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a b s t r a c t

Adsorption by volcanic rocks is investigated as a possible alternative to the conventional method of Cr(VI)
removal from polluted waters. In this work, adsorption of Cr(VI) onto pumice (VPum) and scoria (VSco)
has been studied by using a batch method at room temperature. The following factors affecting sorption of
Cr(VI) were investigated: solution pH, contact time, type and size of adsorbents, adsorbent dose and initial
metal ion concentration. The maximum adsorption yield, 77% for VSco and 80% for VPum, was obtained
at low pH of about 2. The applicability of the Langmuir as well as Freundlich adsorption isotherms for
the present system is tested. The batch sorption kinetics has been mathematically described using the
Lagergren pseudo-first order, pseudo-second order equations and equations for intra-particle and liquid
film diffusion. For both VPum and VSco, the entire kinetic data fitted well with pseudo-second-order
reaction rate model. In the case of VSco, the rate constant was the highest (338 × 10−3 kg mg−1 h−1) and
the VPum gave the lowest (7 × 10−3 kg mg−1 h−1). The experimental results inferred that electrostatic
attraction and surface complexation are the major adsorption mechanisms for binding Cr(VI) ions to the
macro and micro-vesicular volcanic rocks. The two volcanic rocks tested have potential for an inexpensive
and suitable method for removal of Cr(VI) from polluted waters.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the aquatic environment, chromium primarily exists in two
oxidation states: Cr(VI) and Cr(III). These two oxidation states
have different chemical, biological and environmental properties.
The abundant ratio of Cr(VI) and Cr(III) depends on many factors,
such as the redox potential, pH, the presence of oxidizing and
reducing compounds, the kinetics of the redox reactions, and the
total chromium concentration [1]. Public concerns with chromium
are mostly related to hexavalent compounds, because these com-
pounds are toxic to humans, animals, plants and microorganisms
[2]. Cr(VI) species, having mobile and strongly oxidant characters,
are known as mutagen and potential carcinogenic [3]. In humans,
Cr(VI) mostly affects skin, liver, kidney and respiratory organs,
resulting in a variety of diseases such as dermatitis, hepatic and
renal tubular necrosis, bronchitis, perforation of the nasal septum
and bronchogenic carcinoma [4]. Two major sources of Cr(VI) con-
tamination are sludge-treated soil [5] and uncontrolled disposal of
wastes [6]. In most developing countries (e.g., Ethiopia), the lat-
ter is believed to be the major source for chromium pollution in
water bodies, since land application of sludge has not been widely
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practiced [7–9]. The chromium electroplating treatment and tan-
ning industries are the largest sources of Cr(VI) emissions to the
environment [10].

In view of the pollution hazard caused by Cr(VI), several methods
of removal have been reported, including chemical reduction-
precipitation, reverse osmosis, ion exchange and electrolysis.
Among these methods the chemical reduction–precipitation is the
most applicable and considered to be the most economical. Such
a method involves two steps; firstly Cr(VI) is chemically reduced
to Cr(III) in acid (pH ≈ 2.0) using generally sodium metabisul-
phite as reducing agent, and subsequently Cr(III) is precipitated as
chromium hydroxide (pH ≈ 9.0–10.0) using sodium hydroxide or
lime as precipitating agents. The main concern of this technique
is the generation of a great amount of sludge that requires further
treatment. The other available treatments, although usually effec-
tive, are not free of drawbacks, i.e. high capital investment, high
running costs and low capability to treat high water volumes and
high metal concentrations are the most common [11]. Therefore,
the need exists for a purification strategy that is simple, effective
and low-cost. In this way, adsorption appears as a highly promising
alternative to treat such polluted waters.

A variety of materials are used as adsorbents for Cr(VI), and var-
ious studies have been published documenting its adsorption on
natural and commercial materials [12–14]. From the light of these
studies adsorption emerges as a robust and versatile method that
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could solve the problems of sludge handling and render the purifi-
cation system more economically viable, especially if low-cost
adsorbents are involved. Among natural materials having better
features to be used as low-cost adsorbents of heavy metals are
volcanic rocks. The most abundant volcanic rocks include pumice
(VPum), a textural term for microvesicular, and scoria (VSco) for
macrovesicular. VPum and VSco deposits originate in areas with
young volcanic fields. These rocks are abundant in many parts of
the world [15]. The potential of volcanic rocks to remove both
cationic and anionic ions has been reported [16–19]. However, lit-
tle or no information is available about the adsorptive interactions
between Cr(VI) and the volcanic rocks in the aqueous system [20].
Thus, an attempt is made to study their feasibility as an adsorbent
for removal of hexavalent chromium from aqueous solution. The
effects of major design parameters (pH of solution, initial concen-
tration of Cr(VI), contact time, particle size, and adsorbent/solution
ratio) on Cr(VI) adsorption onto VPum and VSco are described.

2. Experimental

2.1. Adsorbent characteristics and adsorbate solutions

The rock samples were taken from volcanic cones (VPum:
8◦10′N 39◦50′E; VSco: 8◦33′N 39◦16′E) of the Main Rift Valley of
Ethiopia; approximately 100 km East of Addis Ababa. The rocks are
indigenous volcanic rocks of different chemical and mineralogical
composition, which covers around 1/3 of the area of the country
[15,21,22]. VPum is composed of highly microvesicular pyroclas-
tic with very thin, translucent bubble walls of extrusive igneous
rock [23,24]. It is characterized by a high water absorption capacity
(20–30%) due to its high degree of porosity and a very low den-
sity. VPum has a skeleton structure that allows ions and molecules
to reside and move within the over all framework. It is amorphous
with mainly quartz and feldspar as crystalline phases, such mineral
composition is typical for rhyolite rocks [25,26]. VSco is commonly,
but not exclusively, basaltic or andestic in composition [16,27]. It
differs from VPum in being denser, with larger vesicles and thicker
vesicle walls; it sinks rapidly. The difference is the result of the
lower viscosity of the magma that formed VSco. With regard to
its mineral composition, VSco consists of most of the mafic min-
erals: pyroxene, olivine, plagioclase, amphibole (hornblende) and
hematite. Such mineral composition is typical for basaltic rocks
[16].

In agreement with the American Society for Testing and Mate-
rials (ASTM D 422), soil textural classification system [28], the rock
samples were crushed and separated into four mesh size fractions:
silt (<0.075 mm), fine (0.075–0.425 mm), medium (0.425–2.0 mm),
and coarse (2.0–4.75 mm) size in diameter. Preparation and char-
acterization of the rock samples was done as reported earlier
[18,19]. The chemical compositions and the physical properties of
the adsorbents are listed in Table 1.

All chemicals used in our experiments, such as K2Cr2O7, CaCl2 2
H2O, NaOH and HCl, were analytical reagent grade chemicals from
Merck (Darmstadt, Germany). The varying concentrations of metal
solution for adsorption experiments were prepared by diluting the
stock solution (1000 mg L−1). In addition, the initial ionic strength
of the prepared solutions was adjusted to 0.01 M by adding CaCl2
2H2O into the solution. The calcium chloride solution was used as
the solvent phase to maintain a constant ionic strength and mini-
mize cation exchange.

2.2. Adsorption procedures

Two types of batch adsorption experiments (kinetic and equi-
librium) were carried out in batch containers (acid-washed

Table 1
Physical and chemical characteristics of adsorbents used in the experiments.

Chemical composition Percent

VSco VPum

SiO2 47.4 68.6
Al2O3 21.6 8.9
Fe2O3 8.9 4.9
CaO 12.4 1.8
K2O 0.5 5.5
Na2O 3.0 4.1
MgO 3.3 0.2
TiO2 1.7 0.3
Others 1.2 5.7
Physical propertiesa

Porosity (%) 36 73
Particle density (g cm−3) 2.96 2.33
Specific surface area (BET) (m2 g−1) 2.49 3.50
Cation exchange capacity (CEC), mequiv. 100 g−1 0.09 0.84

a Particle size = 0.075–0.425 mm.

polypropylene bottles) and were shaken at 200 rpm to homoge-
nize the sample and to facilitate the reaction. The adsorbents were
equilibrated by shaking with 0.01 M CaCl2 2H2O overnight (12 h)
before the date of the actual experiments. To check the repeatabil-
ity of the experimental data, each experiment was conducted twice
and data represent the mean value. The errors in the data of blanks
and controls were typically less than 5%. Preliminary experiments
had shown that Cr(VI) adsorption losses to the container walls and
to the filter membrane were negligible (data not shown).

2.2.1. Kinetic experiments and data presentations
The experiments were conducted as a function of time with

constant initial Cr(VI) concentration of 2.5 mg L−1, an adsor-
bent/solution ratio of 1:10, and the particle size ranged from silt
to fine grain size (Section 2.1). Before mixing with the adsorbent,
the initial pH value was adjusted to 2. The selection of this low pH
was also based on the actual pH value of industrial effluents such
as tannery effluent (at pH 2) [29], electroplating effluent (at pH 2.2)
[30], chromium plating effluent (at pH 1) [31] and the experimental
studies reported in the literature [32–34]. After the pH adjustment,
the solutions were permitted to attain to equilibrium without fur-
ther pH control. After shaking the samples, the suspension was
allowed to settle for 1 min, and 10 mL of the supernatant were sam-
pled by a syringe. The remaining solids were separated by filtration
(0.2 �m, Nylon Membrane Filters, Whatman) and the final pH was
measured (Microprocessor pH 196, WTW, Germany). The amount
of residual chromium was determined using ICP-AES (Inductively
Coupled Plasma-Atomic Emission Spectrometer, JY 238, Jobin Yvon,
Longjumeau, France). To determine kinetic adsorption parameters,
the obtained kinetic adsorption data were evaluated by using the
simple Lagergren pseudo-first order equation (Eq. (1)) and the
pseudo-second order equation (Eq. (2)) [35]. The equations are
expressed as:

log(qe − qt) = log qe − k1t

2.303
(1)

where k1 is the pseudo-first order rate constant of adsorption (h−1),
qt and qe (both in mg kg−1 adsorbent) is the amount of Cr(VI)
adsorbed at time t and at equilibrium, respectively. Straight line
plots of log(qe − qt) versus at different times for solute t were
obtained to calculate the rate constants and the determination coef-
ficients (R2).

t

qt
= 1

k2q2
e

+ 1
qe

t (2)

where k2, the pseudo-second order sorption rate constant
(kg mg−1 h−1), gives the steepness of the curve. Plots of t/qt ver-
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sus t for solute were obtained to calculate the rate constants and
the determination coefficients (R2).

Due to rapid stirring in the batch reactor, metal ions are
transported from aqueous phase to the surface of adsorbent and
subsequently they may diffuse into the interior of the particles if
they are porous. The intra-particle diffusion can be expressed by
the equation [36]:

qt = kit
0.5 (3)

The plot of qt versus t0.5 yield straight lines passing through
the origin and the slope gives the diffusion rate constant, ki
(mg kg−1 h−0.5).

When the transport of the adsorbate from the liquid phase
up to the solid phase boundary plays the most significant role in
adsorption, the liquid film diffusion model [37] may be applied to
experimental data:

ln(1 − F) = −kfdt (4)

where F is the fractional attainment of equilibrium (F = qt/qe) and
kfd is the adsorption rate constant. A linear plot of −ln(1 − F) versus
t with zero intercept would suggest that kinetics of the adsorption
process is controlled by diffusion through the liquid film surround-
ing the solid adsorbent.

2.2.2. Equilibrium experiments and data presentations
Separate sets of equilibrium batch experiments were performed

to investigate the effect of pH and initial Cr(VI) concentration on
adsorption. Solution pH was adjusted to different values ranging
from pH 2 to 10 using HCl and NaOH, respectively. Adsorbent dose
from 10 to 100 g L−1, particle size from silt to coarse and initial
Cr(VI) concentrations from 0.5 to 10 mg L−1 were tested. The sam-
ple bottles were agitated for 30 h (VSco) and 66 h (VPum); the
equilibrium time was determined by kinetic sorption experiments.
Temperature (22.4 ◦C) and shaking speed (200 rpm) were constant
for all experiments. Following equilibration, all other experimen-
tal conditions were conducted based on the procedures stated in
Section 2.2.1. Adsorption isotherms for Cr(VI) were obtained from
equilibrium sorption experiments under the following conditions:
adsorbent size = 0.075–0.425 mm and initial pH (pHint) value ≈2.

To determine isotherm parameters, non-linear isotherm mod-
els due to the inherent bias resulting from linearization [38] were
fitted to the equilibrium adsorption data. This provides a mathe-
matically rigorous method for determining isotherm parameters
using the original form of the isotherm equation. The two widely
used isotherms, Langmuir and Freundlich adsorption isotherms
were applied to the data, in order to estimate adsorption constants
that indicate the adsorption capacity and affinity of the adsorbents.
The isotherm equations have been optimized using the sum of the
squares of the errors (ERRSQ).

The Langmuir equation is expressed as a non-linear function as
follow:

qe = aLKLCe

1 + KLCe
(5)

where qe (mg kg−1) is the specific amount of Cr(VI) adsorbed, and Ce

(mg L−1) is the Cr(VI) concentration in the liquid phase at equilib-
rium. The Langmuir parameters are aL (mg kg−1), which is related
to adsorption density, and KL (L mg−1), which is indicative of the
adsorption energy.

The Langmuir equation is also used to obtain RL, the separation
factor:

RL = 1
1 + KLCo

(6)

where is Co (mg L−1) is initial concentration of Cr(VI) in contact with
adsorbents. The shapes of the isotherms are indicated by RL values,

Fig. 1. Effect of contact time on the adsorption of Cr(VI) onto VSco and VPum.

as 0 < RL < 1 indicates favorable adsorption, and RL > 1, RL = 1 and
0 represent unfavorable, linear and irreversible isotherm, respec-
tively as demonstrated [38].

The Freundlich equation is written as a non-linear equation:

qe = KF CnF
e (7)

where qe (mg kg−1) is the specific amount of Cr(VI) adsorbed, and
Ce (mg L−1) is the Cr(VI) concentration in the liquid phase at equi-
librium. The parameter KF (L kg−1) and nF (dimensionless) are the
Freundlich constants, which are related to the total adsorption
capacity and intensity of adsorption, respectively. The Freundlich
constant KF is used to evaluate the relative capacity or power of
adsorption for a sorbent.

3. Results

3.1. Effect of contact time

Kinetic adsorption experiments were carried out to find the
optimum contact time. It was found that the Cr(VI) adsorption per-
centage increased with increasing contact time (Fig. 1). In the case
of VPum, it is evident that adsorption of Cr(VI) is much stronger than
that of VSco, which is clear from the steep increment in removal
percentage. This is in agreement with our experimental observation
showing higher cation exchange capacity (CEC) and larger poros-
ity of VPum (Table 1). As shown, adsorption process has continued
up to 36 h (VPum-silt size) and 66 h (VPum-fine size) before reach-
ing equilibrium. However, in the case of VSco, most of sorption
takes place within 18 h (VSco-silt size) and 30 h (VSco-fine size) of
contact time, indicating that the adsorption sites are well exposed
(adsorption on superficial sites dominated). There does not seem
to be much benefit from a contact time longer than 30 h and 66 h
for VSco and VPum, respectively. Alemayehu and Lennartz [18,19],
using the same adsorbents for removal of divalent cations from
water by adsorption, found that the equilibrium time needed for
Cu(II), Cd(II), and Ni(II) was shorter (≈2 h for Cu(II); ≈24 h for Cd(II)
and Ni(II)) than is shown in this study. This clearly indicated that
metal species, initial concentrations of the metal ions as well as
the kind of the adsorbents will influence the adsorption processes
significantly.
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Fig. 2. Effect of the initial solution pH on the adsorption of Cr(VI) onto VSco and VPum (A) and solution pH at the experiment (B).

3.2. Effect of pH

The influence of pH on the adsorption of Cr(VI) onto VPum
and VSco was investigated in the pH range of 2–10. Generally, the
adsorption of Cr(VI) on the adsorbents increased markedly with
declining pH (Fig. 2A). For VPum, the amount adsorbed increased
from 8.97 to 77.5% while for VSco, the amount adsorbed increased
from 8.11 to 67.2% as the pH decreased from 10 to 2. This indi-
cates that the adsorption capacity of the adsorbent is clearly pH
dependent. As pH changes, surface charge also changes, and the
sorption of charged species is affected. Hence, the behaviour for bet-
ter adsorption at low pH by the adsorbents may be attributed to the
large number of H+ ions present at low pH values which in turn neu-
tralize the negatively charged adsorbent surface [39,40], thereby
reducing hindrance to the diffusion of chromate ions. This fact can
also be explained on the basis of the pH value at the point of zero
charge (pHpzc) of the adsorbent (pHpzc = 7.5(VSco) and 9.3(VPum)).
Below these pHpzc, the surface charge of the adsorbents is pos-
itive and surface positive charge density should further increase
with decreasing pH. This is confirmed by our experiments showing
insignificant adsorption at alkaline pH while adsorption was very
strong at pH 2 (Fig. 2A). Thus, Cr(VI)-sorption is due to electrostatic
phenomenon as well as surface complexation that work individ-
ually or in combinations for the adsorption of Cr(VI) ions on the
adsorbents. These mechanisms are in agreement with the findings
of previous studies on the low cost adsorbents, such as those used
by Rao et al. [41], Goswami and Ghosh [42] and Potgieter et al. [43].

The pH effect was also attributed to the different complexes that
Cr(VI) can form in aqueous solution. From the stability diagram for
Cr(VI)–H2O system [44], it is evident that out of various species of
Cr(VI), the HCrO4

− species is more stable in aqueous solution up
to pH 7 beyond which it decreases. The H2CrO4 species is also sta-
ble within the low pH range; however, its concentration decreases
sharply in aqueous solution with increasing pH. The CrO4

2− species
is stable in the higher pH range. In this study the maximum adsorp-
tion at low pH (pH < 5) indicates that it is the HCrO4

− species of
Cr(VI), which is adsorbed preferentially on the adsorbents [45].

As seen from Fig. 2B, at low initial pH (pHint ≤ 6), the final pH
values (pHfin) are higher than pHint values, which is due to an acid
neutralization effect and proton adsorption of hydroxylated rock
surface. Similar observations were also reported in previous studies
[46].

Thus, it is concluded that the effect of pH on the adsorption
capacity of the adsorbents may be attributed to the a combined
influence of pH on the nature of the adsorbent surfaces, the pres-
ence of acid and base used to adjust the pH of solution as well as
the adsorbed solute species.

3.3. Effect of adsorbent amount and particle size

By changing the dose from 10 to 100 g L−1, regardless of the par-
ticle size fraction of the sorbent, the removal of Cr(VI) ions increased
from the range of 60–70 to 68–78% for VPum and 58–61 to 62–67%
for VSco (data not shown). The maximum removal was exhib-
ited at 100 g L−1 (1:10 ratio) of the adsorbents. This observation
was attributed to the increase of the number of free adsorp-
tion sites. Similar results have been found with the adsorption
of Cr(VI) ions on other adsorbents [11,43]. However, the amount
of Cr(VI) ions adsorbed per unit mass of the adsorbents signifi-
cantly decreased with increasing adsorbent dose (from the range
of 61–72 to 7–8 mg kg−1 for VPum and from the range of 58–61 to
6–7 mg kg−1 for VSco). As seen from Fig. 3a and b, both adsorbents
showed the highest distribution coefficient (KD) value (248 L kg−1

for VPum and 156 L kg−1 for VSco) at the smallest adsorbent dose
(10 g L−1). This may be attributed to the higher adsorbent amount
creating particle aggregation, resulting in a decrease in the total sur-
face area and an increase in diffusional path length both of which
contribute to decrease in amount adsorbed per unit mass. It also
confirms observations by other investigators [43,47–49].

Furthermore, the effect of the adsorbent particle size as a func-
tion of adsorbent dose with constant initial Cr(VI) concentration
of 2 mg L−1 on the removal of Cr(VI) was studied. The removal and
the KD value of Cr(VI) increased significantly with decreasing par-
ticle size. On changing the particle size from 4.75 to 0.075 mm, the
amount adsorbed increased from 5.7 to 61 mg kg−1 and from 7.0 to
68 mg kg−1 in case of VSco (Fig. 4a) and VPum (Fig. 4b), respectively.

However, the smallest particle size (<0.075 mm, powder) did not
exhibited an enhanced removal, which was attributed to a loss of
porosity, and thus of diffusion controlled sorption of Cr(VI) (Fig. 4a
and b). This further confirms that both surface complexation and
electrostatic attraction as well as diffusion into micropores of the
adsorbent are responsible for the immobilization of Cr(VI) in the
presence of volcanic material. In brief, the presence of a larger
number of smaller particles for a given weight as well as large per-
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Fig. 3. Effect of the adsorbent amount on the adsorption of Cr(VI) onto VSco (A) and VPum (B).

centage of porosity provides the sorption system with a greater
surface area available for Cr(VI) removal and it is also reduces the
external mass transfer resistance [41]. Consequently, a particle size
of 0.075–0.425 mm has been used for the rest of the experiments.

3.4. Effect of initial concentration

The effect of the initial Cr(VI) concentration that was varied in
the range of 0.5–10.0 mg L−1 on the adsorption was investigated
under the specific conditions (initial pH of 2; adsorbent/solution
ratio of 1:10 (10 g adsorbent and 100 mL aqueous solution); particle
size 0.075–0.0425 mm; at room temperature). The Cr(VI) adsorp-
tion efficiencies and calculated adsorption densities depending on
the initial concentration are shown in Fig. 5. In the processes, the
concentrations of the metal ion play an important role. On changing
the initial concentration of Cr(VI) solution from 0.5 to 10.0 mg L−1,
the adsorption densities increases from 3.86 to 27.21 mg of Cr(VI)
per kilogram of VSco and from 4.02 to 35.78 mg of Cr(VI) per kilo-
gram of VPum, respectively. This finding is in agreement with the
recent work by other authors [43] who found the same behaviour

Fig. 4. Effect of the particle size on the adsorption of Cr(VI) onto VSco (A) and VPum
(B).

by studying the adsorption capacity of palygorskite clay for the
removal of Cr(VI) from aqueous solutions.

On the other hand, with lower initial concentration of Cr(VI) the
adsorption efficiency (percentage removal) is higher than the effi-
ciency attained when higher initial concentrations are used (Fig. 5).
While the Cr(VI) adsorption yield was found as 80% (VPum) and 77%
(VSco) for 0.5 mg L−1 of initial concentration, these values were 36%
(VPum) and 27% (VSco) for that of 10 mg L−1. These results indicate
that the competition for adsorption sites becomes rigorous, ener-
getically less favorable sites become involved with increasing Cr(VI)
concentrations in the aqueous solution. This is a common finding
and has been largely reported in the literature [41,46–50].

3.5. Cr(VI) adsorption kinetics

To determine kinetic adsorption parameters, different models
were fitted to the data obtained for Cr(VI) sorption onto VPum and
VSco. First, Lagergren pseudo-first-order model (Eq. (1)), and Ho’s
pseudo-second-order reaction rate model (Eq. (2)) were tested to
describe the kinetic processes. The rate constants obtained from
the kinetic models are given in Table 2. For both VPum and VSco,
the entire kinetic data fitted well with pseudo-second-order reac-
tion rate model, which is evident from the higher determination
coefficient values (R2). From Table 2, it is evident that the rate of
adsorption of Cr(VI) onto VSco is faster than that of VPum.

Though the adsorption process is mainly considered as surface
phenomenon, it is postulated that the rate-limiting step in the

Fig. 5. Effect of the initial concentration on the uptake (dotted lines) and removal
(solid lines) of Cr(VI) onto VPum and VSco.
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Table 2
Values of Lagergren pseudo first order (Eq. (1)), pseudo second-order (Eq. (2)), intra-particle (Eq. (3)) and liquid film diffusion (Eq. (4)) rate constants for adsorption of Cr(VI)
ions on VPum and VSco of different particle sizes.

Adsorbent Particle size First order Second order Intra-particle Liquid film

k1 (h−1) R2 k2 (kg mg−1 h−1) R2 ki (mg kg−1 h−0.5) R2 kfd (h−1) R2

VPum Silt 0.11 0.69 0.205 0.99 0.268 0.80 0.14 0.86
Fine 0.08 0.94 0.007 0.99 2.782 0.95 0.08 0.95

VSco Silt 0.26 0.75 0.262 0.99 0.614 0.87 0.32 0.83
Fine 0.11 0.67 0.338 0.99 0.204 0.20 0.14 0.67

Table 3
Freundlich and Langmuir isotherm constants of VPum and VSco.

Adsorbent Freundlich constants Langmuir constants

KF (L kg−1) nF R2 aL (mg kg−1) KL (L mg−1) R2 RL

VPum 16.15 0.46 0.97 46.05 0.59 0.96 0.15–0.77
VSco 9.74 0.53 0.88 44.82 0.22 0.87 0.31–0.90

adsorption process might include liquid film and/or intra-particle
diffusion and the respective equations were fitted to the data.
As expected the plots of −ln(1 − F) versus t according to the liq-
uid film diffusion model, were linear and the related parameters
are listed in Table 2. The kfd values of the liquid film diffusion
model tend to increased with decreasing particle size. Similarly,
application of the intra-particle diffusion model by plotting qt

versus t0.5 gave a linear relation. On the contrary, the ki val-
ues of the intra-particle diffusion model were independent of the
particle size of the adsorbents (Table 2). The deviation of the cal-
culated parameters from the origin indicates that intra-particle
transport and liquid film diffusion are not the only rate limiting
steps [51].

In conclusion, the sorption of Cr(VI) to volcanic rock grains and
its kinetics depended on different processes. The transport of Cr(VI)
ions from solution through the particle-solution interface into the
pores of the particles as well as the adsorption on the available
surface of adsorbents were both responsible for the adsorption of
Cr(VI) ions.

3.6. Adsorption isotherms

Analysis of the relationship between the adsorption capacity
of the materials (VPum and VSco) and different Cr(VI) initial con-
centrations at equilibrium was performed using the equations of
Freundlich (Eq. (7)) and Langmuir (Eq. (5)). The adsorption data
were determined at constant pH (pHint = 2). The data satisfied both
models when VPum was used as an adsorbent while the curve fit
was less good for the data obtained with VSco. The related parame-
ters for the fitting of both equations at constant temperature are
summarized in Table 3. As expected the Freundlich adsorption
capacity, KF, of VPum is large as compared to that of VSco (Table 3).
The nF values for both adsorbents were less than unity, which indi-
cates that an increased adsorption can modify the adsorbent and
that a chemical rather than a physical adsorption was dominant
[52]. This confirms our finding of surface complexation as a dom-
inant sorption mechanism. The Langmuir monolayer capacity, aL,
was similar for both adsorbents (Table 3). In all cases, the RL values
for the experimental data fell between 0 and 1, which is indicative
of the favorable adsorption of Cr(VI) on the adsorbents. Besides, the
RL values showed that the adsorption of Cr(VI) was more favorable
for the higher concentration than the lower one, Co = 0.5–4 mg L−1:
RL = 0.78 (VSco); 0.59 (VPum) and Co > 4 mg L−1: RL = 0.40 (VSco);
0.21 (VPum), which is due to the effect of the pore diffusion sorption
phenomenon [42].

4. Conclusions

The following major conclusions can be drawn based on our
investigations of Cr(VI) removal by VPum and VSco.

First, when volcanic rocks are used for water/wastewater
purification, parameters such as solution pH, particle size, adsor-
bent/solution ratio, initial concentration of the adsorbate, and
contact time must be optimally selected to obtain the highest pos-
sible removal of Cr(VI) from aqueous solutions. Apparently, the
adsorption of Cr(VI) on VPum and VSco increased markedly at
low-pH conditions (pH ≈ 2), which is the actual pH value of most
industrial effluents such as tannery, electroplating, and chromium
plating effluent.

Secondly, the adsorption kinetics for Cr(VI) at pHint 2.0 have
been well described by the pseudo-second order equation in
the concentration range studied, showing that the rate constant
decreases with the particle size particularly in the case of VSco.
The processes of Cr(VI) removal on the adsorbents were, however,
found to be complex. The intra-particle and liquid film diffusions
as well as surface adsorption contributed to the rate-determining
step.

Thirdly, the equilibrium data followed the Langmuir and Fre-
undlich isotherm models at constant temperature and fixed pHint
examined in this study, and the calculated values of the dimen-
sionless separation factor from the Langmuir constant confirmed
favorable sorption of Cr(VI) onto VPum and VSco.

Therefore, this behaviour suggests that macro and micro-
vesicular volcanic rocks (VSco and VPum) could represent an
interesting low-cost adsorbent material to be used in Cr(VI)-
bearing water/wastewater purification systems, and promotes an
evaluation of a scale up procedure.
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