigated, and the 
results are shown in Fig. 1. 

Specific surface area of raw diatomite, SBET, increased (from 
55.778 m2 g–1 up to 65.902 m2 g–1) initially with increasing the 
calcination temperature (room temperature–200°C). Next, it 
is seen that the specific surface area decreases with increas-
ing thermal process temperature (200°C –400°C). It remains 
almost constant between 400°C and 600°C (35.438–36.419 
m2 g–1). Similar results of the specific surface area analysis of 
the diatomite have been reported by Aivalioti et al. (2012) and 
Reza et al. (2015). Finally, at higher temperatures (~900°C), the 
specific surface area of the diatomite significantly decreased 
(down to 3.475 m2 g–1), indicating important structural 
changes and possibly a lower potential adsorption capacity 
[4]. It can be seen that thermal treatment of raw diatomite 
at 500°C decreases the surface area from 55.778 to 40.296 m2 
g–1. This may be explained by that the organic impurities in 
raw diatomite have larger surface area than the diatom skel-
eton, after the organic impurities removed from diatomite by 
applied thermal process, the surface area and pore volume 
decrease while the average pore diameter increases [17]. The 
infrared spectra of the raw and thermally treated diatomite 
samples (100°C–1,000°C) are given in Fig. 2, and the infrared 
spectra of the DR and D500 are given in Fig. 3(a, b). It is seen 
from Fig. 2 that OH groups were removed from the surface 
after calcinations as the intensity of their absorption, in the 
high-frequency region, was decreased. 

The main absorption bands for DR, as depicted in Fig. 3, 
were found at 3,626; 3,394; 1,681; 1,635; 1,475; 1,095; 798; 694 
and 466 cm–1. The band at 3,626 is due to the free silanol 
group (SiO–H), and the band at 1,635 cm–1 represents H–O–H 

Fig. 1. Variation of specific surface area of diatomite with differ-
ent thermal treatment temperature.
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bending vibration of water. Hydroxyl groups are either iso-
lated or H-bounded on the surface of diatomite. As a result, 
the surface is also predominantly covered by weakly adsorbed 
water in the cavity and water bounded to the surface hydroxyl 
groups via H-bonds. They can be seen as a wide band with 
middle wavelength at 3,400–3,500 cm–1 [8]. The band at 1,095 
may be attributed to siloxane (–Si–O–Si–) group stretching, 
and the 798 cm–1 band represents the stretching vibration of 
Si–Al–O [25]. The absorption peaks around 694 and 466 cm–1 
are attributed to the Si–O–Si bending vibration [8]. From the 
spectrum of calcined diatomite (D500), peaks at 1,091 and 798 
cm–1 may correspond to (–Si–O–Si–) asymmetry stretching 
vibration and the (–Si–O–Si–) symmetric stretching vibration 
peak, respectively [26]. The band at 470 is associated with the 
(–Si–O–Si–) bending vibration peak. The weak band at about 
3,700 cm–1 can be attributed to the surface isolated hydroxyl 
groups bonded to silicon, and the band at 3,638 cm–1 is related 
to the neighboring silanol and hydroxyl groups in the micro-
pore, which is in agreement with the infrared spectroscopic 
data [27]. Besides, the stretching vibration and the bending 
vibration of OH functional group were found bands at 3,437 
and 1,631 cm–1, respectively [21]. The infrared spectra of DR 
reveal that the weak bands of organic compound at 1,475 and 
1,681 cm–1 of raw diatomite disappear in D500, confirming that 
the organic impurities were removed from the raw diatomite 
after calcination [17,28].

The surface of diatomite without thermal treatment, 
most of isolated silanols and H-bonded ones are H-bonded 
with capping water molecules. There exist physisorbed 
water molecules on the ground of the layer of cap-
ping water. After calcination treatment,  physically adsorbed 
water is released from the surface and the hydroxyl groups 
 condense [19,29]. At a sufficient concentration hydroxyl 
groups make such a surface hydrophilic. The OH groups 
act as the centers of adsorption during their specific inter-
action with  adsorbates. Yaroslavsky using the infrared 
 spectroscopy method has determined for a qualitative tem-
perature course of free isolated OH groups with the maxi-
mum at about 500°C [6,30].

TG–DTA curve for the diatomite is shown in Fig. 4. As 
 previously presented [20] for natural diatomite, TG curve 
exhibits three distinct weight loss steps: (1) between room 
temperature and ca. 250°C, (2) range from about 250°C–475°C, 
and (3) in the range of about 475°C–590°C, and the DTA 
curve shows several endothermic and exothermic peaks. In 
general quartz is known to give an endothermic reaction 
between 560°C and 565°C, calcite and dolomite between 
690°C and 720°C, kaolinite between 530°C and 590 °C and 
water between 70°C and 130°C. Conversely, volatile organic 
compounds give exothermic reactions between 300°C and 

Fig. 2. Infrared spectra of DR and calcined diatomite at various 
temperatures.

Fig. 3. Infrared spectra of DR and D500.
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670°C, feldspar and alumina minerals between 780°C and 
850°C, kaolinite between 900°C and 1,000°C (transformation 
into crystalline phases) [31]. 

In the DTA curve of diatomite, the appearance of the 
endothermic peak at room temperature and ca. 200°C due to 
the loss of absorbed water. The related TG curve shows that 
about 6.2% weight loss was caused. Also in the DTA curve, 
there is an exothermic peak around 350°C that shows the 
existence of organic material, though in small amounts [32]. 
The TG curves show that the weight loss (2.7% between 250°C 
and 475°C) was caused by the burning of organic material. 
The next weight loss step of 1.0% between 475°C and 590°C 
corresponds to the dehydroxylation. The peak at 522.7°C in 
DTA curve might be due to the liberation of water caused 
by dehydroxylation of some associated silanol groups on 
the external surface of the diatomite [33]. In the DTA curve, 
between 830°C and 1,000°C was observed endothermic- 
exothermic peak system: solid phase structural decomposi-
tion and crystallization which was seen by 1.4% weight loss 
from TG curve. The diatom frustule decomposition may 
begin in the range of 900°C–1,000°C because it exhibits an 
evident decrease in the specific surface area of diatomite [34].

The X-ray powder diffraction results of DR and thermally 
treatment diatomite all samples are shown in Fig. 5. The 
diffraction spectrogram indicates that the natural diatomite 
consists mainly of quartz (2θ ~27°), amorphous material, 
smectite group clay minerals, mixed layered clay mineral, 
feldspar group minerals, illite-mica group minerals, calcite, 
a very small amount dolomite and kaolinite group miner-
als. The amorphous region is observed especially quartz and 
calcite peaks. The XRD pattern of DR is characteristic of one 
broad peak observed in this figure (2θ range from 16° to 32°) 
and may be associated with the glass formation of SiO2. The 
peak at 21.8 was due to the presence of SiO2 in the form of 
cristobalite [25,34]. 

The value of 2θ ~6° shows that the Caldiran-Van diatomite 
contains various clay group minerals as the smectite. The 
position of this peak shifted to right at 300°C, and the posi-
tion and intensity of this peak remains constant between 
400°C and 800°C and disappeared at 900°C. The shifting 
indicates the collapse of the interlayer spaces after the dehy-
dration of water coordinated to the exchangeable cations is 
complete. Thermal treatment did not dramatically change 
the mineral characteristics of diatomite except including 
clay minerals until 1,000°C, as indicated by the fact that the 

XRD patterns of diatomite heated at temperatures lower than 
1,000°C remained unchanged. SEM has been a primary tool 
for characterizing the fundamental physical properties of the 
adsorbent. It is useful for determining the particle shape and 
appropriate size distribution of the adsorbent [8]. Scanning 
electron micrographs of DR and D500 are shown in Figs. 6(a) 
and 6(b).

The dominant diatom of sample DR is circular-shaped 
particles with sizes of 0.005–0.025 mm in clay matrix [20]. 
It can be inferred from the scanning micrograph that raw 
diatomite has a large void volume, in addition to its highly 
porous structure (Fig. 6(a)) [35]. After thermal treatment at 
500°C, it consists of some clusters and increases amount of 
particles as shown in Fig. 6(b). 

3.2. Adsorption capacity for heavy metals

It is essential to evaluate the effect of contact time 
required to reach equilibrium for designing batch adsorption 
experiments [36]. The amounts of heavy metal ions adsorbed 
at various time periods (qt) were calculated via Eq. (1):

q
c c V
mt
t=

−( )0  (1)

where C0 is the initial concentration of the metal ions solution; 
Ct is the concentration of metal ions present in the  aqueous 

Fig. 4. TG–DTA curve of diatomite sample.

Fig. 5. XRD pattern of the diatomite with different calcination 
temperature.
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solution after t min (mg L−1); V is the volume of the solution 
(L) and m is the mass of adsorbent employed (mg).

The effect of the contact time on the adsorption of Pb(II), 
Cu(II) and Cd(II) ions onto the DR and D500 samples studied is 
presented in Fig. 7(a), (b) and (c), where measurements were 
made over a period of 1–120 min. 

As illustrated in Fig. 7, adsorption of metal ions increased 
with the contact time up to 90 min. From this minute the 
metal ion adsorption did no longer increase. This explains 
that the adsorption sites are more at the initial phase, and 
the metal ions can easily interact with these sites, thereby 
achieving a higher adsorption rate. The slow adsorption 
rate was observed in next step because of slower diffusion 
of solute into the internal of the adsorbent [20]. The amount 
of metal adsorbed on the examined samples of diatomite 
generally increases after thermal treatment. The efficiency of 
these adsorbents showed in Fig. 8. This is ascribed to the fact 
that diatomite pores are cleaned by applied thermal process, 
because potential impurities are removed (maybe desorption 
and volatilization) [18]. 

The nature of the interaction between the adsorbate and 
adsorbent, that is, favorable or unfavorable, can be deter-
mined from the isotherm shape [35,37]. Generally, metal 
isotherms were of L-type [38], indicating a high affinity 
between sorbent and solute [39]. Three isotherm models 
namely Langmuir (Eq. (3)), Freundlich (Eq. (4)) and Dubinin–
Radushkevich (D–R) (Eq. (5)) are used to describe the equilib-
rium data of lead, copper and cadmium sorption by studied 
adsorbents (DR and D500) [23]. The amount of metal adsorbed 
per gram of the adsorbent at equilibrium (qe; mg g–1) and the 
above-mentioned three models are given, respectively, as 
follows: 

q
c c V
me
e=

−( )0  (2)

q q
q

k q Ce
e

L e e

= −max   (3)

ln ln lnq k
n

Ce F e= +
1   (4)

In q In qe = − ⋅max β ε2   (5)

 
ε = +









RT In

ce
1

1
 (6)

E =
−

( )2
1
2β

  (7)

where Ce, the equilibrium concentration of adsorbate (mg L–1); 
Co is the initial concentration of the metal ions  solution; 
V and m quantities in Eq. (2) have the same meanings as 
in Eq. (1); qmax is maximum monolayer coverage capacity 
(mg g–1); and kL is Langmuir isotherm constant (L mg–1) [40]. 
kF is the adsorption capacity constant of the Freundlich 
model (mg1–n Ln g–1), and n is the adsorption intensity con-
stant of the Freundlich equation. If n = 1 then the partition 
between the two phases is independent of the concentration. 
If value of 1/n is below one it indicates a normal adsorption. 
On the other hand, 1/n being above one indicates cooper-
ative adsorption [40,41]. β is the constant of D–R isotherm 
related to adsorption energy (mol2 kJ−2); ε (Polanyi potential) 
is determined from Eq. (6). R is gas constant (kJ K−1 mol−1), 
and T′ (K) is temperature. The sorption energy E (kJ mol−1) is 
calculated from Eq. (7) which gives information about phys-
ical or chemical characteristics of adsorption. E is between 
8 and 16 kJ mol−1, the sorption process follows chemical ion 
exchange, while for the values of E < 8 kJ mol−1, the sorption 
process is of a physical nature [20]. 

The Langmuir constant (kL) is used to calculate RL, a 
dimensionless separation factor given by Eq. (8):

R
k CL
L

=
+
1

1 0
 (8)

where C0 is the initial metal concentration (mg L–1). The RL val-
ues indicate whether the adsorption is unfavorable (RL > 1), 
linear (RL = 1), favorable (0 < RL < 1), or irreversible (RL = 0) 
[42]. The Langmuir model assumes that the adsorbent surface 
has sites of identical energy and that each adsorbate molecule 
is located at a single site; hence, it predicts the formation of 
a monolayer of the adsorbate on the adsorbent surface [42]. 

 

Fig. 6. Typical scanning electron micrographs for (a) DR and (b) D500.
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The Freundlich equation is an isotherm model representing 
the adsorbent surface as heterogeneous [41]. The D–R isotherm 
is generally applied to express the adsorption mechanism with 
a Gaussian energy distribution onto a heterogeneous surface 
[40]. To further understand adsorption of Pb(II), Cu(II) and 
Cd(II) onto natural and thermally modified diatomite, adsorp-
tion isotherms of metal solutions at pH 4.0 were evaluated. As 
mentioned above, the adsorption isotherms for both adsorbent 
(raw and modified diatomite) fit Langmuir isotherm with high 
correlation coefficients for all systems studied. This supports 

the theory that the number of sites on the diatomite surface 
is limited and the heavy metals form a monomolecular layer 
on the surface at maximum capacity [35]. Fig. 9 presents lin-
ear plots of three isotherm models for Pb(II), Cu(II) and Cd(II) 
adsorption onto DR and D500 samples [41].

The parameters or constants of Langmuir, Freundlich 
and D–R isotherms are shown in Table 1. 

The Langmuir monolayer adsorption capacities, qm, of 
Pb(II), Cu(II) and Cd(II) ions were estimated to be 3.253, 2.754 
and 2.292 mg g–1, respectively, for DR and 7.686, 4.545 and 3.033 
mg g–1 for D500, respectively, at 298 K. Adsorption of heavy 
metals onto DR and D500 decreases in the order: Pb(II) > Cu(II) > 
Cd(II). The superior adsorption of lead ions onto raw and mod-
ified diatomite could be attributed to the electronegativity of 
the metal ions [35]. The higher ionic radius and higher electro-
negativity of lead (2.33) could explain that lead is more favor-
able for adsorption than copper (1.90) and cadmium (1.69) [2]. 
The ionic radii of the lead, copper and cadmium are 1.2, 0.72 
and 0.97 Å, respectively, which were very small to keep in the 
mesopores. Consequently, the more enhance in metal crystal 
radius, the more retention in the mesopores and more adsorp-
tion could be expected as a result [2]. The n values between 
1 and 10 represent favorable adsorption [39]. From Table 1, 
the n values were >1, which indicated a favorable adsorption 
of heavy metal ions onto DR and D500 samples. The E values 
were calculated from D-R equation as 0.980, 0.442 and 1.111 kJ 
mol–1 for adsorption of Pb(II), Cu(II) and Cd(II) ions onto DR, 
respectively, while values of 0.780, 0.342 and 1.018 kJ mol-1 are 
obtained for D500. Since these values are lower than 8 kJ mol–1, 
it is very likely that lead, copper and cadmium adsorption on 
DR and D500 is physical in nature. 

3.3. Sorption kinetics

Kinetic models, namely pseudo-first-order (Eq. 9), pseu-
do-second-order (Eq. 10) and intraparticle diffusion model 
(Eq. 11), are used to determine the adsorption kinetics of 
lead, copper and cadmium ions onto the DR and D500. 

In q q In q k te t e( )− = − 1  (9)

Fig. 7. Effect of contact time on adsorption amount of (a) Pb(II), 
(b) Cu(II) and (c) Cd(II) on DR and D500. Error bars represent stan-
dard deviation.

Fig. 8. The maximum monolayer coverage capacity of each metal 
ion per mass of the adsorbate used (mg g−1) (qmax) for each of the 
two diatomite samples examined. (in 30 mg L−1 initial metal ion 
concentrations at 298 K).
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where qt and qe (mg g−1) are the adsorption capacity at time 
t and equilibrium time, respectively, and k1 (min−1) is the 

pseudo-first-order model rate constant; k2 (g mg−1 min−1) 
is the pseudo-second-order model adsorption rate con-
stant; and ki (mg g–1 min1/2) is the rate constant for intra-
particle  diffusion [23,36,43]. The value of C gives an idea 
of the  thickness of boundary layer; the larger the intercept 
the greater the boundary layer effect [36]. Linear lines 
obtained from the variation of t/qt against t according to 
pseudo-second- order model. Figs. 10(a) and 10(b) show the 
application of the pseudo-second-order model to the data as 
plots of t/qt vs. t [44]. 

Fig. 9. Langmuir adsorption isotherm of Pb(II), Cu(II) and Cd(II) on (a) DR and (b) D500; Freundlich adsorption isotherm of Pb(II), 
Cu(II) and Cd(II) on (c) DR and (d) D500; and D–R adsorption isotherm of Pb(II), Cu(II) and Cd(II) on (e) DR and (f) D500 (in 30 mg L−1 
initial metal ion concentrations at 298 K). Error bars represent standard deviation.
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Adsorption process is a multi-step process involving 
transport of solute molecules from the aqueous phase to the 
surface of the solid particles. This is followed by the diffu-
sion of the solute molecules into the interior part of the pores, 
which is likely to be a slow process; therefore, it is called the 
rate determining step [36]. The intraparticle diffusion plot is 
the plot of amount sorbed per unit weight of sorbent, qt (mg 
g−1) vs. square root of time, t1/2, is shown in Fig. 11(a) (DR) and 
11(b) (D500) for initial metal ions concentration of 30 mg L−1 at 
298 K [20].

Figs. 11(a) and 11(b) indicate that the adsorption plots 
non-linear over the whole time range and can be divided into 
multi-linear regions which verify the multi stages of adsorp-
tion. The first stage is attributed to the boundary layer diffusion 
of metal ions, and the second stage is due to the intraparticle 
diffusion effects [1,35,36]. If the intraparticle diffusion is the 
only rate-limiting step, it is essential for the qt vs. t1/2 plots to go 
through the origin. On the other hand, these plots (Figs. 11(a) 
and 11(b)) not only fitted with a straight line passing through 
the origin but also with poor linear regression coefficients (R2) 
indicating the inadaptability of this model, and the intraparticle 
diffusion was not merely the rate-controlling step [20]. All the 
kinetic parameters obtained employing the pseudo-first-order, 
pseudo-second-order and intraparticle diffusion models are 
listed in Tables 2(a) and (b). The parameters of sorption kinetic 
are calculated from the corresponding slopes and intercepts [18].

It will be seen from Tables 2(a) and (b), the values of qe cal-
culated from the pseudo-first-order model are not consistent 
with the experimental values of qe. It seems that the kinetics 
of Pb(II), Cu(II) and Cd(II) adsorption on DR and D500 samples 
followed the pseudo-second-order model, providing high 
correlation coefficient (R2). In addition, the qe values calcu-
lated from the pseudo-second-order model are match with 
qe experimental results. Obviously, the thermal treatment of 
diatomite at 500°C not only increased the adsorption capac-
ity of the material but also accelerated the adsorption kinetic 

Table 1
Langmuir, Freundlich and D–R isotherm constants for the adsorption of Pb(II), Cu(II) and Cd(II) onto DR and D500 in 30 mg L−1 initial 
metal ion concentrations at 298 K

Parameters  DR  D500

Pb(II) Cu(II) Cd(II) Pb(II) Cu(II) Cd(II)
Langmuir model
qm (mg g–1)
kL

RL

R2

Freundlich model
kF

n
R2

D–R model
β (mol2 kJ−2)
qmax (mg g–1)
E (kJ mol−1)
R2

3.253
0.592
0.046
0.9832

2.754 2.292 7.686 4.545 3.033
0.227 0.173 0.988 0.293 0.332
0.303 0.085 0.500 0.0076 0.006
0.9374 0.9472 0.9882 0.9564 0.9854

1.534
4.201
0.9858

1.069 0.740 2.376 1.265 1.235
4.120 3.522 1.660 2.314 3.957
0.8032 0.9169 0.9865 0.9767 0.9400

0.520
2.913
0.980
0.9047

2.550 0.405 0.851 0.780 0.482
2.356 1.859 4.254 3.691 2.580
0.442 1.111 0.780 0.342 1.018
0.9689 0.8686 0.8308 0.9598 0.9342

Fig. 10. Pseudo-second-order adsorption kinetics of Pb(II), Cu(II) 
and Cd(II) on (a) DR and (b) D500 in 30 mg L−1 initial metal ion 
concentrations at 298 K.
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rate for Pb(II) and Cu(II) ions [4]. On the contrary, it is diffi-
cult to do this comment for Cd(II) ion adsorption kinetic rate 
constant (k2).

3.4. Sorption thermodynamics 

To measure the thermodynamic parameters, the experi-
ments were conducted at different temperatures in the range 
of 298–328 K for Pb(II), Cu(II) and Cd(II) ions adsorption [45]. 

Thermodynamic parameters including the changes in stan-
dard Gibb’s free energy ΔG0 (kJ mol–1), enthalpy ΔH0 (kJ mol–1) 
and entropy ΔS0 (J mol–1 K–1) can be calculated in order to 
illustrate the thermodynamic behavior of adsorption process 
[46]:

K
C C V m

Cd
e

e

=
−( ) /0  (12) 

Table 2a
Raw diatomite: Intraparticle diffusion, pseudo-first-order and pseudo-second-order kinetic parameters of Pb(II), Cu(II) and Cd(II) 
ions on DR in various initial metal ions concentrations at 298 K

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

Metal 
ions

C0 (mg 
L–1)

qe (exp)
(mg g–1)

qe (cal)
(mg g–1)

k1 
(min–1)

 R2  qe (cal)
 (mg g–1)

 k2 
(g mg–1 

min–1)

 R2 ki R2

Pb(II) 10 0.917 0.021 0.082 0.9312 0.920 4.081 0.9999 0.001 0.9054

20 1.781 0.051 0.140 0.8880 1.388 0.398 0.9994 0.012 0.9486

30 2.479 0.112 0.110 0.9102 2.506 0.408 0.9998 0.041 0.8281

45 2.835 0.610 0.142 0.7943 2.873 0.235 0.9996 0.093 0.5447
60 3.194 3.410 0.160 0.7048 3.424 0.088 0.9966 0.081 0.9130

Cu(II) 10 0.815 0.005 0.036 0.9416 0.836 0.331 0.9966 0.021 0.9043

20 1.459 0.102 0.016 0.8598 1.469 0.724 0.9998 0.027 0.8798

30 2.081 0.309 0.013 0.8170 2.105 0.311 0.9994 0.039 0.8865

45 2.284 0.622 0.032 0.8851 2.652 0.133 0.9983 0.080 0.9386

60 2.269 1.608 0.002 0.9766 3.106 0.067 0.9965 0.126 0.9536

Cd(II) 10 0.590 0.003 0.483 0.8987 0.606 1.351 0.9995 0.006 0.9691

20 1.263 0.623 0.036 0.5273 1.287 0.420 0.9989 0.027 0.8438

30 1.680 0.493 0.053 0.9474 1.762 0.560 0.9931 0.086 0.9579

45 1.736 0.769 0.055 0.9861 1.864 0.684 0.9891 0.103 0.9451

 60 2.048 1.254 0.154 0.9065 2.173 0.127 0.9977 0.073 0.9374

 

Fig. 11. Intraparticle diffusion plots of adsorption of Pb(II), Cu(II) and Cd(II) on (a) DR and (b) D500 in 30 mg L−1 initial metal ion 
concentrations at 298 K. Error bars represent standard deviation.
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InK S
R

H
R Td =

∆ °
−
∆ ° 1  (13)

ΔH0 = ΔG0 + TΔS0 (14) 

where Kd is the coefficient for the distribution of the  solute 
between the adsorbent and the solution at equilibrium 
(qe/Ce), which can be obtained from Eq. (12) for different 
temperatures; R (8.314 J mol−1 K−1) is the ideal gas con-
stant; T is the temperature in Kelvin (K) [44]. The values of 
standard enthalpy change (ΔH0) and entropy change (ΔS0) 
were calculated from the slope and intercept of the plot 
lnKd vs. 1/T as required by Eq. (13). Free energy changes 
(ΔG0) of specific adsorption are calculated from Eq. (14). 
The calculated values of thermodynamic parameters are 
reported in Table 3.

As observed, the adsorption of Pb(II), Cu(II) and Cd(II) 
by DR and D500 was spontaneous and feasible with the neg-
ative values of ΔG0. It is known that ΔG0 values up to –20 kJ 
mol–1 show electrostatic interaction between adsorption sites 
and the metal ion (physical adsorption), while more negative 
values around –40 kJ mol–1 or higher involve electron shar-
ing (chemical adsorption). These values increased in abso-
lute value when T increased, showing that the adsorption 
was more spontaneous at higher temperature [47]. A positive 
value of ΔH0 is indicated that the adsorption process is endo-
thermic in nature. In general, the enthalpy change due to 
chemisorption (>40 kJ mol–1) is considerably larger than that 
of physisorption (<40 kJ mol–1) [44,48]. The lower order of 

magnitude of ΔH0 (see in Table 3) confirmed the physisorp-
tion mechanism of Pb(II), Cu(II) and Cd(II) ions onto DR and 
D500. Physical adsorption involves relatively weak intermo-
lecular forces such as van der Waals forces, electrostatic inter-
action as well as hydrogen bonding [44]. A positive value of 
ΔS0 revealed an increased randomness between solid-solu-
tion interfaces during the adsorption of lead, copper and 
cadmium ions on DR and D500 [45]. This positive value also 
suggested the affinity heavy metal ions toward the adsorbent 
particles and an increased degree of freedom of the adsorbed 
metal ions [48]. 

4. Conclusion

The raw and thermally modified diatomite at 500°C 
was tested for the adsorption of Pb(II), Cu(II) and Cd(II) 
from aqueous solutions. Improvement in diatomite perfor-
mance following modification by thermal treatment could 
be attributed to an increase of mesopores in structure that it 
is suitable for adsorption and cleaning of pores by burning 
of organic impurities. The adsorption isotherms of heavy 
metals onto raw and calcined diatomite were examined by 
Langmuir, Freundlich and D–R models. It is understood 
that the Langmuir is the best one, indicating that the num-
ber of adsorption sites on the adsorbent surface is limited 
and the lead, copper and cadmium ions form a monomolec-
ular layer on the surface at maximum capacity. The values 
of the adsorption energy (see in Table 1; E < 8 kJ mol–1) cal-
culated from the D–R adsorption isotherm showed that the 
mechanism for the adsorption of Pb(II), Cu(II) and Cd(II) 
ions onto the diatomite examined involved a combination 

Table 2b
500°C diatomite: Intraparticle diffusion, pseudo-first-order and pseudo-second-order kinetic parameters of Pb(II), Cu(II) and Cd(II) 
ions on D500 in different initial metal ions concentrations at 298 K

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

Metal 
ions

C0 (mg L–1) qe (exp)
(mg g–1)

qe (cal)
(mg g–1)

k1 
(min–1)

 R2  qe (cal)
 (mg g–1)

 k2 
(gm g–1 

min–1)

 R2 ki R2

Pb(II) 10 0.915 0.001 0.084 0.9312 0.925 6.588 1.0000 0.001 0.9059

20 1.920 0.006 0.220 0.9679 1.941 4.839 1.0000 0.004 0.9125

30 3.028 0.007 0.169 0.9786 3.046 2.103 1.0000 0.009 0.8471

45 4.144 0.114 0.186 0.9155 3.584 0.635 1.0000 0.030 0.8518
60 5.191 0.105 0.102 0.9724 5.299 0.387 1.0000 0.036 0.9382

Cu(II) 10 0.903 0.020 0.179 0.9070 0.904 7.954 1.0000 0.002 0.8433

20 1.799 0.015 0.193 0.7668 1.814 0.921 0.9999 0.012 0.9598

30 2.529 0.061 0.138 0.8947 2.461 0.503 0.9999 0.020 0.5788

45 3.425 4.688 0.172 0.7497 3.532 0.055 0.9937 0.012 0.7015

60 3.920 4.446 0.080 0.7863 5.319 0.392 1.0000 0.013 0.8699

Cd(II) 10 0.905 0.046 0.097 0.9911 0.921 0.499 0.9993 0.023 0.9442

20 1.629 0.691 0.161 0.9220 1.661 0.303 0.9997 0.057 0.8105

30 2.281 0.441 0.151 0.9508 2.318 0.247 0.9994 0.055 0.8713

45 2.484 0.069 0.057 0.8335 2.595 0.080 0.9889 0.104 0.9548

 60 2.779 0.085 0.002 0.8326 2.793 0.411 0.9997 0.023 0.9297
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of electrostatic interaction and physical sorption. Since the 
values of adsorption enthalpy for two diatomite samples 
were less than 40 kJ mol–1, this confirms that the sorption 
process was controlled by a physical mechanism rather than 
a chemical mechanism in all the studied cases. The kinetic 
studies of heavy metals onto raw and calcined diatomite 
reveal that the adsorption behavior is better described by 
the pseudo- second-order model than the pseudo-first-or-
der model. In addition, experiments obviously show that 
adsorption of Pb(II), Cu(II) and Cd(II) ions on diatomite 

samples is a multi-step process concerning transport 
of these ions from the aqueous solution to the surface of 
the solid particles. In this study, for the three metals, the 
adsorption capacity followed the order of Pb > Cu > Cd, 
which may be attributed to their different adsorption affini-
ties. The adsorption affinities are associated with their prop-
erties such as ionic radii and electronegativity. However, 
that the adsorption capacity for heavy metals is extremely 
dependent on the experimental conditions, for example, 
pH, solution temperature, initial metal ion concentration 

Table 3
Values of thermodynamic parameters for the adsorption of Pb(II), Cu(II) and Cd(II) ions onto DR and D500

Adsorbent Metal ions C0 
(mg L–1)

ΔH⁰ 
 (kJ mol–1)

ΔS⁰
 (J mol–1 K–1)

  ΔG⁰ 
(kJ mol–1)

 298 K 308 K 318 K 328 K

DR Pb(II) 10 21.159 98 –8.223 –9.209 –10.19 –11.182

20 17.517 80 –6.352 –7.153 –7.954 –8.755

30 3.700 16 –1.068 –1.228 –1.388 –1.548

45 2.702 15 –1.768 –1.918 –2.068 –2.218

60 6.102 64 –12.970 –13.61 –14.250 –14.890

Cu(II) 10 0.266 14 –3.906 –4.046 –4.186 –4.326

20 1.895 2.0 –1.299 –1.279 –1.259 –1.239

30 0.557 7.0 –1.752 –1.830 –1.907 –1.985

45 0.326 12 –3.250 –3.370 –3.490 –3.610

60 1.430 5.0 –0.600 –0.110 –0.160 –0.210

Cd(II) 10 2.574 13 –1.300 –1.430 –1.560 –1.690

20 3.032 17 –2.034 –2.204 –2.374 –2.544

30 4.280 22 –2.276 –2.496 –2.716 –2.936

45 1.181 32 –8.355 –8.675 –8.995 –9.315

  60 1.664 16 –3.104 –3.264 –3.424 –3.584

 298 K 308 K 318 K 328 K

D500 Pb(II) 10 1.305 29 –7.337 –7.627 –7.917 –8.207

20 19.936 83 –4.798 –5.628 –6.458 –7.288

30 22.921 91 –4.197 –5.107 –6.017 –6.927

45 18.390 83 –6.344 –7.174 –8.004 –8.834

60 14.374 68 –5.890 –6.570 –7.250 –7.930

Cu(II) 10 27.419 117 –7.447 –8.617 –9.787 –10.957

20 24.559 108 –7.625 –8.705 –9.785 –10.865

30 12.022 66 –7.646 –8.306 –8.966 –9.626

45 21.687 84 –3.345 –4.185 –5.025 –5.865

60 5.645 26 –2.103 –2.363 –2.623 –2.883

Cd(II) 10 5.753 32 –3.783 –4.103 –4.423 –4.743

20 3.384 22 –3.172 –3.392 –3.612 –3.832

30 2.904 23 –3.950 –4.180 –4.410 –4.640

45 2.938 18 –2.425 –2.605 –2.785 –2.965

  60 1.160 11 –2.118 –2.228 –2.338 –2.448
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and adsorbent particle size [22]. These results show that the 
Pb(II), Cu(II) and Cd(II) ions were possibly adsorbed onto 
negatively charged sites (hydroxyl groups) on the adsor-
bent surfaces via ion-exchange reactions under the experi-
mental conditions employed in the present work.
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