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Abstract

This study highlights the potential of steel slag, which is an
industrial by-product of steel making industry as treatment
media for metal-rich acid mine drainage (AMD). A series of
batch adsorption studies has been done to demonstrate
the effects of contact time, solution pH, initial
concentration of metal, adsorbent dosage and size, and the
effect of competing ions on the performance of steel slag.
Results indicated that metal removal efficiencies were
found to be >90% when pH of AMD has reached near-
neutral state (6.8-7.5) that were mostly occurring within
the first 14 hours of contact time. Optimum equilibrium
time was found at 24 hours, i.e. 99-100% of metals were
removed. An increased adsorption capacity with decreased
removal efficiency was observed as initial metal
concentration increased. In contrast, increasing adsorbent
dosage leads to increased removal efficiency. Fe was not
affected despite the presence of other metal ions (100%
removal) compared to Mn (59.3% removal) in mixed AMD
solution. Adsorption behavior of Fe, Cu, Zn and Mn fits
appropriately with Langmuir isotherm model with
adsorption capacity of 1.06, 1.03, 0.97 and 0.73 mg g*,
respectively. The adsorption kinetics followed the pseudo-

second-order kinetics and is supported by intra-particle
diffusion process. Therefore, steel slag can be potentially
used as an effective media for passive AMD remediation.

Keywords: Adsorption, acid mine drainage, heavy metal,
isotherm model, industrial by-product, steel slag.

1. Introduction

Acid mine drainage (AMD) is a discharge of mining
wastewater having characterized by its low pH and typically
contains high concentration of sulfate and heavy metals.
The extent of this contamination is highly variable,
depending on the factors such as the nature of the ore
body, geological strata, climate, and mining engineering
constraints (Lee et al., 2005; Carranza et al., 2016; Madzin
et al., 2017). The metals were originated from dissolved
sulfides and are held in solution due to their solubility in
acidic waters. These heavy metals, which are not
biodegradable, tend to cause various undesirable
ecological impacts so as on human health (Diami et al.,
2016; Kusin et al., 2017). In Malaysia, an example of AMD
pollution has been reported due to a copper ex-mine in
Mamut, Sabah (Jopony and Tongkul, 2009). The mine water
was highly acidic (pH 3.0) with elevated concentration of
some heavy metals in the mine effluent. Treatment of AMD
may take various forms of physical, chemical and/or
biological processes. Understanding the mechanism of
pollutant removal from AMD is essential to ensure that
appropriate process may be incorporated in a treatment
system. One of the potential applications for on-site
remediation of metal-rich AMD is the use of steel slag leach
beds, SSLB (Goetz and Riefler, 2014). This new innovative
treatment technology has been a popular choice of AMD
treatment in the US, for its promising performance for
alkalinity generation thus neutralizing pH and precipitate
metals.

Steel slag, which is a by-product of steel manufacturing
industry, contains high concentrations of readily
dissolvable alkalinity on its surface (e.g. Ca(OH),, Ca-(Fe)-
silicates) (Ziemkiewicz, 1998; Huijgen et al., 2005). It is
primarily made of iron (Fe) and calcium (Ca) minerals (i.e.
Fe derives from the raw minerals used to produce steel,
while Ca derives from the use of fluxing agents such as lime
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during the steelmaking process (Motz and Geiseler, 2001).
More  specifically, steel slag contains Fe203
(42-84%), CaO (25-55%), SiO2 (9-18%), Al.03 (0-3%), and
MnO (1-6%) (Haynes, 2015). It is an example of a solid
waste material that can be used as a potential sorbent. The
reported annual global steel slag production in Malaysia is
fifty million tons and dumping it off is gradually becoming
amajor environmental issue (Yusuf et al., 2014). Therefore,
natural materials that are available in large quantities or
certain waste products from industrial or agricultural
processes may have potential as inexpensive sorbents. In
this study, steel slag was used as an adsorbent for metal-
rich AMD treatment potentially be applied as the media of
treatment in SSLB for such cases.

Steel slags have shown promising performance in removing
various heavy metals such as Zn, Cu, Pb Cd, Ni, and Cr, and
phosphorus from aqueous solutions (Feng et al., 2004; Jha
et al., 2004; Kim et al., 2008; Liu et al., 2009; Beh et al.,
2010; Song et al., 2014; Barca et al., 2012). Generally, the
main constituents of the slag are iron oxides and calcium
hydroxides. The function of iron oxides in the slag is to
provide the adsorption sites for anions to be adsorbed
(Fendorf et al., 1997). Meanwhile, the calcium hydroxides
contained in slag can increase the pH value of the
surrounding system and lead to heavy metal cations
precipitation (Zhang et al., 2008). Feng et al. (2004) used
steel slag and iron slag to remove Cu(ll) and Pb(ll) from
synthetic wastewater. The adsorption of metals for the two
slags fits well with the Langmuir isotherm. A study by
Srivastava et al. (1997) uses steel slag to remove Pb and Cr
in a batch and column experiment. The study revealed that
reduction rate of Pb and Cr is fast and showed a potential
to be used for real application. Steel slag had also been
used to reduce carcinogenic Cr(VI) to less soluble and less
toxic Cr(lll) in contaminated groundwater or in synthetic
solutions (Piatak et al., 2015). Additionally, it has been
found that nitrate removal from the aqueous solution was
primarily related to Al, Fe, Si and Mn leached from the steel
slag (Liyun et al., 2017).

The objective of this study is to determine the performance
of steel slag in removing heavy metals from metal-rich
AMD and to investigate the factors that affect the
adsorption capacity of the steel slag. The adsorption
isotherm and kinetics aspect were also investigated to
provide a greater understanding of its performance for real
on-site application.

2. Materials and methods

2.1. Preparation and characterization of adsorbent

Steel slag in this study was obtained from Mega Steel Sdn
Bhd, one of the leading companies for steel production in
Malaysia. The steel slag was washed with distilled water to
remove any impurities and dried at 105 °C for the period of
24 hours in an oven. The steel slag was then crushed and
sieved into the sizes of 05 mm, 1 mm,
1.5 mm and 2 mm. The physical surface characteristics of
steel slag (specific surface area and pore size) were
determined using BET (Brunauer-Emmette-Teller) and BJH
(Barrett-Joyner-Halenda) pore size distribution analysis.

Scanning electron microscopy (SEM) along with Energy-
Dispersive X-Ray (EDX) analyzer was used to obtain the
morphological structure and also the elemental
composition of the steel slag.

2.2. Preparation of synthetic AMD

Synthetic AMD was used in this study and was made up
according to the composition of AMD at Mamut ex-copper
mine, by taking the worst case scenario. This is because it
was not possible to obtain the actual mine water from the
site for the purpose of laboratory experiment. Selected
metal compositions were chosen from those exceeding the
recommended regulatory acceptable values and with
acidic pH range. Stock solution of selected heavy metals
(Mn, Cu, Fe and Zn) with concentration of 1000 mg L each
was prepared by dissolving an appropriate amount of
MnS04.H,0 (manganese (1) sulfate-1-hydrate),
CuS0,4.5H,0 (copper 2 sulfate-5hydrate), FeSO,4.7H,0 (Iron
(1) sulfate-7-hydrate) and ZnS04.7H,0O (Zinc Sulfate-7-
hydrate) with deionized water (Milipore Corp, USA).
The stock solution was further diluted with deionized water
to obtain desired concentration of heavy metals used in
this study. 0.1 M H,SO,4 was used to adjust the pH to the
desired level (pH 2—4). All the chemicals and reagents used
in this study were of analytical grade (Sigma-Aldrich,
Bendosen).

2.3. Batch experiments

A series of batch experiments were conducted to assess the
performance of heavy metals adsorption onto steel slag.
The batch experiment was conducted for each of heavy
metal in single component. An orbital shaker with agitation
speed of 200 rpm was used throughout the experiment to
ensure homogenous mixing. The experiments were carried
out at maintained temperature between 24-25 °C. During
the experiment, all the solutions were tightly cap-covered
to prevent any circumstances that might occur such as
contamination and spillage. All solution samples were
filtered using 0.45 um nylon membrane filter and kept at
4 °C before analysis. The heavy metals concentration was
analyzed using atomic absorption spectrophotometer
(AAS).

The samples from batch experiments were taken in
duplicate to ensure the findings were precise and
consistent. The batch tests were carried out for
optimization of contact time and the adsorbent dosage
while considering the effects of initial solution pH, initial
metal concentration and adsorbent size. pH of aqueous
solution is important for retention of ions onto adsorption
surfaces while adsorbent size would have effect on surface
area availability and porosity of media for particle
adsorption.

2.3.1. Optimization of contact time

The optimum contact time was determined by mixing 2 g
of adsorbent with the size of 0.5 mm into 30 mL of heavy
metal solution at pH 3.0 within 24 h. Following this, the
effect of initial solution pH and metal concentration was
also observed in relation to contact time. Using 0.1 M of
H,S04, the pH of heavy metal solutions was adjusted from
2.0 to 4.0 considering the pH range of AMD that were
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acidic. The effect of initial metal concentration was
determined by varying the concentration at 17, 27, 37, 47,
67 and 100 mg L of heavy metal solution.

2.3.2. Optimization of adsorbent dosage

The optimum adsorbent dosage was determined by mixing
0.1, 0.2, 0.5, 1.0, 2.0 and 4.0 g of adsorbent into
30 mL of heavy metal solution at pH 3.0. This was followed
by determination of the effect of adsorbent size on
adsorption capacity. Various sizes of adsorbent of
0.5mm, 1 mm, 1.5 mm and 2.0 mm were added into 30 mL
heavy metal solution. In order to investigate the effect of
competing ions on adsorption capacity, experiment was
conducted using mixed solution containing the mixture of
Mn, Fe, Cu and Zn.

2.4. Removal efficiency and adsorption capacity

Removal efficiency of adsorbent is calculated at time (qt)
and also at equilibrium (ge). The removal efficiency is
calculated as follows:

Removal percentage (%):

C—C 100 (1)
C

o

€.~ C 100 (2)
CO
The amount of adsorbate adsorbed per unit mass of
adsorbent, is calculated as:

o Ttwy (3)
m
ComCesy (4)
m
where Co and C. are the initial and final metal

concentrations at equilibrium time (mg L1). C: represents
metal concentration of contact time (mg L?). V represents
the volume of working solution (L) and m (g) is the mass of
the adsorbent used.

2.5. Adsorption isotherms

Langmuir and Freundlich isotherm models were used in
this study to analyze equilibrium data obtained from the
removal of metal. The assumptions made in derivation of
the Langmuir model are the adsorbed layer is made up of
single layer of molecules with adsorption can only occur at
a finite (fixed) number of definite localized sites, that are
identical and equivalent, with no lateral interaction
(Vijayaraghavan et al., 2006). The Langmuir equation is
given as follows:

_t . .C (5)

g. ba, a,
b and gm are Langmuir constants, which relate to the rate
of adsorption (L mg?) and adsorption capacity (mg g?).
Langmuir constant (b and gm) can be determined from the
slope and intercept from linear graph of Ce/ge versus Ce.
The effect of Langmuir isotherm whether favorable or not
can be determined by the following equation:
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1

= 6
1+bC, (6)

L

where b is Langmuir constant and Co represents initial
concentration of metal. The RL value indicates whether the
isotherm is suitable for the adsorbent. When RL = 1, it
indicates a linear relationship. The R. > 1 value shows that
the type of isotherm is not favorable, when 0 < R. < 1, the
isotherm is likely to be favorable and when R, = 0 it shows
anirreversible relationship. The Freundlich isotherm can be
applied for non-ideal adsorption on heterogeneous surface
and multilayer adsorption (Foo & Hameed, 2010). The
Freundlich equation is given as follows:

logq, =logk, +1IogCe (7)
n

k and n are Freundlich constant which can be obtained
from the slope and intercept from linear graph of logge
versus logCe.

2.6. Kinetics test

Lagergren’s pseudo-first-order, pseudo-second-order and
intra particle diffusion model were selected in this in this
study to describe the kinetics of adsorption of heavy metals
onto steel slag.

2.6.1. Pseudo first-order-kinetics

The Lagergren’s pseudo-first-order
expressed as (Ho, 2004):

equation can be

k_ (8)
2.303

log(g, — g,)=logqg, —

where ge and g: are adsorbate concentration at equilibrium
and also at time (minute) while ki (min~?) is the rate
constant of this model. k1 and ge can be determined from
the slope and also the intercept from the graph of log(ge—
gt) versus t (minutes).

2.6.2. Pseudo second-order-kinetics

The pseudo-second-order equation can be expressed as
(Ho and Mckay, 2000):

dq
=k (q.-q,)? 9
™ ,(q.—q,) (9)

This equation was integrated and can be rearranged to
obtain a linear form:

a, ka*. a,

t_ 1t (10)
where k2 (g mg™ min) is the rate constant of this model ge
and k2 (g mg* min) can be determined from the slope and
intercept of t/q; versus t (minutes). Webber and Morris
(1962) had proposed in intra particle diffusion model in
1962. The intra particle diffusion model can be written as:

12
q, —kit +C (11)

where k; is the intra particle diffusion rate constant
(mg g! min'/2). The intercept C, is proportional to the
extent of the boundary layer thickness that is, the larger
the intercept, the greater the boundary layer effect. The ki
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can be determined from the slope of g: (mg g*) versus t'/2
(min °5) graph.

3. Results and discussion

3.1. Characteristics of steel slag

The surface and pore size characteristics, and the surface
image of the steel slag have been presented in Zahar et al.
(2015), i.e. the surface area being 30.268 m? g, pore
volume of 0.028 mL g and pore radius of 15.364 m? g1,
Surface area of the steel slag is affected by size, shape, and
porosity of particles, whereby smaller particle sizes tend to
have larger surface area. The larger the surface area, the
larger is the surface for adsorption to occur (Haynes, 2015).
In addition, steel slag is also known to have high pH in the
range of 11-12 (Xiong et al., 2008; Zhou and Haynes, 2011).

EDX analysis has determined the major elements that are
present before and after the adsorption of metals (Mn, Fe,
Cu and Zn) onto steel slag (Table 1). The EDX analysis
revealed that the presence of Fe compound in the steel slag
has helped as the surface catalyst for adsorption of metals
especially for Fe. Notably the composition of steel slag is
mainly composed of oxygen (33.32%) and calcium
(22.09%), whilst appearance of Si (12.53%) and Fe (17.21%)
were also significantly observed. The presence of initially
high amount of aluminosilicate compound (aluminium,
silicon, oxygen) in the presence of calcium oxide could
facilitate in the provision of sufficient negatively charged
sites for cation exchange reactions to take place with heavy
metal present in aqueous solution (Aziz et al., 2014;
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Muhammad et al., 2017). Therefore, the presence of
aluminosilicate is responsible for the removal of metal ions
from the aqueous solution (Das et al., 2007). As a result,
the heavy metals that were initially non-exist (except for
Fe) were found adsorbed onto the steel slag surfaces as
shown in Table 1. Comparing between metals, Fe were
found greatly adsorbed (40.98%) after the treatment
compared to other metals. Apparently, this high adsorption
of Fe might be attributable to the presence of Fe compound
already exist in the steel slag that has helped as the surface
catalyst (e.g. Fe oxides/hydroxides) for adsorption of this
metal. In fact, materials that are rich in Fe amorphous
and/or oxy-hydroxides can reduce the trace element
bioavailability through sorption reactions, which consist of
adsorption of metals on external surface, metal binding,
fixation inside mineral particles and promotion of surface
precipitation reactions (Violante et al., 2008; Castaldi et al.,

2008). Furthermore, the processes of retention of
metal/metalloid ions on particle surfaces are a
combination of surface adsorption and surface
precipitation (Apak, 2002; Bradl, 2004). The most

important adsorbing surfaces are usually those on
amorphous and crystalline Fe, Al, and Mn oxides and
aluminosilicates (Haynes, 2015). Likewise, the effect of this
surface catalyst has also helped in significant adsorption of
Mn. Specific Mn adsorption onto the surfaces of the Fe
oxides plus surface precipitation promoted by the high pH
and residual alkalinity explains their metal adsorption
capabilities (Zhou and Haynes, 2011).

Table 1 Elemental composition of steel slag before and after adsorption of metals

Final weight (%)

Elemental composition Initial weight (%)

Mn* Cu* Fe* Zn*

N 8.09 5.23 7.89 5.2 5.96
(0} 33.32 26.97 31.36 25.11 10.31
Mg 3.10 1.77 1.48 2.67 1.23
Al 3.66 1.22 3.11 2.81 1.65
Si 12.53 5.61 11.73 7.42 11.92
Ca 22.09 11.63 11.08 15.81 32.70
Fe 17.21 36.91 27.37 40.98 31.61
Mn - 10.67 - - -

Cu - - 5.98 - -

Zn - - - - 4.62

Total 100 100 100 100 100

*Treatment of respective metal adsorbed onto steel slag
3.2. Optimization of contact time

The effect of contact time was assessed to determine the
optimum time for heavy metal adsorption onto steel slag.
The time was set at 30 hours and reading was taken every
1 hour. Figure 2 shows the effect of contact time and
adsorption capacity of steel slag. General pattern shows
that for the first 10 hours, the removal percentage
indicates rapid increase (>60%) and then slowly increases
until it reached 24 hours. Higher removal percentage at the
beginning of experiment is caused by the large surface area
of steel slag that is available for the sorption of the metals
(Yusuf et al., 2013). Therefore, there are abundant free
binding sites available that lead to the higher removal at
early experiment (Aziz et al, 2014). The removal

percentage within 30 hours contact time can be seen in
Figure 1.

Generally, it was found that metal removal efficiencies
were at >90% whenever pH of the solution has reached
near-neutral state. The changes of solution pH from acidic
to alkaline conditions were mostly found within the first 14
hours of treatment, whereby at this stage metals were
rapidly removed (Figure 2). Apparently, the removal of
metals observed is attributed to not only the effect of
contact time but also the changes in solution pH
throughout the treatment. Comparing between metals, it
is noticeable that removal of Mn was still low (i.e. about
60%) at near-neutral pH, whilst other metals have
exhibited about 80—-90% removals. Between 14-24 hours,
removal of Mn was still rapidly occurring, whilst metals
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such as Cu and Zn have steadily achieved 99-100%
removal. Notably, after 24 hours, the removals of all metals
were almost constant and have reached 99-100% removal.
Therefore, the equilibrium time was noted at
24 hours which is considered as optimum time enough to
remove all these heavy metals from solution. The contact
time was then set at 24 hours in all the following

experiments.
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Figure 1. Effect of contact time on adsorption of heavy metals
onto steel slag (Initial concentration: 27 mg L}, dosage: 2 g, size:
0.5 mm, initial pH: 3)

3.3. Effect of initial solution pH

The pH of the metal ion solution is an important parameter
for adsorption of heavy metal. In fact, the pH of the system
is a key factor affecting retention of ions onto adsorption
surfaces (Haynes, 2015). The adsorption of heavy metal
greatly depends on the pH of aqueous solution (Omri and
Benzina, 2012). This is because of hydrogen ion that
competes with positively charged metal ion of the
adsorbent (Lohani et al., 2008). To examine the effect of pH
on metal removal efficiency, the pH was varied from 2.0 to
4.0 as to reflect the acidic nature of the referred mine
water. The percentage removal of heavy metal increases
with the increase of pH. The lower removal at lower pH was
also coupled with low adsorption rate, which is apparently
due to higher concentration of hydrogen ion present in the
reaction solutions, which can compete with metal ion for
the adsorption sites. With an increase in pH, the competing
effect of hydrogen ions decreased and the positively
charged metal ion hook up with the free binding sites.
Hence, the metal ion uptake is generally increased on the
surfaces of the adsorbent with the increase in pH (Duan
and Su, 2014; Muhammad et al., 2015). Therefore, when
the pH is reduced to an acidic condition, the hydrogen ions
also increase thus increasing the competition between
metal ions to be adsorbed on binding sites of adsorbent
(Kour et al., 2012).
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Figure 2. Metal removal percentage as a function of time and
changes in pH

3.4. Effect of initial metal concentration

The effect of different initial metal concentrations on
removal efficiencies and adsorption capacity of steel slag
was also evaluated. Figure 3 shows the removal
percentages and adsorption capacity of heavy metals onto
steel slag. The heavy metal removals decrease when the
initial concentration of heavy metal increases, while the
adsorption capacity of heavy metal onto steel slag
increases with the increase of initial heavy metal
concentration. From the results, the highest initial
concentration of 100 mg L' had the lowest removal
percentage. Conversely, the adsorption capacity increases
with the increase of initial concentration due to the driving
force that is initiated by initial concentration to reduce the
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mass transfer resistance, resulting in higher adsorption
capacity (Almasi et al., 2012).
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Figure 3. Effect of initial concentration (Contact time: 24 hours,
size: 0.5 mm, dosage: 2g, Initial pH: 3)

3.5. Optimization of adsorbent dosage

Adsorbent dosage does have a great influence on the rate
of adsorption. Figure 4 shows the percentage removal of
heavy metals using different adsorbent dosages ranging
from 0.1 g until 4.0 g. There is a rapid removal when using
adsorbent ranging from 0.1 until 2.0 g, i.e. removal
percentage rapidly increased between 14.02% and 99.9%.
Beyond 2.0 g of adsorbent, the percentage removal of
heavy metal starts to become constant except for Fe.
The initial rapid removal might be due to the increase in
adsorbent surface and therefore results in more active site
for metal adsorption (Kumar and Kirthika, 2009). However,
at higher dosage, e.g. higher than 2.0 g of adsorbent, the
removal percentage starts to become constant or no
significant increase was observed due to saturation level
has been attained during the adsorption process (Ragheb,
2013). In contrast, adsorption capacity was found
decreased with the increase of adsorbent dosage. Several
factors may contribute to this adsorbent dosage effect. The
most important factor is that adsorption sites remain
unsaturated during the adsorption of the adsorption
reaction. This decrease in adsorption capacity with the
increase in adsorbent dosage is mainly because of non-
saturation of the adsorption sites during the adsorption
process (Han et al., 2006).

3.6. Effect of adsorbent size

Generally, small sizes have larger surface area. Removal
percentages of greater than 90% for each metal element
were observed in this experiment. For Mn and Zn, removals
were at 99% at adsorbent size of 0.5-1.0 mm, however
removals decreased to about 1-6% when adsorbent size
increases between 1.5-2.0 mm. For Fe, removal was the
highest at adsorbent size of 1.0 mm while for Cu the highest
removal was observed at adsorbent size of 0.5 mm. Larger
particle size has a longer diffusion path, while smaller
particle has a shorter diffusion path, allowing adsorbate to
penetrate quickly and deeply into the adsorbent particles,

resulting in higher rate of adsorption (Yusuf et al.,, 2013).
Smaller particles sizes reduce internal diffusional and mass
transfer limitation to penetration of the adsorbate inside
the adsorbent. As noted earlier, surface area is affected by
size, shape, and porosity of the particles. Particle size and
porosity are important because treatment media need to
be sufficiently permeable to allow water, solutes, and
suspended material to flow through without clogging the
treatment reactor. Therefore, it is wise to have a balance
between finer particles to increase surface area (and thus
increase adsorption) and coarser particles to increase
porosity/hydraulic conductivity (Haynes, 2015).
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Figure 4. Effect of dosage (Initial concentration: 27 mg L1,
contact time: 24 hours, size: 0.5 mm, initial pH: 3)

3.7. Effect of competing ion

Because generally AMD contains multiple metal ions, thus
it is important to know the performance of steel slag in
dealing with competing ions for their removal from
solution. The presence of multiple metal elements may
result in competition between the metal ions to be
adsorbed onto steel slag (Molahid et al., 2018; Madzin
et al., 2020). Figure 5 compares the removal percentage of
metals from single and mixed element solution. It is clearly
observed that Mn is highly affected with the presence of
competing ions compared to the others metals, i.e. the
lowest removal (59.3%) in mixed solution compared to
single element. In contrast, Fe was not affected by the
presence of competing ions, the fact that removal of Fe is
even higher (100%) in mixed solution. This could be due to
the presence of precipitates from other elements such as
metal oxides or hydroxides that has served as the surface
catalyst for more adsorption of Fe onto it. Cu was also not
significantly affected by the presence of competing ions
since removal percentages were almost the same in both
single and mixed solution. On the other hand, removal of
Zn was 18% lower in mixed solution compared to single
element, suggesting that Zn is affected by the presence of
other metal ions in the solution. Thus,
adsorption/precipitation  reactions are the main
mechanisms by which adsorbent materials remove heavy
metals from aqueous solution.
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Table 2. Isotherm constant values of Langmuir and Freundlich
isotherm model

Mn
Isotherm model Parameters Values
Langmuir isotherm agm (mg g?) 0.738
b (L mg?) 1.2027
R? 0.998
Freundlich isotherm k 0.1592
1/n 0.4399
R? 0.762

Cu
Langmuir isotherm gm (mg g?) 1.0277
b (L mg?) 5.0653
R2 0.9994
Freundlich isotherm k 0.1515
1/n 0.7824
R? 0.5836

Fe
Langmuir isotherm gm (mg g?) 1.0645
b (L mg) 0.4757
R? 0.9523
Freundlich isotherm k 0.2107
1/n 0.4423
R? 0.7358

Zn
Langmuir isotherm gm (mg g?) 0.9673
b (L mg?) 2.4186
R? 0.973
Freundlich isotherm k 0.6547
1/n 0.1832
R? 0.9395

3.8. Adsorption isotherms

The data obtained were then used to determine the heavy
metal adsorption isotherms. The equilibrium data were
analyzed using Langmuir and Freundlich isotherm models,
the two models that are generally used to describe
adsorption isotherm of an adsorbent. In addition,
adsorption isotherm can be described as a model that
illustrates the distribution of the adsorbate species among
adsorbent and liquid (Lu et al., 2008). Adsorption data for
heavy metal removal have been incorporated into this
isotherm. Table 2 provides the Langmuir and Freundlich
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constants that are obtained from the slope and intercept
of both plots. Langmuir model (R? of between 0.9523-
0.9994) fits the data well compared to the Freundlich
model (R?> between 0.5836-0.9395) for all the metal
elements. Therefore, this may be attributed to
homogenous distribution of active sites on steel slag
surfaces, based on the underlying assumption made in
Langmuir equation (Foo and Hameed, 2010). Notably, this
shows that Langmuir model better explains the adsorption
of the heavy metals onto steel slag surfaces compared to
Freundlich isotherm model. Additionally, the R. values
were also calculated which indicate whether the isotherm
is suitable for the adsorbent according to the Langmuir
model. It was noted that the values of R. fell within the
range 0 <RL< 1, suggesting that the adsorption of the heavy
metals onto steel slag is favorable. Furthermore, the R.
values were also found approaching zero as with the
increase in metal initial concentration, indicating the
influence of initial concentration on the favorable
adsorption mechanism.

3.9. Adsorption kinetics

The rate constant and other parameters for each kinetics
model for metal adsorption onto steel slang are presented
in Table 3. The theoretical g, values obtained from the
pseudo-first-order and pseudo-second-order kinetics were
compared with experimental g, values and there is large
difference between pseudo-first-order compared to
pseudo-second-order. The correlation coefficient, R? for
pseudo-second-order shows better agreement compared
to the correlation coefficient for pseudo-first-order which
indicates that the adsorption of heavy metals onto steel
slag fits well with the pseudo-second-order model. The
pseudo-second-order model are based on the assumption
that the rate limiting step may be chemical adsorption
involving valence forces through sharing or the exchange of
electrons between adsorbent and adsorbate (Ho and
Mckay, 2000). One of the advantages of the pseudo-
second-order equation for estimating g, values is its small
sensitivity to the influence of random experimental errors
(Aly et al., 2014).

The intra particle diffusion model is also presented in this
study to assess the adsorption kinetics data in conjunction
with pseudo-second-order model that is insufficient to
predict diffusion mechanism (Akar et al., 2008). Generally,
the kinetic process of adsorption is always controlled by
liquid film diffusion or intra particle diffusion in which one
of the processes should be the rate limiting step (Qiu
et al., 2008). Intra particle diffusion plots may represent
multi-linearity, which consider that two or three steps are
involved in the adsorption process. In this form, the
external surface adsorption or instantaneous adsorption
occurs in the first step; the second step is the gradual
adsorption step, where intra particle diffusion is controlled;
and the third step where the solute moves slowly from
larges pores to micro-pores causing a slow adsorption rate
(Wu et al., 2009). A plot of g, vs t¥2 would yield a straight
line with a slope of k; when the intra particle diffusion is a
rate-limiting step (Qiu et al., 2008). If the graph passes
through origin, the intra particle diffusion process would
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not only be involved in adsorption process, but would be a
rate limiting step (Aly et al., 2014). From the analysis, the
linear form obtained from a plot of g, vs t¥2 did not pass
Table 3. Rate constant and parameter for each kinetic model

through origin thus indicating that the intra particle
diffusion mechanism is not the sole rate determining step.

Pseudo 15t order

Pseudo 2" order Intraparticle diffusion

Experimental model
Element -1 in-1l 1 2 1 1 2 1 2
ge (mg gt) ki(min?) ge(mgg?) R kz (g mg- ge(mg g) R ki(mgg R
min) minl/2)
Mn 0.4013 0.0018 0.4455  0.8809 0.0032 0.5229  0.9655 0.0106 0.9954
Cu 0.4049 0.0067 1.2117  0.9071 0.0083 0.4846  0.9870 0.0094 0.8975
Fe 0.3728 0.0029 0.6031  0.9164 0.0027 0.5431  0.9259 0.0108 0.9766
Zn 0.4016 0.0055 1.3636  0.9154 0.0017 0.6853  0.9311 0.013 0.9521

4. Conclusions

This study has demonstrated the adsorption potential of
steel slag which is an industrial by-product as a media for
treatment of metal mine-impacted water. The results
indicated that Fe was greatly removed among other metals
present in the mine water due to high preferential
adsorption of steel slag for Fe. General patterns showed
rapid removal of metals during the first 10 hours of
treatment and the equilibrium time was noted at 24 hours
to remove all the metals from mine water (99-100%
removal). The removal of metals is not only influenced by
the effect of contact time but also the changes in solution
pH and initial solution concentration. The percentage
removal of heavy metal increases with the increase of pH,
and is coupled with the increase of the adsorption capacity.
Metal removal efficiencies were at >90% whenever pH of
the solution has reached near-neutral state of about 7 at
14 hours contact time. Conversely, the heavy metal
removals decreased when initial concentration of heavy
metal increased.

It was found that higher adsorbent dosage leads to
increased removal efficiency but tends to be constant after
reaching equilibrium amount of 2.0 g. Increasing adsorbent
dosage also leads to the decrease in adsorption capacity.
The effect of adsorbent size varies between metal
elements, whereby removals of Mn and Zn were at 99% at
adsorbent size of 0.5-1.0 mm, but becomes lower at
greater sizes. For Fe, removal was the highest at adsorbent
size of 1.0 mm but for Cu the highest removal was observed
at adsorbent size of 0.5 mm. Comparing between metals,
Fe was not affected by the presence of competing ions, i.e.
removal is 100% in mixed solution. In contrast, Mn is highly
affected with the presence of competing ions as indicated
by the lowest removal (59.3%) in mixed solution. According
to the equilibrium studies, the selectivity sequence of the
adsorption mechanism can be given as Fe?* > Zn?* > Cu?* >
Mn?*, with good fits being obtained using Langmuir
isotherm model compared to Freundlich isotherm model.
The metals adsorption kinetics is reflected by the pseudo-
second-order model and is supported by the intra particle
diffusion process.
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