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Abstract: Blast Furnace Slag (BFS) is a by-product of the iron ore processing industry with potential
to be used in different industrial applications. In this research, BFS was used to examine its ability for
dye removal from wastewater. The efficiency of two types of BFS samples for removal of cationic
methylene blue (MB) and acidic methyl orange (MO) dyes was investigated and results found
that the optimal conditions for treatment of wastewater were 80 g/L of adsorbent dose and 1 h of
treatment time for both dyes. BFS was found to be more effective for removal of the acidic MO dye
than the cationic MB dye. Under shorter residence times, the results showed reverse trends with
BFS samples removing higher concentrations of MB than MO. The BFS chemistry had additional
impacts on the efficiency of dye removal. Higher basicity of BFS had lower dye removal ability
for adsorption of acidic dye when applied at smaller concentrations, while for cationic dye when
applied at higher concentrations. The results showed that BFS has potential role for pre-treatment of
industrial wastewater contaminated with dyes and may contribute to reduced use of more expensive
adsorbents, such as activated carbons.
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1. Introduction

su13041970

Blast Furnace Slag (BFS) is a by-product of the blast furnace ironmaking process
produced in significant amounts of around 175–225 Mt per year worldwide [1,2]. BFS
consists of the inorganic nonferrous fractions of the raw materials used in ironmaking (iron
ore, coal/coke and fluxes, including limestone), that remain after the extraction of the iron
from the ore [3,4]. Calcium and silica oxides are the main chemical components in BFS
along with other oxides, such as Al2 O3 and MgO, and other metallic elements, such as Fe,
Ti and Mn [1,5,6]. The chemical composition of BFS varies with the grade of iron ore and
the fluxes used in smelting [4], while its structural phase is influenced by the slag cooling
rate [7]. BFS currently is mainly considered in cement production and for civil engineering
works [8,9]. BFS has been also considered for adsorption of contaminants from wastewater,
such as phosphates [10] and metal ions [4] and it has been found that it can be successfully
applied for industrial wastewater treatment. Industrial wastewater also contains dyes with
varying properties, where BFS can have additional applications.
Dyes are chemical compounds attached to the surface of fabric to change their
colour [11]. The dyeing mechanism involves adsorption of the dye onto the fibre surface and diffusion of the dye into the internal parts of the fibre [12]. Many industries, such
as textile, paper, leather, food and cosmetic, use dyes to colour their products [13]. There
are more than 100,000 commercial dyes on the market, mainly synthetic, produced at a
rate of more than 700 kt/year [11]. For instance, the textile industry alone utilises about
10,000 tonnes of dyes per year, with about 100 tonnes discharged to the water streams [11].
Approximately 10–15% of the amount of dyes used by industries is estimated to be discharged to the water systems without any appropriate treatment [4]. Synthetic dyes have a
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complex molecular structure that, when discharged in the wastewater, makes them stable
with slow biodegradation rates [12,13].
Some dyes are carcinogenic and mutagenic and can cause severe damage to health by
allergy, dermatitis, skin irritation, cancer and mutations, as well as causing dysfunction
of the kidney, reproductive system, liver, brain and central nervous system [12,14–16].
Coloured wastewater is also toxic for aquatic biota because it destroys the natural equilibrium of the ecosystem [16]. The visually detectible dyes reduce photosynthesis by
preventing the penetration of light [12,16,17]. Furthermore, metals and chlorine may have
a toxic effect on some forms of aquatic life [12,17]. Dyes used by industries are mostly
stable to light, oxidation and aerobic digestion [18].
There are two general types of dyes, i.e., acid dyes containing anionic functional
groups, and basic dyes which contain cationic functional groups [17]. Acid dyes contain
carboxyl, hydroxyl and sulfuric groups [19]. Basic dyes have high tinctorial values, and concentrations as low as 1 mg/L can cause distinct coloration [17]. Basic dyes, such as methylene blue (MB), strongly attach themselves onto solids and are most commonly used for
dyeing cotton, wool and silk and cause allergic dermatitis, irritation and mutation [20,21].
Activated carbon is one of the conventional adsorbents used for dye removal in
wastewater. However, many studies advocate for the use of cheaper and more commercially
available materials to replace activated carbons [18]. The surface area and porosity of the
adsorbent are essential factors for the efficiency of dye removal. Previous studies used
different alternative inorganic materials to remove dyes from wastewater, such as natural
zeolite to remove methylene blue from an aqueous solution, or magnetic nanoparticles
(γ-Fe2 O3 ) to remove dyes from synthetic and textile wastewater [4,22]. The structure of γFe2 O3 is close to magnetite (Fe3 O4 ) with the difference being the presence of iron vacancies.
Wang et al. [4] used slag to remove the reactive brilliant red, which is a type of stable azo
dye. The adsorption efficiency was found to decrease when the pH was increased from
2 to 12. On the other hand, the dye removal rate increased with an increase in contact
time, temperature and initial dye concentration [23]. In another study, BFS was treated
and synthesised into three materials comprising BFS micro powder, BFS acidified solid
and BFS acid-alkali precipitate to investigate their efficiency for methyl orange (MO) dye
removal [5]. Results indicated that the BFS acid-alkali precipitate has better removal ability
and when the pH was in the range of 3–13, the removal efficiency of the solution with a
dye concentration of 25 mg/L reached 99.97% in 25 min at room temperature.
Previous studies investigated the ability of BFS to remove dye from wastewater and
found the optimum reaction conditions and pre-treatment required to enhance dye removal
ability. However, the impact of the slag basicity (CaO/SiO2 ) on dye removal ability has
not been studied in the past. This information is important because if the slag properties
and basicity influence the adsorption capacity then the BFS formation and chemistry can
be engineered at the ironmaking stage through modification of the fluxes used for the
cleaning of the iron and adjusting the cooling phase of the blast furnace slag to influence
most desired properties for its further reuse. Additionally, the effect of types of dye (acidic
or basic dye) on removal reactions when BFS is used has not been investigated in the past.
The aim of this work was to study the effects of the chemical content and basicity of BFS
on the removal of dye in the wastewater and compare the performance of BFS for treating
acidic and basic dyes.
2. Materials and Methods
2.1. Materials
The BFS samples used in this study originated from two ironmaking blast furnace (BF)
plants in China. The samples were first ground to powder with a particle size of 0.05–0.1
mm by a standard ring mill batch pulveriser. The SEM imaging of the powder sample R is
exhibited in Figure 1. The standard chemical analysis of the samples was conducted with
X-ray fluorescence spectroscopy, as shown in Table 1 wherein the slag basicity defined by
the CaO/SiO2 ratio was also calculated.
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Figure 1. The size of sample R powder after grinding according to the SEM imaging.
Table 1. Chemical composition of the samples in percentage.
Slag (%)

Fe

SiO2

CaO

MgO

Al2 O3

MnO

TiO2

Basicity
(CaO/SiO2 Ratio)

Sample A
Sample R

0.43
0.39

35.93
30.78

40.41
33.83

8.38
13.34

13.54
19.01

0.26
0.84

0.5
0.97

1.12
1.09

In this study, the methylene blue solution (MB) was used as a cationic dye (basic dye),
and the methyl orange solution (MO) was used as an anionic dye (acid dye). The synthetic
wastewater in this study was prepared by diluting the basic and acid dyes with distilled
water with different concentrations of dyes (60, 100, 150, 200, 250 and 300 mg/L).
2.2. Methods
2.2.1. Batch Experiment
The capacity for dye removal by BFS was demonstrated in a batch experiment. The
pH of the BFS samples was determined by dispersing the BFS at 1:5 (w/v) with deionised
water followed by shaking for 24 h. Different variables were considered to determine
the optimum conditions to remove the dye from wastewater, such as the adsorbent dose,
contact time and adsorbate dose in optimisation test design adopted from Gao et al. [5].
All experiments were conducted at room temperature.
Adsorbent Dose
The adsorbent dose (BFS concentration) in the range of 20–100 g/L was applied to
determine the optimum concentration of BFS for dye removal. The dye concentration was
kept constant in all liquid samples at 60 mg/L to monitor the adsorbent dose for removing
the highest amount of dye from wastewater. The samples were shaken for one hour at a
speed of 30 rpm. The BFS was then separated from the liquid by 45 µm filter paper. The
dye concentration after treatment with BFS was measured with UV-Vis spectrophotometry.
One duplicate analysis was performed to validate the reproducibility of the results.
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Contact Time
To calculate the contact time required to remove the dye, different contact times of
10, 30, 60 and 120 min were applied. The optimum adsorbent dose for dye removal was
used from the previous step, and the adsorbent and adsorbate doses were kept constant
to confirm the effect of contact time. Dye concentration in the wastewater was 60 mg/L,
and the BFS concentration was 80 g/L. The liquid samples were shaken for different
contact times at the speed of 30 rpm, then the BFS was separated from the liquid by 45 µm
filter paper. The dye concentration after the BFS contact effect was measured by UV-Vis
spectrophotometry. One duplicate analysis was performed to validate the reproducibility
of the results.
Adsorbate Dose
In this step, the dye concentration in the wastewater was changed from 60 mg/L to
300 mg/L. The optimum adsorbent dose determined in the first step was used to measure
the optimum concentration of dye removed by the BFS samples. Samples with different
dye concentrations were placed in a shaker at the speed of 30 rpm, and then the BFS was
separated from the liquid with a 45 µm filter paper. The dye concentration after the BFS
contact effect was measured with UV-Vis spectrophotometry. One duplicate analysis was
performed to validate the reproducibility of the results.
2.2.2. Kinetic and Isotherm Modelling
The adsorption results were subjected to kinetic modelling to determine the rate of
reaction. The pseudo second order of reaction was applied in this study using Equation (1):
1
t
1
+ t
=
2
qt
qe
k s qe

(1)

where qt and qe are the amounts of dye adsorbed at time t and at equilibrium, while ks is the
pseudo second order kinetic constant. The plots of 1/qt versus contact time (t) were drawn,
and qe and ks were determined based on the slope and intercept of the curves, respectively,
as described by Bhatnagar et al. [24].
The isotherm modelling was performed to determine the adsorbent efficacy. The
equilibrium adsorption experiments were conducted at different dye concentrations in the
range of 60–300 mg/L in the synthetic wastewater. The most widely used Langmuir model
was adopted in this study with the corresponding isotherm equation expressed as:
Ce
1
1
=
+
Ce
qe
Kqm
qm

(2)

where qe (mg/g), qm (mg/g), K (L/mg) and Ce (mg/L) represent the adsorption capacity at
equilibrium, the maximum adsorption capacity, the Langmuir bonding term related to interaction energies, and the solution concentration of the sorbate at equilibrium, respectively.
2.2.3. Fourier Transform Infrared (FTIR) Spectroscopy
FTIR was used to investigate the changes of functional groups of BFS samples when
the samples were mixed with dye with concentrations of 60, 100, 150, 200, 250 and 300 mg/L
in the synthetic wastewater. The dried BFS samples were then subjected to FTIR analysis
using a Nicolet 6700 FTIR spectrometer through 32 scans with a resolution of 4 cm−1 .
2.2.4. Scanning Electron Microscopy (SEM)
A Phenom-World SEM was used to determine changes in morphology and microstructure of the BFS samples caused by the adsorption process.
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2.2.5. Energy Dispersive Spectroscopy (EDS)
Energy Dispersive Spectroscopy (EDS) is widely used for analysing the chemical
content of samples [25]. Phenom-World EDS analysis was used to study the samples’
composition before and after the slag mixing with different concentrations of synthetic
wastewater containing 60, 100, 150, 200, 250 and 300 mg/L of two different dyes. In this
experiment, samples were analysed under high vacuum pressure at an accelerating voltage
of 15 kV. Two areas were analysed for their chemical contents and the average value was
reported.
2.2.6. X-ray Diffraction (XRD)
A Panalytical XPERT-PRO XRD system was used on powdered BFS samples to determine the crystalline phases of the samples. The anode material was copper and the scans
were performed for the diffraction angle (2θ) of 5–90◦ .
3. Results
3.1. Batch Experiments
Batch experiments were used to determine the optimum conditions for the removal
of dye from wastewater. All liquid samples had pH levels above 11 and produced alkaline conditions theoretically required for dye removal [26]. The batch experiments were
therefore designed to determine the adsorbent dose, adsorbate dose and contact time.
3.1.1. Adsorbent Dose
The most effective adsorbent dose to remove dye from the synthetic wastewater was
determined by changing the adsorbent dose while maintaining the remaining conditions
constant. Table 2 presents the dye concentrations of wastewater after experiments with
conditions of an initial dye concentration of 60 mg/L for both dyes, contact time of 1 h,
and different BFS concentrations of 20, 40, 60, 80 and 100 g/L. When applying slag A and
varying its dose from 20 to 80 g/L, the MB removal rate increased from 30.8% to 46.5%
due to the increased amount of adsorbent. The removal rate then levelled off with further
increasing the adsorbent dose to 100 g/L. Similar results were obtained in case of slag R
for MB removal. The removal rate of MB (basic dye) by slag R (48.3%) was slightly higher
than slag A (46.5%), which was ascribed to the lower basicity of R than A.
Table 2. Adsorbent dose change effect on two different types of dye removal.
Adsorbent Dose
Removal rate of MB (%)

20 g/L

40 g/L

60 g/L

80 g/L

100 g/L

Sample A
Sample R

30.8
29.8

31.7
32.8

40.2
39.3

46.5
48.3

39.2
41.9

23.6
27.9

43.4
40.7

49.7
46.6

57.3
52.9

56.0
51.4

Removal rate of MO (%)
Sample A
Sample R

The same changing trends were observed for treatment of wastewater contaminated
with MO with a starting removal rate of 23.6% and 27.9% at 20 g/L when slags A and R
were applied, respectively. The maximum removal rate of 57.3% was achieved at 80 g/L
for slag A, which was higher than slag R (52.9%). Both values were higher at 46.5% and
48.3% than those for slag A, which indicated that the MO could be removed by both slag
samples more easily than MB.
3.1.2. Contact Time
Table 3 shows the dye removal capability of BFS at different contact times while the
dye concentration was kept at 60 mg/L for both dyes and the BFS concentration was
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kept at the optimal value of 80 g/L obtained from the previous step. For both dyes, the
removal rate increased with time and reached the highest value at 1 h, then levelled off,
indicating that 1 h was the optimum contact time required for dye removal. For each dye,
the removal rate varied significantly between the two different BFS samples. Sample A
removed MB with a maximum efficiency of 47.0%, in comparison with sample R with a
removal efficiency of 48.2%. In the case of the MO dye, sample A had higher removal
capacity at 57% compared to 52.6% for sample R for the same period. One hour contact time
was considered as suitable for further tests as the reaction was appropriately completed in
this time. In a previous study by Wang et al. [4], the contact time of up to 2 h was used to
remove dyes of active red X-3B and CTMAB by BFS. Most of the dyes were absorbed in the
first 40 min and the adsorption reached equilibrium at 1 h. In another study by Gao et al. [5]
different BFS materials of BFS micropowder (BFSMP), BFS acidified solid (BFSAS) and
BFS acid-alkali precipitate (BFSAP) were compared for their MO adsorption performance.
The contact time of 25 min was determined as the equilibrium time for adsorption and
the removal rate was 99.8%, 85% and 4% for BFSAP, BFSAS and BFSMP, respectively at
conditions of the initial MO concentration of 25 mg/L, pH 11, temperature of 25 ◦ C and
adsorbents dose of 0.1 g in 50 mL liquid.
Table 3. Contact time effect on the percentage of two different dye removal.
Methylene Blue

Sample A (%)

Sample R (%)

Methyl Orange

Sample A (%)

Sample R (%)

10 min
30 min
1h
2h

35.6
32.2
47.0
44.4

45.4
44.4
48.2
42.7

10 min
30 min
1h
2h

17.7
47.6
57.0
55.6

21.0
51.6
52.6
51.0

3.1.3. Adsorbate Dose
In this step, the BFS concentration was maintained constant at 80 g/L at the optimum
contact time of 1 h, while the dye concentration was changed from 60 to 300 ppm. The
results are presented in Figure 2, showing the dye removal rate versus dye concentrations.
The highest removal rate for MB was obtained at the starting dye concentration of 60 mg/L
for both BFS samples. The MB removal rate decreased with increasing the dye concentration, probably due to the saturation of the adsorbent surface. On the contrary, the removal
rate of MO was about 50–60% for both slag samples at 60 mg/L dye concentration and
increased with the increase in the dye concentration from 60 to 200 mg/L then stayed
almost steady from 200 to 300 mg/L. The highest dye removal rate for both slag samples
was close to 90%. The two slags exhibited higher efficiency for MO removal compared to
MB in the investigated range of dye concentration, which is consistent with the results in
Table 2. Not much difference in the dye removal performance between the two slags was
observed. The pH values of the solutions after the adsorption process at BFS dose of 80 g/L
and 1 h contact time were also recorded, as shown in Table 4. MB had a pH of near 9, while
the pH of MO was near 3. When increasing the dye concentration, the pH increased for
MB and decreased in the case of MO. After adsorption at dye concentration of 100 ppm,
the pH value increased due to the dissolution of basic material (mostly Ca) from slag into
the solution. At higher concentrations of MB, the Ca dissolution became weaker due to the
basic nature of MB while MO showed the opposite trend.
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Figure 2. The percentage of dye removal at conditions of BFS dose = 80 g/L and contact time = 1 h:
(a) methylene blue (MB) and (b) methyl orange (MO).
Table 4. pH of dye solutions before and after adsorption at adsorbent dose of 80 g/L and contact
time of 1 h.
Methylene Blue
Dye Concentration (mg/L)
pH Before Adsorption
pH After Adsorption

100
8.8
10.3

150
8.9
10.2

200
8.9
10

Methyl Orange
250
9
10.1

100
3.3
5.4

150
3.3
5.3

200
3.1
5.5

250
3.0
5.9

3.1.4. Kinetic and Isotherm Modelling
Table 5 presents the results of the pseudo second order kinetic modelling. The results
showed good fit of the model with R2 between 0.969 and 0.998. The estimated amounts
of dye adsorbed at equilibrium were determined to be higher for MO at 0.422 (sample R)
and 0.496 mg/g (sample A) than those of MB at 0.361 and 0.354 mg/g for slags R and A,
respectively. The reaction constant ks , however, showed reverse trend which was higher
for MB removal than MO for both BFS samples.
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Table 5. Pseudo second order kinetic reaction constants.
Methylene Blue

qe (mg/g)
ks (g/mg min)
R2

Methyl Orange

Sample A

Sample R

Sample A

Sample R

0.354
0.449
0.985

0.361
0.480
0.998

0.496
0.113
0.969

0.422
0.263
0.981

The MB adsorption curves for slags A and B at equilibrium, as well as the isotherm
modelling by the Langmuir model, are presented in Figure 3. For slag A, the adsorption
capacity at equilibrium was about 1.5 mg/g while for slag B it was 1.2 mg/g. The modelling
results showed good fit of the Langmuir model for both slags A and B. For slag A, K and
qm were 0.00172 and 6.33 mg dye per g slag, while for slag R the values were 0.00762 and
2.05 mg dye per g slag, respectively. The calculated maximum capacity of MB adsorption
by slag A (6.33 mg/L) was larger than slag R (2.05 mg/L), indicating that slag A is a better
adsorbent for MB removal than slag R.

Figure 3. Adsorption capacity of the slags at equilibrium.

3.2. Fourier Transform Infrared (FTIR) Spectroscopy
Figure 4 shows the FTIR spectra for the two BFS samples before and after adsorption
at varying dye concentrations for wavenumbers in the range between 4000 and 400 cm−1 .
According to the spectra, sample A at 1500 cm−1 wavenumber showed changes after
reacting with both dyes. In sample R, the wavenumber showed minor changes when
compared to sample A. The band at 1611 cm−1 was associated with water bands and OH
groups in the sample [27]. The peaks around 1450 cm−1 were related to the C-H bending
of CH2 from the dyes. The peaks between 1560 and 1360 cm−1 were associated with the
carbonate CO3 2− phase [28] and showed an increase in transmittance for the slag samples
after wastewater treatment. The Si-O-Si (Al) vibration in sample R with the lower basicity
(1.09) and the lower dye removal ability was reduced when compared to sample A (basicity
of 1.12).

Sustainability 2021, 13, 1970

9 of 17

Figure 4. Cont.
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Figure 4. FTIR spectroscopy of BFS samples with different concentrations of MB and MO in synthetic wastewater, (a) sample
A subjected to MB; (b) sample A subjected to MO; (c) sample R subjected to MB; (d) sample R subjected to MO.

3.3. Scanning Electron Microscopy (SEM)
SEM analysis was undertaken to demonstrate the morphology changes between the
slag samples before and after they were subjected to different types of dye. Figures 5 and 6
show morphology changes of each sample under the conditions that demonstrated the best
result for removing MB and MO. The SEM showed a compact morphology at the optimum
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adsorption conditions. In addition, the results demonstrated aggregated microparticles
on the surface area of BFS (less than 1 µm) with a smaller mean particles size after the
adsorption process. The generation of the microparticles are a result of the reaction between
slag and dyes followed by the attachment of fine particles onto bigger ones.

Figure 5. SEM analysis and morphology changes of sample A after removing the dye from synthetic wastewater (a) Blank
sample A, (b) Sample A subjected to 60 mg/L MB, (c) Sample A subjected to 300 mg/L MO.

Figure 6. SEM analysis and morphology changes of sample R after removing the dye from synthetic wastewater (a) Blank
sample R, (b) Sample R subjected to 60 mg/L MB, (c) Sample R subjected to 300 mg/L MO.

3.4. Energy Dispersive Spectroscopy (EDS)
EDS analysis of the BFS samples after treatment with wastewater containing MB and
MO at concentrations ranging between 60 mg/L and 300 mg/L showed significant changes
in the chemical content and basicity. The ratio of CaO to SiO2 , termed basicity, is critical to
the slag characterisation as this ratio affects the form of crystallisation and viscosity of the
molten slag [29]. According to the EDS data, the amount of SiO2 and CaO changed with
an increase in the percentage of dye removal. The basicity (CaO/SiO2 ) of the samples is
presented in Figure 7, which was determined according to the EDS data averaged from
two map areas on each sample subjected to different types and concentrations of dye. As
shown Figure 7, the basicity of the two slags after adsorption generally increased with the
increase in the dye concentration. For the basic dye (MB) as shown Figure 7a,c, the basicity
of the slag residue showed the opposite changing trend against the dye removal rate. This
indicated that at higher MB concentrations (higher pH), the adsorption of the dye onto the
slag surface was suppressed due to higher basicity of the slag residue in the solution. On
the contrary, for the acidic dye (MO), as shown in Figure 7b,d, the higher basicity of the
slag residue promoted the dye removal due to the acidic nature of MO, thus showing the
same changing trend with the dye removal rate profile. In all cases, after the adsorption
equilibrium was reached, the change in the slag basicity had a decreasing effect on the dye
removal rate.
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3.5. X-ray Diffraction
Figure 8 shows the XRD pattern of the two different BFS samples subjected to MB and
MO. High Score Plus software was used to identify the contained mineral phases. All the
samples showed common calcium, aluminum, magnesium and silicon oxide peaks as Akermanite. Different peaks at 2θ of 35, 43 and 47 demonstrated Akermanite (Ca2 Mg[Si2 O7 ])
as the main crystalline phase. Besides, the crystalline phases of cordierite/indialite
(Mg2 Al4 Si5 O18 ), clathrasil ([SiO2 ]x) and quartz (SiO2 ) were also identified. The low intensity of the peaks indicate that amorphous and poorly crystallised smaller contents of
phases exist in the samples. The XRD diffraction of blank BFS and the samples subjected
to the dye showed almost the same pattern. Most of the changes are related to the small
peaks and the enhanced intensity for some of the peaks after adsorption of dye from the
wastewater. The intensity of the samples subjected to MO treatment were higher than
the two samples subjected to the treatment of MB, which coincides with the dye removal
results which showed better removal of MO than the MB.

Figure 7. Cont.
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Figure 7. The relation between the basicity and dye removal ability of each sample, the basicity of blank sample A is 1.12
and blank sample R is 1.09; (a) sample A subjected to MB; (b) sample A subjected to MO; (c) sample R subjected to MB;
(d) sample R subjected to MO.

Figure 8. Cont.
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Figure 8. XRD pattern for raw blast furnace slag (BFS) and BFS residues subjected to the MB and MO. (#) Akermanite,
(•) Clathrasil, (3) Quartz, () Cordierite and Indialite.

4. Discussion
The work investigated the capacity of blast furnace slag (BFS) for removal of the
cationic dye methylene blue (MB) and the acidic dye methyl orange (MO) from wastewater.
BFS is a waste product from the ironmaking industry which is currently used mostly in
civil engineering applications. Integrating this by-product in higher value applications,
such as in industrial wastewater treatment as a substitute for expensive adsorbents, can
significantly improve the sustainability of the ironmaking and textile industries, which are
associated with environmental challenges and pollution. The selected dyes in this study are
the most commonly used by the textile and leather industries. Approximately 50% of all
dyes used at present are azoic dyes [30], such as the MO used in this work. When released
to wastewater azo dyes are toxic due to the amines and nitrogen-nitrogen double bonds in
their effluent [12,13]. MB is also harmful to humans, and exposure to this substance may
cause severe vomiting, cyanosis, shock, heart rate and tissue necrosis [16]. Even under low
concentration in the water systems from different sources it can still affect the health of the
ecosystems, along with impacts on human health and aesthetic concerns. For this reason,
their removal from wastewater prior to discharge is required.
The presented work indicates that BFS can be successfully applied for pre-treatment of
industrial wastewaters for dye removal. The optimal conditions for wastewater treatment
with BFS are 80 g/L of adsorbent dose and 1 h of treatment time, regardless of the type of
dye and BFS properties. However, the efficiency and rates of removal were found to differ
significantly depending on the type of dye and, to a lesser extent, on the BFS properties
represented as the basicity (CaO/SiO2 ).
Under the initial optimal removal conditions, BFS was more efficient for removing
the acidic MO dye (53–57%) than cationic MB (46.5–48%). This was also evident from
the kinetic modelling which showed that the amount of dye adsorbed at equilibrium was
higher for the case of MO (0.422 and 0.496 mg/g) comparing to MB (0.35 and 0.36 mg/g).
The rate of dye adsorption was impacted by the pH of the BFS samples, which was above
11. For instance, adsorption of MB as a cationic dye reduces with an increase in pH of the
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solution. pH of 7.3 and below has high electrostatic attraction among the positive charge
of the BFS surface and the negative charge of the anionic dye molecules. Electrostatic
interaction has an essential role in the adsorption process. However, adsorption under
alkaline conditions could occur due to the excess of OH- ions, destabilising the anionic dye
and competing with dye anions for adsorption [4]. In this study, the pH of the solution for
MO was below 7, and the condition was acidic, thus increasing the efficiency of BFS for
removing MO as an acidic dye compared to MB as a cationic dye. Due to the difference in
pH among the two dyes examined, the BFS acts as a catalyst for MO removal.
Under shorter contact times, the results revealed reverse efficiency of BFS for removal
of dyes comparing to the optimal 1 h contact time. At 10 min contact time BFS was
more effective at removal of MB (35.6 and 45.4%) than MO (17.7 and 21%). The kinetic
modelling also revealed higher removal rates for MB comparing to MO, as estimated
through the kinetic constants. These results suggest that the BFS may be used for pretreatment of industrial wastewater contaminated with cationic dye under continuous
treatment conditions, while for treatment of acidic dyes longer residence times will improve
the removal efficiency.
The results also found that BFS is more effective at treatment of lower concentrations
of cationic dyes with removal efficiency decreasing with increased concentration of the
dye, while for treatment of acidic dyes, BFS is more effective at higher contamination rates.
The BFS chemistry had additional impact on the efficiency of dye removal. While
BFS sample A had higher CaO and SiO2 contents and higher acidity (CaO/SiO2 ratio),
sample R had higher MgO and Al2 O3 contents. Higher basicity of BFS is associated
with lower dye removal ability for adsorption of acidic dye when applied at smaller
concentrations, while for cationic dye when applied at higher concentrations. The higher
BFS basicity sample A showed higher removal efficiency (57%) and amount of dye adsorbed
at equilibrium (0.496 mg/g) for acidic MO dye, comparing to sample R at 52.6% and
0.422 mg/g, respectively. At high initial MO concentration of 300 mg/L, both BFS samples
showed similar MO removal rate of around 90% and adsorption capacity (3.4 mg/g) at
equilibrium. The highest adsorption capacities at equilibrium of the slags used in this
study are comparable to the results of 2.7–3.4 mg/g reported by Bhatnagar et al. [15] and
0.5–3.2 mg/g by Genc et al. [31].
5. Conclusions
This study investigated the dye removal ability of BFS considering the chemical
composition of the slag, its basicity and the type of dye. The optimum conditions, such
as adsorbent (BFS) dose contact time and adsorbate (wastewater dye concentration) dose,
were investigated and correlated to the BFS chemical content. The results demonstrated
that the optimum conditions for removing dye occurred at an adsorbent (BFS) dose of
80 g/L with one hour contact time for both MB and MO dyes. On the other hand, the best
adsorbate dose was different between MB as a basic dye and MO as an acid dye, being
60 and 300 mg/L, respectively. SEM analysis of the treated BFS samples showed that
treatment resulted in a morphology that is more compact, with nanoparticles on the surface
of the samples which demonstrated the physical mechanism of the surface interaction
with dye adsorption. The EDS analysis revealed a correlation between basicity and dye
removal ability of each BFS sample. The basicity of the sample changed slightly, however,
when adsorption of the sample was high, the basicity was lower. Higher basicity BFS
showed lower dye removal ability for adsorption of acidic dye when applied at smaller
concentrations, and for cationic dye when applied at higher concentrations. This finding
approves the chemical adsorption of the BFS reaction between the samples and shows
how the chemical content can affect the adsorption mechanism. In addition, the study
demonstrated that the BFS is more efficient for removing acidic dyes in wastewater, such
as MO, which increased in efficiency with the amount of BFS used for adsorption. BFS
was less efficient for removal of cationic dyes, such as MB with efficiency decreasing with
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increased dye concentration. Activation of BFS prior to adsorption may be required to
improve BFS adsorption efficiency of cationic dyes in wastewater.
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