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ABSTRACT

Basaltic rocks obtained from Qusier area, south Eastern Desert, Egypt showed to be effective
in removing heavy metals from aqueous solution. According to mechanical and engineering
scheme, the basaltic rocks were classified into basalt weathering grade I (BWGI) and basalt
weathering grade IT (BWGII). The adsorption of Pb** using BWGI and BWGII from aqueous
solution was studied under various conditions. The uptake of Pb** was rapid with maxi-
mum adsorption within 90 min for BWGI and 60 min for BWGIL The kinetic of the Pb**
adsorption was studied using pseudo-first-order, pseudo-second-order, Elovich and
intraparticle diffusion models. The kinetics data showed that the adsorption of Pb** onto
basalt proceeds according to the pseudo-second-order model. The results obtained from
adsorption isotherm indicated that the maximum adsorption capacities of Pb** were 15.92
and 23.31 mg/g by BWGI and BWGII, respectively. The mean sorption energy (E) obtained
from Dubinin-Radushkevich isotherm model indicated that, the adsorption process takes
place chemically and the reaction is endothermic. The results suggested that natural basalt,
especially, BWGII is suitable as an adsorbent material for adsorption of Pb** from aqueous
solutions.

Keywords: Engineering behavior of basalts; Mechanical classification of basalts; Grade of
weathering; Adsorption; Kinetic and isotherm models

1. Introduction

The earth’s surface contains 8.5% of the rocks that
are basaltic [1]. Alteration of highly reactive and easy
weatherable basalts has a marked contribution to the
global chemical budgets of both the atmosphere and
hydrosphere. Weathering is a slow process that affects

*Corresponding author.

the rocks and the stability of structures in two ways;
one is short term and the other is long term [2]. Under
the atmospheric conditions, the changes that occur in
the mechanical and physical properties of the rocks
are due to weathering and are controlled by their
chemical, mineralogical as well as textural composi-
tion. Different compositions of rocks could make
different degrees of weathering under the same
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conditions and show different properties. Different
mechanical and index tests have been wused to
characterize the degree of weathering [3-6].

The presence of heavy metals in wastes and sur-
face water is becoming a severe environmental prob-
lem and because of their non-biodegradability, they
can accumulate in the food chain posing a significant
danger to human health [7]. Lead (Pb), in particular, is
one of the most common environmental contaminants
due to its wide use in petroleum, mining, paint, pig-
ments, ceramics, and weapons industries. Many tech-
niques such as adsorption, chemical oxidation,
precipitation, solvent extraction, ion exchange, mem-
brane processes, and reverse osmosis have been devel-
oped for metal ions removal from aqueous solutions
[8]. Among them, adsorption technology is the most
promising process involved in the removal of toxic
metals from industrial waste streams and natural
waters with the selection of a suitable adsorbent [7,9].

The main objective of this study was to estimate
the applicability of natural basalt at different grade of
weathering in removal of Pb** from aqueous solutions
by batch adsorption process.

2. Materials and methods
2.1. Characterization of basaltic rocks

This study has been investigated on the removal
efficiency of Pb** from synthetic aqueous solution
using basaltic rocks. Two types of basaltic rocks, basalt
weathering grade I (BWGI) and basalt weathering
grade II (BWGII), were discriminated by the engineer-
ing characteristics and chemical analysis. Various tests
had been performed to determine chemical and physi-
cal properties of the adsorbents (BWGI and BWGID).
For example, the uniaxial compressive strength was
considered as the most reliable index for strength and
deformability estimation of rocks. The weathering
results cause an immediate and significant reduction
in the compressive strength of rocks [10]. Gupta and
Rao [11] found that the uniaxial compressive strength
decreases with increasing weathering stage. Compres-
sive and tensile strength (TS) has been used to differ-
entiate between the basaltic rocks according to the
weathering grade.

The grain size and texture have more importance
in controlling the TS rather than compressive strength.

X-ray fluorescence spectrometry was applied to
estimate the chemical constituents and petrological
classification of the basaltic rocks. The X-ray powder
diffractograms were carried out to determine the min-
eral constituent of the samples. Scanning electron
microscope (SEM) photographs and a nitrogen
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adsorption system (Quantachrome NOVA Automated
Gas Sorption System) were employed to measure
adsorption—desorption isotherms at —196°C.

2.2. Batch adsorption tests

Pb(NO3), of analytical grade from Merck was used
in the preparation of the stock standard solution
(1,000 mg/L). The working solution was prepared by
diluting the stock solution to the appropriate volume.
The pH of the aqueous solution of metal ions as pre-
pared was 5.5 + 0.1. The concentrations of metal in all
samples were determined according to standard
method [12] using an atomic absorption spectrometer
{Varian Spectra (220)} with graphite furnace accessory
and equipped with deuterium arc background correc-
tor. The precision of the metal measurement was
determined by analyzing (in triplicate) the metal
concentration of all samples.

2.3. Adsorption by basaltic materials
2.3.1. Comparison of BWGI and BWGII

To assess the ability of the BWGI and BWGII for
adsorbing the metal ions, metal uptake capacities were
tested. Metal uptake capacities were determined by
shaking 0.5g of BWGI and BWGII with a synthetic
solution of Pb** (50 mg/L) in a mechanical shaker at
200 rpm for 2 h. The pH value of 5.0 + 0.1 was main-
tained throughout the experiment by adding 0.1 N
NaOH or HCI. At this pH value, there would be little
competition between metal ions and protons com-
pared to lower pH values, which lead to high metal
uptake [13].

The metal ion concentrations, retained in the
adsorbed phase at (mg/g), were calculated using the
following equation:

Co—C)V

where Cj (mg/L) is the initial metal ion concentration,
C: (mg/L) is the equilibrium concentration of metal
ions in aqueous solution, V (L) is the volume of solu-
tion, M (g) is the mass of the adsorbent, and ¢; (mg/g)
is the calculated metal ion adsorption amount onto
basalt.

2.3.2. The effect of initial pH

The protonation of the functional groups on the
adsorbent surface and ionization degrees of the
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adsorbates depend on the initial pH of the aqueous
solution. Therefore, the effect of initial pH on the
removal of Pb>* was studied with an initial metal ion
concentration of 50 mg/L and basalt dose of 5 g/L by
varying the pH of the solutions over the range of
2-5.5.

The removal efficiency (% Rg) of the metal ion was
calculated using the following equation:

(Co — C.) x 100

Re % —
E % o

)

where Cy and C, are the initial and equilibrium liquid-
phase concentrations of Pb** in aqueous solution

(mg/L).

2.3.3. Effect of contact time and adsorption kinetics

The time-dependent behavior of Pb** adsorption
onto both BWGI and BWGII (5 g/L) was evaluated for
different equilibrium time intervals from 5 to 120 min
using an initial Pb** concentration of 50 mg/L at room
temperature and at optimum pH (5.0 = 0.1).

2.3.4. Effect of weathering basalt dose

A series of experiments were conducted using dif-
ferent doses of weathering basalt in the range of 1-
10 g/L with an initial metal ion concentration of
50 mg/L at an optimum contact time and pH (5.0
+ 0.1),respectively.

2.3.5. Effect of initial metal ion concentrations and
adsorption isotherm

Adsorption isotherm of Pb** onto BWGI and
BWGII was investigated at the optimum conditions
using batch experiments. Adsorption isotherm models
used in this study were Langmuir, Freundlich, and
Dubinin—-Radushkevich (D-R) isotherms. They differ
in their assumption, shape of the isotherm, and the
nature of the adsorbent surface.

3. Results and discussion
3.1. Characterization of basalt
3.1.1. Chemical and engineering analysis

Two different grades of weathering basaltic rocks
were used in this study. Some tests had been
performed to determine basalt properties. The chemi-
cal analysis (Table 2) confirmed that the samples are
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plotted in basalt field (Fig. 1) according to Cox et al.
[14]. The engineering tests were performed in different
weathering rates. The engineering parameter values of
the rocks in different weathering stages were deter-
mined to investigate the effect of weathering degree
on the engineering behavior of rocks. The values of
the unified compression strength (UCS) and TS
decrease as the weathering increase, whereas water
absorption increases with increasing the weathering
rate as shown in Table 1. The engineering parameter
values showed that as the weathering increases, the
strength and durability behavior decreases. Finally,
results of this study specified that the more weather-
ing basalt has good quality for adsorption.

According to Verhoef and Van De Wall [15] and
IPT (Instituto de Pesquisas Tecnoldgicas do Estado de
Sao Paulo) [16], the highest weathering grade of the
samples under study is classified as a good quality to
the adsorption process (Table 3).

3.1.2. X-ray diffraction analysis

The mineralogical compositions of BWGI and
BWGII rocks were determined by X-Ray powder dif-
fraction patterns. Fig. 1 shows that Basaltic rocks are
composed of plagioclase, hornblende, pyroxene
(augite), and chlorite. This finding shows that the
increasing of weathering process leads to an increase
in the degree of alteration minerals.

The alteration plagioclase and pyroxene increases
from weathering grade BWGI to BWGII (Fig. 2).

3.1.3. Scanning electron microscope (SEM)

Fig. 3 shows the morphology of BWGI and BWGII
rocks that taken at 13,000 times magnification. From
Fig. 3, it can be seen that the surface of basalts is het-
erogeneous which are composed of irregular and por-
ous particles with size ranged between 2—4 pm.

3.1.4. Effect of weathering process on surface properties
of basalt

Nitrogen adsorption-desorption isotherms at
—196°C were studied for BWGI and BWGII rocks. The
specific surface area Sggr, total pore volume VP, and
mean pore radius r are listed in Table 4. Table 4
shows that the Sggr surface area drastically increases
with increasing total pore volume, while the mean
pore radius considerably decreases with the weather-
ing process. This significant increase in Sggr due to
weathering process could be attributed to pore
widening.
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Fig. 1. Schematic diagrams for the rock under study.

Table 1

Engineering parameters of basaltic samples at different
grade of weathering

Water absorption ucs TS
Compound (%) (Mpa) (Mpa)
BWGI 0.53 85.23 47.58
BWGII 0.86 70.29 39.21

3.2. Comparison of BWGI and BWGII

The results showed that the adsorption capacities
of Pb*" onto both BWGI and BWGII were 9.37 and
9.82 mg/g, respectively. This means that the uptake
capacity of Pb** using BWGII was slightly more than
BWGI because surface area of BWGII (38.57 m?/g) is
more than BWGI (28.58 m?/g), which is due to the
weathering process.
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Fig. 2. XRD of BWGI and BWGIL

3.3. Effect of initial pH

The effect of pH on Pb*" adsorption onto both
BWGI and BWGII was studied in the pH range
between 2 and 5.5, where the experiments were not
conducted beyond pH 5.5 to avoid the precipitation of
metal ions [17]. The results showed that the removal
percentage of Pb*" increased from 34.1 to 93.8% using
BWGI and from 40.2 to 98.2% using BWGII for pH 2-
4.5 and remains almost constant for pH 4.5- 5.5. At
low pH, surface active sites of BWGI and BWGII may
become positively charged leading to increase the
competition between H* and Pb*" for available
adsorption sites. However, as pH increases, this com-
petition decreases as these surface active sites become
more negatively charged, which enhances the adsorp-
tion of the positively charged metal ions through elec-
trostatic force of attraction [18,19].

Table 2

Chemical composition of basaltic samples

Compound formula SiO, TiO, ALO; Fe,O3 MnO MgO CaO Na,O K,O DP,0Os Cl SO; LOI
BWGI 4449 185 9.74 11.24  0.18 422 11.87 1.60 029 015 0.01 0.10 13.74
BWGII 46.60 1.80 9.87 11.23 020 5.35 12.74 1.58 031 016 <0.01 0.08 957
Table 3

Guide to rock durability from test results [15,16]

Compound Test Excellent quality Good quality Reasonable quality Bad quality
BWGI UCS (MPa) >200 200-100 100-50 >50

BWGII Water absorption (%) <0.5 0.5-2.0 2.0-6.0 >6.0
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Fig. 3. SEM images of BWGI and BWGII at magnification 13,000x.

Table 4
Specific surface area, total pore volume and mean pore
radius of BWGI and BWGII clays

Sample SBET V, (ccg) (A
BWGI 28.57 9.97 x 1072 13.96
BWGII 38.57 1.2 x 1072 13.3

3.4. Effect of contact time

The effect of contact time was studied at different
time in the range 5-120 min using 50 mg/L of Pb**
solution, 5 g/L of both BWGI and BWGII at optimum
pH, and at ambient temperature (25 + 1°C). The data
in Fig. 4 show that the removal percentage of Pb**
increases with increasing contact time, and remained
nearly constant after equilibrium. Therefore, the equi-
librium time was attained within 60 min for BWGII,
and more than 60 min for BWGIL.

3.5. Adsorption kinetics

The study of adsorption dynamics describes the
solute uptake rate and this rate controls the habitation
time of adsorbate uptake at the solid-solution

100
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% of lead removal
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Fig. 4. Effect of contact time on adsorption of Pb** using
BWGI and BWGII (volume of solution = 100 mL, concen-
tration of metal ions = 50 mg/L, dose of adsorbents =0.5¢g
and pH 5.0 £ 0.1).

5093
£ |
(a) Time (min.)
L 0 5 10 15 20 25 30 35
HEBWGI1
-14
y=-0.011x -1.383
R2=10.991
- -1.8
=
&
)
en 2.2 +
2
¥ =-0.023x -1.539
R2=0.762
-2.6
3
(b) 750f
y = 11.29x + 52.56
650 R? =0.997
g
£ 550
° y =10.32x + 30.8
£ 4501 R?=0.998
£
~ 350
-
(=2
® ek * BWG1
=BWG11
150
50||||I||||I||||I||||I||||I||||

20 40 60 80 100 120
time (min)

Fig. 5. (a) Pseudo-first-order kinetics for Pb** adsorption
onto BWGI and BWGII and (b) Pseudo-second-order kinet-
ics for Pb** adsorption onto BWGI and BWGIL.

interface. In addition, sorption kinetics shows a large
dependence on the physical and/or chemical charac-
teristics of the adsorbent material. Therefore, different
models such as pseudo-first-order, pseudo-second-
order, Elovich kinetic, and intraparticle diffusion mod-
els have been used to study the mechanism of the
adsorption process.
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3.5.1. Pseudo-first-order or kinetic model

The pseudo-first-order is generally proposed by
Lagergren [20] as follows:

dg _ dg
a—kl(qe _Qm)a 3)
Integrating Eq. (3) with respect to integration

conditions 4=0 to g=4; at t =0 to t =1, the kinetic
rate expression becomes:

kot
Log(qe —qr) = Logde — 5552 @

where g, and g, (mg/g): are the amounts of Pb**
adsorbed (mg/g) at equilibrium and at time ¢ (min),
respectively and k; is the adsorption rate constant
(min 7).

From the plots of log (g.—g:) vs. t, the values of k;
and g, are calculated from the slope and intercept as
shown in Fig. 5(a). The adsorption first-order rate con-
stants were found to be 0.0253 and 0.0532 min~' and
the correlation coefficient R* values were 0.9919 and
0.7626 for adsorption Pb** onto both BWGI and
BWGII, respectively. If the adsorption process can be
described by the pseudo-first-order equation, there
should be a good linear relationship between log (g.—
gy and t. In addition, the conformity between experi-
mental data and the model predicted values was
expressed by both the correlation coefficients (R* val-
ues close or equal to 1) and adsorption capacities (g.).

In this study, the plot of log (g.—gy) vs. time t is
not linear over the entire time range as shown in
Fig. 5(a), indicating that more than one mechanism is
involved in the adsorption process.

Also, from the kinetic data, it was found that the
experimental g, values (0.09139 for BWGI and
0.0935 meq/g for BWGII) did not agree with the calcu-
lated ones g, (0.0413 for BWGI and 0.0289 meq/g for
BWGII). These confirm that it is not appropriate to use
the Lagergren kinetic model to predict the adsorption
kinetics for Pb** onto both BWGI and BWGIL

3.5.2. Pseudo-second-order kinetic model

Adsorption kinetics were explained by the pseudo-
second-order model given by
Ho and McKay [21] as follows:

dg _ N2
a - k2 (% ’1) ®)
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Integrating Eq. (5) for the boundary conditions g =0
tog=gq,att=0tot=tis simplified as:

t 1 t
A ER ©
where k, (g/mg min) is the rate constant of second-
order adsorption determined from the plot of t/g;
against ¢, as shown in Fig. 5(b).

The correlation coefficients R> of the pseudo-
second-order kinetic model were higher than 0.9919,
the adsorption second-order rate constants are found
to be 2.4 and 3.47 min~' for BWGI and BWGII, respec-
tively, and the calculated values of g, fit quit well
with gexp as shown in Table 5. These confirm that the
pseudo-second-order  adsorption = mechanism is
predominant for adsorption of Pb** by both BWGI
and BWGIL

3.5.3. Elovich kinetic model

The Elovich equation is given as follows [22]:

gr=1pIn off +1fIn ¢ @)

where a (mg/gmin) is the initial sorption rate, S
(g/mg) is related to the extent of surface coverage,
and activation energy for chemisorption.

Plot g; vs. In(t) to give a linear relationship with a
slope of (1/6) and an intercept of (1/f) Inaf (Fig. 6).
Fig. 6 shows that the correlation coefficient values are
relatively high, indicating that Elovich model is
suitable for modeling the adsorption of Pb** ions onto
both BWGI and BWGII.

3.5.4. Intraparticle diffusion model

This model based on the theory proposed by
Weber and Morriss [23] was employed to identify the
diffusion mechanism. This theory assumes an empiri-
cally based functional relationship, common to most
adsorption processes, where uptake varies almost pro-
portionally to #'/? rather than to the contact time t.
According to this theory:

g = kigt'? + C; 8

where kiy (mg/g min'’?) is the intraparticle diffusion
rate constant, is calculated from the slope of linear
portion of g,—t'/? plot, t'/? is the square root of the
time, and C; (mg/g) is the intercept at stage i, value of
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Table 5

5095

Comparison of the pseudo-first-order and pseudo-second-order adsorption rate constants for Pb** onto BWGI and BWGII

Pseudo-first-order kinetics

Pseudo-second-order kinetics

Basalt Ge cal (meq/g) ki (min™)  R? Ge cal (meq/g) k> (g/mg min) R? e exp (Meq/g)
BWGI 0.0413 0.0253 0.9919 0.089 24 0.9976 0.09139
BWGII 0.0289 0.0532 0.7626 0.097 3.45 0.9984 0.0935
0.1 12
0.09 - y=0012x+0042 M 01 y_0571x+5567 = [
® R2=0.839
0.08 - EBNY
] = i g *BWGI
= 0.07 S 64 y= %56:1;.;7;.413 BBWGIL
0.06 1 y = 0.012x + 0.033 ¢BWG1 4 : : : :
0.05 - R = 0.996 EBWGIL 13 33 53 7.3 9.3
tll2
0.04 T T
1.3 2.3 33 43 ) ) - . )
Int Fig. 7. Intraparticle diffusion model for Pb”" adsorption

Fig. 6. Elovich kinetic model for Pb** adsorption onto
BWGI and BWGIL

C; is related to the thickness of boundary layer i.e. the
larger the intercept, the greater the thickness of the
boundary layer [24]. The extrapolation of the linear
straight lines to the time axis gives intercepts C;.

As seen in Fig. 7, the plot of g; vs. #1/2 indicates
that value of C; = 5.5673 for BWGI and 4.413 mg/g for
BWGIIL. However, if C; # 0, it indicates that the
adsorption process is rather complex and involves
more than one diffusive resistance; while, if C; is equal
to zero, the only controlling step is intraparticle diffu-
sion.

Also, from Fig. 7, the linear line does not pass
through the origin, and this deviation from the origin
(or near to saturation) might be due to the difference
in the mass transfer rate in the initial and final stages
of adsorption [25]. The values of the diffusion rate
constant kg, C;, and the regression coefficients R? are
listed in Table 6.

3.6. Effect of adsorbent dose

To optimize the adsorbent dose for the adsorption
capacity and Pb** removal from aqueous solution, the
adsorption of Pb*" with an initial concentration
50 mg/L was conducted using different adsorbent
doses (0.1-1 g/100 mL) under the optimum conditions.

Fig. 8 shows that the removal percentage of Pb** is
increased from 38 to 96% for BWGI (0.1-0.9 g/100 mL)

onto BWGI and BWGII.

Table 6
The parameters of Intraparticle diffusion model for Pb**
adsorption onto BWGI and BWGII

Intraparticle diffusion model

Basalt G kg (mg g{1 min /?) R?
BWGI 4413 0.561 0.9789
BWGII 5.567 0.571 0.839

and from 44 to 98% for BWGII (0.1-0.5 g/100 mL),
respectively. This could be easily explained by an
increase in surface area (i.e. due to more availability
of active adsorption sites) with an increase in adsor-
bent dosage. However, several factors affecting
adsorption are numbers of sites in the adsorbent mate-
rial, the accessibility of the sites, the chemical state of
sites (i.e. availability), and the affinity between the site
and the metal (i.e. binding strength). Therefore, the
removal percentage of Pb*" was remained almost con-
stant from 0.5 to 1 g/100 mL for BWGI and from 0.9
to 1 g/100 mL for BWGII [26].

3.7. Effect of initial metal ion concentrations and isotherm
models

The changes in initial metal concentrations can
alter the metal uptake efficiency of an adsorbent
through a combination of several factors such as the
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Fig. 8. Effect of adsorbent dose on adsorption of Pb**
using BWGI and BWGII (volume of solution =100 mL,
concentration of metal ions = 50 mg/L, contact time =90 -
min and pH 5.0 + 0.1).

availability of specific surface functional groups and
the ability of these groups to bind metal ions [27].

The adsorption percentage decreased from 98.45 to
54.7% for Pb** onto BWGI and from 97.55 to 46.5% for
Pb** onto BWGIL Whereas, increasing the initial metal
ion concentration, the driving force of the metal ions
toward the active adsorption sites on the adsorbent
increases, thus, the amount of metal ion adsorbed per
unit mass of the adsorbent increases. On the other hand,
at higher metal ion concentrations and the saturation of
the available active adsorption sites on the adsorbent
surface lead to prevent further metal ion binding hence,
the adsorption percentages decrease [27,28].

The equilibrium adsorption isotherms are one of
the most important data in order to clarify the mecha-
nism of the adsorption process. Three isotherm mod-
els were selected to study the adsorption isotherm,
namely Langmuir, Freundlich, and D-R isotherm
models. While an adsorption isotherm is characterized
by certain constants, which values express the surface
properties, the affinity of the adsorbent, and also can
be used to find the adsorption capacity of adsorbent.

3.7.1. Langmuir isotherm model

This isotherm assumes that adsorption occurs on a
homogeneous surface containing sites with equal
energy and that are equally available for adsorption.
This is valid for the complete monolayer of adsorp-
tion, where there is no transportation of adsorbate on
the surface plane. This model can be described by
non-linear form as follows [29]:

_ quLCe

R Ll e 9
1+ K:Ce ©)
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where g, is the maximum adsorption capacity
(mg/g), and K, is the Langmuir constant (g/L) and is
a constant related to the free energy of adsorption as
expressed (K = ae™/RT). Deviations from the basic
assumption of the Langmuir model do limit interpre-
tation of the values for g,, and K| in terms of absolute
surface areas and sorption free energies. The free
energy of adsorption, AG can also be evaluated from
the parameter K; according to the expression
AG = —RT In K;.
The linear form of Langmuir is given as follows:

1 1
Ce/qe = b_ + Ce (10)

G m

where g, (mg/g) is the amount of the metal ions
adsorbed per unit mass of adsorbent, C, (mg/L) is the
equilibrium metal ion concentration in aqueous solu-
tion, g,, (mg/g) and b (L/mg) are the Langmuir con-
stants related to the adsorption capacity, and free
energy or net enthalpy of adsorption, respectively.
Thus, a linear plot of C,/g. vs. C. confirms the validity
of the Langmuir giving correlation coefficients close to
unity.

The values of g,, b, and R, are determined from
experimental data by linear regression for Langmuir
isotherm as shown in Fig. 9 and are presented in
Table 7. A further analysis of the Langmuir equation
can be made on the basis of a dimensionless equilib-
rium parameter, R; (known as the separation factor) is
considered as a more reliable indicator of adsorptions.
This parameter (R;) can be expressed by Weber and
Chakravorti as follows [30]:

1
1+ bC;

Rp = (11)

where C; is the initial metal ion concentration (mg/L)
and b (L/mg) is the Langmuir constant described

8
7
_ y =0.062x + 0.678
% 6 R2=0.975
~ 5
3
< 4
S
I 3
&}
5 ¥ =0.042x +0.251 *BWGII
R2=0.990
1 BEBWG1
0 1 M ' L L 1 L L 1 L L * n
0 50 100 150
Ce (mg/L)

Fig. 9. Langmuir isotherm model for Pb** adsorption onto
BWGI and BWGII at optimum conditions.
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Table 7
Different parameters derived from Langmuir and Freundlich isotherm models for Pb** adsorption onto BWGI and
BWGII

Langmuir isotherm model Freundlich isotherm model

Basalt Gm (mgg™) b (L mg") R? K¢ (mg g h n R?
BWGI 16.13 18.95 0.9756 3.615 3.58 0.9378
BWGII 23.8 34.67 0.9901 7.16 4.24 0.9694

above. There are four probabilities for the R; value: (i)
for favorable adsorption 0 < Ry, <1, (ii) for unfavorable
adsorption Ry >1, (iii) for linear adsorption R, =1,
and (iv) for irreversible adsorption R;, = 0.

3.7.2. Freundlich isotherm model

Freundlich isotherm is an empirical equation that
can describe the reversible adsorption onto a heteroge-
neous surface at sites with different energy of adsorp-
tion and is not restricted to the formation of the
monolayer of adsorbate. The non-linear form of this
model is expressed as follows [31]:

5]@ = kagl/” (12)
where K¢ is the Freundlich constant (mg/g) and also
referred to adsorption capacity, while n is the hetero-
geneity factor and related to adsorption intensity. The
value of n can be used to describe the adsorption
whether it is linear (n = 1), a physical process (1 > 1) is
favorable, or a chemical process (1 < 1).

On the other hand, the value of 1/n<1or 1/n>1
indicates a normal Langmuir isotherm and coopera-
tive adsorption, respectively.

Freundlich model can be represented by linear
form as follows:

Log q. = Log ks + Log C,Hm (13)
A plot of Log g, vs. Log C, gives a straight line, where
the values of Ky and 1/n are determined from the
intercept and the slope, respectively. (Fig. 10).

From Table 7, the data show that the Langmuir
model yields better fit than the Freundlich model.

3.7.3. The D-R isotherm model

The D-R isotherm model is used to determine the
adsorption type; physical or chemical. The model is
given as follows [32]:

y = 0.236x + 0.855

® b R =0.937
¥ N
g y = 0.279x + 0.558
4 06 R2=0.969
<
o
& o1f =BWGI
= ABWGII
gl
0.4 0 0.4 0.8 12 1.6 2 2.4
Log Ce (mg/L)

Fig. 10. Freundlich isotherm model for Pb** adsorption
onto BWGI and BWGII at optimum conditions.

e = Gmexp P2 (14)
where g, (mol/g) is the amount of metal adsorbed
onto per unit mass of adsorbent, g,, (mol/g) is the
monolayer adsorption capacity, # (mol’k/J?) is the
activity coefficient related to the mean sorption
energy, ¢ is the Polanyi potential, and can be calcu-
lated from the following equation:
¢=RTIn(1+1/C,) (15)
where C, (mol/L) is the equilibrium metal ion concen-
tration in aqueous solution. The mean adsorption
energy, E (kJ]/mol), can be calculated using the follow-
ing equation:

(16)

The linear form of D-R isotherm model is expressed
as:
In ge = In gm — Be2 17)
Fig. 11 shows a plot of In g, vs. £ to calculate the
D-R model constants, g,, and f from the intercept and
slope of linear, respectively.
It was observed that the data obtained from the

linear form of D-R isotherm model, g,, and S were
determined from the intercept and slope of linear,
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Fig. 11. D-R isotherm model for Pb** adsorption onto
BWGI and BWGII at optimum conditions.

Table 8
Different parameters derived from Tempkin and the D-R
isotherm model for Pb** adsorption onto BWGI and
BWGII

(D-R) isotherm model

Basalt g, (mg/g) f (mol*/]?) E (KJ/mol) R?
BWGI 129 x10™* -02153 x107® 15.24 0.9362
BWGII 2.013 x107* -0.1922 x 10°® 16.13 0.9444

respectively. In addition, the values of free energy
were calculated from Eq. (17) and the values of E were
found to be 15.24 and 16.13 kJ/mol for Pb** adsorp-
tion onto both BWGI and BWGII, respectively. This
indicated that the mechanism of Pb** adsorption is
chemical in nature, and the adsorption process is
endothermic (Table 8).

4. Conclusions

The following conclusions are based on the afore-
mentioned findings as follows:

(i)  In this study, it was found that weathering of
the basaltic rock improved the adsorption
efficiency because the weathering process
increased the Sggr surface area and the mean
pore radius considerably decreased.

(i) The kinetic studies showed that the adsorp-
tion of Pb** ions onto both BWGI and BWGII
(classified by engineering and geological
investigation) followed to the pseudo-second-
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order model. Therefore, the applicability of
this model showed that sorption process is
complex and involves more than one mecha-
nism. Furthermore, the intraparticle diffusion
model, the value of C; # 0, indicated that the
adsorption process is rather complex and
involves more than one diffusive resistance.

(iii) The adsorption isotherm data for the adsorp-
tion of Pb** ions were fitted well to the Lang-
muir model. From Langmuir model
equations, the maximum adsorption capaci-
ties were found to be 1592 and 23.31 mg/g
for Pb** adsorptions on both BWGI and
BWGII, respectively. Between 25 and
200 mg/L of initial Pb>" concentration, the R;
values ranged from 0.0021 to 0.001 for BWGI
and from 0.001 to 0.00014 for BWGII, then
approached zero with increase in the C; val-
ues of Pb**, indicating that Pb** adsorption
onto basalt is highly favorable under studied
conditions. The mean sorption energy (E),
obtained from D-R isotherm model, indi-
cated that the adsorption mechanism is
chemical in nature and the reaction is endo-
thermic.

(iv) The present investigation proved that the
basaltic rock can be used as a low cost and
an effective adsorbent for the removal of
Pb** ions from aqueous solutions and hence,
its applicability to remove Pb** from waste-
water is expected to be economically feasible.
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