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a b s t r a c t
For the application of sustainability concepts, this study investigates the possibility of using iron 
slag by-product as reactive material in the permeable reactive barrier technology. This investigation 
was achieved based on the set of batch equilibrium and kinetic tests in combination with the predic-
tion of the barrier – retardation factor as the main indicator for the longevity of this barrier. Results 
reveal that the removal efficiency was greater than 90% at best operational conditions specified by 
changing the pH, contact time, sorbent dosage, and agitation speed in the ranges of 3–7, 0–180 min, 
0.5–12 g/100 mL, 0–250 rpm respectively for lead ions initial concentration of 50 mg/L. The maxi-
mum adsorption capacity of iron slag can be calculated by the Langmuir model because it is more 
representative of sorption data. This capacity (=2.309 mg/g) is compatible with the value calculated 
from pseudo-second-order which describes the kinetic data in a good manner, so, the ion exchange 
or chemisorption can be the predominant mechanism for sorption of lead ions. The X-ray diffraction, 
Fourier transform infrared spectroscopy, scanning electron microscopy and energy-dispersive X-ray 
spectroscopy tests for reactive material supported this result where the dissolution of calcium oxide 
by hydrolysis and ion exchange can enhance the removal of lead ions by iron oxide surface sites.
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1. Introduction

Water supply systems and ecosystem health can be 
suffered from a serious threat due to contamination of 
groundwater with heavy metals such as lead ions [1]; there-
fore, the remediation of groundwater must be adopted to 
avoid this threat. Permeable reactive barriers (PRBs) are pas-
sive remediation technology that applied within the site to 
restore the contaminated groundwater using certain mate-
rial. The availability, cost-effective, permeability, reactivity, 
and long-term stability are the main characteristics of the 
materials used in the PRB. This technique is considered an 
efficient alternative for conventional methods such as pump 

and treat system in the remediation of the contaminated 
groundwater. Accordingly, the choice of reactive material 
that can be used in the PRB is considered a critical point in 
specifying the performance and longevity of the barrier [2–5].

Although the activated carbon, zeolite and other conven-
tional sorbents have a good ability in the removal of a wide 
broad of the inorganic contaminants, the high cost of these 
materials was the cause for their limiting usage [6–8]. Hence, 
finding the non-conventional low-cost materials with good 
ability in the reduction of pollution opens new horizons for 
many studies. By-products resulted from different industries 
such as fly ash, bottom ash, and iron slag as well as agricul-
tural wastes such as rice husk and tree bark can be tested 
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to find their suitability for the PRB. In this direction, many 
previous studies are implemented using waste foundry 
sand [9,10], cement kiln dust [11], granular dead anaerobic 
sludge [12,13], zero-valent iron [14], raw scrap iron-alumi-
num waste [15] and olive pips [16] as sorbent within the PRB.

Iron slag is the main component resulted from a 
by-product from the steel-making process, however, reuse 
of this waste has received great attention because of its 
useful properties [17]. Metal oxides such as calcium oxide, 
magnesium oxide, and others represent the major constitu-
ents of the slag and this composition is similar to Portland 
cement; however, the slag can be used as filler in the road 
construction [18–20]. For the sorption properties of slag, 
several studies were conducted to use this material for the 
removal of heavy metals from wastewaters [21,22]. Batch 
tests for the interaction of copper ions with iron slag were 
implemented for specifying the mechanisms responsible for 
the removal process under the influence of pH for aqueous 
solution [23]. Under different operational conditions, the 
sorption of nickel from contaminated water using converter 
slag produced from the steel industry is mainly achieved 
by magnetite. The results proved that the adsorption rate 
can be increased due to the increase of the initial metal con-
centration and reduced with the increase of temperature. 
Also, the Freundlich isotherm model has a good ability 
in the representation of the measured sorption data [22]. 
Industrial wastewater contaminated with lead were treated 
using a set of column packed with electric arc furnace 
slag/granular blast furnace slag. Results signified that the 
velocity of the flow and metal concentration have potential 
effects on the removal of the lead ions within the used col-
umns [24].

Based on the type of the pollutant (i.e. organic or inor-
ganic compounds), the dissolved plume of the contaminant 
can be created within the aquifer when the spillage of these 
compounds occurred. There are three main mechanisms 
will govern the transport of this plume namely; the advec-
tion, hydrodynamic dispersion, and reaction where they can 
be expressed mathematically by “Advection–Dispersion–
Reaction equation”. The reaction term can be caused a 
decrease in the concentration of the transported contaminant 
when the sorption is the predominant mechanism within 
the reactive medium. Finding the governed isotherm model 
for the representation of this process will play a vital role in 
the description of the migration of contaminants within the 
PRB. Accordingly, the most important point of the present 
study is finding the reaction (i.e. sorption) term in the solute 
transport equation by using a suitable isotherm model due 
to the interaction of lead and iron slag based on batch tests. 
Consequently, the possibility of using an iron slag by-product 
in the treatment of simulated water contaminated with lead 
ions under different operational conditions and finding the 
mechanisms governed the removal process can be achieved.

2. Description of sorption data

The sorption isotherms describe the relationship between 
adsorption capacity (qe) and the remaining concentration of 
metal in the bulk solution (Ce) [25]. Freundlich and Langmuir 
models [26] described below can be used to represent this 
relationship at constant temperature and pH:

Freundlich model (1906): is the earliest known sorption 
isotherm equation and can be written as follows:

q K Ce F e
n=
1

 (1)

where KF is a constant related to the maximum adsorption 
capacity of the sorbent and n is represented the intensity of 
sorption.

Langmuir model (1916): can be written as follows:
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where qmax is the maximum adsorption capacity (mg/g) 
and b is the dissociation coefficient of the solute–adsorbent 
complex. The b represents the affinity between the solute and 
the adsorbent-meaning that a higher b value corresponds 
to a higher affinity [27].

In addition, the kinetic models (Eqs. (3)–(5)) are applied 
to find the rate at which the pollutants removed from 
contaminated water and they can be used for designing the 
sorption process [28–30].

Pseudo-first-order:

q q k tt e= − −( ) 1 1exp  (3)

Pseudo-second-order:

q
k q t
k q tt
e

e

=
+( )
2

2

21
 (4)

Intra-particle diffusion equation:

q k t Ct = +int
.0 5  (5)

The initial adsorption rate (h) can be determined from 
k2 and qe values using the following equation:

h k qe= 2
2  (6)

where k1 is the equilibrium rate constant of pseudo-first- 
order sorption (1/min), k2 is the rate constant of sorption 
(g/mg min), kint is the adsorption rate constant of the intra- 
particle diffusion model (mg/g min0.5), C is the value of inter-
cept which gives an idea about the boundary layer thickness, 
qe is the adsorption capacity at equilibrium (mg/g), and qt is 
the adsorption capacity at time t (mg/g).

3. Materials and methods

3.1. Sorbent and contaminant

Iron slag by-product was collected from steel and iron 
factory in Al-Talee’a city, Babylon Governorate, Iraq. It is 
washed with distilled water to remove fine powder and, 
then, dried at 383 K for 24 h. Based on the sieve analysis, 
the particle size distribution was ranged from 0.6 to 1 mm 
with a geometric mean diameter of 0.775 mm. The hydraulic 
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conductivity, bulk density, porosity, and Brunauer–Emmett–
Teller surface area of this material have the values of 
2.69 × 10–3 m/s, 2.026 g/cm3, 0.41, and 0.2571 m2/g, respectively. 
The chemical composition of iron slag was determined by 
X-ray fluorescence spectroscopy (XRF) analysis using (XRF 
Spectro-Germany). In addition, the mineralogical composi-
tion of iron slag was performed at room temperature (25°C) 
using X-ray diffraction (XRD).

The lead was selected to represent the heavy metal 
and a standard solution of this metal with a concentra-
tion of 1,000 mg/L can be prepared by dissolving 1.5985 g 
of Pb(NO3)2 in 1 L of distilled water. The prepared solution 
was kept at room temperature and the pH was adjusted by 
adding 0.1 M HNO3 or 0.1 M NaOH as required.

3.2. Batch experiments

Batch experiments were conducted to obtain the equi-
librium data and to specify the best conditions for the 
treatment process. The conditions include the contact time, 
initial pH, granular iron slag dosage, initial concentration 
of metal, and agitation speed. A number of 250 mL coni-
cal-flasks can be used and 100 mL of metal solution with 
an initial concentration of 50 mg/L was put in each flask. 
A certain quantity of iron slag (3.0 g) was added to each 
flask and the solution was kept stirred on a high-speed 
orbital shaker at 250 rpm for 4 h. Samples of 20 ml were 
withdrawn from each flask and filtered using filter paper 
type (CHM, F2042-150) to separate the sorbent. A 10 mL of 
the filtered solution was pipetted out for analysis to deter-
mine the concentration of the remaining contaminant using 
an atomic absorption spectrophotometer. The number of 
metal ions sorbed on the solid phase (i.e. iron slag) can be 
determined by mass balance.

Kinetic studies were investigated with different values of 
pH (3, 4, 5, 6, and 7), different values of initial concentration 
(50, 100, 150, 200, and 250 mg/L), different amounts of iron 
slag dosage (1.0, 3.0, 5.0, 7.0, and 10.0 g) and finally different 
values of shaking speed (0, 50, 100, 150, 200, and 250 rpm). 
The results at equilibrium state can be used to calculated 
the values of contaminant retained on the iron slag phase, 
qe, as follows [31]:

q C C V
me e= −( )0  (7)

where C0 and Ce are the initial and equilibrium concentra-
tions of metal ions in the solution (mg/L), V is the volume of 
solution in the flask (L), and m is the mass of iron slag added 
to the flask (g).

The adsorption isotherms are obtained by plotting the 
weight of the adsorbed solute per unit weight of granular iron 
slag (qe) against the equilibrium concentration of the solute in 
the solution (Ce) [32]. The adsorption efficiency is calculated 
by the difference in the initial and equilibrium concentrations 
of pollutant by the following relationship:
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4. Results and discussion

4.1. Characterization of iron slag

The chemical composition of iron slag was determined 
by XRF analysis using an X-ray fluorescence spectrometer 
(XRF Spectro-Germany). This analysis showed that the main 
components of the iron slag are oxides of silica (SiO2), iron 
(Fe2O3), calcium (CaO), aluminum (Al2O3) and manganese 
(MnO) with percentages of 31.21%, 19.95%, 13.48%, 7.93%, 
and 6.85% respectively. Also, XRD analysis can be used to 
characterize and identify the mineralogical composition 
of the used slag based on the crystal structure. In XRD, a 
sample of slag is placed in a collimated beam of parallel 
X-rays and diffracted beams with different intensities can 
be scanned and recorded automatically to draw a plot-re-
lated between the intensity of the diffracted beam and two 
Theta (2θ). Using Rigaku Miniflex 600 XRD analyzer or 
X-ray diffractometer (40 Kv, 15 mA) with Cu Kα radiation, 
the records for iron slag with 2θ ranged from 10° to 80° are 
plotted in Fig. 1 where FeCaO2, CaO, and SiO2 formed the 
main crystalline minerals in the used iron slag.

4.2. Equilibrium time and initial pH of the solution

The effect of contact time on the removal of lead ions 
using 3.0 g granular iron slag added to 100 mL of contam-
inated solution at 25°C with an initial concentration of 
50 mg/L and agitation speed of 250 rpm is plotted in Fig. 2. 
The removal efficiency was increased dramatically in the 
initial stages of the contact time and gradually slowed down 
afterward. The decrease in the rate of the removal efficiency 
can result from the decrease of the sorption sites; however, 
the results certified that 90% of lead ions are removed at 
120 min and this value was applied for next batch exper-
iments. The same figure illustrates the effect of initial pH 
with values 3, 4, 5, 6, and 7 on the lead removal efficien-
cies for contact time not exceeded 180 min. It seems that 
the best value of initial pH was found to be 4 to achieve the 
maximum efficiency, however, an increase or decrease in 
this value can be caused a clear reduction in the removal 
of metal ions. The formation of protons and precipitates at 

Fig. 1. X-ray diffraction (XRD) analysis for mineralogical charac-
terization of granular iron slag.
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low and high values of pH respectively may be the major 
cause for previous behavior [33,34]. Theoretically, the point 
of zero charge (pHpzc) is the pH at which the sorbent sur-
face charge takes a zero value. At this pH, the charge of the 
positive surface sites is equal to that of the negative ones. 
The knowledge of this value allows one to hypothesize on 
the ionization of functional groups and their interaction 
with metal species in solution; at solution pHs lower than 
pHpzc, sorbent surface is positively charged and could inter-
act with metal negative ions while at pHs higher than pHpzc, 
solid surface is negatively charged and could interact with 
positive ions. Accordingly, it is expected that the value of 
pHpzc may be within the range from 3 to 4 and the previous 
explanation explains why the maximum removal efficiency 
achieved at a pH value of 4 [35].

4.3. Dosage of iron slag

The dependence of lead ions sorption onto granular 
iron slag dosage was investigated by changing the quantity 
of the slag within the range illustrated in Table 1 for batch 
tests at 25°C; while other conditions, C0 = 50 mg/L, agita-
tion speed = 250 rpm, and contact time = 120 min with pH 
value of 4. This table shows that the increase of the sorbent 
dosage will improve the removal efficiencies and this may 
be due to the increase of the binding sites. The table certified 
that the maximum efficiency (=90%) is achieved at a dosage 
equal to 5.0 g/100 mL and an increase in the quantity of slag 
does not have a significant effect on the sorption percentage.

4.4. Initial metal concentration

Table 1 elucidates the effect of initial concentration within 
the range (50–250 mg/L) on the removal efficiency for contact 
time and sorbent dosage equal to 120 min and 5 g/100 mL 
respectively. It seems that the increase of the initial con-
centration up to 200 mg/L will cause a clear decrease in the 
removal efficiency and there is approximately stabilization in 
the number of metal ions sorbed on the reactive material after 
200 mg/L due to the saturation of the active sites available [36].

4.5. Agitation speed

Removal efficiencies of lead ions by iron slag were mea-
sured under the effect of agitation speed which changed 

from 0 to 250 rpm with the best conditions specified previ-
ously. Table 1 shows that about 36% of the metal ions were 
removed at speed equal to zero and an increase in the speed 
will increase the uptake of contaminants to reach the removal 
of 90% at 250 rpm. The increase in the removal efficiency is 
attributed to the proper contact between the sorbate-sor-
bent and this will enhance the diffusion of the metal ions 
from the bulk solution towards the vacant surfaces and, 
consequently, increase the mass transfer coefficient.

4.6. Sorption isotherms

The adsorption isotherms are the essential prereq-
uisites for the design of adsorption systems and they are 
depended on the equilibrium data. These isotherms are 
functions correlated between the sorption capacity (qe) and 
equilibrium metal concentration in the bulk solution phase 
(Ce) [37]. The measured sorption data are fitted with non- 
linear forms of Freundlich and Langmuir models as shown 
in Fig. 3 where the coefficients of models have been deter-
mined using Origin 2018 software. The non-linear analysis 
was utilized to reduce the percentage of errors in compari-
son with the linearization of Freundlich and Langmuir iso-
therms for a description of lead ions sorption onto granular 
iron slag. The coefficients of the isotherm models and sta-
tistical measures such as coefficient of determination (R2), 
Chi-square, and sum of squared error (SSE) are mentioned 
in Table 2. Based on the statistical constants, the Langmuir 
isotherm model is more representative of a descrip-
tion of the sorption of lead ions onto granular iron slag.  

Fig. 2. Removal efficiency of lead ions using granular iron slag at 
different values of contact time and initial pH.

Table 1
Variation of removal efficiencies of lead ions from aqueous solu-
tions onto granular iron slag as a function of dosage, initial con-
centration, and agitation speed

Operational conditions (pH = 4, t = 120 min) Removal 
efficiency 
(%)

Dosage 
(g/100 mL)

C0 (mg/L) Speed (rpm)

0.5 50 250 30
1 50 250 60.3
3 50 250 78
5 50 250 90
7 50 250 90.1
10 50 250 90.2
12 50 250 90.4
5 50 250 90
5 100 250 80
5 150 250 64
5 200 250 55
5 250 250 52
5 50 0 36
5 50 50 42
5 50 100 63
5 50 150 80
5 50 200 90
5 50 250 90
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The present sorbent has maximum adsorption capacity 
reached to 2.309 mg/g. The good fit of the data with the 
Langmuir isotherm indicated that the uniform surfaces of 
active sites are distributed on the iron slag [38]. This means 
that the adsorption takes place at specific homogenous 
sites within the adsorbent and there is no lateral interac-
tion between the sorbed molecules [39]. Further analysis of 
Langmuir isotherm can be made using the dimensionless 
equilibrium parameter RL which is calculated from the divi-
sion of 1 onto the (1 + bC0). The value of RL lies between 
0 and 1 for a favorable adsorption, while RL > 1 represents 
an unfavorable adsorption, for RL = 1 adsorption is linear 
and if RL = 0, it is irreversible [40]. The dimensionless 
parameter, RL is found in the range of 0–1, which confirms 
the favorable adsorption process for Pb(II) removal.

4.7. Adsorption kinetics

Pseudo-first-order and pseudo-second-order are used 
to describe the kinetic data measured experimentally to 
interpret the mechanisms responsible for the sorption pro-
cess in the interaction between lead ions and iron slag [41]. 
It is expected that the relationship between the rate con-
stant and metal concentration has a linear trend when the 
pseudo- first-order applies to the kinetic data [42]. However, 
if this relationship is not linear, pore diffusion will limit 
the adsorption process [43]. The kinetics parameters for 
adsorption of lead ions onto the iron slag are calculated 
using Origin 2018 software for non-linear regression and 
listed in Table 3. It seems that the pseudo-second-order is 
the best-fitting model based on the values of determination 
coefficient and adsorption capacity (=2.3175 mg/g) which 
approached from the capacity specified by the equilibrium 
sorption. The lead uptake of iron slag is attributed to differ-
ent mechanisms of containing physisorption and chemisorp-
tion, ion exchange, as well as surface precipitation. At the 

Table 3
Kinetic parameters for the adsorption of lead ions by iron slag

Kinetic model Parameter
C0 (mg/L)

50 100 150 200

Pseudo-first-order
k1 (min–1) 0.00894 0.00923 0.01578 0.02293
qe (mg/g) 1.3942 2.3604 2.4421 2.2536
R2 0.9967 0.9988 0.9987 0.9992

Pseudo-second-order

k2 (g/mg min) 0.00237 0.00157 0.00317 0.00623
qe (mg/g) 2.3175 3.8013 3.6159 3.0767
h (mg/g min) 0.0127 0.0227 0.0414 0.0589
R2 0.9959 0.9991 0.9972 0.9965

Intra-particle diffusion

First-portion
C –0.3011 –0.3950 –0.5071 –0.3925
kint (mg/g min0.5) 0.1148 0.1804 0.2586 0.2707
R2 0.9883 0.9997 0.9997 0.9997
Second portion
C –0.1197 –0.0770 0.2142 0.7983
kint (mg/g min0.5) 0.0940 0.1412 0.1702 0.1201
R2 0.9893 0.9803 0.9515 0.9271
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q e
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Dosage=5 g/100 mL, Speed=250 rpm

Experiment
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Langmuir model

Fig. 3. Concurrence between the experimental results and values 
predicted by isotherm models for adsorption capacity of lead ions 
onto granular iron slag.

Table 2
Constants and statistical measures of isotherm models for sorp-
tion of lead ions onto granular iron slag

Model Parameter Value

Freundlich

KF (mg/mg)(L/mg)1/n 0.7479
n 4.3570
R2 0.9739
Chi-square (χ2) 0.0168
SSE 0.1005

Langmuir

qmax (mg/g) 2.309
b (L/mg) 0.1123
R2 0.9974
Chi-square (χ2) 0.0017
SSE 0.0102
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initial stage, quick adsorption and ion exchange occurred; 
then, the hydrolysis of slag and precipitation kinetics 
took place [44].

The intra-particle diffusion model (Fig. 4) indicated 
that there is more than one mechanism governed the 
sorption process and intra-particle diffusion was not the 
rate-limiting step. This means that the external mass trans-
fer was predominant in the early stages and, then, intra-par-
ticle diffusion can be controlled as plotted in the second 
linear portion [45,46]. The higher slopes of the first lines 
(kint ranged from 0.1148 to 0.2707) certifies that the rate of 
removal is greater in the initial stages in comparison with 
values of slopes for the second line (kint ranged from 0.0940 
to 0.1702). The decrease in the rate of removal may result 
from the reduction of the concentration gradient. Finally, 
Table 4 presents a comparison between the value of adsorp-
tion capacity of lead ions onto the iron slag achieved in the 
present study and that values for the same contaminant 
on the different sorbents mentioned in the previous stud-
ies [47–52]. In spite of this adsorption capacity is less than 
that achieved in these studies but the value of hydraulic 
conductivity for iron slag (2.69 × 10–3 m/s) can be considered 
very suitable for PRB technology.

4.8. Fourier transform infrared analysis

The infrared spectrum of slag is plotted in Fig. 5 and 
this figure reveals that the presence of absorption bands 
corresponding to the Fe–O and Ca–O vibrations at 700 and 
450 cm–1, respectively. The presence of calcium could be 
associated with carbonates species (stretching bands near 
1,435 cm–1) which are apparently related to the existence of 
calcite and this is in agreement with the results of the XRF 
test. Stretching vibrations of the surface hydroxyl groups 
(Fe–OH) are found at 3,695 cm–1 and vibration at 1,635 cm–1 
can be attributed to the bending of adsorbed water between 
the layers. Due to the presence of Fe in the composition of 
the slag, the experimental results proved that the iron oxide 
surface sites are the predominant in the removal of lead ions 
from aqueous solutions. The calcium occupies these sites 
and when calcium oxide dissolved in the aqueous solution 
both the hydrolysis and ion exchange processes begin. Under 
acidic best condition (i.e. pH of 4), the calcium is changed 

by the hydrogen and lead ions according to the following 
reactions:

Fe O Ca H O Fe OH Ca OH−( ) + → −( ) + +− + +

2

2
3

22  (9)

Fe O Ca Pb Fe OPb Ca−( ) + → − +− + + +

2

2 2 22 2  (10)

The reactions probably occur before saturation when the 
lead ions are completely removed with an increase of final 
pH values to reach 6.4. Accordingly, the removal process 
depends primarily on the release of calcium ions within the 
slag and they replaced by lead ions.

4.9. Scanning electron microscopy and energy-dispersive 
X-ray spectroscopy analysis

Microstructure of iron slag was represented by the 
scanning electron microscopy (SEM) where an electron 
beam can be directed to the sample and measurement of 
the scattered electrons. The tests of the SEM can provide a 
detailed analysis of the shape, size, and texture of the iron 
slag before and after the sorption of lead ions. In addition, 
this test in conjugation with energy-dispersive X-ray spec-
troscopy (EDS) can specify all elements available in the sam-
ple and this will be very fruitful in the identification of the 
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Fig. 4. Intra-particle diffusion model for sorption of lead ions 
from aqueous solution onto granular iron slag.

Table 4
Maximum adsorption capacities for iron slag in comparison with 
different reactive materials adopted from previous studies for re-
moval of lead ions from aqueous solutions

Material qmax (mg/g) References

Iran slag 2.309 Present study
Ti(IV) iodovanadate cat-
ion exchanger

18.8 [47]

Bituminous coal 8.89 [48]
Bentonite 15.38 [49]
Carbon nanotubes 12.41 [50]
Carbon aerogel 34.72 [51]
Eichhornia carbon 16.61 [52]
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Fig. 5. FTIR spectra of iron slag before and after interaction with 
aqueous solution contaminated with lead.
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characteristics of the used sorbent. It is that the pores were 
filled up and the surface was less rough after adsorption in 
comparison with original slag. This is because the active 
sites inside the slag pores are loaded with the contaminant, 
in addition to the dissolution of CaO, which formed lead 
hydroxide and caused the filling gaps and forming crystals 
on the surface.

The EDS analysis (Fig. 6) explains the elements consti-
tuted of the granular iron slag after adsorption of lead ions. 
This figure elucidates that there is flocculation in the particles 
and the mixture has more strength due to the clear reduction 
in the air voids and bonding of particles. Also, the calcium 
hydroxide in the slag sample is dissolved after the adsorption 
process and this can be caused by the change in the surface 
morphology as plotted in Fig. 6.

4.10. Lead ions transport in the subsurface environment

The advection-dispersion equation describes the trans-
port of lead ions through the porous medium such as PRB 
undergoing equilibrium sorption and this equation can be 
written as:
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where C is the lead ions concentration in the aqueous solu-
tion, qe is the adsorption capacity, t is the travel time, D is 
the hydrodynamic dispersion coefficient, V is the mean pore 
velocity, and z is the travel distance.

The third term in the left-hand side of Eq. (11) represents 
the reaction (i.e. sorption) process and it can be governed by 
Langmuir isotherm as proved by the batch study described 
previously. Hence, the batch results play a significant role in 
the description of the transformation process of the reactive 
contaminant within the advection-dispersion equation. By 
substituting the Langmuir model into Eq. (11), the retarda-
tion factor (R) can be represented as follows:
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where ρd is the bulk density of the sorbent (i.e. iron slag, 
g/cm3) and n is the porosity of the sorbent.

The retardation factor reflects the ability of the PRB to 
retard the migration of the contaminant and the high value 
of R will increase the longevity of the barrier to satisfy the 
environmental regulations for the concentration of a con-
taminant at its down gradient. Using the values of Langmuir 
constants listed in Table 2 in combination with ρd of 2.0264 
and n of 0.41, the values of R can be calculated from Eq. (13) 
as plotted in Fig. 7. It seems that the values of the retardation 
factor (i.e. functionality of the barrier) reduce from 1.28 × 106 
to 4,582 with an increase of the equilibrium concentration 
for metal ions from 0 to 140 mg/L respectively.

5. Conclusion

The interaction of iron slag – aqueous solution contam-
inated with lead ions was studied in the batch tests and 
results proved the ability of this by-product material in the 
elimination of the pollution. Results signified that the best 
conditions for this interaction were pH of 4, the contact 
time of 120 min, sorbent dosage of 5 g/100 mL, and agita-
tion speed of 250 rpm to achieve the maximum removal effi-
ciency of 90% and adsorption capacity of 2.309 mg/g. Based 
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Fig. 6. SEM/EDS for iron slag (a) before and (b) after the sorption 
of lead ions from aqueous solution.

Fig. 7. Retardation factor as a function of equilibrium concen-
tration based on Langmuir sorption isotherm for lead migration 
through iron slag bed.
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on the coefficient of determination, the Langmuir isotherm 
model can be described in a well manner the sorption data 
and pseudo-second-order has a good ability in the represen-
tation of kinetic measurements. Characterization of iron slag 
by XRF, XRD, Fourier transform infrared (FTIR), SEM and 
EDS tests signified that the iron oxide surface sites are the 
predominant in the removal of lead ions due to dissolve of 
calcium oxide and this will enhance both the hydrolysis and 
ion exchange. The outputs of the present study revealed that 
the iron slag can be used in the future as a reactive material 
in the PRB technology especially the theoretical estimation 
for retardation factor in the continuous transport reached 
a high value (=500,000) for equilibrium concentration of 
5 mg/L.
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