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Abstract Arsenic in groundwater is a serious environ-

mental problem. The contamination of groundwater with

arsenic has been of utmost concern worldwide. Steel slag is

a solid waste generated from steel production. Although

steel slags have been used for arsenic removal from water,

this process has not been systematically or integratively

researched. In this study, the arsenic removal capacity and

mechanism were investigated for carbon steel slag, stain-

less steel slag and Fe-modified stainless steel slag based on

an in-depth study. The study also evaluated the potential

utilization of different steel slag for regeneration. The

maximum adsorption of arsenic on carbon steel slag,

stainless steel slag and Fe-modified stainless steel slag was

12.20, 3.17 and 12.82 mg g-1 at 25 �C, respectively. The
modification of stainless steel slag by FeC13 can generate

more pore structures and larger surface areas, and 300 �C
treatment produces the best regeneration efficiency. The

DG values were negative for all of the steel slags, indi-

cating the spontaneous nature of the adsorption process.

The solution pH was a critical parameter for the removal of

arsenic for steel slags. Under highly alkaline solution

conditions, the mechanism of arsenic removal by carbon

steel slag and stainless steel slag can be attributed to

chemisorption, including chemical precipitation and coor-

dination reactions, and under weakly alkaline solution

conditions, electrostatic interaction and specific adsorption

are the arsenic removal mechanisms by Fe-modified

stainless steel slag. Regeneration of the Fe-modified

stainless steel slag was better achieved than that of the

other steel slags in the application of high-temperature

treatment.

Keywords Arsenic pollution � Groundwater remediation �
Modification � Regeneration experiment � Steel slag

Introduction

Water is considered as the elixir of life because the world

would not have any life without water. The amount of waste

water is increasing with the rapid growth of industrialization

(Rajendran et al. 2016). Water pollution creates major

environmental issues around the globe. Hence, pollution

treatment should be a major concern. Several methods and

technologies have been developed for the treatment of waste

water, including photocatalyst (Saravanan et al. 2015),

ultrasonic waves (Dastkhoon et al. 2015; Nikfar et al. 2016),

reverse osmosis (Saravanan et al. 2013a), adsorption (Gupta

et al. 2015; Nekouei et al. 2015; Robati et al. 2016) and

degradation (Saravanan et al. 2013b, c). In particular,

nanomaterials are also important for the removal of pollutant

in the aqueous materials (Saravanan et al. 2011, 2014;

Asfaram et al. 2015; Gupta et al. 2017).

Arsenic (As) is a contaminant of international concern

due to its toxicity and carcinogenicity. The long-term
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uptake of As causes various diseases, such as hyper-pig-

mentation, conjunctivitis, liver cancer, lung cancer and

skin cancer (Yang et al. 2014). Arsenic in groundwater is a

serious environmental problem. The contamination of

groundwater with arsenic has been of utmost concern

across the world (Biswas et al. 2014). It has been observed

in many countries of the world, such as the USA, China,

Chile, Argentina, Poland, Canada, Hungary, New Zealand,

Japan and India. In the north Shanxi province of China, the

problem is severe (Wang et al. 2004), as drinking water is

drawn mainly from groundwater for many humans in this

region (Luo et al. 2014). The World Health Organization

(WHO) has reported the As maximum contaminant level

(MCL) in drinking water as between 10 and 50 lg L-1.

Therefore, it is necessary to remove As from water.

Several methods, such as filtration (Wickramasinghe

et al. 2004), adsorption (Kim et al. 2012; Essandoh et al.

2017), coagulation–flocculation (Sun et al. 2013), ion

exchange (Jia et al. 2013) and membrane technology

(Chakrabortty et al. 2014), have been used for As removal.

For these methods or technologies, adsorption has been the

most widely applied because it is simple, effective and

economically feasible. Although metal oxides and

hydroxides of iron or alumina are considered the most

common adsorbents for As removal from water (Kanel

et al. 2006), these adsorbents may not be the optimal

selection considering local conditions and sustainability.

Therefore, an agent or material with a low cost needs to be

developed to remove As from groundwater considering the

local conditions. Shanxi province is one of the most

important heavy industrial bases of China. Large amounts

of industrial waste are produced every year, and steel slag

is a prominent industrial waste for this region. Developing

steel slag as an agent for removal of As from water would

improve local water safety and resource recycling.

Steel slag is a solid waste generated from steel pro-

duction. In the steelmaking process, the two main slag

types are identified as blast furnace slag and steel slag

(Claveau-Mallet et al. 2013). Blast furnace slag is produced

from the conversion of iron ore into pig iron, and steel slag

is produced as the pig iron is purified into steel. Based on

the type of steel, steel slag can also be divided into carbon

steel slag and stainless steel slag. The steel slag mainly

consists of iron oxides and calcium hydroxides. The iron

oxides can adsorb anions such as As, Cr, Cu and P (Oh

et al. 2012; Claveau-Mallet et al. 2013), and calcium

hydroxides can increase the microenvironmental pH and

then promote the precipitation of dissolved heavy metal

cations (Ahn et al. 2003).

Further, using steel slag to remove As in water has been

investigated. Chakraborty et al. (2014) provided an

adsorption experiment for arsenic removal from contami-

nated groundwater with an emphasis on the influence of

steel slag composition. Oh et al. (2012) investigated

mechanisms for removing arsenic and studied its re-

leaching process in simulating acidic aqueous solution.

Ahn et al. (2003) compared the removal efficiency of

arsenic from mine tailing leachate using different steel

manufacturing byproducts and inferred the removal

mechanisms. Although the previous studies focused on

different aspects of As removal using steel slag, the con-

cept itself has not been systematically or integratively

researched.

The objectives of the present study are to (1) compare

the capacity of carbon steel slag (CSS), stainless steel slag

(SSS) and Fe-modified stainless steel slag (Fe-SSS) for

removal of As from synthetic groundwater; (2) investigate

the influence and mechanism of As removal on the

adsorption kinetics based on batch experiments; and (3)

evaluate the potential utilization of steel slag regeneration.

Present research was conducted in 2012, in the Environ-

mental Remediation Laboratory of School of Environ-

mental Science and Resources, Shanxi University,

Taiyuan, Shanxi, China.

Materials and methods

Characters and modification of materials

Both the carbon steel slag and the stainless steel slag used

in this study were obtained from Taiyuan Iron and Steel

(Group) Co., Ltd., Taiyuan, Shanxi. China. Both samples

were ground, sieved to pass through a 100-mesh sieve

(0.15 mm) and then dried at 105 ± 0.5 �C for 4 h and

cooled to ambient temperature in a desiccator for analysis

and use in the experiment.

According to the current study, As removal by stainless

steel slag is not sufficient to meet drinking water standards.

Therefore, stainless steel slag was defined as the original

sample for FeC13 solution modification. Modified steel

slag was prepared.

The original sample was soaked in 0.2, 0.5, 0.8, 1.0, 1.2

and 1.5 mol L-1 FeC13 solution and shaken in the shaker

at 160 rpm for 24 h at room temperature (25 �C); then, the
precipitate was collected by centrifuge at 4000 rpm for

10 min and washed in deionized water to neutrality (pH

6.5–7.5). Finally, the sample was heated at 110 �C for 24 h

and then sealed in the desiccator for use.

The morphological characteristics of the samples were

obtained by scanning electron microscopy (SEM) (S-4800,

Hitachi, Japan). The main chemical compositions of the

samples were measured using an X-ray fluorescence (XRF)

spectrometer (PW2424, Philips, Netherlands). X-ray

diffraction (XRD) patterns of the samples were recorded by
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an X’Pert PRO system (PANalytical, Netherlands) in the

diffraction angle (2 h) range of 5�–70�.

Batch experiment on As removal from synthetic

solution

Adsorption kinetics and batch equilibrium were investi-

gated using a short-term batch experiment. Synthetic

solutions were prepared with deionized water and a stan-

dard solution of As2O3 (GSB 07-1275-2000, China).

Before both of the experiments, optimum parameters,

including particle size and shaker speed, were obtained.

To find an optimal adsorbent dosage, experiments were

conducted at 10, 16, 20, 24, 30, 36 and 40 g L-1 adsorbent

dosages for 3 h, with an initial As ion concentration of

0.2 mg L-1 and a solution pH of 10.0 ± 0.5.

Adsorption kinetics study: In this portion of the study,

1.00 g of steel slag with a 100-mesh sieve (0.15 mm) was

added to each conical flask with an As concentration of

0.2 mg L-1. The flasks were shaken in the shaker at

160 rpm under alkaline conditions (pH = 10 ± 0.5) at

room temperature (25 �C) for different contact times (5,

15, 25, 30, 45 and 60 min). At the end of the experiment, a

1-mL solution was collected and centrifuged at 5000 rpm

for 5 min. The filtrate was collected in polythene tubes and

diluted before analysis. Every treatment was conducted in

triplicate. The amount of As adsorbed per unit of adsor-

bents at time t, qt (mg g-1), was calculated by

qt ¼
C0 � Ctð ÞV

m
ð1Þ

where C0 and Ct are the concentrations of As initially and

after time t (mg L-1), respectively; V is the volume of the

solution (L); and m is the amount of adsorbent used (g).

The adsorption kinetics of As were analyzed by apply-

ing three typical kinetic models, including the Lagergren

pseudo-first-order equation (Lagergren 1898):

ln qe � qtð Þ ¼ lnqe � k1t ð2Þ

pseudo-second-order adsorption kinetics equations (Duan

and Su 2014):

t

qt
¼ 1

k2q2e
þ t

qe
ð3Þ

and the intra-particle diffusion kinetic equation (Weber and

Morris 1963):

qt ¼ kit
0:5 þ C ð4Þ

where qe and qt are the adsorption capacity of the adsorbent

(mg L-1) at equilibrium and contact time t (minutes); k1, k2
and ki are the rate constants of the pseudo-first-order,

pseudo-second-order and intra-particle diffusion equations,

respectively; and C is the intercept, which is proportional

to the extent of boundary layer thickness.

Effects of initial solution pH: The effects of the initial

solution pH (3.0, 5.0, 7.0, 9.0 and 11.0) on the As

adsorption were evaluated using a batch adsorption process

under the following conditions: reaction temperature of

25 �C; adsorbent dosage of 1.0 g; initial As(III) concen-

tration of 0.2 mg L-1; and contact time of 3 h. The pH

values and As concentrations of the solutions were mea-

sured immediately after placing the adsorbent into the

solution (initial pH), and after reaction equilibrium was

reached (final pH). The amount of As adsorbed was also

calculated by Eq. (1).

Batch equilibrium studies: A series of 250-mL conical

flasks were filled with solutions with different initial As

concentrations (0.05, 0.1, 0.2, 0.5, 1.0 and 2.0 mg L-1).

Then, 1.00 g of steel slag passing through a 100-mesh sieve

(0.15 mm) was added into each conical flask. The flasks

were also shaken in the shaker at 160 rpm under alkaline

conditions (pH = 10 ± 0.5) at room temperature (25 �C).
After the optimum uptake time (30 min), the concentra-

tions of As were calculated by taking the difference in the

initial and equilibrium concentrations. The amount of

adsorbed As at equilibrium, qe (mg g-1), was calculated

according to the following equation:

qe ¼
C0 � Ceð ÞV

m
ð5Þ

where C0 is the initial As concentration (mg L-1) and Ce is

the equilibrium As concentration (mg L-1).

The experimental data were analyzed using the Lang-

muir (1918) and Freundlich and Heller (1939) isotherm

models. These isotherm models can be formulated as

follows:

Ce

qe
¼ 1

b � qm
þ Ce

qm
ð6Þ

qe ¼ Kf � C
1
n
e ð7Þ

where Ce (mg L-1) and qe (mg g-1) are the equilibrium

adsorbate concentrations in the aqueous and solid phases,

qm is the maximum adsorption capacity of the adsorbent

(mg g-1), b is the Langmuir adsorption constant (L mg-1),

and Kf and n are the Freundlich equilibrium constants

related to adsorption capacity and adsorption intensity,

respectively.

The Gibbs free energy change was also calculated based

on Eq. (8) (Ajmal et al. 1998):

DG ¼ �RT ln b ð8Þ

where DG is the Gibbs free energy change, R is the uni-

versal gas constant (8.314 J mol-1 K-1), T is the absolute

temperature (K), and b is the Langmuir constant (L mol-1).
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All the experiments were carried out in triplicate, and

the data were expressed as the average value with standard

deviation values.

Regeneration experiment from real As-

contaminated groundwater

Using real As-contaminated groundwater, after the

adsorption and equilibrium process, the As-saturated CSS

and Fe-SSS were treated separately with NaOH and high

temperature to determine regeneration. The samples of real

groundwater were taken from Shanyin County, Shuozhou

City, North of Shanxi province, China. The As concen-

tration in real groundwater was 153 lg L-1.

NaOH treatment: The As-saturated sample was soaked

in 0.05, 0.1, 0.2, 0.4, 0.8 and 1.0 mol L-1 NaOH liquor and

shaken in the shaker at 160 rpm for 24 h at room tem-

perature (25 �C); then, the precipitate was collected by

centrifuging at 4000 rpm for 10 min and was washed in

deionized water to neutrality (pH 6.5–7.5). Finally, the

washed precipitate was heated at 110 �C for 24 h and then

sealed in the desiccator for use.

High temperature: The As-saturated samples were

treated at 200, 300, 400 and 500 �C in a heat-resistant

furnace for 60 min, cooled to room temperature (25 �C)
and then sealed in the desiccator for use.

According to the comparison of the two regeneration

methods, the 300 �C high-temperature regeneration was

selected. Then, the optimal treatment time experiment was

conducted at different heating times (15, 30, 60 and

90 min) at 300 �C. After the optimal treatment time

experiment, the regeneration experiment was carried out 5

times under optimal conditions.

Determination of total As concentration

Working standard solutions were prepared by appropriate

stepwise dilution of a 1000 mg L-1 stock standard solution

of As2O3 (GSB 07-1275-2000, China) just before use. The

reducing agent was a 2% (w/v) sodium tetrahydroborate

solution that was stabilized with 0.5% (w/v) sodium

hydroxide. It was also prepared daily using analytical-

grade reagents and was filtered through a 0.45-lm filtration

membrane. The 10% (w/v) potassium iodide solution in 2%

(w/v) ascorbic acid was prepared by dilution of the

reagents with deionized water.

Each plastic container was washed with tap water and a

diluted Extran solution, soaked in 10% (v/v) nitric acid

solution for 24 h and rinsed three times with deionized

water before it was used.

After the batch experiment, the slag suspension was cen-

trifuged at 5000 rpm for 5 min, and the supernatant solution

was filtered through a 0.45-lm membrane filter paper. The

5-mL solution was transferred to a 10-mL volumetric flask,

with 3.0 mL of 6.0 mol L-1 hydrochloric acid and 1.5 mL of

10% (w/v) potassium iodide in 2% (w/v) ascorbic acid solu-

tion. After 30 min, the solution was brought to volume with

deionized water, and this solution was analyzed for As by

atomic fluorescence spectrometry (AFS).

Toxicity tests

Toxicity tests were performed to assess the environmental

innocuity of the steel slag. Distilled water used as an

extraction fluid was tested according to the Toxicity

Characteristic Leaching Procedure (TCLP) (USEPA 1992).

This testing methodology is used to determine whether a

waste is characteristically hazardous. A 35-g steel slag

sample was placed in a 1000-mL Erlenmeyer flask filled

with 700 mL of extraction fluid. The sample in the flask

was mixed for 24 h, after which metal concentrations were

determined. Samples were tested in duplicate, and mean

concentrations were reported.

Results and discussion

Results

Chemical composition and toxicity characteristic

of different steel slags

Table 1 shows that the main chemical components of the

CSS, SSS and Fe-SSS are Fe2O3, SiO2, Al2O3, CaO and

MgO. CaO represents the largest portion of the different

steel slags (over 70% by mass). The Fe2O3 content among

the three steel slags is highly variable.

Table 1 Chemical composition of carbon steel slag (CSS), stainless

steel slag (SSS) and Fe-modified stainless steel slag (Fe-SSS)

Component (%) Slag ID

CSS SSS Fe-SSS

SiO2 10.65 24.74 27.18

Al2O3 3.29 2.50 2.99

Fe2O3 23.94 0.56 17.59

MgO 9.49 8.41 5.81

CaO 39.94 51.44 29.67

Na2O 0.04 0.07 0.06

K2O 0.02 0.02 0.02

MnO 2.29 0.15 0.35

P2O5 1.29 0.02 0.05

TiO2 0.49 0.21 0.33

Cr2O3 0.56 0.72 1.45

ND no determination
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The slag surface was examined by SEM analyses.

Figure 1 shows the significant differences of surface

textures among CSS, SSS and Fe-SSS. The surface of SSS

is smooth, while CSS and Fe-SSS have more pores and a

coarser surface.

The XRD patterns of the CSS, SSS and Fe-SSS are

shown in Fig. 2, which indicates peaks with complex pat-

terns, with some overlapping. CSS, SSS and Fe-SSS con-

tain dicalcium silicate, larnite, fluarite, melanterite and

oxide phase (RO).

The environmental safety of the tested slags was eval-

uated through toxicity tests. The results indicated that the

toxicity of the slags was low or below the detection limit of

the metal concentrations (Table S1). Nevertheless, the pH

value of the three kinds of slags is alkaline, with the pH

value of CSS and SSS approximately 12. F was also

observed, but in very small quantities.

Effect of contact time and pH

Figure 3 shows the effect of contact time on the adsorption

of CSS, SSS and Fe-SSS for As. The adsorption capacity of

SSS for As is significantly lower than that for CSS and Fe-

SSS. The test also indicated that the saturated As adsorp-

tion capacity of CSS is the highest. According to the

adsorption kinetics data, three kinetic models, namely

pseudo-first-order, pseudo-second-order and intra-particle

diffusion models, were applied for analysis (Table 2). The

theoretical qe value of CSS, SSS and Fe-SSS is close to the

experimental qe value (10.356 mg g-1 for CSS,

7.763 mg g-1 for SSS and 9.105 mg g-1 for Fe-SSS). The

correlation coefficient of the pseudo-second-order model is

the highest among the three models.

Figure 4 shows the effect of initial solution pH on

adsorption capacity and final solution pH. Even though the

initial solution pH is exceedingly acidic (pH\ 3), CSS,

SSS and Fe-SSS effectively changed the solution pH and

kept the solution pH at approximately 11.9, 11.3 and 9.5,

respectively (Fig. 4a). While the adsorption capacity of

SSS was affected, the initial solution pH did not signifi-

cantly affect As adsorption capacity for CSS and Fe-SSS

(Fig. 4b).

Effect of adsorbent dosage

The effect of the CSS, SSS and Fe-SSS dosage on the

removal of As is shown in Fig. 5. With an increase in the

dosage of CSS, SSS and Fe-SSS from 10 to 40 g L-1, the

As removal efficiency increased from 85.4, 46.7% and 85.7

to 97.6%, 85.0 and 96.6%, respectively. The As removal

Fig. 1 SEM photographs for surface of a carbon steel slag, b stainless steel slag and c Fe-modified stainless steel slag (9 8000)
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efficiency of SSS is significantly lower than that of the

others.

The adsorption isotherms of As on CSS, SSS and Fe-

SSS are illustrated in Fig. 6. To predict the equilibrium

amount of As sorbed onto CSS, SSS and Fe-SSS, the

experimental results were fitted to the Langmuir and Fre-

undlich equations (correlation coefficient, R2[ 0.90).

Table 3 shows the Langmuir and Freundlich isotherm

coefficients. The maximum adsorption of As on CSS, SSS

and Fe-SSS calculated by the Langmuir isotherm was

12.20, 3.17 and 12.82 mg g-1 at 25 �C, respectively. The
Gibbs free energy change (DG) for the adsorption of As on

CSS, SSS and Fe-SSS is listed in Table S2. The DG values

were negative for all slags, and the DG value of CSS was

more negative than the others.

As removal from real groundwater and regeneration

of steel slags

Based on the batch experiment, CSS and Fe-SSS per-

formed better for As removal. Therefore, CSS and Fe-SSS

were selected and used in a real groundwater experiment.

Figure 7a, b shows the As removal efficiency of CSS and

Fe-SSS regenerated from As-saturated CSS and Fe-SSS

treated with NaOH and high temperature, respectively.

With an increase in the NaOH concentration from 0.05 to

3.00 mol L-1, the As removal efficiency on regenerated

CSS and Fe-SSS increased from 29.3 and 27.6% to 75.7

and 83.0%. Nevertheless, the As removal efficiency on

CSS and Fe-SSS regenerated by high temperature remains

steady at 85 and 90% even though the temperature

increased. The 300 �C treatment performs regeneration

most efficiently.

When the treatment time reached 60 min at 300 �C, the
As removal efficiency on CSS and Fe-SSS was optimal at

86.5 and 94.6% (Fig. 7c). Figure 7d indicates that even

though regeneration was repeated four times, the As

removal efficiency on CSS and Fe-SSS also remained high

(86 and 94%).

Fig. 2 XRD patterns of a carbon steel slag, b stainless steel slag and

c Fe-modified stainless steel slag

Fig. 3 Kinetics of As(III) adsorption in simulant groundwater for

carbon steel slag (CSS), stainless steel slag (SSS) and Fe-modified

stainless steel slag (Fe-SSS) at 25 �C; the initial concentration of

As(III) is 0.2 mg L-1, and the solution pH is 10.0 ± 0.5
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Discussion

Arsenic mainly exists in groundwater as arsenite and

arsenate [As(V)] species. More attention is required for the

removal of As(III) due to its high toxicity and mobility than

for that of As(V) (Kanel et al. 2006). Therefore, in the

synthetic groundwater experiment, As(III) as the initial As

species was studied to understand the removal mechanism

of As by different steel slags.

Adsorption kinetics modeling is a classic method that

could not only estimate adsorption rates but also lead to

suitable rate expression characteristics of a possible

Table 2 Kinetic parameters for

adsorption of As on carbon steel

slag (CSS), stainless steel slag

(SSS) and Fe-modified stainless

steel slag (Fe-SSS)

Sorbent Pseudo-first-order Pseudo-second-order Intra-particle diffusion

qe k1 9 10-2 R2 qe k2 9 10-2 R2 ki C R2

CSS 9.960 6.032 0.972 10.377 2.679 0.998 0.528 6.039 0.888

SSS 7.735 4.216 0.667 7.738 2.146 0.975 0.495 3.443 0.872

Fe-SSS 9.117 12.762 0.740 9.083 11.600 0.999 0.175 7.726 0.700

Fig. 4 Effect of initial pH on As(III) adsorption and a final pH and

b removal efficiency for carbon steel slag (CSS), stainless steel slag

(SSS) and Fe-modified stainless steel slag (Fe-SSS); reaction

temperature: 25 �C; initial As(III) concentration: 0.2 mg L-1; contact

time: 3 h

Fig. 5 Effect of dosage of carbon steel slag (CSS), stainless steel slag

(SSS) and Fe-modified stainless steel slag (Fe-SSS) on adsorption

capacity; reaction temperature: 25 �C; initial As(III) concentration:

0.2 mg L-1; solution pH: 10.0 ± 0.5; contact time: 3 h

Fig. 6 Adsorption isotherms of As(III) on carbon steel slag (CSS),

stainless steel slag (SSS) and Fe-modified stainless steel slag (Fe-

SSS). Different initial As(III) concentrations: 0.05, 0.1, 0.2, 0.5, 1.0

and 2.0 mg L-1; initial pH 10 ± 0.5; contact time: 30 min; reaction

temperature: 25 �C

Int. J. Environ. Sci. Technol. (2018) 15:2337–2348 2343
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reaction mechanism (Donmez et al. 2015). In this study,

the pseudo-second-order model was the most suitable for

describing the experimental data, which suggests that the

chemisorption process could be a rate-limiting step (Ho

2006). The qe of SSS is lowest among the three slags,

which also demonstrated adsorption capacity as the poor-

est. SEM revealed that CSS and Fe-SSS had more opening

of channels, enlargement of aperture diameter and creation

of higher microporosity, which suggested a higher surface

area resulting in more adsorption sites and chemical reac-

tion position (Fig. 1).

The initial solution pH is one of the most key adsorption

parameters. Even though the initial solution was acidic, the

CSS, SSS and Fe-SSS regulated it to alkalinity because the

three steel slags are alkaline materials that can perform

hydration with H2O and neutralize H? with released OH-

Table 3 Langmuir and Freundlich isotherm parameters for adsorp-

tion of As on carbon steel slag (CSS), stainless steel slag (SSS) and

Fe-modified stainless steel slag (Fe-SSS) at 25 �C

Sorbent Langmuir isotherm Freundlich isotherm

qm (mg g-1) b (L mg-1) R2 Kf n R2

CSS 12.20 9.18 0.985 1.92 1.42 0.905

SSS 3.17 1.76 0.987 0.16 1.41 0.972

Fe-SSS 12.82 1.49 0.986 0.90 1.27 0.913

Fig. 7 As removal capacity of carbon steel slag (CSS) and Fe-

modified stainless steel slag (Fe-SSS) using a different concentration

of NaOH treatment for regeneration, b different high-temperature

treatment for regeneration, c different heat time under 300 �C
regeneration and d 5 cycles of regeneration under 300 �C for 30 min
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ions. Oh et al. (2012) found that hydrolysis and ionization

of steel slag would react acutely at a lower pH. Duan and

Su (2014) suggested that in a strongly acidic medium

(pH\ 3), a positive charge develops in the surface of steel

slag upon consumption of H?, followed by an increase in

pH. The reaction equation is as follows:

Sur-OH þ Hþ ! Sur-OHþ
2 ð9Þ

where Sur stands for the surface sites of the slag and Sur-

OH represents a surface hydroxyl group.

When the pH is greater than 3, a negative charge

develops on the surface of steel slag while consuming OH-,

as described in this reaction formula:

Sur-OH þ OH� ! Sur-O� þ H2O ð10Þ

This reduces the effect of hydration of the slag on the

final pH, maintaining the final pH at a stable value.

Generally, anion adsorption would be inhibited under

high pH conditions. Nevertheless, under high pH condition

(pH[ 11), adsorption on CSS and SSS occurred smoothly.

That is because arsenic (III) removal by steel slag may also

be attributed to the formation of calcium arsenite under

high pH conditions (Ahn et al. 2003). The reaction equa-

tion is as follows:

HAsO2�
3 þ Ca2þ þ nH2O ! CaHAsO3 � nH2O ð11Þ

Dutre and Vandecasteele (1998) demonstrated that

formation of CaHAsO3 in the solution led to a decrease

in As(III) concentrations due to the presence of Ca(OH)2.

Additionally, CaO was determined to be the largest

component of steel slags in this study. It could be

concluded that the reaction would happen.

However, this explanation is only suitable for high pH

conditions on CSS and SSS. Although Fe-SSS could

cause the solution pH to maintain low alkalinity, the As

removal efficiency of Fe-SSS was much higher than that

of SSS. In addition to the increased surface area of Fe-

SSS compared with that of SSS, Lackovic et al. (2000)

suggested that surface precipitation or adsorption would

result in arsenic removal by iron. They indicated that

electrostatic interaction and specific adsorption would be

key processes for As removal by iron oxides. Because Fe-

SSS is rich in iron compared with SSS (Table 1), the As

sorption processes are more pronounced. As predomi-

nantly forms inner-sphere, bidentate surface complexes

with goethite (Cerkez et al. 2015). Grossl et al. (1997)

proposed an As adsorption mechanism involving goethite:

(1) formation of an inner-sphere, monodentate surface

complex through ligand exchange reaction of H2AsO3
- or

H2AsO4
- with goethite; (2) formation of an inner-sphere,

bidentate surface complex via a second ligand exchange

reaction. That explains why in weakly alkaline condition,

Fe-SSS can still perform more efficiently for As removal

than SSS.

Additionally, the DG values were negative for all of the

steel slags, indicating their spontaneous adsorption process.

The DG of CSS was most negative among the three steel

slags. This indicates that the adsorption process is more

favorable for CSS compared with other slags at room

temperature. That may be caused by the adsorbent surface

activation and/or high pore size of the CSS, which was

depended on thermodynamic process. The previous study

has found the DG values were negative at all of the tem-

peratures for adsorption process by steel slag. The values of

DG become more negative with increasing temperature

(Duan and Su 2014). This indicates that the adsorption

process becomes more favorable at higher temperatures,

which means the increase in temperature will promote

adsorption process.

As(III) is the single initial As species in synthetic

groundwater, but in the real groundwater, both As(III) and

As(V) species are found. In the case of As(V), the main

aqueous arsenate species are HAsO4
2- and AsO4

3-,

especially at a high pH values that may react with Ca? as

shown by the following equations (Bothe and Brown 1999;

Martinez-Villegas et al. 2013):

HAsO2�
4 þ Ca2þ þ nH2O ! CaHAsO4 � nH2O ð12Þ

2AsO3�
4 þ 3Ca2þ þ nH2O ! Ca3ðAsO4Þ2 � nH2O ð13Þ

However, in real groundwater, the reaction processes

follow not only Eq. (11) but also Eqs. (12) and (13). It was

found that the efficiency of As removal by Fe-SSS is lower

than that by CSS after 10 h in the real groundwater

experiment, which is the same as in the synthetic

groundwater experiment.

Considering material recycle and reuse, CSS and Fe-

SSS were regenerated based on the real groundwater

experiment. It is expected that for the conditions studied,

the slags were fully regenerated, and increasing the

regeneration frequencies would not be expected to have a

significant effect on the removal achieved. The results

confirm that regeneration of Fe-SSS was achieved com-

pared with CSS. The regeneration experiment found that

Int. J. Environ. Sci. Technol. (2018) 15:2337–2348 2345

123



As-saturated Fe-SSS performed better than CSS for

regeneration. The best regeneration condition is high-

temperature treatment at 300 �C for 60 min because high-

temperature regeneration provides a sufficient amount of

thermal energy to break the adsorbent–adsorbate interac-

tions across all the adsorption sites without degrading the

adsorbates (Salvador et al. 2015). This study did not

explore other regeneration methods, and this will be the

subject of future work.

Table S3 lists a comparison of adsorption capacities of

As with different adsorbents. The adsorption capacity of is

almost same as the popular adsorbents presented in

Table S3. Furthermore, the present CSS and Fe-SSS

showed strong neutralization capacity as used in non-neu-

tral environment, and this is an important advantage when

using the steel slag instead of other adsorbents for real

environmental applications at room temperature. There-

fore, the present CSS and Fe-SSS could be considered a

promising material for the removal of As from real

environment.

Conclusion

This study showed that CSS and Fe-SSS are more efficient

substrates for As removal from groundwater than SSS. The

modification of SSS by FeC13 can generate more pore

structures and larger surface areas, and the As adsorption

capacity of the slag was improved distinctly. The solution

pH was a critical parameter for the removal of As for CSS

and SSS. CSS, SSS and Fe-SSS could effectively change

the solution pH and keep the solution alkaline. The

adsorption process was found to follow the pseudo-second-

order kinetic model and the Langmuir isotherm model.

Thermodynamic studies confirmed that the adsorption

process is feasible and spontaneous. It could be concluded

that under highly alkaline solution conditions, the mecha-

nism of As removal by CSS and SSS can be attributed to

chemisorption, including chemical precipitation and coor-

dination reactions, and under weakly alkaline solution

conditions, electrostatic interaction and specific adsorption

are the key As removal mechanisms by Fe-SSS. Finally,

the experiment confirmed that regeneration of the Fe-SSS

was better achieved than that of the other steel slags in the

application of high-temperature treatment.
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