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Abstract: Removal of lead and cadmium ions from aqueous solutions by adsorption process was investigated. Low cost and locally
available natural mineral of manganoxide mineral was used as an adsorbent. The kinetics of adsorption process data was examined
using the pseudo-first-order, pseudo-second-order kinetics and the intra-particle diffusion models. The rate constants of adsorption
for all these kinetics models were calculated and compared. The adsorption kinetics was best described by the pseudo second-order
model. The Langmuir and Freundlich adsorption isotherm models were applied to the experimental equilibrium data at different
temperatures. The experimental data well fitted to Langmuir isotherm model. The maximum adsorption capacities of manganoxide
mineral for lead and cadmium ions were calculated from the Langmuir isotherm and were 98 and 6.8 mg/g, respectively.
Thermodynamic parameters such as the change of Gibbs free energy, enthalpy and entropy of adsorption were also calculated and it
was found that the lead and cadmium uptake reactions by manganoxide mineral were endothermic and spontaneous in nature.
Therefore, manganoxide mineral can be used as adsorbents for lead and cadmium ions removal processes as an alternative natural

mineral among the others.
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1 Introduction

Heavy metals present in environments can cause
severe damage to human and aquatic life. Accumulation
of these metals in the environment elements such as in
food chain may pose a significant danger to human
health. Lead and cadmium can be present in wastewater
from metallurgical alloying, electroplating, photography,
pigmenting, textile printing, chemical industries batteries
and lead mine drainage [1,2]. Governments and
environmental agencies set limit values (Table 1) in
terms of the allowable concentration for lead and
cadmium in drinking water and wastewaters [3—7].
Therefore, the removal of these ions from wastewaters
has become a very important manner. Several methods
for removal of metal ions from wastewaters have been
proposed, but most of them have disadvantages such as
precipitation and coagulation and become less effective
and more expensive in situations involving high volumes
and low metal concentrations. In addition, these methods
can also create sludge disposal problem. Membrane
processes are also limited in their use due to high capital

investment and operational costs. Such processes for
effluent treatment are well established and discussed in
Refs. [8—11].

The adsorption process with low cost natural
minerals is an attractive option because of their efficient
removal rate for heavy metal ions at even trace levels
[12,13]. Well-designed adsorption processes provide
high quality effluent after treatment. In recent years,
considerable attention has been focused on the removal
of heavy metals from aqueous solutions by using
adsorbents derived from low-cost materials, especially
natural minerals [14—16].

Insoluble metal hydroxides such as manganoxides
can participate in a wide range of redox reactions with
both organic and inorganic compounds. This allows
forming an electrostatic binding between pollutants and
the minerals. Therefore, these minerals can be classified
as a potential sustainable and cost effective adsorbent for
metal removal from aqueous solution. Manganoxide
minerals contain manganese and oxygen or the hydroxyl
ion as principal elements and also comprise oxides,
carbonates and silicates. The manganese oxide minerals
are basically formed in octahedron structural units
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Table 1 Tolerance and discharge limits for lead and cadmium in drinking water and surface water

Limit value/(mg-L™")

Standards/(mg-L ")

Heavy .

metal Potential health effects WHO [3] EU[4] EPA[5] Drinking Discharge in inland Discharge in sewage

water [6]  surface water [7] system [7]
Nervous connections damage,
Pb*" blood and brain disorders, 0.01 0.01 0.015 0.01 0.3-2.0% 3
kidney problems
Kidney damage,
cd* adverse health effects on 0.003 0.005 0.005 0.005 0.05-0.2%* 2
kidneys and lungs

*The standard value may vary depending on type of industry.

forming a manganese ion surrounded by six oxygen
atoms (MnOg). This structure is connected to another
either corners with one oxygen atom or edges with two
oxygen atoms. They can be formed into several oxide
minerals depending on the surface conditions of nature.
All these valances form a large number of manganoxide
minerals, namely, pyrolusite, psilomelane, manganite,
rodokrosite, cryptomelane, hollandite and coronadite.
Most of manganese minerals are black and opaque, and
the hardness of 5—7. They are rarely crystalline in
structure and occur in unequal stacks or grains [17,18].
Manganese minerals can be found as a small deposit at
many locations in Turkey.

Therefore, the aim of this work is to explore lead
and cadmium adsorption characteristics of manganoxide
mineral. This possible use of natural clay manganoxide
minerals as an adsorbent material for metal ions removal
from aqueous solutions was presented.

2 Material and methods

2.1 Chemicals and characterization of manganoxide
minerals

All chemicals were analytical grade and used
without further treatment. Deionized water was used in
all experiments. Pb(NOs), and CdCl, 1/2H,0 were used
to prepare stock metal solutions.

Manganoxide minerals obtained from Burdur region,
Turkey were used in this work. The mineral sample was
received as a bloc. Therefore, the samples were grounded
and sieved to obtain different particle sizes and used
throughout the experiments. The main physical and
chemical properties of the minerals samples were
evaluated by XRD (Rigaku D-max 1000), XRF
(EDX-600B Skyray) and SEM (Philips XL30 SFEG).

The XRD analyses were carried out to two different
parts of the manganoxide mineral bloc. XRD results
indicate that softer side of sample bloc is mainly
pyrolusite (Fig. 1(a)). Broad amorphous peaks were
obtained from XRD pattern (not given here) for the

harder part mineral sample. This part was named as
psilomelane since it has poor crystalline structure and
marking black from physical observation. This
manganoxide bloc (the mixture of psilomelane and
pyrolusite) was crushed and then uniformly mixed and
used throughout in the experiments. Chemical
composition of the mineral sample was also determined
by XRF analysis shown in Table 2. The SEM image of
manganese oxide were taken to determine the surface
morphology and presented in Fig. 1(b). The image in the
smallest magnification, ellipse-like shapes of adsorbent
particles can be seen easily. Cave and pores on the
surface of the adsorbent where metal ions can pass
through can be seen in the image with a higher
magnification. The images also show that the surface
structure  of manganoxide particle is  highly
heterogeneous.

2.2 Kinetic and isotherm experiments

Batch experiments were conducted to investigate
the kinetics and equilibrium data in 100 mL of glass
flasks as it is essential for designing and operation of
adsorption process for wastewater treatment. A known
amount of adsorbent (1 g) was weighed and placed in
flask containing 50 mL solution at desired concentrations
which were 250 and 50 mg/L for lead and cadmium,
respectively [19]. Separate flasks were used for each
time interval and one flask was taken and analyzed for
desired time. Three sets of isotherm plots were obtained
at three different temperatures (25, 35, 45 °C). Each
isotherm consisted of eight adsorbate concentrations
varied from 25 to 1000 mg/L and 25 to 2500 mg/L for
cadmium and lead ions, respectively.

Final metal concentrations were measured in the
equilibrium solution after separating the manganoxide
mineral through the filtration paper. Inductively coupled
plasma, ICP (Perkin Elmer, Optima 7000DV) was used
to measure the concentrations of lead and cadmium ions
in the solutions. The concentration retained in the
adsorbent phase was calculated using Eq. (1). In order to
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Table 2 Chemical composition of manganoxide mineral used in
the experiments (mass fraction, %)

MnO, CaO SiO, TiO,
26.39 32.02 25.81 1.52
Al,O4 Fe,04 K,0O MgO

1.50 1.00 0.56 0.31

investigate the mechanism of adsorption, three different
models were used as the kinetic parameters gave
important information for designing and modelling the
process. These models’ linear Egs. (2)—(4) are as follows:

_ (po— PV
G@=" (1)

N

where ¢, is the amount of metal ions adsorbed at time ¢,
mg/g; po is the initial metal ion concentration, mg/L; p, is
metal ion concentration, mg/L; V is the volume of
solution, L; Wj is the mass of the adsorbent, g.
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Fig. 1 XRD pattern and SEM images of
manganoxide minerals
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where ¢, is the amount of arsenic ion on the surface of
the adsorbent at the equilibrium, mg/g; k; is the
equilibrium rate constant of pseudo-first sorption, min ';
t is the time, min.

¢ 1

1 .
—+—t, h=kjq; 3)
4 ki 9.

where &} is the equilibrium rate constant of pseudo-
second order, g/(mg'min); 4 is the initial sorption rate,
mg/(g-min).

g, =kt'"? 4

where ¢, is amount of adsorbate on the surface of the
adsorbent at time ¢, mg/g; k; is the intro-particle rate
constant, mg/(g-min"?).

The equilibrium relationships between adsorbent
and adsorbate are described by adsorption isotherms, the
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ratio between the amount adsorbed and that remaining in
the solution at a fix temperature is equilibrium. In this
work, metal removal process was analyzed using
Langmuir and Freundlich isotherm models (Egs. (5) and

(6)).
pe/qe =[1/0"b]+(1/ 0% p, (5)

where 0° (mg/g) and b (L/mg) are Langmuir isotherm
constants. The value of Q° gives the maximum
adsorption capacity of adsorbent.

Igg. =1gKp +nlgp, (6)
where K7 and n are Freundlich isotherm constants that

can be related to the adsorption capacity and the
adsorption intensity, respectively.

3 Results and discussion

3.1 Effect of contact time and adsorbent dose

Lead and cadmium ion removal rates against
contact time at initial concentrations of 250 and 50 mg/L,
respectively, are presented in Fig. 2. It was clearly seen
that the adsorption of the lead ions increased instantly at
the initial stage and reached the equilibrium. However,
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Fig. 2 Plot of lead (250 mg/L) (a) and cadmium (50 mg/L) (b)
ions removal rates against contact time (300 r/min, 1 g, 25 °C)

the adsorption of the cadmium ions increased instantly at
the initial stage and continued to increase gradually until
the equilibrium was reached and remained constant. The
equilibrium time was selected to be 120 min for both
lead and cadmium ions. The maximum amounts of lead
and cadmium ions adsorbed on the manganoxide mineral
were 11.5 and 2.2 mg/g, respectively.

Figure 3 shows the experimental results obtained
from series of experiments using different adsorbent
doses, ranging from 0.05 to 0.3 g. Adsorbent dosage is an
important parameter because it determines the capacity
of an adsorbent for a given initial concentration of the
adsorbate. As shown in Fig. 3, the uptake of metal ions
increased with increasing the adsorbent dose until 1 g for
both ions. Therefore, 1 g manganoxide was used
throughout the experiments.

Figure 4 shows that the adsorption of lead and
cadmium slightly increased with decreasing the particle
size. As the adsorption being a surface phenomenon, the
smaller sorbent sizes offered comparatively larger
surface areas and hence higher removal at equilibrium.
For further experiments, the size of 1.18—0.425 mm was
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Fig. 3 Effect of adsorbent dose on removal rate (50 and 250
mg/L for Cd and Pb, 300 r/min, 25°C)
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Fig. 4 Effect of adsorbent particle size on removal rate (50 and
250 mg/L for Cd and Pb, 300 r/min, 1 g, 25 C°)
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selected because of its high removal capacities as well as
easy handling.

3.2 Adsorption kinetics

In order to predict the adsorption kinetic models of
metal ions, the pseudo-first order and pseudo-second
order kinetics models (Egs. (2)—(4)) were applied to
experimental data. For the pseudo-first adsorption rate
constant, the straight line plots of lg (¢;—¢;) against time
were calculated [20,21]. The equilibrium rate constant of
pseudo-second order was calculated by plotting #/g,
against ¢ [22]. The kinetics constants and correlation
coefficients of all kinetics models were calculated and
given in Table 3. Good correlation coefficients were
obtained for the pseudo second-order kinetics model,
which showed that both metal uptake processes followed
the pseudo-second order rate expression.

Adsorption kinetics is usually controlled by
different mechanisms and the intra-particle diffusion
model is generally used to identify the mechanism
involved in the process. Considering a solid-liquid
adsorption process, it is also common that external mass
transfer is dominant at the beginning of adsorption and
the
intra-particle diffusion as the external surface of
adsorbent loaded with the adsorbate. According to the
model, proposed by WEBER and MORRIS [23], the
initial rate of intra-particle diffusion can be calculated by

then gradually adsorption is controlled by

plotting ¢ against ¢, The equation for intra-particle
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diffusion model is given as Eq. (4).

Only intra-particle plots for lead and cadmium ions
with manganoxide minerals are given in Fig. 5. Two
parts of linear portions of figures indicated that the lead
and cadmium ions were initially adsorbed by the exterior
surface of the adsorbent. The saturation was reached and
metal ions entered into pores within the particles and
were adsorbed by the interior surfaces. The diffusion rate
parameters for two sections of intra-particle plot were
obtained from the plots and given in Table 3. The
correlation coefficients for the intra-particle diffusion
model varied from 0.89 to 0.98. However, any of plots
passed through the origin. Therefore, it can be concluded
that intra-particle diffusion was
adsorption process but it was not the rate-controlling step.
The data indicated that external mass transfer (surface

involved in the

adsorption) was only significant at the beginning of the
process.  Simultaneously, intra-particle  diffusion
controlled the adsorption at the final stage (Fig. 5).
Similar type of adsorption kinetics was reported for lead
ion adsorption onto modified and unmodified kaolinite
clay [24] and also lead and cadmium adsorption by
biosorption [25]. The intercept provided
information about the boundary layer thickness, namely,

value

the larger the intercept is, the greater the boundary layer
effect. The slope of the linear portion showed the rate of
the adsorption. The lower slope, seen in the second part
of the linear curve, corresponds to a slower adsorption
process.

Table 3 Kinetic constants and correlation coefficients of kinetic models used

Pseudo-first order

Pseudo-second order

Intra particle diffusion

Heavy
metal kl/—l qe/—l ’ ﬁé/ -1 qe/—l —}f/ -1 R —]?1/ Sny R} 7]‘1712/ Siny RS
min~ (mgg ) (gmg min") (mgg ) (mgg ‘min ) (mg-g 'min %) ' (mgg min %) 72
Pb** 0.07 1549 0.766 0.224 11.61 30.17 0.999 2368 0.996 4.144 0.891
Ca?t  0.02 1843 0.863 0.00004 2222 199.6 0.997 200.4 0.989 30.26 0.932
16 2.5
(a) (b)
20k //
12+ oo o o o
'T'?D ,—cn 1.5¢F
= = 1.0+ Cadmium
4t Lead /
0.5¢
0 5 10 15 20 0 5 10 15 20
"2/min'?2 2/min'2

Fig. 5 Intra particle diffusion model: (a) Lead; (b) Cadmium (Lead 250 mg/L and cadmium 50 mg/L, 300 t/min, 1g, 25 °C)
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3.3 Adsorption isotherms

The equilibrium experiments were conducted at
three different initial temperatures (25, 35, 45 °C).
Adsorption isotherms were obtained by experimental
data (Fig. 6) using Egs. (5)—(6). The isotherm constants
were calculated and presented in Table 4. These two
isotherm models were validated by each linearised plot.
As shown in Table 4, the correlation coefficients (R?)
obtained from the Langmuir isotherm model (R* >0.998)
were higher than the Freundlich model for both metals.
Therefore the Langmuir equation better represents the
adsorption processes. It can be said that all sites on the
adsorbent possess equal affinity for the adsorbate.

The separation parameter values of R, were
calculated using Eq. (7). The Ry values for the lead and
cadmium adsorption process were found in the range of
0.019-0.450 and 0.0010—0.102, respectively. These
values indicated (0<R;<1) that the adsorption processes
for both metals were favourable.

R, =1/(1+bCy) (7)

where R; is dimensionless separation parameter.

The maximum adsorption capacities (Q) for lead
and cadmium ions were calculated to be 9.8 and 6.8
mg/g from the Langmuir plots, respectively. The
increase in adsorption capacity of adsorbent at higher

temperatures may be due to the enlargement of pore size
or activation of the adsorbent surface. The maximum
adsorption capacities of cryptomelane type manganoxide
mineral were reported to be 60 and 9.8 mg/g of lead and
cadmium, respectively, by FENG et al [26]. The
maximum lead and cadmium removal capacities of
calcitic limestone material were 40 and 1.3 mg/g [27].
The monolayer adsorption capacity of Turkish illitic clay
was reported to be 13.09 and 53.7 mg/g for cadmium and
lead ions, respectively [28]. Therefore, it can be said that
the these values can be compared with the other similar
data reported in the literature. These results also showed
that adsorption capacity of cadmium ion was lower than
that of lead ions. The decrease can be attributed to the
ionic properties such as ion radius, charge, ionic
potential,  electronegativity, and the electron
configuration of each metal ion. Electronegativity is a
chemical property that describes the ability of an atom to
attract electrons towards itself in a covalent bond.
Therefore, the surface complexation reaction is more
influenced by the electrostatic attraction between the
surface charge and the dissolved ions. The
electronegativivity of Pb*" (2.33) is slightly higher than
that of Cd*" (1.69), so lead ions interact more strongly
electrostatically with the surface groups present on the
surface of the adsorbent.

100 ®
80
" 60 -
éﬂ Cadmium
S 40
e—25°C 2 °e—25°C
20l o— 35°C a— 35°C
a— 45°C 1t a— 45°C
-]
i 1 1 1 1 1 1 1 1 1 1 1 1
o 100 200 300 400 500 600 O 100 200 300 400 500 600 700 800

pJ/(mg-L™")

p/(mg-L™")

Fig. 6 Equilibrium isotherm plots for lead (a) and cadmium (b) ions (25—1000 mg/L and 25-2500 mg/L for cadmium and lead ions,

lg)

Table 4 Isotherm constants and correlation coefficients

Heavy Temperature/°C Langmuir adsorption isotherm Freundlich adsorption isotherm R
metal Q/mgg") b(Lmg') R Kel(mgg ) Lmg)'™)  n R
25 96 0.353 0.999 18.58 0.365 0.838 0.020-0.450
Lead 35 97 0.374 0.999 20.05 0.353  0.860 0.020-0.449
45 98 0.393 0.999 21.38 0.340 0.889 0.019-0.441
25 6.49 0.048 0.998 1.334 0.253  0.950 0.0012-0.102
Cadmium 35 6.67 0.049 0.998 1.384 0.251  0.947 0.0011-0.097
45 6.80 0.051 0.998 1.445 0.246  0.940 0.0010-0.092
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On the other hand, the tendency to lose water
molecules from the aquo-cations is stronger for Pb**
since the single ion hydration enthalpy is —1481 kJ/mol
for Pb™ and —1807 kJ/mol for Cd**. This also facilitates
the interaction between Pb>" and the adsorbent surface.
Another factor, which may determine the metal
adsorption capacity, is the ionic radius itself. The smaller
ions with the same valency, have higher charge densities
and attract more water molecules, resulting in a higher
hydrated radius. As a result, Pb*" has a higher ionic
radius (1.21 A) and subsequently a smaller hydrated
radius than Ca’" causing weaker interaction between
Ca”" and adsorbent. It can be therefore said that lead ions
can penetrate into smaller pores and, thus, have a large
access to the adsorbent surface.

3.4 Thermodynamic evaluation of process

Thermodynamic parameters, i.e., free energy of
adsorption (AG®), standard enthalpy (AH®) and entropy
changes (AS®) were evaluated at different temperatures
(25-45 °C) using Eqgs. 8—10. AH® and AS® were obtained
from the slop and intercept of a plot of In Ky against 1/T
(Fig. 7). Langmuir constant » (L/mg) was converted to
adsorption equilibrium constant (Ky) by multiplying
molar mass of adsorbate [29,30]. LUI [29,30] reported
that for neutral adsorbates or adsorbates with weak
charge, the Langmuir equilibrium constant can be
reasonably used for the thermodynamic equilibrium
constant of adsorption (Ky). As a result, the use of the
Langmuir equilibrium constant for calculation of AG®
and subsequent determination of AH® and AS® is
numerically correct.

Ky=b(L/g)M (8)

where Kjis the equilibrium constant; b is the Langmuir
isotherm constant; M is relative molecular mass.

AG® = —RTInK ©)
where AG® is free energy of sorption, kJ/mol.
) )
Ik, =20 A5 (10)
RT R

The thermodynamic parameters were calculated and
given in Table 5. The Gibbs free energy specifies the
degree of spontaneity of adsorption process. The
negative AG® values indicate that the adsorption was
spontaneous.  Increasing  temperature does  not
significantly change AG® for both ions showing reaction
rate not much affected with temperature. The positive
values of AH® indicate that the adsorption process is
endothermic in nature. The positive entropy change
(AS®) shows an increased randomness at the adsorbent—
adsorbate interface during the adsorption process.
Similar observation was reported for the adsorption of
lead and cadmium ions on illite [28].
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Fig. 7 Plots of In K, against 1/7 for lead (a) and cadmium (b)

ions

Table 5 Thermodynamic parameters

Heavy .. AGG)/il AH‘B/i1 Asf’l/ B
metal (kJmol ) (kJmol ) (kJ-mol -K)
298 -21.33
Cadmium 308 -22.14 1.51 0.077
318 —22.87
298 —27.69
Lead 308 —28.81 432 0.107
318 —29.84

4 Conclusions

1) Low cost manganoxide minerals used in this
work is an effective adsorbent for removing lead and
cadmium ions from aqueous solution. The adsorption
kinetics and equilibrium of the removal process were
determined in a batch operation mode.

2) Kinetic evaluation shows that the pseudo-second
order kinetic reaction model is found to represent the
data better for each metal removal process. The
intra-particle diffusion model shows that external mass
transfer is significant at the initial adsorption stage and
then the intra-particle diffusion controls the adsorption
rate at the final stage.
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3) The isotherm data correlated better by the
Langmuir isotherm model and the maximum adsorption
capacities are 98 and 6.8 mg/g,
Thermo-dynamical parameters were also evaluated and

respectively.

show that the adsorption of the metal ion is endothermic
in nature. The results show that locally available and
inexpensive manganoxide minerals can be useful
adsorbents for removing metal ions from aqueous

solution.
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W OE: RAMC A A AT 45 1 AR GRAT VE A R BR 0], 5 B 25 KV T B B s AR i 1. R B
I Dy B AU A B OSSR A 56 3y ) A B SRR B ) ) AR R B A, AL
Dy 2050 )1 R G e A A TR Y 3l 7 % o ¥ Langmuir A1 Freundlich 255 WL S L AR AU A AN RIS R 19
PUTECE, ORISR S Langmuir BURAIGAFELF o SRA) Langmuir S50 BPASTRS o5 1 BRR ™I B 4% 25 5 A
BT IR0 98 A1 6.8 mg/g. WAL T SHL W A A tHRERIAR I AR A 45 R
BT, R A Sy VBB 7R 0T B ARG P B B S N 1 R R A S S o R, AT R A — R R AR I B 7, AT AR
ARIIAT P W B A B8 3% 7 VB B 8 AR 1o
RSB B W BRO WEBh s AR SRR
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