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Abstract

Electric Arc Furnace (EAF) slag containing larnite, gehlenite, wuestite, montcellite and calcite as the main crystal phases was alkali
activated using the alkali activator prepared by the mixing of two solutions, sodium silicate and NaOH. Alkali Activated (AA) slag
based on EAF slag is used as an adsorbent for Cu?",Cd?* and Zn?* from aquatic solutions performing the batch adsorption test at the
range temperature between 20 and 45 °C. AA slag sample is characterized by XRPD, FTIR and SEM/EDS analysis and the results
indicate crystalline-amorphous structure of AA slag that contains Calcium Aluminate Silicate Hydrate (C-A-S-H) phase. Concentration
of Cu?, Cd** and Zn* in aqueous solution was determined using Inductively Coupled Plasma Optical Emission Spectrometry
(ICP-OES). The results obtained indicate that, in a multicomponent system of three dissolved ions, AA slag shows highest affinity
towards the Cu?. The order of the metal ion adsorption onto AA slag was: Cu?, Cd?* and Zn?*. The highest adsorption of Cu?* is
attributed to the highest electronegativity and lowest hydrated ionic radii of cation in comparison to Cd?* and Zn?. Pseudo-first-
order and pseudo-second-order kinetics models, Langmuir and Freundlich isotherm models were applied in order to investigate
the adsorption process. The results have shown that data better fitted the pseudo-second kinetic and Langmuir isotherm models
The investigation of mechanism of adsorption indicate that both film diffusion and intra-particle diffusion have occurred during the

adsorption process. The thermodynamics parameters of adsorption process indicate the spontaneous and endothermic character of

heavy metals adsorption on the AA slag.
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1 Introduction

Different industrial activities (mining, metallurgical and
agricultural sectors) inevitably lead to the generation of
wastewaters leaden with the heavy metals [1]. Discharges
of industrial effluents into natural recipient without any
pre-treatment, presents a potential risk for human health
due to the natural waters and soil pollutions.

Cu and Zn are essential for living organisms, but when
their content exceeds some limits in water these metals
show a toxic effect leading to the serious health problems
like brain and kidney damage, chronic anemia, stomach
and intestine irritation, fatigue, vomiting, renal damage,
and cramps [2]. On the other hand, Cd exhibits a highly
toxic effect on a human health even in a small concentra-
tion and its health hazard is reflecting in cancerous and
mutagenic diseases [2].

Adsorption has been proposed as a highly efficient and
cost efficient method for removal of heavy metals from
aqueous solution. Different sorbents have been proposed for
this purpose, but a special attention was paid to the use of
agricultural waste [3] and industrial by-products [4] as an
low-cost sorbent for heavy metals removal from wastewa-
ters treatment. The pristine fly ash, the by-product of coal
combustion in a coal fired power stations can be used as an
effective adsorbent for heavy metal removal from wastewa-
ters [5]. Red mud, bauxite ore processing waste [6], iron mak-
ing slag [7] and steel making slag [8] were also considered as
promising low-cost adsorbents for wastewaters treatment.

The sorption properties of industrial by-products can
be improved by their modification by different means.
In this sense, microwave-assisted alkali modification of
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fly ash [9] mechanical modification [10] and modifica-
tion with functionalized mesoporous silica [11] have been
proposed. Due to the high content of SiO, and Al,O,, fly
ash has also been proposed as a precursor for a synthe-
sis of zeolite-type adsorbent material for heavy metal
removal from wastewaters [12]. The efficiency of heavy
metals removal from wastewaters using a red mud can be
enhanced by its seawater neutralization [13], iron oxide
activation [14] and acid activation [15].

Calcium Silicate Hydrate (C-S-H) has alsobeen proposed
as an efficient adsorbent for heavy metals removal [16].
Al substituted C-S-H, i.e. Calcium Aluminate Silicate
Hydrate (C-A-S-H) can also be used for this purpose [17].
Since amorphous C-A-S-H is recognized as a reaction
product of slag alkali activation, this study highlights the
potential use of Alkali Activated slag (AA slag) for heavy
metals removal from wastewaters. Slag alkali activation
implies the chemical reaction between powdered slag and
alkali activator (mainly sodium silicate solution) yielding
the formation of reaction product - amorphous C-A-S-H
gel. The final structure of Alkali Activated slag is hetero-
geneous and contains unreacted slag grains bounded in a
reaction product of slag alkali activation [18].

AA slag was widely investigated in a pass decade as a
potential replacement for a cement binder and eventual
application in a civil engineering. Mainly Granulated
Blast Furnace Slag (GBFS), the by-product of iron pro-
duction was used as raw materials for the synthesis of AA
slag, due to the high content of amorphous phase which
is essential for formation of amorphous C-A-S-H gel.
However, an important shift towards the use of steel mak-
ing slag (EAF slag in this research) was also observed [19].
EAF slag is characterized by the significantly higher crys-
tallinity in comparison to GBFS which makes it difficult
for a formation of amorphous C-A-S-H gel during the
alkali activation process. Therefore, in this research EAF
slag was utilized for a synthesis of AA slag which was
used as an adsorbent for simultaneous Cu?', Zn*" and Cd*"
from aqueous solutions containing all three metal species.
The efficiency of application of AA slag based on EAF
slag as an adsorbent was studied by the evaluation con-
tact time and temperature of adsorption process. Isotherm,
kinetics, diffusion mechanism and thermodynamic mod-
els were evaluated, as well.

2 Materials and methods

Alkali Activated slag (AA slag) used in this research as
a sorbent was prepared by using steel making, Electric
Arc Furnace slag (EAF slag) supplied from the Still Mill

in Montenegro which chemical composition is given in
Table 1. The main crystal phases present in EAF slag sam-
ple were larnite, wiistite, gehlenite and montcellite, while
calcite phase was also present in smaller quantity (Fig. 1).

AA slag was prepared by mixing powdered EAF slag
with alkali solution in a solid to liquid mass ratio of 4.
The mixture of Na,SiO, solution (commercial water glass:
Na,O = 8.5 %, SiO, = 28.5 %, density of 1.39 kg m™) and
the solution of 10 M NaOH mixed in mass ratio of 1:2
was used as an alkali solution. The paste obtained after
mixing of EAF slag with alkali solution was casted into
plastic mould, sealed with lead and cured in the oven
at 65 °C for the period of 48 h. After that the hardened
monolith sample was removed from mould and left to stay
for 28 days at ambient temperature before being powdered
to a particle size bellow 65 pm. Subsequently, the sorbent
was washed with deionized water until the pH of the water
was kept at value 7+£0.5 and then dried at 105 °C.

AA slag sample was characterized by X-Ray Powder
Diffraction (XRPD) technique, Fourier Transform Infrared
(FT-IR) spectroscopy and Scanning Electron Microscopy
(SEM). The XRPD data were collected on a Rigaku

Table 1 Chemical composition (in %) of EAFS

Component %

CaO 46.5
FeO 23.5
SiO, 12.2
ALO, 7.2
MgO 6.5
MnO 1.3

TiO, 1.06
Fe,O, 0.9
Cr,0, 0.8
LO:T 24
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Fig. 1 X-ray difractogram of EAF slag



RINT-TTRIII diffractometer, with Cu-Ka radiation of
2= 1.5406 A at room temperature in the 26 range of 10-70°
with a scanning step of 0.02° and scan speed of 5 s per step.
Fourier Transform Infrared (FT-IR) spectra were recorded
using the Thermo Scientific™ Nicolet™ i S™ 10 FT-IR
Spectrometer equipped with Attenuated Total Reflectance
(ATR) accessory. Microstructural investigations were car-
ried out using the FEI 235 DB focused ion beam system,
equipped with the EDAX Energy Dispersive Spectrometer
(EDS). The SEM images were recorded with various elec-
tron detectors, including the secondary electron detector.
The adsorption tests were carried out in a batch condi-
tions for a period of 35 min at adsorbent dosage of 0.4 g 1!
and pH of 5 at the temperatures of 20, 35 and 45 °C. The test
related to the investigations of kinetic, diffusion mecha-
nism and thermodynamic were carried out at constant ini-
tial metals concentration of 100 ppm while adsorption iso-
therm tests were carried out in the concentration range of
20-120 ppm. Multicomponent solution containing all three
metal ions (Cu*, Zn*" and Cd*") was prepared from analyt-
ical grade chemicals, CuSO, x 5H,0, ZnSO, x 5H,O and
CdSO, x 5H,0 in deionized water. An aliquot of the sus-
pension was taken at certain intervals of time, filtered and
tested for the concentrations of metal ions using Inductively
Coupled Plasma Optical Emission Spectrometry (ICP-OES).
Metals Removal Efficiency (RE) was calculated

by Eq. (1):

¢, -C

RE Lx100 %, M

0

where C and C, are the initial and final concentrations of
metal ions in solution.

The amount of metals uptake by adsorbents i.e. adsorp-
tion capacity ¢, at any given time ¢ was determined

by Eq. (2):

(CO_CI)X
m

v, @

f =
where ¥V is the volume of Cu?" ions solution, and m is the
dry mass of adsorbent.

3 Results and discussion

3.1 Sorbent characterization

The result of XRPD analysis has shown that AA slag sam-
ple was crystalline-amorphous. The percentage of crys-
talline and amorphous phase in the AA slag sample, cal-
culated using JADE software, was 58.8 % and 41.2 %,
respectively. X-Ray Powder Diffraction pattern of AA
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slag sample has shown the presence of some undissolved
ingredients larnite, gehlenite, wuestite, montcellite and
calcite remained from unreacted EAF slag (Fig. 2 (a)).
FTIR spectra of AA slag sample (Fig. 2 (b)) exhibits
two bands that comprise the C-A-S-H gel. One at 873 cm™
attributed to Si—OH bending and second one at 967 ¢cm™
ascribed to Si—O stretching vibrations in the SiO, tetrahe-
dra[20, 21]. Band at 1640 cm ™' is ascribed to H-OH bending
of hydroxyl groups and low intensity broad band between
3000 and 3700 cm™ (inset graph) is attributed to the OH
bending vibrations in water molecules. The bands attribute
to 0-C-O bonds in (CO,)*" (at 709 and 1413 cm™) were
also observed. These two bands correspond to the CaCO,.
Microstructure of AA slag is heterogenous as shown
in microphotograph in Fig. 3 It is evident that AA slag sam-
ple consists of unreacted slag grains bounded in a reaction
product of slag alkali activation (C-A-S-H gel). This is also
indicated by EDS composite maps of elemental distribu-
tion. It is evident that the presence of Si rich phase around
the slag grain can been related to the existance of C-A-S-H
gel [22]. Moreover, the presence of Cr was also observed
in C-A-S-H gel. The presence of Cr in C-A-S-H gel can
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Fig. 2 X-ray difractogram (a) and FTIR spectra (b) of AA slag
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Fig. 3 SEM micrographs of the cross-section of AA slag and

appropriate EDS composite maps of elemental distribution

be explained by the capability of C-A-S-H gel to incorpo-
rate (immobilize) Cr. Namely, during the process of alka-
line activation of slag, chromium was dissolved to a certain

extent along with other constituents of slag and become
available for incorporation into the C-A-S-H structure [23].

3.2 Effect of contact time and temperature

The influence of contact time (Fig. 3) showed that the
Removal Efficiency orderis Cu* >Cd> >Zn*". The achieved
Removal Efficiency of Cu?", Cd*" and Zn*" after 35 min
at 20 °C was 54.93 %, 42 87 % and 35.86 %, respectively.
Moreover, the majority of metal ions were removed from
solution in the first 20 min of adsorption test which indi-
cates that sorption of metal ions reaches equilibrium within
this time. In a case of multicomponent aquatic solution, the
competition of metal ions to adsorb on a specific active
site of sorbent occurs. The different Removal Efficiency of
metal ions is attributed to different electronegativity [24]
and hydrated ionic radii of cations [25]. The metal with
the highest electronegativity will be adsorbed first, and
when the active sites on the sorbent are saturated with this
metal, the metal with the lower electronegativity will be
adsorbed [24]. This can be explained by the highest ten-
dency of this metal ion to react with the potential adsorp-
tion sites in comparison to the ions with lower electronega-
tivity. Thus the removal metal order (Cu?* > Cd?** > Zn?>") is
in agreement with the order of electronegativity of metals
(Cu(1.9) > Cd(1.7) > Zn(1.6)). This order of metal adsorp-
tion on AA slag also lays in a difference in hydrated ionic
radii of cations. The metal with lowest hydrated ionic radii
will be adsorbed first due to faster diffusion to potential
adsorption site of sorbent in a comparison to ions with
higher hydrated ionic radii [25]. Thus the obtained removal
metal order is also in accordance with the order of hydrated
ionic radii (Cu(.2 A) > Cd(4.26 A) > Zn(4.3 A)). Since Cu
are characterized by the highest electronegativity and low-
est hydrated ionic radii it showed the highest affinity of Cu
towards the adsorbent. Similar results for a sorption com-
petition of these metal ions onto different adsorbent were
reported earlier [26].

The efficiency of metals removal was greatly enhanced
by the increase of temperature (Fig. 4) without chang-
ing the removal efficiency order. This is attributed to the
enhanced mobility of metal ions on the AA slag with a
rise of temperature [27]. Obtained Removal Efficiency
for Cu?*, Cd* and Zn?*" ions at 35 °C was 71.48 %, 52.5 %
and 47.99 %, respectively while at 45 °C obtained Removal
Efficiency was 81.98 %, 61.02 % and 51.6 %. The enhanc-
ing of adsorption of Cu?’, Cd* and Zn*" onto AA slag
with the increase of temperature indicates the endother-
mic character of adsorption process.
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Fig. 4 Removal Efficiency of Cu*", Cd*" and Zn?" from aquatic solution

in as function of contact time at different temperatures

3.3 Adsorption kinetics

% (a) The rate constant of the pseudo first-order sorption (%)

8 and the amount of metal ions adsorbed on Alkali Activated

7 slag at equilibrium (g,) can be calculated from the slope
— %0 and intercept of straight line plots log (¢, — ¢q,) versus ¢.
§' i: The amount of metal ions adsorbed on sorbent at any given
e« %0 time is denoted as g,. The values of the rate constant of the

2 ——Cu20°C pseudo second-order sorption (£,) and ¢, can be calculated

10 —A—Cu3s*C from the intercept of and slope of the plot of ¢/q, versus

0 i i T._C“ 15c X time. The results of kinetics analysis are given in Table 2
0 10 . 30 40 and Fig. 5 and Fig. 6. The values of regression coefficients
Time {min) R? and calculated equilibrium concentrations g, were used

70 - (b) in ords:r to.estimate the Vali'dity of appli'ed kinetic mod-.

els. It is evident that adsorption of metal ions onto Alkali

7 Activated slag follows the pseudo-second-order kinetics

%0 1 models. This is due to the fact that for this model, higher
g 40 - values of R? (greater than 0.98) were achieved as well as
& 30 - good agreement between calculated and experimental val-

20 | ecd20°C ues for g,. This also indicate that adsorption of Cu*", Cd*",

o —a—cd35°C Zn* onto AA slag is dominated by the adsorption onto

—m—Cd 45 °C
0 0 _r" 1'0 1'5 2'0 3'0 3'5 4'0 Table 2 Kinetics parameters for Cu*, Cd*', Zn>* adsorption onto AA
Time (min) slag obtained using pseudo second-order kinetic models
at different temperatures

60 - (c) Pseudo-first-order kinetic model

50 4 Metal T 9,y q, k, R?

ion (°C)  (mgg')  (mggh) (min™)

40 - 20 108.17 137.06 0.17 0.8731
g 30 | Cu* 35 129.96 178.5 0.11 0.9470
e 45 94.38 204.95 0.15 0.8957

20 1 —e—7n20"C 20 86.72 103.22 0.10 0.8961

10 —a—7n35°C Cd* 35 85.37 131.15 0.12 0.9227

—m—7n45°C 45 100.00 152.00 0.14 0.954

b 0 !'_, 1‘0 1'5 Zlo 3’0 3’5 4‘0 20 71.20 85.55 0.13 0.9761
Time (min) Zn* 35 93.66 119.50 0.12 0.975

45 102.56 128.75 0.17 0.9082

Pseudo-second-order kinetic model

The kinetics of metal ions adsorption onto Alkali Activated
slag was studied using the pseudo-first-order and pseu-
do-second-order kinetics model which integrated forms
are expressed by Egs. (3) and (4), respectively:

k
log(g, —q,)=1logg, —(m)t 3)

7 @

Metal T 9,0y g, k,x 107 R?
ion (°C)  (mgg') (mgg') (gmg'min’)
20 144.93 137.05 3.56 0.9944
Cu? 35 175.44 16775 3.61 0.9949
45 208.33 204.75 481 0.9989
20 109.89 103.23 2.99 0.9834
cd 35 136.99 131.25 321 0.99
45 158.73 152.50 3.58 0.9954
20 96.15 85.55 2.89 0.9849
Zn* 35 123'15 8 119.50 3.06 0.9900
45 125.00 12875 3.26 0.9953
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Fig. 5 The pseudofirst-order kinetics plots for the adsorption of Cu?",
Cd*, Zn* onto Alkali Activated slag at different temperatures

active site [28] which is in agreement with a previous find-
ing that adsorption of heavy metals on the AA slag occurs
onto silanol active groups (Si-OH) groups [29].

The value of k, increases with the increase of tempera-
ture, which favors the adsorption of Cu?", Cd*, Zn*" onto
AA slag due to the enhanced mobility of heavy metal
ions [27]. Moreover, the values of k, obtained in this study
follow the order k (Cu*) > k,(Cd*") > k,(Zn*") at all
investigated temperatures.

Fig. 6 The pseudo second-order kinetics plots for the adsorption of Cu?’,
Cd? and Zn** onto Alkali Activated slag at different temperatures

3.4 Adsorption isotherms
Adsorption isotherm study was evaluated using the Langmuir
(Eq. (5)) and Freundlich (Eq. (6)) isotherm models:

c c 1

e _ Ze 5
q. Q0+Q0KL ©)
log(qe)=108(KF)+%10g(Ce), ©)



where C, is equilibrium concentration of metal ions.
Linearized plots for Cu?*, Cd*', Zn*" onto A A slag obtained
from the Langmuir and Freundlich models are given in
Fig. 7 and Fig. 8 respectively. The slope and intercept of
plots C /g, gives Langmuir parameters, maximum adsorp-
tion capacity (Q,) and Langmuir adsorption constant
related to the adsorption energy (K,). When Freundlich
isotherm model is applied, values of Freundlich con-
stant related to the adsorption capacity (K,) and con-
stant related to the adsorption intensity of the adsorbent
(1/n) can be determined from the intercept and slope of
log(g,) vs log(C)) plots, respectively. All of the Langmuir
and Freundlich isotherm parameters are listed in Table 3.
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Fig. 7 Langmuir isotherms for the adsorption of Cu*", Cd*" and Zn**

onto AA slag
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Fig. 8 Freundlich isotherms for the adsorption Cu?‘, Cd** and Zn*
onto AA slag

Analysis of experimental data (Table 3) has shown that
high values of R? (R? > 0.98) was achieved when Langmuir
models was applied which indicates that adsorption Cu?’,
Cd*, and Zn** on AA slag occurs on a homogenous sur-
face of AA slag covered by a monolayer of the adsorbate.

The adsorption capacity (Q,) increased with a corre-
sponding rise in temperature and changed in the order
of 0 ,(Cu*) > Q,(Cd*) > Q,(Zn*") at all investigated
temperatures.

3.5 Adsorption mechanism
Mechanism of adsorption of Cu?* onto AA slag was inves-
tigated using the intraparticle diffusion model [29].
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Table 3 Isotherms parameters for Cu?, Cd**and Zn?" adsorption

onto AA slag
Langmuir isotherm model
. T K R?
Metalion o0, mes) (Lmg")
20 151.51 0.061 0.9923
Cu? 35 212.76 0.083 0.9910
45 270.27 0.115 0.9832
20 105.26 0.042 0.9955
Cd* 35 151.51 0.066 0.9923
45 188.68 0.080 0.9893
20 84.74 0.033 0.9851
Zn** 35 101.01 0.051 0.9908
45 178.57 0.068 0.9983
Freundlich isotherm model
Metal ion T B K ! " ke
(°C) (mg g (L mg™) )
20 16.50 2.021 0.9184
Cu?* 35 23.99 1.901 0.9217
45 36.20 1.820 0.9008
20 14.12 2.473 0.9181
Cd* 35 17.22 2.075 0.9033
45 23.60 2.011 0.8886
20 6.31 2.273 0.8881
Zn* 35 10.86 2.112 0.9199
45 16.07 2.024 0.9523

The three main steps occur during the adsorption
process in a solid-liquid system: film diffusion, intra-
particle diffusion and adsorption of metal ions onto the
active groups of adsorbents. The overall rate of metal ions
adsorption is determined by the rate of the lowest step.

Since the third step is very fast, the overall rate of
adsorption is controlled by the film or intraparticle diffu-
sion. Intraparticle diffusion model (Eq. (7)) [30] is often
used to analyze the effects of intraparticle and film dif-
fusion of metal ions onto adsorbents through analysis of
intraparticle diffusion rate &, and constant C.

g, =kt +C @)

The slope and intercept of plots ¢, against #* (Fig. 9)
enables determination of k, and C, for Cu*, Cd*" and
Zn*" adsorption onto AA slag at various temperatures.
The obtained plots are multilinear indicating that multiple
mechanisms control the adsorption process. The first, sec-
ond and third line segments are attributed to film diffusion,
intraparticle diffusion and equilibrium stage, respectively.
The results indicate that adsorption of metal ions onto AA
slag was not solely governed by intraparticle diffusion but
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Fig. 9 Intraparticle diffusion plots for Cu®, Cd*" and Zn** adsorption
onto AA slag at different temperatures

by film diffusion as well since the second segments of plots
g, vs 1*° (Fig. 9) exhibit non-zero intercepts [31]. It means
that rate controlling steps are not only intraparticle diffu-
sion but also the film diffusion. The results of analysis of
mechanism of adsorption (Table 4) indicate the decrease of
intraparticle diffusion and increased film diffusion effect
with the rise of temperature since decrease of k, and increase
of C values with the rise of temperature were observed [27].

The higher values of C are ascribed to the higher resis-
tance of liquid boundary layer to mass transfer of metal
ions which slows down the film diffusion [32]. Thus, the
role of film diffusion as a rate limiting step becomes more
important at higher temperatures [33].
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Table 5 Thermodynamic parameters of Cu?*", Cd*" and Zn?" adsorption

on AA slag and AA slag
T 3 c R T K -AG° AH° AS°
Ton L Ion 4 - - I
(°C) (mg g™!' min™%%) (°C) (KJ mol™) (KJmol™)  (Jmol! K")
20 15.28 65.79 0.9884 20 3.03 2.70
Cu?* 35 13.08 107.97 0.9639 Cu** 35 5.81 4.50 36.35 133.12
45 11.48 149.15 0.9623 45 9.94 6.07
20 13.68 34.87 0.9622 20 1.76 1.37
Cd* 35 12.75 64.98 0.9858 Cd* 35 2.76 2.60 24.32 87.62
45 11.76 93.07 0.9817 45 3.88 3.58
20 13.14 26.86 0.9835 20 1.52 1.02
Zn** 35 12.64 58.12 0.9620 Zn* 35 2.20 2.02 17.42 62.85
45 11.72 72.59 0.9573 45 2.65 2.58
3.6 Thermodynamic study 25 - .cu
The following thermodynamic equations were used in the ... acd
thermodynamic analysis of Cu?", Cd?*" and Zn*" adsorption L oz
[
onto AA slag: T
g . e
AG° = AH° —TAS° (8) - -
1 4 o oo,
o 1 w6 | T O
AG°=—-RThhK, ©) 05 | :
AS°® AH° 0 ; ; ; ; ; . .
InK, = R RT (10) 310 315 320 325 330 335 340 345
1000/T
C.—C \xV Fig. 10 Plots In K, vs 1000/T
K, = M (11
C,xm

The values of thermodynamic parameters, standard free
energy AG®, enthalpy AH®, entropy AS° and equilibrium
distribution coefficient K, are given in Table 5. The Values
of AH® and AS°® are calculated from the slope (AH°/R) and
intercept (AS“/R) of the straight-line plots In K, vs 1000/T
(Fig. 10). The results of thermodynamic analysis indicate
endothermic character of adsorption process of Cu?*, Cd**
and Zn** onto A A slag since values of AH® was calculated
to be positive (Table 5).

Moreover the values of AH® give information on the
type of adsorption. The values of enthalpy obtained in
this study were lower than 40 kJ mol™, which indicates
the weak bonds between adsorbent and adsorbate e.g. phy-
sisorption is involved in the adsorption process [33].

The values of K, obtained in this study follow the
order k,(Cu*") > k (Cd*) > k,(Zn*") at all investigated
indicate that affinity of AA slag
towards the investigated metal ions follow the order of

temperatures which

Cu?* > Cd* > Zn* ions. Negative values of free energy
(AG®) indicate that Cu*", Cd*" and Zn*>" adsorption onto AA
slag occurs spontanecously at all investigated temperatures

and the decrease of AG® with the rise of temperature indi-
cate that adsorption of metal ions onto AA slag sorbent is
more favorable at higher temperatures. Moreover, the neg-
ative values of AG® follow the order of Cu** > Cd*" > Zn**
indicating that highest affinity of AA slag towards Cu?*
ions at all investigated temperatures.

4 Conclusion

In this paper EAF slag was used as a precursor for synthe-
sis of AA slag instead of frequently used Granulated Blast
Furnace Slag. AA slag was characterized by XRD, FTIR
and SEM/EDS which confirmed the presence of C-A-S-H
gel in AA slag sample. Such prepared AA slag was used
for the investigation of Cu?*, Cd*" and Zn*" removal from
aquatic solution containing all three ions. The results of
adsorbtion tests have shown that AA slag can be used as
an effective adsorbent for simultaneous removal of Cu?",
Cd?** and Zn** from aquatic solution containing all three
metal ions. The Removal Efficiency of heavy metals
decrease in the order of Cu?" (54.93 %) > Cd*" (42.87 %)
> Zn* (35.86 %) at 20 °C. The rise of temperature
enhances the adsorption process.
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Adsorption of these metal ions onto AA slag follow the
second-order kinetic model and both intraparticle and film
diffusion control the adsorption process at all investigated
temperatures. Langmuir model best describes the metal
adsorption onto AA slag Thermodynamic analysis indi-
cated that adsorption process is endothermic and more
feasible at higher temperatures. The AA slag sorbent dis-
played the highest affinity towards the Cu?" ions.
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