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ABSTRACT

The blast furnace sludge (BFS), by-product and waste material of steelmaking industry was uti-
lized as an adsorbent for Ni** ions removal from aqueous solution. Chemical and mineralogical
composition of BFS was examined by Proton Induced X-ray Emission (PIXE) and X-ray Diffraction
(XRD) methods. The structural properties of BFS were characterized using Brunauer-Emmett-
Teller (BET) and Scanning Electron Microscopy (SEM) methods. Batch experiments were
conducted to evaluate the adsorption performance. The equilibrium adsorption level was deter-
mined to be a function of the solution concentration and temperature. Two simple kinetic
models, pseudo-first and second-order, were used to investigate the adsorption mechanisms.
The pseudo-second-order reaction kinetics provides the best correlation with the experimental
data. The equilibrium data were analyzed using the Langmuir and Freundlich isotherms. The
characteristic parameters for each isotherm were found. The results obtained from Freundlich’s
isotherm are slightly better than those obtained from Langmuir’s isotherm. The thermodynamic
parameters have been determined. The negative values of free energy change (AG) indicated the
spontaneous nature of the adsorption of Ni** on blast furnace sludge and the positive values of
enthalpy change (AH) suggested the endothermic nature of the adsorption process. The
observed adsorption capacity for Ni** ions is a good indicator of BFS potential for its use in aqu-
eous sorption system.
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1. Introduction

Nickel can cause serious health and ecological
problems when released into the environment [1,2].
The health effects of nickel include higher chances of
the development of lung, nose, larynx, respiratory fail-
ure and birth defects. Certain compounds of nickel
have been listed as carcinogenic. The majority of nickel
compounds that are released into the environment will
adsorb onto sediment or soil particles and as result
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become immobile. However, in acidic soils, nickel is
more mobile and often leaches out into the groundwater
[3]. Nickel concentration in industrial wastewaters
ranges from 3.40 to 900 mg/L [4]. Environmental regu-
lations related to the discharge of nickel and other heavy
metals make it necessary to develop methods for their
removal from wastewater.

Adsorption is a well established method for heavy
metal removal. The primary requirement for an eco-
nomic adsorption process is an adsorbent with selectiv-
ity, high adsorption capacity and low cost. Activated
carbons, because of their high surface area,
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microporous character and the chemical nature of sur-
face, have been a popular adsorbent for the removal of
heavy metals from industrial wastewater. But, due to
its high cost and losses in the application processes,
there is growing interest in using low-cost alternative
materials including clays, zeolites, lignite, fly ash, peat,
siderite, charcoal, etc. [2,5]. Generally, adsorbent can be
termed as “low-cost” if it requires little processing, is
abundant in nature or is a by-product or waste material
from industry.

In the recent years, research efforts have been direc-
ted toward the use of industrial waste as an adsorbent
material. In previous studies, the possibility of using
steelmaking industry by-product as low-cost adsor-
bent is shown. Blast furnace slags [6-9] generated by
the ferrous and non-ferrous industries are the largest
by-product while dust and sludge occur in lesser
amounts [10-12].

Blast furnace sludge is generated during the pro-
duction of pig iron in blast-furnace. The loading of
the blast-furnace consists of iron ores, metallurgical
coke, and flux. Preheated air is blown into the lower
part of the blast-furnace. As a result, a dusty gas
leaves the blast-furnace at top during operation. As
the top gas contains about 30 kg of dust/t of pig iron,
it is cleaned before their atmospheric emission. The
treatment of these gases leads to two types of solid
waste, depending on the system purification used.
After a preliminary dry cleaning with flue gas scrub-
bers follows. The coarse particles in the exhaust gases
are removed by passing the gases through a large
brick lined chamber. The velocity of gases is reduced
to allow the settling of dust load and the waste mate-
rial collected is blast-furnace dust (a particle size
larger than 0.1 mm). The finer particles, less than
0.1 mm, which still remain in the gas, are removed
in wet scrubbers. The material collected here is
referred to as blast furnace sludge — BFS.

Although BFS consists mainly of iron and carbon, in
some cases it also contains harmful substances (like Pb,
Zn, Cd, As) which affect blast furnace operation and
therefore cannot be completely recycled.

The aim of this study was to investigate the adsorp-
tion behaviour of blast furnace sludge in the removal of
Ni** from aqueous solutions.

2. Materials and methods
2.1. Blast furnace sludge sample

Blast furnace sludge sample were collected from the
Croatian Iron Steelmaking Company landfills. The
landfill had been in operation to before several years.
The sludge was not covered by any materials. In total

10 samples with about 3 kg of wet material per sample
were obtained. Main criterion for sampling was the col-
our of blast-furnace sludge. The material was black
(high contents of coke), sometimes it was gray (high
contents of carbonates and oxides). Our fresh BFS in
mass of 5 kg was composed of black and gray material
(in ratio 1:1) and it was homogenized manually. For
analysis, a representative sample of sludge obtained
by a quartering technique. They were dried at 105°C
for 4 h and sieved to particle size < 56 pm.

The chemical composition of the ground sample
was determined by Proton Induced X-ray Emission
(PIXE) and Rutherford Backscattering Spectrometry
(RBS) techniques [13].

Mineral phase composition was determined by
X-ray diffraction (XRD) analysis. The crystalline phases
were quantified by Rietveld refinement. In this study,
ZnO was used as the internal standard, mixed with the
samples to give a proportion of 10%wt. Mineralogical
composition of these mixtures was determined using
a Philips PW 1710 diffractometer with CuK,, radiation.

The surface morphology of BFS samples was visua-
lized by scanning electron microscopy (SEM) using
JEOL JXA, 50A microscope.

The specific surface area and pore size distribution
were determined from nitrogen adsorption data
acquired on a Micromeritics Asap 2010 apparatus
using BET method. Before adsorption isotherms were
obtained, the BFS samples were heated (at a tempera-
ture of 50°C) and evacuated under 666.5 x 107> Pa
pressure in order to remove any contaminants as well
as moisture that might be present on the surface.

2.2. Batch mode adsorption experiment

Batch experiments were carried out to study the
effect of the nickel solution concentration, time and
temperature on the sorption characteristics. The nickel
solutions were prepared by dissolving NiCl,-6H,O
(Merck, p.a.) in deionised water. For each experiment
50 ml of nickel solution of known concentration (ran-
ging from 50 to 550 mg/L) and a known amount of the
adsorbent (0.25 g) were placed in a 100 ml conical flask.
This mixture was agitated in a temperature-controlled
shaker at a constant speed of 60 rpm for a period of 2 h.
For adsorption isotherms nickel solution of different
concentrations were agitated with the known amount
of adsorbent till the equilibrium was achieved.
Although the experiments were performed within the
time intervals from 0 to 48 h (Fig. 3), it was observed
that the equilibrium was established after 24 h. The
kinetics of adsorption was determined by analyzing
adsorptive uptake of the nickel ions from the aqueous
solution at different time intervals. The effect of
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temperature on the sorption characteristics was inves-
tigated by determining the adsorption isotherms at 20,
40 and 60°C. The resulting suspensions were filtered
through a Whatman filter paper No. 40 to separate the
BFS from solution. The concentration of nickel ions
was determined spectrometry using standard proce-
dure [14].

Prior to adsorption by BFS, the initial pH value was
adjusted to 7.8 using 0.1 M HCl or 0.1 M NaOH.

Three replicates per sample were done and the
average results are presented.

2.3. Data analysis

The equilibrium quantity (Ac) of adsorbed Ni** on
the BFS was calculated as the difference between initial
concentration (c;) and concentration at equilibrium (c).

The amount adsorbed at equilibrium, i.e. the sorp-
tion capacity, 4. (mg/g) was calculated according to
the formula:

Ac
e :W Va (1)

where g, is adsorption capacity, mg/g, Ac is quantity
of adsorbed nickel, mg/L, V is volume of solution, L,
m is adsorbent mass, g.

The fraction of nickel ions adsorbed at any time,
F(t), was calculated using the following relation:

F(t) == . = 2)

where F(t) is fraction of nickel ions adsorbed at time ¢
on BFS, ¢; is initial concentration of nickel ions in solu-
tion, mg/L, ¢, is concentration of nickel ions in solution
at time f, mg/L.

In order to determine the extent of uptake in
adsorption kinetic, the first-order and second-order
kinetics models were checked [1,15]. The first-order
rate expression of Lagergren based on solid capacity
is generally expressed in the integrated form as
follows:

In(ge — qt) = Inge — ky - ¢, 3)

where g, is adsorption capacity, mg/g, g; is amount of
nickel ions adsorbed at any time t, mg/g t is time, min,
ky is rate constant of the pseudo-first order adsorption,
min !, A is pseudo second-order adsorption kinetic
rate equation in the integrated form is:

t 1 t
— = 4
g ka-q3 qe @

where k; is rate constant of the pseudo second-order
adsorption, g/mg-min.

The Freundlich and Langmuir isotherms are used to
interpret sorption equilibrium data. The Freundlich
isotherm is presented as:

ge = Kp x ¢, ®)

where g, is adsorption capacity, mg/g, c. is the equili-
brium concentrations of nickel ions, mg/L, Kg and n
are the Freundlich constants.

Constants can be determined from a linearized form
in the above equation, represented by:

1
lnqe:InKF—FElnce. (6)

The Langmuir isotherm was described as:

_ qm Ky -ce

= 7
1+KL'Ce, ()

e

where g, is adsorption capacity, mg/g, c. is the equili-
brium concentration of nickel ions, mg/L, g, is satura-
tion sorption capacity of the BFS, mg/g, Ky is
Langmuir constant.

The values of constants g,, and K were determined
graphically from a linearized form of Langmuir iso-
therm represented by equation:

C_c 1
e Jm Qm'KL.

®)

3. Results and discussion
3.1. Characterization of the blast furnace sludge

Table 1 presents chemical and mineralogical com-
position of examined blast furnace sludge. The BFS is
dominated by O (42.33 wt%) and C (31.74 wt%). Then
follow Si (6.00 wt%), Zn (4.52 wt%), Al (3.00 wt%), Fe
(2.9 wt%), Ca (2.3 wt%), etc. These elements come from
the blast furnace operation, i.e. from iron ores, metal-
lurgical coke and fluxing agents.

The mineralogical composition data are also impor-
tant in order to clarify the adsorptive significance of the
BFS. It can be seen, the BFS sample consisted of X-ray
amorphous phase primarily (76.2%, Table 1). This
phase is mainly composed of turbostratically disor-
dered and porous coke particles. A less crystalline
oxides or hydroxides of metals such as Al, Pb, Zn, Fe
and also drops of melted silica could be present in
amorphous compounds as claimed by Mansfeldt and
Dohrmann [16].
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Table 1
Chemical and mineralogical composition of blast furnace
sludge

Chemical composition, wt %

Element
O 42.23 Pb 0.99
C 31.74 K 0.66
Si 6.00 Mn 0.66
Zn 4.52 S 0.62
Na 3.00 P 0.14
Al 3.00 Cl 0.05
Fe 2.90 Ti 0.05
Ca 2.30 Cu 0.01
Mg 1.00

Mineralogical
composition, wt %
Phase Formula

X-ray amorphous 76.2
Calcite CaCOs3 9.9
Magnetite Fe;Oy4 6.3
Kaohmte A12S1205(OH)4 2.2
Smithsonite ZnCO;3 2.1
Dolomite Ca,Mg(CO;), 1.6
a-Quartz 0-Si0, 1.1
a-Hematite o-Fe,O3 0.4
a-Elemental iron o-Fe 0.2

Besides elemental iron (a-Fe), BFS is composed
mainly of calcite, CaCOj3;, magnetite, Fe;Oy4, kaolinite,
AlySi,O5(0OH), and smithsonite ZnCOs.

The mineralogical composition can be partially
related to the material used in the blast furnace process.
For example, fluxing agents are the source of both cal-
cite and dolomite, quartz and kaolinite originate
mainly from ash-containing coke while iron ores are
the source of magnetite and hematite. Literature data
[17,18] indicate that BFS with such composition could
be considered as an effective adsorbent. This can be
related to its high oxides and carbon mass fraction
since both contain oxygenated surface functional
groups. The protonated surface functional groups
favour the attachment of cationic metal ions. Namely,
ion exchange is the principal mechanism for the
adsorption of metal ions like nickel from aqueous solu-
tion [19-21].

BET surface area of investigated BFS was Spgr =
31.46 m* g '. This surface area could be is explained
by the fine-grained particle size of BFS and their por-
ous nature. Total pore volume was calculated at the
relative pressure close to saturation in the adsorption
branch yielding V,, = 157 x 10> cm®/g. The average
pore diam‘gter, DDp = 17.88 nm was calculated using
equation: % = . According to the IUPAC, the pores
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Fig. 1. Pore size distribution of BFS.

of porous material are classified in three groups: micro-
pores (width d < 2 nm), mesopores (2 nm < d < 50 nm)
and macropores (4 > 50 nm). Pore size distribution of
BFS degassed at 50°C is shown in Fig.1. The most frac-
tion of pore size is between 10 and 100 nm.

On the basis of all results obtained, the BFS may be
considered a mesoporous material [22]. Besides their
significant contribution to adsorption, mesopores also
serve as the main transport channels for the adsorbate
molecules or ions.

BFS have a complex porous structure which con-
sists of pores of different size and shapes. Generally,
of the greatest importance are micropores which give
a source of a considerable increase of adsorption capa-
city. Their entire volume can be considered as the
adsorption space. Adsorption in micropores is essen-
tially a pore-filling process in which their volume is the
controlling factor. Mesopores contribute to adsorption
process when macromolecules and ions larger than the
pore diameter of micropores are not able to enter the
micropore. For macropores and mesopores the layer-
by-layer adsorption mechanism is accepted [23].

The microscopic observation of BFS surface is
shown in Fig. 2. The heterogeneity in the size and
shape of particles is visible.

3.2. Adsorption kinetics

Fig. 3 represents the variation of the nickel ions frac-
tion adsorbed on BFS at any time, for two different
initial nickel concentrations at 20°C. It can be observed
that the adsorption kinetics occurs in two stages, the
initial period (until 12 h) was faster than the rest of the
time. The adsorption process was complete at 24 h. The
rate of the adsorption depends on diffusion and trans-
port process in the pore structure of the adsorbent [23].
The uptake of Ni*" is fast at the initial stages of the con-
tact period, and thereafter, it becomes slower near the
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Fig. 2. SEM micrograph of blast furnace sludge.

equilibrium. This is obvious from the fact that a large
number of vacant surface sites are available for adsorp-
tion during the initial stage. After a lapse of time, the
remaining vacant surface sites are difficult to be occu-
pied due to repulsive forces between the solute ions
on the BFS and bulk phases.

Figs. 4 and 5 show the pseudo first-order and the
pseudo-second-order plots for Ni** adsorption at two
different initial concentrations at 20°C.
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Fig. 3. Variation of the fraction of nickel ions, F(t) adsorp-
tion on BFS against time, t for two different initial nickel
concentrations.
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Fig. 4. Pseudo-first-order plot of Ni*" adsorption kinetics
on BFS.

The kinetic parameters of Ni*" adsorption on BFS
are presented in Table 2. The correlation coefficients for
the linear plots from the pseudo second-order equation
were greater than those obtained for the pseudo first-
order equation indicating that this one was not applic-
able for the results. According to literature data, the
first -order equation of Lagergren did not apply well
throughout the whole range of contact time. Generally,
it is applicable over the initial 20-30 minutes of the
sorption process. Ho and McKay [15] reported that
most of the sorption system followed a pseudo
second-order kinetic model.

3.3. Adsorption isotherms

Fig. 6 shows the relationship between the adsorption
capacity and the equilibrium nickel concentration at
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Fig. 5. Pseudo-second-order plot of Ni** adsorption kinetics
on BFS.
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Table 2

Kinetic parameters of Ni*" adsorption on BFS

Ni*" Concentration, ki, R? kz, g/ R?
mg/L min~! mg-min

250 0.0024 0.9069 0.00046  0.9970
450 0.0038 0.9521  0.00032  0.9994

different temperatures. The increasing of temperature
results in increase of the adsorption capacities of BFS for
nickel ions. All the adsorption isotherms exhibit a simi-
lar shape. It is also evident that capacities of adsorbed
nickel ions are higher for greater values of initial nickel
concentrations.

Adsorption information for a wide range of adsor-
bate concentrations are most frequently described as
Langmuir and Freundlich isotherm. Linearized iso-
therms are represented in Fig. 7 and 8 corresponding
to Freundlich and Langmuir models, respectively. The
plots of c./qe Versus c, at different temperatures were
found to be linear indicating the applicability of the
Langmuir model. The plots of Ing, versus Inc, at differ-
ent temperatures were found to be linear indicating the
applicability of the Freundlich model.

The values of Langmuir and Freundlich constants
and correlation coefficients were determinate and are
shown in Tables 3 and 4. The statistical significance
of the correlation coefficient (R?) for Co/Ge Versus c. and
In g, versus In c, was the criterion by which the fitting
of the data isotherm was tested. According to the corre-
lation coefficient, experimental data were slightly bet-
ter fitted to Freundlich isotherm (R? = 0.9688-0.9914).
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Fig. 6. Adsorption isotherm of Ni?* ion on BFS at different
temperatures.
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Fig. 7. Linearized Freundlich isotherms obtained for Ni*"
adsorption on BFS at different temperatures.

However, satisfactory correlation coefficients were also
obtained using the Langmuir isotherm (R* = 0.9113—
0.9638).

The Freundlich expression is an empirical equation
based on adsorption on a heterogeneous surface. Con-
stants Kp and n are empirically derived constants
related to sorption capacity and strength of adsorption,
respectively. The affinity between Ni*" ions and BFS,
as interpreted by constant n was higher at higher tem-
peratures (Table 3).

Langmuir’s isotherm model is valid for monolayer
adsorption onto the homogenous adsorbent surface.
Once an adsorbate molecule occupies a site, no further
adsorption can take place at that site. As seen from
Table 4, monolayer adsorption capacity, 4., was from
90.91 mg/g to 93.46 mg/g depending on temperature.
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Fig. 8. Linearized Langmuir isotherms obtained for Ni*"
adsorption on BFS at different temperatures.
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Table 3
Constants and correlation coefficient for Freundlich isotherm
of Ni** adsorption on BFS

0,°C Kg LY"g™? n R?
mgL_l/ n

20 2.553 1.623 0.9903

40 3.489 1.783 0.9914

60 3.835 2.140 0.9688

The values of Langmuir constants (Table 4), g, and
K, increased with increasing the temperature, show-
ing that the maximum adsorption capacity and inten-
sity of adsorption are enhanced at higher temperatures.

Maximum adsorption capacity values reported in
literature using different low-cost and industrial by-
products as adsorbents are shown in Table 5. The com-
parison of experimental data for BFS with the literature
data for other types of adsorbent, reveals that the
adsorption capacity of BFS for nickel is of the same
order of magnitude or greater than those found for
similar adsorbents.

The obtained results suggest that the adsorption of
Ni** ions on BFS is well described with the Freundlich
model, probably due to the real heterogeneous nature
of surface sites involved in the metal uptake. To a lesser
extent, the equilibrium data was also well described
with the Langmuir model because the adsorption from
an aqueous solution usually forms a layer on the adsor-
bent surface [23,31].

To confirm the favourability of the adsorption pro-
cess, the essential features of Langmuir’s isotherms can
be expressed in terms of a dimensionless constant
separation factor Ry, which is calculated by the follow-
ing formula [8,32]:

1

. —
L7917k o)

)
where Ry, is separation factor, ¢y, is highest nickel con-
centration (mg/L), K is Langmuir’s constant.

A separation factor R; indicates whether the
isotherm is irreversible (R = 0), favourable (0<R <1),
linear (Ry=1) or unfavourable (R;>1). The values of
Ry, for Ni** adsorption on BFS were found to be 0.14;

0.13 and 0.11 at 20, 40 and 60°C, respectively. As can
be observed, the value of Ry, decreased with increasing
temperature, indicating that the Ni*" adsorption on
BFS is more favourable at 60°C.

3.4. Thermodynamic studies

The free energy of adsorption (AG) can be related to
the equilibrium constants Ki, (L/mg) corresponding to
the reciprocal of the Langmuir constant g,,, by the van’t
Hoff equation:

AG = —RTInK;, (10)

The values of enthalpy change (AH) and entropy
change (AS) for the adsorption process were calcu-
lated, using the expression:

h’IKL:ﬁ—ﬁ

TR (11)

To determine the effect of temperature on the
adsorption of Ni”, experiments were conducted at
20, 40 and 60°C.

Table 4 presents the values of thermodynamic para-
meters. The values of AG decreased with an increase in
temperature, indicating that the spontaneous nature of
adsorption is inversely proportional to the tempera-
ture. The positive value of AH indicates the endother-
mic nature of the adsorption, while the value of 1.93
kJ/mol undoubted suggests possibility of weak bond-
ing between adsorbate and adsorbent, respectively the
physical nature of sorption in this system. The positive
value of AS shows the increased randomness at the
solid /solution interface during the adsorption process
[1,25,33].

Adsorption and thermodynamic results revealed
that BFS investigated can be considered as promising
material for treatment of wastewater polluted with
Ni** ions.

4. Conclusion

In the present work, the blast furnace sludge was
found to be successful for the uptake of nickel ions
from aqueous solutions. Equilibrium data were well

Table 4

Constants and correlation coefficient for Langmuir isotherm and thermodynamic parameters of Ni2* adsorption on BFS
v,°C Ki, L/mg qm, mMg/g —AG?®, kJ/mol AH°, kJ/mol AS°, J/mol K rR?

20 0.01082 90.91 11.032 0.9638
40 0.01205 92.59 11.504 1.93 37.65 0.9113
60 0.01490 93.46 12.350 0.9278
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Table 5
Maximum adsorption capacity values reported in literature for different adsorbents
Metal ion Sorbent Jmax, MG/ g Reference
Ni Leonardite (coal) 15.26 [24]
Shells of hazelnut and almond 1.31 [25]
Orange peel 158 [26]
Coirpith 91.63 [27]
Red mud 160 [28]
Blast furnace slag 55.76 [6]
Activated steel slag 30 [9]
Magnetite 18.43 [29]
Almond husk 37.17 [30]
Blast furnace sludge 90.91 This work
fitted by both Freundlich and Langmuir isotherms. ¢, concentration of nickel ions in solution at

However, the values of the correlation coefficients indi-
cate that the results obtained from Freundlich’s iso-
therms are slightly better than those obtained from
Langmuir’s isotherms.

The kinetics of nickel ions adsorption on BFS follows
the pseudo-second-order model. The effectiveness of
adsorption increases with increased temperature, indi-
cating that the adsorption is endothermic process, while
negative AG-values suggest spontaneous nature of
adsorption.

The adsorption capability of blast furnace sludge
depends on chemical and mineralogical composition
and structural properties. The relative large surface
area could be explained by the fine-grained particle
size of BFS and their porous nature. BFS may be con-
sidered a mesoporous material. Both oxides and coke
detected could be responsible for the preferential
adsorption of nickel through the ion exchange
mechanism.

The obtained sorption capacity value is promising in
the BFS use as efficient low-cost adsorbent in Ni**
removal from solutions. Its capacity to remove Ni*"
from multi-cations aqueous solutions and its action on
real wastewater samples require further investigations.
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Symbols

Ce the equilibrium concentration of nickel
ions, mg/L

G initial concentration of nickel ions in solu-
tion, mg/L

Cm highest nickel ions concentration, mg/L

time t, mg/L

F(t) fraction of nickel ions adsorbed at time ¢ on
BFS

k1 rate constant of the pseudo-first order
adsorption, min ™~

ko rate constant of the pseudo second-order
adsorption, g/mg-min

Kg and the Freundlich constants

n

Ky, Langmuir constant

m adsorbent mass, g

e adsorption capacity, mg/g

Jm saturation adsorption capacity of the BES,
mg/g

g amount of nickel ions adsorbed at any time
t, mg/g

Ry separation factor

t time, min

Vv volume of solution L

Ac quantity of adsorbed nickel, mg/L

AG free energy of adsorption, kJ /mol

AH enthalpy change, kJ/mol

AS enthropy change, J/molK

R? correlation coefficient

BFS Blast furnace sludge

XRD X-Ray diffraction

PIXE Proton Induced X-ray Emission
BET Brunauer-Emmett-Teller

SEM Scanning electron microscopy
Dy pore diameter, nm

SBET BET surface area, m?/ g

Vo total pore volume, cm”/g

v temperature, °C
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