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a b s t r a c t

This study was initiated to investigate the adsorption of cadmium from aqueous solution by two dif-
ferent rock types—Pumice (VPum) and Scoria (VSco), which are readily available in Ethiopia and other
countries. The influence of operational conditions, such as particle size, adsorbent/solution ratio, con-
tact time, cadmium initial concentration, and pH was analyzed. The competition between metals was
also evaluated. The Cd(II) removal capacity was predominantly affected by the pH conditions, being
eywords:
umice
coria
admium
dsorption

increased under alkaline conditions. For both adsorbents, when particle size was 0.075–0.425 mm, the
maximum Cd(II) adsorption was observed at pH 6.0 (contact time = 24 h, shaking speed = 200 rpm, adsor-
bent dose = 50 g L−1). Adsorption process revealed that the initial uptake was very fast during the first
1 h. The kinetics of the interactions follows pseudo second-order. Equilibrium assays confirm that VPum
has a larger capacity and affinity for Cd(II) adsorption than VSco. Both Langmuir and Freundlich models
described equally well the experimental data. VPum and VSco were found to be promising material for

from
the removal of cadmium

. Introduction

Water quality is one of the main issues in many countries. The
ncreasing population and the scarcity, as well as the anthropogenic
nd natural contamination of water recourses pose a serious prob-
em for water supply. Cadmium (a metal with extremely hazardous
ffects) has become a threat to public health worldwide since it is
ncreasingly recognized in fresh water resources [1,2]. Water treat-

ent plants which draw water from such contaminated resources
re thus facing growing problems in delivering desired water qual-
ty. The presence of cadmium over the permissible levels is a severe
uman health problem. Excessive cadmium intakes cause damage
o liver, spleen and kidney, lung inefficiency, mental deterioration,
ypertension, bone degeneration, muscular and cardiovascular dis-
rders and cancer [3,4].

A number of technologies have been developed over the years
or the removal of excess cadmium and other heavy metals from
ontaminated water and soil viz. precipitation, ion exchange,
embrane separations and adsorption onto activated carbon. In
onventional treatment systems, the processes (coagulation, sed-
mentation and filtration) employed can not remove cadmium
fficiently [5,6]. Therefore, it has become necessary to develop an
nnovative remediation technique to improve water quality.
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The adsorption methods have received extensive attention for
the removal of pollutants from aqueous solutions. It has long been
recognized that, if the adsorbent is chosen carefully and the con-
ditions are adjusted appropriately, adsorption-based processes are
capable of removing contaminants over a wide pH range and too
much lower levels than conventional precipitation methods [7].
The applicability of adsorption methods is highly dependent on the
nature of the adsorptive materials. It has been reported that various
types of natural adsorbents have the capacity to adsorb heavy met-
als from aqueous solutions [6,8–10]. However, available methods
have several disadvantages, which make them not effective and/or
not sustainable for non-developed areas around the globe. There-
fore, numerous efforts have been oriented to obtain low-cost but
efficient adsorbents that may be used in poorly developed areas
such as Ethiopia for water purification purposes.

Volcanic rocks are formed from volcanic magma. The most abun-
dant volcanic rocks include Pumice, a finely porous rock frothy with
air bubbles; and Scoria, a rough rock that looks like furnace slag
[11,12]. Pumice and Scoria deposits originate in areas with young
volcanic fields. These rocks are abundant in Europe (Italy, Turkey,
Greece and Spain), Central America, Southeast Asia and East Africa
(Eritrea, Djibouti, Kenya and Ethiopia) [13,14]. The Ethiopian Rift

Valley, which covers around 30% of the area of the country, has sev-
eral of these cinder cones and lava fields [15,16]. Volcanic rocks have
received considerable interest for heavy metals removal mainly due
to their valuable properties: high surface area, low cost and local
availability in large quantities. In recent year, the potential of vol-

http://www.sciencedirect.com/science/journal/03043894
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Table 1
Chemical composition of VPum and VSco, determined by XRF analysis.

Components VSco VPum

SiO2 (wt%) 47.4 68.6
Al2O3 (wt%) 21.6 8.9
Fe2O3 (wt%) 8.9 4.9
CaO (wt%) 12.4 1.8
K2O (wt%) 0.5 5.5
Na2O (wt%) 3.0 4.1
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gO (wt%) 3.3 0.2
iO2 (wt%) 1.7 0.3
thers (wt%) 1.2 5.7

anic rocks to remove metals from water and wastewater has been
eported [17–19].

The primary objectives of the present work were to determine
admium(II) adsorption isotherms of the rock grains; compare the
dsorption properties of both adsorbents with each other; iden-
ify the effect of pH, particle size, initial concentrations of Cd(II),
nd adsorbent/solution ratio on the removal kinetics. The influ-
nce of other divalent metals on the removal of cadmium was also
ddressed.

. Material and methods

.1. Adsorbents

Pumice is a light, porous igneous volcanic rock produced by the
elease of gases during the solidification of lava. It is characterized
y a porous structure, its large surface area, and a high water absorp-
ion capacity (20–30%). Due to its high degree of macro-porosity it
an easily be processed [12]. The rough surface and porous structure
rovide a large number of possible attachment sites for pollutants.
umice has a skeleton structure that allows ions and molecules
o reside and move within the over all framework. The large pro-
ortion of free silica sites at the grain surface results in a negative
harged surface. The density value is low, but depends on the thick-
ess of solid material between bubbles [18,19].

Scoria is formed of vesicular fine to coarse fragments, reddish
r black colour, and light in weight. It consists of glass and phe-
ocrysts basaltic minerals such as plagioclase, olivine, hornblende
nd pyroxene [13,20]. It has been reported that scoria has a higher
dsorption capacity and affinity for metals than commercial acti-
ated powder [17].

Pumice (VPum) and Scoria (VSco) from the Main Rift Val-
ey (Ethiopia), was used in this study. The rocks were washed
epeatedly with demineralised water to remove any water-soluble
eposits and dried at room temperature (23–25 ◦C). In agreement
ith the American Society for Testing and Materials (ASTM D 422)

nd soil textual classification system [21], the samples were crushed
nd separated into four mesh size fractions: silt (<0.075 mm),
ne-sand (0.075–0.425 mm), medium-sand (0.425–2.0 mm), and
oarse-sand fraction (2.0–4.75 mm) respectively. Other physical
roperties of the material used were: VPum (pH 7.5, particle den-
ity for <0.075 mm size = 2.46 g cm−3), VSco (pH 7.6, particle density
or <0.075 mm size = 2.98 g cm−3). The chemical composition of the
dsorbents was determined by X-ray Fluorescence (XRF) spectrom-
try (Table 1). As expected, the SiO2 content was greater in VPum
han VSco. The characterized adsorbents were kept in airtight plas-
ic container at room temperature until commencement of the
atch adsorption experiments.
.2. Adsorbate solutions

All solutions were prepared from analytical reagent grade chem-
cals and 0.01 M aqueous solution of CaCl2·2H2O. The calcium
rdous Materials 169 (2009) 395–401

chloride solution was used as the solvent phase to maintain a
constant ionic strength and minimise cation exchange. The stock
solution containing 1000 mg of Cd(II) per litre was prepared by dis-
solving CdCl2·H2O (Merck, Germany). In order to investigate the
influence of dissolved Cu(II) and Ni(II) on the uptake of cadmium
by VPum and VSco, the solutions of the metals were prepared by
dissolving their chloride and nitrates. The solutions (pH < 2) were
stored in tightly closed bottles at 4 ◦C.

Cadmium solutions of desired concentrations were prepared by
appropriate dilutions of the stock solution immediately prior to
their use. Before mixing these solutions with the adsorbent, the
solutions were adjusted to pH value of 5 ± 0.1 (minimizing precipi-
tation of cadmium) by adding 0.1 M HCl or 0.1 M NaOH. To avoid
pH change during experiments due to CO2 escape, bottles were
capped and kept closed during the whole experiments. All exper-
iments other than tests on pH effects were conducted at a pH of
5 ± 0.1.

2.3. Experimental set-up and procedures

Cadmium adsorption was investigated by using a batch equi-
librium technique. For the determination of adsorption isotherms,
100 ml of Cd(II) solution of known initial concentration was shaken
with a certain amount of the adsorbents on a shaker (SM 25) at
200 rpm for 24 h. The adsorbents (VPum and VSco) were equili-
brated by shaking with 0.01 M CaCl2·2H2O overnight (12 h) before
the day of the actual experiments. All experiments were in triplicate
at room temperature (24–25 ◦C). Control (only the test substance
without adsorbent) and Blank (only the adsorbent without the test
substance) experiments had been carried out for each set of exper-
iments. At the end of the experiment the batch container (acid
washed PE-bottle) was allowed to settle for about 1 min and 10 mL
supernatant was sampled with a syringe. The remaining solids were
separated from the solution by filtration (0.2 �m, Nylon Membrane
Filters, Whatman). Then the pH was measured (Microprocessor pH
196), and acidified samples were analysed for the residual Cd(II)
concentrations using ICP–AES (Inductively Coupled Plasma–Atomic
Emission Spectrometer, JY 238).

The amount of Cd(II) adsorbed at time t, qt and A(%) was calcu-
lated from the mass balance equation:

qt = (C0 = Ct)
V

M
(1)

A(%) =
{

(C0 − Ct)
C0

}
× 100 (2)

where C0 = initial concentration of Cd(II) in contact with adsor-
bents (mg L−1), qt = the amount of Cd(II) adsorbed per unit mass
of the adsorbent (mg kg−1), M = dry mass of the adsorbent (kg),
Ct = mass concentration of Cd(II) in aqueous phase, control correc-
tion included, at time t (mg L−1), V = initial volume of the aqueous
phase in contact with the adsorbents during the adsorption test (L),
A(%) = adsorbed amount give as percentage at time ti (%).

2.4. Theoretical foundation

2.4.1. Adsorption kinetics
Numerous models can be used to express the mechanism of

adsorbate sorption onto adsorbent. The parameters of these models

are important in water and wastewater treatment process design.
When the removal of a solute follows a two step processes ((i)
sharp increase of the solute removal during the initial contact time
between the solution and solid phase, (ii) slow increase until a
state of equilibrium is reached), it can be represented by a pseudo
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agreement with the findings from various investigations that sug-
gest the more concentrated solution the better is the adsorption
[25].
E. Alemayehu, B. Lennartz / Journal o

econd-order kinetic model [22]:

∂qt

∂t
= k2(qe − qt)

2 (3)

here k2 is the pseudo-second order rate sorption constant
kg mg−1 h−1), which represents the steepness of the curve. Inte-
rating, and applying the boundary conditions qt = 0 at t = 0, qe = qt

hen t = te, the linear form of Eq. (3) can be written as follows:

t

qt
=

(
1

k2q2
e

)
+

(
1
qe

)
t (4)

The parameters k2 (kg mg−1 h−1) and qe,calc (mg kg−1) were
escribed by linear regression analysis of the experimental kinetic
ata (4).

.4.2. Adsorption isotherms
The Langmuir and Freundlich models are the most frequently

mployed for describing the adsorption isotherms from experi-
ental data. These models can be used to design and optimize

n operating procedure. Furthermore, they provide information to
redict removal efficiency of solute and an estimation of adsorbent
mounts needed to remove solute ions from aqueous solution. In
his work, the following non-linear isotherm models were used to
ompare the cadmium adsorption mechanisms between VPum and
Sco:

reundlich equation : qe = KC1/n
e (5)

angmuir equation : qe = abCe

(1 + bCe)
(6)

here qe (mg kg−1) is the specific amount of cadmium adsorbed,
nd Ce (mg L−1) is the cadmium concentration in the liquid phase
t equilibrium. The parameter K (L kg−1) and 1/n are the Freundlich
onstants that are related to the total adsorption capacity and inten-
ity of adsorption, respectively. The Langmuir parameters are a
mg kg−1), which is related to adsorption density, and b (L mg−1),
hich is indicative of the adsorption energy. The isotherm equa-

ions have been optimized using the solver function in EXCEL.
The Langmuir equation is also used to obtain RL, the separation

actor, from the expression:

L = 1
1 + bC0

(7)

here C0 is the initial concentration of cadmium, mg L−1. The
hapes of the isotherms are expressed by RL; values of 0 < RL < 1
ndicate favourable adsorption, and RL > 1, RL = 1 and RL = 0 represent
nfavourable, linear and irreversible isotherm, respectively [23].

When the initial section of an isotherm is nearly linear, its slope
s defined as the distribution coefficient (Kd). The distribution coef-
cient is the ratio between the content of the substance in the solid
hase and the mass concentration of the substance in the aqueous
olution, under the test conditions, when adsorption equilibrium is
eached. It is often used to characterize the mobility of heavy met-

ls: low Kd values imply that most of the metal remains in solution
hile high Kd values indicate that the metal has great affinity to

he adsorbent [24]. The initial section of adsorption isotherms was
escribed by the following linear equation:

e = KdCe (8)

here qe (mg kg−1) and Ce (mg L−1) are the solute quantity
dsorbed and the solution concentration at equilibrium, respec-
ively.
Fig. 1. Effect of contact time on the adsorption of Cd(II) by VPum and VSco (operative
conditions—C0: 2 mg L−1; time: 0–24 h; particle size: fine; adsorbent/solution ratio:
1:20; pH 5).

3. Results and discussion

3.1. Effect of contact time

Batch kinetic experiments were conducted by taking 500 ml
of the test solution containing 2 mg L−1 of Cd(II). The adsor-
bent/solution ratio was kept constant at 1:20. The time-course of
Cd(II) adsorption is shown in Fig. 1. As can be seen, the adsorption
increased with increasing contact time, and the equilibrium was
attained after shaking for 24 h. The shaking time for the equilib-
rium tests was chosen accordingly. Moreover, adsorption followed
a linear rise with fast uptake during the first 1 h and decreased
progressively thereafter giving a very slow approach towards equi-
librium (Fig. 1). It may be assumed that the first molecules to arrive
at the bare surface are preferentially adsorbed on the most active
sites, and the high initial uptake rate may be attributed to the avail-
ability of a large number of adsorption sites. The amount of Cd(II)
adsorbed on VPum (34.6 �g g−1; 86.5%) was much higher than the
values obtained for VSco (24.2 �g g−1; 60.5%) at the same interac-
tion time (24 h).

3.2. Effect of initial cadmium concentrations

The amount of cadmium adsorbed per unit mass of adsorbent
increased gradually with an increasing Cd(II) concentration of the
solution (Fig. 2). By changing the initial concentration of the solu-
tion from 2.0 to 50 mg L−1, the absolute amount of adsorbed Cd(II)
increased from 0.66 to 284 mg Cd(II) per kilogram of VSco and from
13 to 566 mg of Cd(II) per kilogram of VPum, respectively. This is in
Fig. 2. Effect of Cd(II) initial concentration (operative conditions—C0: 2.0–50 mg L−1;
time: 24 h; particle size: fine; adsorbent/solution ratio: 1:20; pH 5).
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Effect of particle size on adsorption was investigated for differ-
ent times (0.5–24 h). The particle size ranged from silt to coarse sand
size (<0.075, 0.075–0.425, 0.425–2.0, 2.0–4.75 mm). As seen from
Fig. 5a and b, the kinetics of cadmium removal exhibited a biphasic
curve for the two adsorbents. On reducing the particle size from
ig. 3. Effect of adsorbent/solution ratio on the adsorption of Cd(II) by VSco and
Pum (operative conditions—C0: 2 mg L−1; time: 0–24 h; particle size: fine; adsor-
ent/solution ratio: 1:250–1:20; pH 5).

.3. Effect of adsorbent/solution ratio

Adsorbent dosage is an important design parameter because it
uantifies the capacity of an adsorbent for a given initial concentra-
ion of adsorbate. The experiments were conducted as a function of
ime with constant cadmium concentrations (2 mg L−1); the adsor-
ent/solution ratio varied from 1:250 to 1:20. As can be seen from
ig. 3, the effect of both adsorbents dose on cadmium uptake was
imilar. By changing the dose from 4 to 50 g L−1, the removal of
d(II) ions significantly increases from 36.5 to 86.5% for VPum and
7 to 60.5% for VSco. The maximum removal is exhibited at 50 g L−1

1:20 ratio) of the adsorbents. This observation can be attributed to
he increase of the adsorption surface area and the availability of
ree adsorption sites.

.4. Effect of adsorbents on pH

For both adsorbents significant pH changes occurred during the
4 h of contact time (Table 2). The pH variation during the exper-
ments was between 1.0 and 3.0 units in average. At low pH (pH
–4 for VSco and pH 2–6 for VPum), a marked increase of pH was
etected (Table 2), which was interpreted in terms of proton adsorp-
ion. However, at high pH (pH 8–10), a significant decrease of pH
as determined. At pH of 12 there were no considerable changes.

he behaviours observed may be related to the reaction of hydrox-
de with the adsorbent surface or to proton release from surface
roups. Similar observations were also reported for cadmium ions
ith other indigenous adsorbents [26,27].

.5. Effect of pH on cadmium adsorption

It is well known that pH has a dramatic effect on the adsorption
f metal onto the adsorbent, which may affect the degree of ion-
zation, speciation of the metal ions and the surface charge of the
dsorbent [28]. To characterize the effect of pH on Cd(II) adsorption
sing VPum and VSco, separate set of batch equilibrium adsorption
xperiments were conducted modifying the pH from 2 to 12. The
esults obtained for both adsorbents are presented in Fig. 4. As can
e seen, in acidic medium (pH 2), the uptake was about 24.6 and

+
7.5% by VSco and VPum respectively, indicating that the H ions
eact with the adsorbent, thus limiting the number of binding sites
or cadmium ions. However, increasing the pH to 6, the adsorption
ncreased to 67.47 and 89.7% by VSco and VPum respectively. This
harp increase in the adsorption efficiency may be accounted for

able 2
ffect of adsorbents (VSco and VPum) on the pH of solution after 24 h exposure.

Hint 2 4 6 8 10 12
H24, VSco 2.85 4.96 4.41 6.16 5.61 11.83
H24, VPum 6.30 6.99 6.94 7.16 7.12 11.75
Fig. 4. Effect of pH on the adsorption of Cd(II) by VSco and VPum (operative
conditions—C0: 2 mg L−1; time: 24 h; particle size: fine; adsorbent/solution ratio:
1:20; pH 2–12).

the lowered competition of H+ ions with Cd2+ for the active sites
[27]. At the alkaline solution increment in the adsorption is slow-
down. It is most likely that in the alkaline medium, Cd(OH)2 was
the dominant species and precipitation played a significant role in
the removal mechanism. Thus, all the experiments other than on
pH effects were conducted at pH of 5 ± 0.1. At this pH, three species
are present in the solution, namely: Cd(OH)2 (in very small quan-
tity); Cd(II) and CdOH+ (in large quantity) [7]. We avoid working
over initial pre-fixed pH (5 ± 0.1) to prevent the possible precipi-
tation of cadmium hydroxide, which would introduce uncertainty
into the interpretation of the results.

3.6. Effect of particle size
Fig. 5. (a) Effect of particle size on the adsorption of Cd(II) by VPum (operative
conditions—C0: 2 mg L−1; time: 0–24 h; particle size: silt–coarse; adsorbent/solution
ratio: 1:20; pH 5). (b) Effect of particle size on the adsorption of Cd(II) by VSco
(operative conditions—C0: 2 mg L−1; time: 0–24 h; particle size: silt–coarse; adsor-
bent/solution ratio: 1:20; pH 5).
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Table 3
Values of pseudo second-order rate constants of Cd(II) ions on different particle sizes and adsorbent/solution ratios.

Adsorbent Variables qe (mg kg−1) qe,calc (mg kg−1) k2 (kg mg−1 h−1) R2

VSco Silta 37.4 37.5 0.24 0.99
Finea 24.0 24.4 0.09 0.99
Mediuma 26.4 26.7 0.03 0.98
Coarsea 23.0 23.1 0.02 0.95

VPum Silta 35.2 35.2 0.24 0.99
Finea 34.6 34.6 8.35 1.00
Mediuma 32.8 33.0 0.11 0.99
Coarsea 33.0 33.2 0.08 0.99

VSco 50b 24.2 24.7 0.08 0.99
20b 33.5 33.7 0.12 0.99
10b 56.0 56.5 0.10 0.99
4b 85.0 87.0 0.66 0.99

VPum 50b 34.6 34.5 8.40 1.00
20b 69.5 71.4 0.39 0.99
10b 107.0 111.1 0.81 0.99

4
9
r
b
a
a
e

i
a
e
p
o
t

F
e
d

4b 182.5

a Size fractions.
b Dose (mg L−1).

.75 to 0.075 mm, the uptake of cadmium increased from 57.5 to
3.5% and from 82.5 to 88% for VSco and VPum respectively. The
elatively higher adsorption with smaller adsorbent particles may
e attributed to the fact that smaller particles provide large surface
reas and/or that sorption sites are more readily available. There is
tendency of the smaller particles to require shorter time to the

quilibrium stage (Fig. 5a and b).
Our results show that the grain-size reduction of a medium

s significantly important in Cd(II) ions–VSco system (with the

dsorbent particles size of <0.075 mm the uptake was the high-
st) indicating that its adsorption capacity highly depends on the
article size of the grains. On the contrary, the effect of particle size
n VPum removal capacity is not as such important. This means
hat the pore spaces (and according sorption sites) are more readily

ig. 6. (a) Pseudo second-order sorption kinetics of Cd(II) on VPum with differ-
nt particle size. (b) Pseudo second-order sorption kinetics of Cd(II) on VSco with
ifferent particle size.
200.0 0.06 0.99

available in VPum than in VSco independent of grain size, indicat-
ing that the pore space of VPum is a continuum (skeletal structure)
while the pore space of VSco is dominated by dead-end pores.

3.7. Adsorption kinetics modelling

In order to define the kinetics of the cadmium adsorption, the
parameters for the adsorption process were studied for contact time
ranging between 0.5 and 24 h by monitoring the percent removal
of cadmium by adsorbents. The kinetics data for each adsorbent
(VPum and VSco) was disaggregated for different particle sizes

and adsorbent dosages. The equilibrium parameters qe, and qe,calc
(mg kg−1) and the adsorption rate constant k2 (kg mg−1 h−1) are
reported in Table 3. The kinetic plots were prepared for both adsor-
bents (VPum and VSco) (examples, Fig. 6a and b). For all particle

Fig. 7. (a) Freundlich and Langmuir isotherm of Cd(II) by VPum. (b) Freundlich and
Langmuir isotherm of Cd(II) by VSco.
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Table 4
Freundlich and Langmuir isotherm constants of VPum and VSco.

Adsorbent Freundlich constants Langmuir constants
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K (L kg−1) 1/n R2

Pum 53.6 0.6 0.99
Sco 3.89 1.2 0.98

izes and adsorbent dosages, the calculated equilibrium capacity
alues (qe,calc), were very close to the experimentally determined
alues (qe,). The k2 values represent the steepness of the curve and
escribe the rate of Cd(II) uptake.

In general, excellent fits (R2 > 0.99) for both VSco and VPum
ere observed for all particle sizes and adsorbent dosages indi-

ating that the pseudo-second order kinetic model is applicable.
he applicability of this model imply that the rate limiting step
ay be chemisorption involving valency forces through sharing or

xchange of electrons between adsorbent and adsorbate [22].

.8. Adsorption isotherms

Plots and calculations of the adsorption isotherms in terms of
reundlich and Langmuir equations for cadmium (Fig. 7a and b)
ielded characteristic parameters and the degree of correlation as
hown in Table 4. Analysis of the relationship between the adsorp-
ion capacity of the materials (VPum and VSco) and different Cd(II)
nitial concentrations (C0 = 0.5, 2, 5, 25 and 50 mg L−1) was per-
ormed using the isotherm equations (Eqs. (5) and (6)), as given
n subsection 2.4.1. The adsorption of Cd(II) on VPum as well as on
Sco at pH of 5 follows both Freundlich and Langmuir type adsorp-

ion isotherms. Nevertheless, in the case of Cd(II)–VSco system, the
reundlich equation relatively better describes by the system than
he Langmuir one as it is evident from the values of R2 (Table 4).

The Freundlich adsorption capacity, K, for VPum is very large
ompared to that of VSco. For VPum the adsorption intensity (1/n)
as less than unity. This indicates a favourable adsorption, as new

ites could be available and the adsorption capacity would be
ncreased. For VSco, 1/n value exceed 1 (Table 4), indicating the
dsorption bonds are week and that the capacity of adsorbents
ecreases as demonstrated by Aziz and co-workers [8]. In addition,
he Distribution coefficient (Kd) of the linear adsorption isotherms
t low cadmium concentrations (0.5–5 mg L−1) for VPum and VSco
ere calculated. The result revealed that, VPum has a higher Kd

alue (18.1 L kg−1; R2: 0.99) than VSco (4.96 L kg−1; R2: 0.99). This
eflects the remarkable cadmium affinity of VPum and its adsorp-
ion capacity at low cadmium concentrations.

The Langmuir model has also been found to be applicable to fit
he experimental data (Table 4). The monolayer capacity, a, is rel-
tively large for both adsorbents. Different ‘b’ values (a constant
elated to the adsorption-desorption energy) for VPum and VSco
ndicate significant differences in the retention intensity. The essen-
ial characteristics of the Langmuir isotherm can be expressed in
erms of a dimensionless separation factor, RL, which describes the
ype of isotherm (Section 2.4.2). The values of RL calculated accord-
ng to (Eq. (7)), indicate that a highly favourable adsorption for both
dsorbents (Table 4).

.9. Simultaneous removal

Equilibrium batch adsorption experiments were conducted to
nvestigate the influence of dissolved Cu(II) and Ni(II) on the uptake

f cadmium by VPum and VSco. Initial concentrations of 2 mg L−1

or each metal were used. The adsorption of the ternary Cd(II),
u(II) and Ni(II) system on the adsorbents as well as under non-
ompetitive conditions (isolated Cd(II)) was evaluated. The results
evealed that the adsorption capacity of the adsorbents in the pres-
a (mg kg−1) b (L mg−1) R2 RL

3.84 5.7 0.99 0.67
2.24 2.4 0.96 0.14

ence of the ternary metal mixture was lower (54.5 and 75.5% for
VSco and VPum, respectively) than non-competitive conditions
(60.5 and 86.5% for VSco and VPum, respectively). This confirms that
the tested cations actually compete for similar (limited) adsorb-
ing sites. The adsorption of metal ions is not only governed by
the “free” metal concentration, but also by the nature and quan-
tity of the adsorbents [29]. Therefore, given that enough volcanic
rock grains are provided, Cd(II) ions could be removed even from a
metal bearing ion matrix.

4. Conclusions

This study provides valuable information about the adsorption
behaviour of VPum and VSco in aqueous solutions, and their effi-
ciency to reduce cadmium mobility and availability. Both VPum and
VSco are capable of removing cadmium ions from water. Although
the study parameters such as the contact times, adsorbent/solution
ratios, particle sizes, presence of other divalent metals and ini-
tial cadmium concentrations of the solution significantly affect
the removal efficiency, Cd(II) uptake is primarily a function of pH.
Adsorption increases with pH until the cadmium ions are precip-
itated out as cadmium hydroxide. It was found that the pseudo
second-order kinetic model gave the best fit with the experi-
mental data and therefore, the adsorption followed a mechanism
based on second-order kinetics. The equilibrium data satisfied both
the Langmuir and Freundlich isotherm models, and the related
parameters indicated that while the interactions are predominantly
chemical nature, the adsorption sites could be non-specific and
not uniform in nature. Moreover, VPum was able to adsorb cad-
mium ions to a large extent compared to VSco, and the removal
percentage was higher at the lowest cadmium concentration. The
adsorption coefficients agree well with the conditions supporting
favourable adsorption. Removal of cadmium from aqueous solu-
tions by adsorption onto volcanic rocks (VSco and VPum), which are
abundant and low cost adsorbents, could be technically feasible.
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