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ABSTRACT

The adsorption of nickel (II) from aqueous solution onto different particle sizes of water-
cooled blast furnace slag (WCBFS) was investigated. Batch experiments were performed to
study the effect of contact time, initial concentration of nickel ions, initial pH of the solution,
and temperature. The data was fitted to Langmuir and Freundlich isotherm models. The
results showed that the Langmuir model better fitted the data obtained for the large-sized
particles, while that for the finer-sized particles followed the Freundlich model best. Overall,
the process was considered a second-order reaction which involved some degree of
intraparticle diffusion. The calculated energy of activation indicated that it was a
chemisorption process for both fine- and coarse-sized particles. In conclusion, the finest
WCBEFS particle size (0.3 mm) showed a good potential as an adsorbent to remove this

divalent metal ions from solution.
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1. Introduction

Contamination of water by heavy metals is a
worldwide environmental problem due to its toxicity
and tendency for bioaccumulation. One of these met-
als is nickel (II) which finds its way into the water
bodies through industrial effluent discharge especially
from battery production and electroplating industries
[1]. As well, it is used in gas turbines, rocket engines,
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and desalination plants as it resists corrosion at high
temperature. The concentration of nickel in effluents
of electroplating industries may the range from 2 to
900 ppm [2,3]. The health effects of Ni have been well
documented and they may range from simple head-
ache, dizziness to cyanosis, and extreme weakness
[3,4]. This metal is also a known carcinogen and
therefore, it is necessary to develop effective and
inexpensive methods to remove and/or recover
nickel [3].
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Conventional methods used for the removal of
nickel and other heavy metals from industrial
effluents include physico-chemical methods (chemical
precipitation, chemical oxidation or reduction, electro-
chemical treatment, and electrodialysis), evaporative
recovery, filtration, ion exchange, and membrane tech-
nologies [3]. These processes may be ineffective and
expensive, especially when the concentration of the
metal ion is in order of 100s mg/L [4]. As well, they
may produce large amounts of hazardous sludge that
require further treatment before disposal [3]. In addi-
tion, some of these techniques have some operational
constraints. In this respect, methods such as biosorp-
tion/bioaccumulation may provide an attractive alter-
native to these physico-chemical methods for heavy
metal removal from solution. Moreover, the trend to
use activated carbon for the decontamination of some
industrial wastewaters has been growing for decades.
However, the main disadvantage of applying activated
carbon is the high price of treatment and the difficulty
of its regeneration, which increases the overall cost.
Therefore and in order to make such a technique
affordable and environmentally viable, non-conven-
tional and less expensive adsorbents have to
researched, and investigated.

Steel-making slag is a major by-product in the
steel-making process and a waste material that is
widely reused for its useful properties. This slag con-
sists of calcium oxide, magnesium oxide, and other
metal oxides, the combination of which is similar to
those present in Portland cement concrete, and is
amenable for use in road construction. Nonetheless,
Sakadevan and Bavor [5] demonstrated that BFS (blast
furnace slag) has the capacity to remove some pollu-
tants such as phosphates from water in combination
when combined with zeolites. This capacity was
mainly because this slag contains calcium oxide (lime),
which is an additive that has been used to remove
phosphorus and sulphur from soil. In addition, this
slag has a proven capacity for use as an adsorbent for
heavy metal removal from solution. Dimitrova [6] and
Kim et al. [7] explained that this phenomenon of metal
removal from solution using this silica containing slag
was to proceed either through adsorption or precipita-
tion as illustrated below

1.1. Adsorption
> Si-OH - - - H-O-H [Me(OH,),]*" «— > Si-OMe
+ Hg()Jr

1.2. Precipitation @

Me*" + OH « Me(OH)" + OH « Me(OH), )

Generally, adsorption of heavy metals in acidic
solutions may be better described by Eq. (1) as heavy
metals may not precipitate below pH of 4.0. However,
in neutral and alkaline solutions, precipitation of
heavy metals may take place according to Eq. (2). This
may be due to the presence of calcium oxide, magne-
sium oxide, and aluminum silicates which were
reported to be effective adsorbents for heavy metals in
neutral and alkaline solutions. Nonetheless, at low
pH, heavy metals compete with hydrogen ions and,
thus, sorption may decrease below pH 4.0. However,
the contribution of either of the two mechanisms in
the heavy metals removal process from solution was
reported to be not fully understood [7].

Overall and in Egypt, with the production of each
2 million tons of steel, half a million ton of slag is being
produced. While the majority of this slag (about 50—
60%) was being incorporated in the cement industry,
the remainder is still being dumped. Thus, the objec-
tive of the present study is to investigate the option of
using this water-cooled blast furnace slag (WCBFS) for
the removal of Ni(Il) from solution. This effect of the
different particle size of the WCBFS upon the process
of metal removal was being studied. Batch adsorption
experiments were utilized to study the metal removal
efficiency using the selected sorbent material. The
effect of various parameters such as contact time, ini-
tial metal concentration, pH, adsorbent mass, and tem-
perature upon the removal of nickel were investigated,
and the kinetics of the process were elucidated. The
experimental data obtained were fitted to Langmuir
and Freundlich models to analyze the adsorption equi-
librium and the thermodynamic parameters for free
energy, enthalpy, and entropy change were calculated.

2. Materials and methods
2.1. Sorbent materials

BFS is a by-product of the metallurgical industry
that consists mainly of lime and calcium-magnesium
aluminume-silicates [8]. The rapid cooling of molten
slag with excess water provides a glassy material with
an amorphous structure. WCBFS used in this study
was obtained from the Egyptian Iron and Steel Com-
pany, Helwan, Egypt. The chemical composition of
WCBFS is provided in Table 1 and XRD is provided
in Fig. 1, from this figure it is clear that the cooled
blast-furnace slag mainly more than 75% is amor-
phous and contains some small amount of crystal
(Mno,SCaO,ZSiOél).

The total pore volume and specific gravity of the
obtained WCBFS is also provided in Table 1. The
analysis of WCBFS indicated that it had an (75%)
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Table 1

Chemical analysis of WCBFS (w/w%)

Characteristic %owt./wt.
FeO 0.52
5i0, 37.20
CaO 31.02
MgO 6.40
AlLO; 13.60
MnO 6.45
K,O 1.18
TiO, 0.23
P,05 0.14
Na,O 0.76
BaO 2.14
S 1.19
Specific gravity (g/cm?) 1.30
Total pore volume (cm®/g) 0.117

amorphous character and contained appreciable SiO,
and CaO contents, an observation that was affirmed
by El-Diadamony et al. [8]. The pH of the slag in solu-
tion was equivalent to 2, i.e. it was acidic.

2.2. Reagents and chemicals

All reagents and chemicals used were of analytical
grade. Stock solution of 1,000 ppm Ni(II) was prepared
from reagent grade NiSO,.7H,O (imperial chemicals)
by dissolving the required mass in 1L of double-
distilled water. This solution was used to obtain dilute
metal-ion solutions as required. Metal standards and
concentration were quantified using atomic absorption

2SS0 f&ESEIETHYE YY"

un (Counts)

IR ]

= uw

771

spectrophotometer (Varian Spectra AA, Australia) and
colorimetrically during the batch treatment process
using dimethylglyoxime (Merck, USA).

2.3. Batch adsorption experiments

Batch adsorption experiments were carried out in a
thermostated water-bath shaker at a constant shaking
rate. In each experiment, 50 mL of Ni(Il) solution of
known initial concentration (20-100 mg/L) was treated
with a specified known amount (by wt.) of WCBFS
(0.01-5g/50mL), and at known pH for a specified
period of time at room temperature. Similar experi-
ments were carried out to evaluate the effect of pro-
cess parameters such as pH (1-9), biosorbent dosage,
initial concentration of Ni(Il) ion (20-100 mg/L), and
variation in time (1-40 min). Based on the experimen-
tal results, all experiments were conducted for a per-
iod of 30 min. After the equilibrium was reached, the
adsorbent was separated from the metal solution by
using Whatman filter paper no. 42. The nickel ion
content in the filtrate was analyzed spectrophotometri-
cally at 445nm (Jenway 6,350 UV-visible spectropho-
tometer) using dimethylglyoxime method [9]. The %
of metal ion removal was calculated using equation:

% removal = [(Co — Cy)/Co] x 100 €))

where Cy and Cy are the initial and final concentrations
of metal ions in solution (mg/L or ppm), respectively.
The amount of metal ions accumulated per unit mass
of adsorbent was evaluated using the following
equation [10].

Mn o3 Ca .2 SiOy4

2-Theta - Scale

Fig. 1. XRD spectra of WCBFS.
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gt = (Co — C)V/m 4)

where m is the weight of sorbent used (g) and V is the
volume of metal solution (L). At equilibrium contact
time t,, C; becomes C, and the amount of metal
ion sorbed (g;) is equivalent to amount at equilibrium

(9.) [10].

2.4. Adsorption kinetics

To a series of 50 mL capacity tubes containing the
desired amount of metal ion solution with known con-
centrations (20 ppm), a predetermined amount of
adsorbent (5g/50mL) was added and at known pH
(pH 6), the mixture was agitated in a thermostated
water-bath shaker at different temperatures (30-100°C)
for a specified period of time (30 min). The solutions
were then filtered and the metal ion concentration was
determined using dimethylglyoxime method (APHA,
9). The thermodynamic parameters (AH®°, AG®, and
AS°) were calculated from the obtained results,
accordingly.

3. Results and discussion
3.1. Effect of adsorbent weight

The effect of varying the dose of WCBFS upon the
% of Ni(Il) removal from solution is shown in Fig. 2.
Overall, the results revealed that % of metal ion
removal increased with the increase in adsorbent
weight. However, as the particle size increased, this
uptake decreased significantly and maximum uptake
was achieved using the finer particle size (0.3 mm),
relative to the other WCBFS fractions. The increase in
uptake % with increase in the weight of WCBFS may
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Fig. 2. The effect of particle size (0.3-0.5)-3.0mm and
weight (g) of WCBFS on the % Ni(Il) uptake from aqueous
solution (Ni=100ppm, time=30min, pH 2, temp.=
24.5°C).
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be due to increasing number of sorbent particles in
the solution that allows more Ni ions to interact with
more binding sites [11]. The increase in the uptake by
the smaller size particles may also be attributed to the
greater accessibility of sorbent pores and the greater
surface area for bulk adsorption per unit mass of the
adsorbent [4]. In addition, increasing the adsorbent
dose increases the surface area available for more
metal ion adsorption onto the finer fractions of
WCBFS. On the other hand, the increase in silica con-
tent of WCBFS may provide a good granular structure
and a high mechanical strength for better removal of
heavy metal from wastewater, with or without treat-
ment [10]. Consequently and from these experiments,
the optimum dose of adsorbent was 5g/50 mL, which
was used for further experiments.

3.2. Effect of equilibrium time and initial metal ion
concentration

To investigate the optimum equilibrium time,
batch experiments were carried out by agitating 50 mL
of different concentrations of nickel(II) solutions rang-
ing from 20 to 100 mg/L at pH 2 using 5 g adsorbent/
50mL. Fig. 3 illustrates that the equilibrium time for
all sizes was reached at 30 min. It was also clear that
increasing the agitation time beyond the equilibrium
time decreased the adsorption of Ni onto WCBFS.
Similar observations were made by Nehrenheim and
Gustafsson  [12] in  their study of multi-
element uptake using amorphous water-cooled BFS
without particle separation. They indicated that in
most cases the sorption of Ni was relatively weak. In
addition, they pointed out that Ni forms relatively sol-
uble sulfides which affects the Ni uptake onto BFS,
this was affirmed by the strong sulfur smell that was

100
90 == size,0.3 === size,0.5 size,1
80
) gize,2. e gize,3
o 70
i~
S 60
5 50
Z 40
R 30
20 s
10 P E——
0 10 20 30 40 50

time (min)

Fig. 3. The effect of contact time (min) using 0.5g/50 mL
WCBFS (particle size= (0.3-0.5) to 3.0mm) upon % Ni
uptake from aqueous solution (pH 2, Ni=100 ppm, temp.
=24.5°C).
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associated with the current experimental trials. Similar
observations were noted by Argun et al. [13] in their
study of the removal of Cu, Ni, and Cr from solution
using modified oak dust. The explanation provided
was that when the mixture was shaken, the solid par-
ticles moved around rapidly in the solution, and this
increased the concentration of heavy metals near the
surface of the solid particles, possibly to a level near
that of the bulk concentration. This would in turn
increase the external mass transfer speed of the metals
and thus, equilibrium would be reached more rapidly,
and the adsorbent surface became saturated. The
decrease in uptake after optimal contact time was
probably a resultant of two consecutive processes:
adsorption followed by desorption, which occurred
after the adsorbent surfaces was saturated with the
heavy metal.

Fig. 4 shows the effect of varying the initial Ni
concentration (ppm) upon the % uptake in solution at
equilibrium time 30min, constant pH, and constant
adsorbent weight. It was observed that as the initial
ion concentration increased, the % Ni uptake
decreased from 80 to 20% for the finer particle size
(0.3 mm), while it went from 50 to 20% for the larger
particle size (=3 mm). Similar ranges of metal ions
uptake % obtained by Gupta [14] were (75-90%) and
(28-55%) at high and low Ni concentrations, respec-
tively. These results are in agreement with the find-
ings of Nehrenheim and Gustafsson [12] which
indicated that maximum uptake % of Ni ion in solu-
tion using amorphous BFS was obtained using 20 ppm
Ni initial concentration. Comparatively, in a study by
Uzun and Gfizel [15], commercial activated carbon
achieved (54.6%) removal of Ni from solution which is
similar to that obtained using the coarse fraction of
WCBFS in this study, while the finer fraction achieved

el size,0.5 size,1

i Size,3.

e Size,0.3
e Siz€,2.

% Ni uptake

0 20 40 60 80 100
Ni conc. (ppm)

Fig. 4. The effect of varying Ni initial concentration (ppm)
upon % Ni uptake in solution using by different particle
sizes of WCBFS (0.3-3.0 mm) (weight of adsorbent: 5g/50
mL, pH 2, time = 30 min, temp. =24.5°C).

a higher % Ni removal. Overall, the optimum metal-
ion concentration used during the further experiments
was 20 ppm.

3.3. Effect of the temperature on the Ni uptake by WCBFS

The relationship between the % Ni uptake by
WCBFS particles at different temperatures (20-100°C)
was investigated and the results are illustrated in
Fig. 5. It is clear from the results that, as the tempera-
ture increased the Ni ion removal from solution
increased. These observations are similar to those
obtained by Dimitrova [6]. Gupta [14] explained this
phenomenon as a result of the change in pore size of
the adsorbent which leads to the increase in the num-
ber of adsorption sites due to the breaking of some
internal bonds near the edge of the particles at higher
temperatures. As well, it was reported that the increase
in temperature favored the adsorbate transport within
the pores of the adsorbent [10]. Moreover, with the
increase in temperature, the interaction forces between
the solute and solvent was becoming weaker than
those between solute and adsorbent [16]. Thus, the
increase in temperature may increase the number of
reacting moles having excess energy which leads to an
increase in the metal ion adsorption rate. In addition,
the enhancement of the metal uptake at higher temper-
ature may be attributed to the enlargement in pore
size, and/ or activation of the adsorbent surface. Fur-
thermore, it can be concluded that the metal sorption
onto WCBFS particles was an endothermic process.

3.4. Effect of initial pH

The electrolyte pH was reported to be an impor-
tant parameter in the control of ion sorption process
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Fig. 5. The effect of varying the solution temperature on %
Ni uptake using different particle sizes of WCBFS (0.3-3.0
mm) (pH 2, Ni=20ppm, adsorbent wt. WCBFS=5g/50
mL, time =30 min).
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[16]. Fig. 6 shows the effect of varying the initial pH
on the % Ni uptake in 20 and 100 ppm solutions. It is
clear from the figure that as initial pH of solution
increased the sorption capacity of slag increased. Also,
it was observed that as the solution pH increased from
1 to 6, the % Ni uptake increased from 42-60 to 90%
with the maximum % removal attained at pH 10. Sim-
ilar observations were reported by Argun et al. [13]
which were explained by the fact that the divalent
metal was bound to the active positively charged sur-
face of the adsorbent. More specifically, Lakshmi and
Vasudevan [16] explained that as the surface charge of
the adsorbent was becoming more negative with the
pH increase from 1 to 6, an enhancement in the sor-
bent removal was obtained. As well, El-Dars et al. [10]
reported that this pH was in the range within which
the formation of Ni(OH)" was favored over Ni(OH),.
Generally, Kim et al. [7] proposed that below pH 4.0
the adsorption of heavy metals in acidic solutions may
proceed as follows:

> Si—OH - -- H-O—H [Me(OH,),]*" «+— > Si—OMe
+H;0"

3.5. Sorption isotherms

In order to understand the sorption behavior of Ni
onto WCBFS ((0.3-0.5) and 23 mm) for Ni(Il), the equi-
librium data were evaluated according to different
sorption isotherms, namely: Langmuir and Freundlich
isotherm models. The widely used Langmuir isotherm
has been applied to many sorption processes and is
expressed by:

Ce/qg =1/bQ + Ce/Qy ®)

100 =

90 ¥ =

80 -
70 /_/
60

o
4
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= 40 = 100 ppm 20 ppm
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T 30
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0

Fig. 6. The effect of varying the pH of solution upon the %
Ni uptake (adsorbent wt. =5 g/50 mL, time =30 min, temp.
=24.5°C and Ni(I) =20 and 100 ppm).

where C, is the equilibrium concentration of Ni(Il) in
solution (mg/L), g, is the amount of solute sorbed per
unit mass of WCBFS at equilibrium (mg/g), and Q.
(mg/g), and b (L/mg) are the Langmuir constants
related to monolayer sorption capacity, and free
energy of sorption, respectively. A plot of C./q. vs. C,
is shown in Fig. 7 and the values obtained for the
slopes and intercepts of these plots are presented in
Table 2.

Essentially, the Langmuir treatment is based upon
the assumption that maximum adsorption corresponds
to a saturated mono-layer of adsorbate molecules on
the adsorbent surface where the energy of adsorption
is constant, and no transmigration of adsorbate into
the plane of the surface may occur. The Langmuir
constant b reflects quantitatively the affinity between
the adsorbent and adsorbate, and the lower the value
obtained the more affinity of metal to adsorbent mate-
rial. In addition, the adsorption capacity may indicate
the correlation between the variation of surface area
and porosity of the adsorbent, i.e. the higher the sur-
face area and pore volume provide for a higher capac-
ity of metal ion adsorption [10]. The dimensionless
constant separation factor of the Langmuir isotherm
can be expressed in terms of an equilibrium parameter
R;, which is defined as:

Ry =1/(1+bCy) 6)

There are four probabilities for the value of R;: for
favorable adsorption 0<Rp<1; for unfavorable
adsorption Ry, > 1; for linear adsorption R; =1, and for
irreversible adsorption R; =0. In this study, the values
for R, obtained for the studied system indicate the
favorability of Ni(Il) adsorption onto both fine and
coarse fractions of WCBFS (Table 2). Moreover, the

4
3.5 y=-0.0794x +4.2734 ¢ (0.3 -0.5 )mm
' * R? = 0.8241
3
25 AN y =-0.0418x + 1.7802 >=3 mm
I Mo R = 0.9762
5 2 <
~ N
g_ 1.5 N <
-~ 1 ~ .
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0.5 ~
. P
0 x X o ‘
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Ce (mglL)

Fig. 7. Langmuir isotherm for Ni(II) sorption onto WCBFS
particle size WCBFS ((0.3-0.5) mm and 3.0 mm).
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Table 2

Freundlich and Langmuir isotherm constants and values of R* for WCBFS particle size ((0.3-0.5) and >3 mm)

Freundlich isotherm

Langmuir isotherm

Particle size 1/n (mg/L) n (L/mg) K¢ (Kmg/g) R? Qo (mg/g) b (L/mg) Ry R?
(0.3-0.5) mm 3.872 0.258 17.450 x 10° 0.995 12.66 0.0185 0.7301 0.824
>3 mm 3.972 0.252 6.950 x 10° 0.909 24.39 0.0230 0.6846 0.976
obtained R’ value for the coarse particle size was 3 »
0.975 (i.e. near unity) which indicates a better fit of the 25 ,’2
. . . . ) . * (03-0.5)mm y=39721x-3.8423 ,
analytical for this particle size with the Langmuir 5 2 Ri<09092 .7 /O/
. . . : . >=3 mm : 4
model and that may be indicative of a chemisorption  Z 15 vas
process. L2 |, 4 y = 3.8729x -4.2421
The linear equation for Freundlich isotherm 05 v Ri=099%
applied was: 0
0 0.5 1 1.5 2
logg. = log Ky +1/nlog C. (7) log Ce

where K; is correlated with the quantity of sorbate
associated with the sorbent and n is the Freundlich
isotherm constant related to the strength of the sorp-
tion. Freundlich isotherm model is based upon the
assumption that sorption occurs on heterogeneous sur-
faces and Ky may be useful for the evaluation of the
adsorption capacity of metal ions in dilute solutions.
The Freundlich constants (K and 1) relate to sorption
capacity and sorption intensity of the sorbent, respec-
tively. The values obtained for Ky and (1) were noted
to affect the adsorption isotherm, as the larger values
obtained indicate the higher adsorption capacity. As
well, the magnitude of n gives an indication of the
favorability of adsorption. In other words, if the value
obtained are within the range of 2-10 it indicates a
good adsorption characteristic, while values between 1
and 2 reflect moderately difficult and less than 1 have
poor adsorption characteristic. As well, 1/n values
obtained between (0<1/m<1) may signify that the
surface of the biosorbent was heterogeneous [10]. A
plot of log g, vs. log C, for the fractions of WCBFS is
provided in Fig. 8 and the results are presented in
Table 2. Based upon the correlation coefficient and the
value of n, it may be concluded that the experimental
data better fitted the Freundlich model for the finer
particle size. However, the magnitude of n for both
WCBFS fractions was within the range 2-10 which
indicates a favorable process.

3.6. Adsorption kinetics for Ni removal using WCBFS
((0.3-0.5) and 23 mm)

The Lagergren equations used for fitting the
obtained experimental data were as follows:

Fig. 8. Freundlich isotherm for Ni(II) sorption onto WCBFS
particle size WCBFS ((0.3-0.5) and 3.0 mm).

o Pseudo-first-order model represented by:
In (g, —q,) =In(q,) — ki t ®)

where g, and g, (mgg™') are the adsorption capacities
at equilibrium and at time t, respectively. The rate
constant k; (min~') and the process activation energy
were obtained from the slope of the plot of In (g, — g,
vs. t for each adsorbent [17,18].

e Pseudo-second-order model represented by:

t/q, = 1/kq,> +t/q, ©)

where k; is the rate constant of second-order adsorp-
tion and the slopes of the plots of t/g; vs. t were used
to determine the second-order rate constant k, as well
as the process activation energy [17,18]. The values for
the kinetic parameters calculated for the pseudo-first
and pseudo-second rate of reaction for the adsorption
of Ni(Il) onto WCBFS particles Table 3. It was
observed that the values calculated (theoretical) for g,
using the second-order model for both particle sizes
was in agreement with the experimental values (194.1
and 182.4 mg/g, respectively), than those obtained by
applying the first-order model. In addition, the corre-
lation coefficients obtained from these calculations
indicated that the adsorption of Ni(Il) onto both sizes
of WCBFS was in good agreement with second-order
kinetics rather than the pseudo-first-order model [19].

The possibility of intraparticle diffusion was
explored using the Weber-Morris intra-particle
diffusion model [7,16]:
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Table 3

Kinetic parameters calculated for the sorption of Ni(II) onto WCBFS different particle size ((0.3-0.5) and =3 mm) at
different temperatures (°K), where R? is the correlation coefficient

Pseudo-first-order

Pseudo-second-order

Intra-particle Diffusion

Particle = Temp e (calc) K, (gmg™ ge (calc) Ky (mgg' T

size (K K; min™") (mg/g) R? min ) x107 (mg/g) R? min ") (mg/g) R*
(0.3-0.5) 303 0.254 29.49 0.8660  2.00x 107> 196.08 0.9994  6.863 169.75 0.9507
mm 313 0.245 18.33 0.8651 3.25x 107> 196.08 0.9999  5.037 17722 0.9822
323 0.273 13.44 0.8833 5.02x 107> 196.08 0.9999  3.067 184.35 0.9743
333 0.274 14.61 0.8555  5.02x 1072 196.08 0.9999 3.346 184.91 0.9795
>3mm 303 0.214 81.88 09841 595x107° 185.19 0.9989  26.00 93.85 0.9696
313 0.205 88.98 0.9630 5.40x107° 188.68 0.9984  28.07 90.36 0.9575
323 0.162 79.42 0.5314 8.40x107° 181.82 0.9977  21.85 100.41 0.4778
333 0.150 79.13 05120 8.90x107° 181.82 09975  21.17 102.64 0.4545
05 R is the gas constant (8.314] mol ' K™'). The values of
q =Kt +1 (10) " Ea obtained from a plot of In k vs. 1/T. was found to

where K; may be taken as the rate factor. According to
Eq. (10), if the plot of g; vs. Vf gives a straight line,
then the adsorption process is controlled by intraparti-
cle diffusion only. However, if the data exhibit multi-
linear plots, then two or more steps influence the
adsorption processes. In order to quantify the applica-
bility of each model, the correlation coefficient, R?,
was calculated from these plots. The linearity of these
plots indicated the applicability of the models. The
values of rate constants and correlation coefficients for
model are shown in Table 3. Lower and higher value
of K; may indicate an enhancement of the rate of
adsorption and better adsorption with improved
bonding between pollutant and adsorbent particles
[16]. As well, the values of I obtained may provide an
idea about the thickness of the boundary layer, i.e. the
larger the intercept, the greater the boundary layer
effect as well if the intercept=0, intraparticle
adsorption is the controlling mechanism [20]. A linear
portion represents a gradual adsorption stage with
intra-particle diffusion contributing to molecules
uptake [19]. The results in Table 3 indicate that the
process of Ni adsorption onto both fine and coarse
particles of WCBFS may be considered second-order
reaction that involves to some extent intraparticle dif-
fusion, however, the latter may not be the rate-limiting
mechanism of the process.

The increase in the reaction rate constant may be
described using the Arrhenius equation:

Ink = InAg — Ea/RT (11)

where Aj is the Arrhenius constant, regardless of
temperature, Ea is the activation energy (k] mol™"), and

be 28.23kJmol™! for particle size (0.3-0.5) mm and
13.65 k] mol ™" for particles size >3 mm. It was reported
that a positive energy of activation (Ea) indicates that
presence of an energy barrier that must be overcome
while a negative one was indicative of the absence of
this barrier for adsorption to occur [21]. In the current
study, the energy barrier for adsorption onto the larger
particle size was generally lesser than that for the finer
particles. In addition, it was reported that the magni-
tude of the Ea was indicative of the type of sorption
whether physical or chemical process [22,23]. For a
physical adsorption process, the equilibrium is rapidly
attained and the process was easily reversible. This
requires a small Ea (usually no more than 4.2 k] mol™")
as the forces involved in this process are weak [23]. On
the other hand, chemical adsorption is more specific
and involves forces that are stronger than physical
adsorption. Two kinds of chemisorptions may be
encountered, activated, and less frequently, non-acti-
vated. The activated chemisorption has activation
energy range between 8.4 and 83.7 k] mol ™' which vary
with temperature according to the Arrhenius equation
however, the non-activated process is rapid, and has
an activation energy near zero [23]. In the current case,
it may be concluded that sorption onto both WCBFS
particle was a chemisorption process.

Thermodynamic considerations of an adsorption
process are necessary to conclude whether the process
is spontaneous or not [23]. The experiments were car-
ried out at 303, 313, 323, and 333°K using concentra-
tion 20mg Ni/L. The thermodynamic parameters for
the adsorption process of Ni(Il) onto WCBFS were
calculated using the following equation:

Inb = AS°/R — AH°/RT (12)
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Table 4
Thermodynamic parameters for the adsorption of Ni(II) onto WCBFS different particle size ((0.3-0.5) and >3 mm)

AG° (k] mol™)

Particle size AH" (k] mol %) AS°® (k] mol ' K) 303°K 313°K 323°K 333°K
0.3-0.5 mm 0.498 0.02042 —5.689 —5.893 —6.097 —6.301
>3 mm 1.1842 0.02181 —5.423 —5.641 —5.859 —6.077
where b is obtained from the Langmuir isotherm data, References

AS° is standard entropy (J/mol°K), AH® is standard
enthalpy (kf mol™), T is the absolute temperature (°K),
and R is the gas constant (8.314]/mol°K) [13]. The
standard Gibbs free energy (AG") values (kJmol ")
were calculated from the equation:

AG® = AH® — TAS® (13)
and the values are provided in Table 4. The obtained
AG® was negative within the studied range of
temperature which is indicative of the spontaneity
and feasibility of the adsorption process which was
significantly affected by the increase in temperature
[23]. A positive value of AH" indicates the endother-
mic nature of the adsorption process while positive
AS’ value confirms an increase in randomness at the
solid-liquid interface during adsorption [22].

4. Conclusion

Acidic WCBFS is an effective adsorbent that may
be used for heavy-metal removal from solution and,
in this case, Ni ions from aqueous solutions. Effec-
tively, the finer fraction of this slag (0.3-0.5 mm) was
more efficient in the process of Ni-ion adsorption rela-
tive to its coarse fraction (23 mm). The results showed
that the Langmuir model better fitted the data
obtained for the large-sized particles, while that for
the finer-sized particles followed the Freundlich model
best. Overall, the process was considered a second-
order reaction which involved some degree of
intraparticle diffusion. The process of adsorption of Ni
(I) onto acidic WCBFS particles was endothermic and
spontaneous, and the calculated Ea indicated that it
was a chemisorption process for both fine- and coarse-
sized particles. In conclusion, the finest WCBFS
particle size (0.3 mm) showed a good potential as an
adsorbent to remove this divalent metal ions from
solution. Economically, WCBFS may be considered a
more effective adsorbent for heavy-metal removal
from solution compared to activated carbon as the
price of 1ton of this waste is 7-8 US$, while that for
activated carbon may range from 600 to 2000 USS$.
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