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Abstract

Pristine electric arc furnace slag (EAFS) as well as EAFS modified by alkali activation i.e. alkali 

activated slag (AAS) have found a novel application as adsorbents used in Cu2+ removal from sulfate 

solutions. The adsorption tests were carried in batch conditions and results have shown that alkali 

activation of EAFS enhances the Cu2+ adsorption. The adsorption process was found to follow a pseudo 

second-order kinetic model and occurs via formation of posnjakite (Cu4(SO4)(OH)6 × H2O) on the surface 

of both, EAFS and AAS. Enhanced adsorption properties of AAS, compared to EAFS, are attributed to a 

more porous structure, larger specific surface area and an increased number of surface groups involved in 

the binding of Cu2+.
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1. Introduction

The electronics industry generates a large amount of copper bearing sulfate effluent due to the utilization 

of copper in the production of various electronic components and the use of sulfuric acid as an agent in 

electroplating, etching, rinsing, chemical and mechanical polishing [1]. This effluent presents a serious 

risk for the environment, when discharged into soil and inland water without necessary treatment.
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Metallurgical slag is considered a highly efficient adsorbent due to the presence of surface species 

(AlOH, AlO¯, SiOH, SiO¯) which are responsible for heavy metal removal from wastewaters [2]. It is 

proposed that binding of heavy metals occurs preferentially on silanol (Si-OH) surface sites due to higher 

content of Si than Al and the interaction of the hydrolysis metal forms with the slag surface can be 

formulated as follows [2,3]:

 (1)≥ Si - OH … H - O - H[Me(OH)2]2 +
3 ↔Si - OMe  +    H3O +

Since adsorption properties of slag may be improved by modification [4,5], the aim of this study was to 

compare the experimental data of Cu2+ adsorption from sulfate solutions onto EAFS and AAS. The 

physicochemical, morphological and mineralogical characteristics of original and modified EAFS, before 

and after adsorption, were evaluated.

2. Experimental

The main oxide constituents of EAFS used in this study were 46.5% CaO, 23.5% FeO, 12.2% SiO2, 6.5% 

MgO, and 7.24% Al2O3. The preparation of alkali activated slag (AAS) is described in a previous 

publication [6]. The slag was alkali activated at solid to liquid mass ratio of 4, using the Na2SiO3 solution 

as an activator. Time and temperature of curring were 48 h and 65 °C, respectively. Both, EAFS and 

AAS, in powder form, were washed with deionized water and dried at 105 °C. The batch adsorption tests 

were performed by mixing solid slag samples (either EAFS or AAS) with sulfate solutions containing the 

Cu2+ at a concentration of 100 mg L-1 and pH=5, at solid to liquid ratio of 0.4 for a period of 35 min. After 

adsorption tests, the solutions were filtered and concentration of Cu2+ ions in filtrates were analyzed by 

inductively coupled plasma-optical emission spectrometry (ICP-OES).

The efficiency of the adsorption process was evaluated through the change in adsorption capacity 

i.e. the amount of Cu2+ uptake by adsorbents (qt ) at any time t (mg g-1), calculated as follows:

 (2)qt =  
(Co - Ce)

m  V

where C0 and Ct are the initial and final concentrations, respectively, of Cu2+ in solution, V is the volume 

of Cu2+ ions solution, and m is the dry mass of adsorbent. For the characterization of EAFS and AAS 

phase composition, morphology, porosity and functional groups on the particles surface, before and after 

adsorption process, XRD, SEM/EDS, BET and FTIR techniques were used, respectively.

3. Results and discussion



  

The results of adsorption studies indicated that AAS has a higher adsorption capacity than EAFS 

(Fig.1a). The porosity analysis (Fig. 1b) has shown a more pronounced hysteresis loop on the isotherm of 

AAS in comparison to EAFS, indicating a development of mesoporosity as a result of alkali activation. 

One peak at around 4.8 nm and two peaks at around 3.3 and 5.2 nm on the differential curves of the pore 

size distribution of EAFS and AAS, respectively, represent the majority of present mesopores (Fig.1b 

inset). It is evident that the pore size was not significantly changed upon alkali activation, but the pore 

volume was increased. The total pore volume and BET surface area of EAFS were 0.0015 cm3/g and 0.6 

m2/g while for AAS sample these values were 0.0143 cm2/g and 6.5 m2/g, respectively. As it is evident 

that AAS is the more porous structure, enhanced adsorption is present by facilitating Cu2+ permeation into 

the pores of adsorbent.

The XRD analysis results (Fig. 1c) have shown that EAFS and AAS are mainly X-ray amorphous 

materials (broad diffraction hump of 2 from 28 to 38°). In both samples, the main crystal phases were: 

wuestite (FeO), larnite (Ca2O4Si), gehlenite (Al2Ca2O7Si), Moreover, small amounts of monticellite 

(CaMgSiO4), calcite (CaCO3) and ilvaite (CaFe3O(OH)(Si2O7)) were present. The new crystal phase, 

posnjakite (Cu4(SO4)(OH)6 × H2O) was observed in both EAFS and AAS metal loaded samples which 

indicated that adsorption of Cu2+ onto each adsorbent is accompanied by the development of posnjakite 

phase.

The FTIR spectra of EAFS and AAS, before and after adsorption tests, are given in Fig.1d. The spectrum 

of EAFS exhibits a band at 500 cm-1 ascribed to O-T-O bending modes of TO4 tetrahedra (T = tetrahedral 

Si or Al) [7][7] and bands in the 750-1200 cm-1 region ascribed to Si–OH bending (at 842 cm-1), 

stretching vibrations of Al-O-Si (at 875 cm-1 ) and Si–O–T (at 792, 917 and 980 cm-1) bonds [8–10]The 

spectra of AAS sample show the most important changes at 500 cm-1 and in the region of 750-1200 cm-1 

as a result of calcium (alumino) silicate hydrate (C-A-S-H) formation via alkali activation. The two bands 

that comprise the C-A-S-H were observed in spectra of AAS sample: intense peak at 873 cm-1 attributed 

to Si–OH bending [11] and at 967 cm-1 attributed to Si–O stretching vibrations in the SiO4 tetrahedra 

[12].

Since the sorption of heavy metals onto the slag in acidic environment preferentially occurs through 

binding of metals to the silanol group (Si-OH) thereby resulting in the formation of hydrooxocomplexes 



  

[3], modification of EAFS by alkali activation enhances adsorption by increasing the number of Si-OH 

groups. Moreover, in aqueous environment, the water-induced dissociation of the Si-O bonded 

interactions from C-A-S-H also leads to the formation of Si-OH groups [13] which in turn contribute to 

the enhanced adsorption of Cu2+ ions.

In the spectra of both, EAFS and AAS metals loaded samples, multiple peaks which suggest Cu 

binding in the form of posnjakite were observed: bands at 598 cm-1 and in the range of 1050 – 1200 cm-1 

attributed to vibrational modes of SO4
2- groups, band at 790 cm-1 attributed to Cu-OH bending and a wide 

band between 3000 and 3700 cm-1 attributed to OH vibrations in silanol groups and adsorbed water 

[14,15]. The bands attributed to vibrational modes of SO4
2- and Cu-OH groups have higher intensity in 

comparison to the spectrum of metal loaded EAFS, indicating a more effective adsorption of Cu2+ by 

AAS.

Moreover, the spectrum of EAFS and AAS before and after adsorption show small-intensity peak 

near 1640 cm-1 ascribed to H–OH bending of hydroxyl groups and two vibrational modes of CO3
2- at 709 

cm-1 and in region 1330−1580 cm-1.



  

Fig. 1. Effect of contact time on the adsorption of Cu2+onto EAFS and AAS (a); Adsorption/desorption 

isotherms (inset: pore size distribution) of EAFS and AAS (b); XRD patterns of EAFS and AAS before 

and after adsorption test (c).FTIR spectra of EAFS and AAS before and after adsorption tests (d).



  

Fig. 2. SEM-EDS of EAFS (a) and AAS (b-d) before adsorption.



  

Fig.3. SEM micrographs of the cross-section of EAFS (a) and AAS (b) after adsorption andappropriate 

EDS composite maps of elemental distribution; HAADF STEM micrographs with EDS maps of platelets 

attached on the surface of EAFS (c,d) and AAS (e,f).

The results of ESM-EDS analysis of EAFS and AAS before adsorption are given in the Fig 2. The 

structure of AAS (Fig. 2b) comprise of reaction product (region A) and unreacted slag (region B). Much 

higher Ca and Si content in the region A (Fig. 2d) than in region B (Fig.2c) indicate formation of C-(A)-

S-H as a reaction product of slag alkali activation [16]. SEM images with appropriate EDS maps of EAFS 

(Figs.3a) and AAS (Figs. 3b) after adsorption clearly indicate that removal of Cu2+ from sulfate solution 

occur via adsorption since the Cu bearing crystals are adhered on the surface of EAFS and AAS and not 

through bulky material. Moreover, similar distribution modes were observed for Cu, S and O for both 

EAFS and AAS samples after adsorption indicating formation of compound containing the Cu, S and O, 

which is consistent with XRD finings that posnjakite is formed as a result of adsorption process. Scanning 

transmission electron microscopy (STEM) in high angle annular dark field (HAADF) with EDS maps 



  

(Figs. 2g and 2h) of elemental distribution Cu, O and S of EAFS (Figs.3c and 3d) and AAS (Figs.3e and 

3f) that Cu and S are more abundant in the AAS than in EAFS confirming the enhanced adsorption 

properties of AAS.

4. Conclusions

Results obtained in this investigation have shown that AAS exhibits a higher adsorption capacity in 

comparison to EAFS. This enhanced property of AAS is a result of a more development porosity than 

EAFS as well as the surface modification of the slag itself. Alkali activation leads to higher pore volume, 

larger surface area and a larger number of functional groups (Si-OH and Si-O) capable of binding with 

Cu2+ ions on the slag surface, which was accomplished through the formation of posnjakite.
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 Original and modified steel slag were used for Cu2+ removal from sulfate solition.



  

 Steel slag is modified by alkali activation.
 Alkali activated slag has better adsorption properties than original slag.
 The sorption process occurs via formation of copper hydrooxocomplexes.


