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ABSTRACT

Water quenching blast furnace slag (WQBFS) is widely produced in the blast furnace iron
making process. It is mainly composed of CaO, MgO, Al,03, and SiO, with low contents of
other metal elements such as Fe, Mn, Ti, K and Na. In this study, WQBFS was treated with
grinding, hydrochloric acid acidification, filtration, filtrate extraction by alkali liquor and a
hydration reaction. Then BFS micropowder (BFSMP), BFS acidified solid (BFSAS) and BFS
acid-alkali precipitate (BFSAP) were obtained, which were characterized by X-ray diffrac-
tion, scanning electron microscopy, X-ray fluorescence and Brunauer-Emmet-Teller (BET)
specific surface area. The decoloration efficiency for Methyl Orange (MO) was used to
evaluate the adsorptive ability of the three absorbents. The effects of adsorptive reaction
conditions (pH and temperature of solution, reaction time, sorbent dosage and initial
concentration) on MO removal were also investigated in detail. The results indicated that
BFSAP performed better in MO removal than the other two absorbents. When the pH value
of MO solutions was in the range 3.0-13.0, the degradation efficiency of a solution with
initial MO concentration of 25 mg/L reached 99.97% for a reaction time of 25 min at 25°C.
The maximum adsorption capacity of BFSAP for MO was 167 mg/g. Based on optimized
experiments, the results conformed with the Langmuir adsorption isotherm and
pseudo-second-order kinetics. Among inorganic anions, SO3~ and PO3~ had significant
inhibitory effects on MO removal in BFSAP treatment due to ion-exchange adsorption.
© 2016 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction

slag (amorphous state) and air cooling blast furnace slag
(crystalline state). Whether in the amorphous or crystalline

Blast furnace slag (BFS) is a co-product of the iron manufactur- state, the slags have similar chemical components and mainly
ing process. According to the control mode used for cooling rate contain CaO, MgO, Al,03, SiO,, and other minor components
and time, it can be divided into water quenching blast furnace such as Fe,03;, MnO,, K,O, Na,O and TiO,. Since the water
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quenching technology has the advantages of simple operation,
lower space requirements, low cost and fast processing time,
more than 75% of iron and steel enterprises adopt this
technique to treat blast furnace slag in China. In 2014, the
global output of pig iron output was 1.179 Gt, with China
accounting for more than 60%. According to empirical calcula-
tions, the BFS production is approximately 400 kg/ton pig iron.
A large amount of BFS not only requires space to store and
manage, but also causes serious environmental pollution
(water, air and soil). Therefore, comprehensive utilization and
recycling of BFS is very crucial for sustainable development of
steel enterprises (Yang et al,, 2013; Ren et al., 2014; Yan, 2012;
Chen and Liu, 2007).

Methyl Orange (MO) is a typical dye and has been widely
used in many industrial processes. MO-containing waste-
water is toxic and resistant to biodegradation. Thus, many
physicochemical methods have been developed to remove
MO from aqueous solution. Adsorption processes have
many advantages including simple operation, high efficien-
cy, fast reaction and so on. The developed adsorbents for
MO removal include synthesized metals/semiconductors,
oxide/graphene nanocomposites, metal oxide/nano-size
materials, metal oxide/porous materials and porous mate-
rials. In photo-catalytic processes, metal oxides have been
loaded on the surface of natural or synthetic ores to
decompose H,0, to form hydroxyl radicals (Wang et al,,
2015; Zheng et al, 2015; Dou et al.,, 2015; Barbosa et al,,
2015). In general, these materials, such as activated carbon,
zeolite, rare earth, kaolin, diatomite, et al., exhibit a porous
structure and large specific surface area. Adsorption of MO
has been studied using layered double hydroxides (LDH),
layered double oxides (LDO) and hydrotalcite-like materials in
acidic conditions, under certain conditions of reaction time
and temperature (Zhang et al., 2014a; Kuwahara et al., 2013;
Wang et al., 2015). As-prepared ZnAl-LDHs and LDOs showed
excellent adsorption capacity toward MO in aqueous solution
(Li et al.,, 2014). The adsorption behavior and mechanism of
reactive brilliant red X-3B in aqueous solution over three
kinds of hydrotalcite-like LDHs and found that these
hydrotalcite-like LDHs have a relatively high adsorption rate
in the pH range of 3-9 (Zhang et al., 2014b). The red dyes
(Reactive Red, Congo Red and Acid Red 1) were removed
efficiently by Mg-Al-LDH, and showed clearly that the optimal
dosage and contact time for Mg-Al-LDH were 0.10¢g
and 60 min, and that pH had little effect at pH < 10 (Shan
et al., 2015).

In this study, our aim was to use waste blast furnace slag to
synthesize absorbents to remove MO from aqueous solution.
In detail, the waste blast furnace slag was treated and
synthesized into three materials (BFS micropowder (BFSMP),
BFS acidified solid (BFSAS) and BFS acid-alkali precipitate
(BFSAP)). These materials were characterized by X-ray diffrac-
tion, BET surface area and scanning electron micrograph.
Their adsorptive ability for MO removal was compared
according to decoloration effectiveness. In addition, the effect
of reaction conditions (pH, temperature, initial MO concen-
tration, inorganic anions) on MO removal was also investigat-
ed. This study aimed to provide a feasible solution for
synthesizing adsorbents from waste BFS for MO-containing
wastewater treatment.

1. Materials and methods

1.1. Sample description

All chemicals used were of analytical grade and supplied by
Sinopharm Chemical Reagent Co., Ltd. WQBFS was supplied
by the ZhongYang Steel Co., Ltd., China and its chemical
composition is given in Table 1. Ultra-pure (UP) water was
used throughout the experiments.

1.2. BFS pretreatment

WQBFS was ground by a ball mill to a particle size less than
38 pm to give BFSMP. BFSMP (10.0 g) and hydrochloric acid
(200 mL, 3 mol/L) were mixed in a conical flask and covered
with sealing film, and kept for 2 hr in a 95°C water bath. The
insoluble solid was separated with a filtration membrane and
then washed with ultra-pure water, then the solid residuals
were dried and collected as BFSAS. Then, the pH of the
supernatant was adjusted to 11.0 + 0.1 using 0.8% sodium
hydroxide solution and covered with sealing film, and kept for
18-20 hrin a 60°C water bath. The suspension was centrifuged
to separate the sediments, which were dried at —55°C with a
freeze—drier and then collected as BFSAP for use (Fig. 1).

1.3. Adsorption experiment with Methyl Orange solution

MO solutions were prepared at concentrations of 0.0 mg/L,
0.5 mg/L, 1.0 mg/L, 1.5 mg/L, 2.0 mg/L, 2.5 mg/L, 4 mg/L and
8 mg/L, respectively. The absorbance of the solutions was
determined using a double-beam UV-Vis spectrophotometer
to construct a standard curve for MO quantification in the
following work.

BFSMP, BFSAS and BFSAP of different doses were placed
into the prepared series of MO solutions in 50 mL colorimetric
tubes respectively. The tubes were then stirred for 30 min at
25°C in a gas bath thermostatic oscillator at a constant
shaking rate. The absorbents were removed with a syringe
with filter and the absorbance was measured using a
double-beam UV-Vis Spectrophotometer.

Table 1 - Chemical composition of blast furnace slag (BFS)

micropowder (BFSMP), BFS acidified solid (BFSAS) and BFS
acid-alkali precipitation (BFSAP).

BFS BFSAS
Compound (Unit status, %) (Unit status, %) (Unit status, %)

BFSAP

Si0, 32.01 86.79 0.00
ALO; 14.94 0.49 18.30
Fe,03 0.31 0.02 0.34
MgO 9.55 0.33 24.93
Ca0 36.11 1.32 11.92
Na,O 0.23 0.02 14.19
K,0 0.22 0.02 0.37
MnO 0.46 0.03 0.51
TiO, 1.15 0.16 1.10
P,Os 0.01 0.01 0.01
CO, 0.00 0.00 15.42
H,0 5.01 10.81 12.91
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Fig. 1 - Treatment procedure of water quenching blast furnace slag.

In each of the batch adsorption experiments, 40 mL of MO
solution of known initial concentration (20-150 mg/L) was
treated by a specified known dosage of BFSMP, BFSAS or
BFSAP (0.05-0.4 g). In addition, optimization experiments
were performed by changing the process parameters such as
pH (1-13), BFSMP, BFSAS and BFSAP dosages, initial MO
concentration (25-150 mg/L), and reaction time (1-30 min).
After adsorption equilibrium was reached, the supernatant
was separated from the reaction system using a syringe with
filter (average pore diameter 0.22 um). The MO content in the
filtrate was analyzed by a double-beam UV-Vis spectropho-
tometer at 474 nm (U-2910, Hitachi, Japan). The MO adsorp-
tion rate (n, %) was calculated using the equation:

n=2"C . 100% 1)
Co
where ¢y (mg/L) and c. (mg/L) respectively are the initial and
final concentrations of MO in solution.

At equilibrium reaction time (t.), the amount of MO at
adsorption equilibrium (qe) was calculated using the equation:

Co—Ce
== =%V 2
q m Vo 2)

e

where, V, (L) is volume of MO solution and m (g) denotes
adsorbent dosage.

1.4. Analytical methods

The morphologies of super-fine BFS, BFSAS and BFSAP were
observed with a scanning electron microscope (S-3000N, Hitachi,

Japan). The resolution was 3.0 nm and the amplification factor
was less than 300,000. The accelerating voltage was 3.0 kV.

X-ray diffraction (PANalytical, Netherlands) measure-
ments were carried out with copper Ka radiation, utilizing a
generator voltage of 40 kV and tube current of 40 mA. The
divergence slit was fixed at 0.38 mm and data was collected
for 26 of 5-90° scanned at a rate of 5.48 deg/min.

The chemical compositions of the BFS, BFSAS and BFSAP
samples were analyzed using X-ray fluorescence (XRF,
SHIMADZU-EDX800, Japan), utilizing a generator voltage of
50 kV and tube current of 40 mA. The collimator diameter
was 20 mm. Each sample was well mixed and analyzed three
times.

Mid-infrared spectra were recorded using a Fourier trans-
form infrared (FT-IR) spectrometer (Nicolet Nexus 370, Ther-
mo, USA) with a Smart Endurance™ single bounce diamond
ATR cell. Spectra were obtained from 4000 to 400 cm™* by
averaging of 64 scans with a resolution of 4 cm™ . A mirror
velocity of 0.6 cm/sec was used.

The BET surface area was determined as 57.84 + 0.20 m?/g
with an ASAP 2000 instrument (Micromeritics, USA).

2. Result and discussion
2.1. Characterization of different BFSs

The N, adsorption-desorption isotherms of BFS, BFSAS and
BFSAP showed type-IV isotherms with an H, hysteresis loop
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as judged from Fig. 2. It is also noted that the width of the
hysteresis loop increased with increasing pore volume. The
mesopores had a regular framework with interparticle voids.
In addition, the mesoporous material was prepared at acidic
pH and a well-organized mesostructure even in the bulk state.
The N, isotherm also showed that the porosity comprised
uniform channels like the templated framework in silica
monoliths (Awual and Hasan, 2014a, 2014b; Awual, 2014;
E1-Safty et al., 2011). The BFSAS structure was successfully
fabricated by using an acidizing method and exhibited
favorable textural parameters for adsorption in terms of
specific surface area (245 m?/g), pore size (3.5 nm) and pore
volume (0.18 cm®/g), and BFSAP similarly exhibited apprecia-
ble textural parameters, with specific surface area 3.46 m?/g,
pore size 15.4 nm and pore volume 0.013 cm®/g. The BESMP
sample exhibited less favorable textural parameters in terms
of specific surface area (0.4 m%g), pore size (4.7 nm) and pore
volume (0.005 cm?/g) (Table 2).

Fig. 3a shows the SEM image of BFSMP, with various
irregular amorphous particles having no pores and varied
particle size. BESMP was derived from broken WQBFS using a
grinding miller. This means that the machine crushing
process only changed the particle size, and the BET specific
surface area was 1.28 m?/g. The particle size varied and was
less than or equal to 40 um. It can also be observed that the
surface of BFSMP was not smooth and the cross-section
presented a flake structure. From Fig. 4, the X-ray diffraction
(XRD) pattern of BFSAP shows the characteristic (003), (006)
and (012) peaks of layered double hydroxides. On the basis of
the data, we calculate and conjecture that BFSAP is a complex
layered double hydroxide mixture.

As shown in Fig. 3b, BFSAS is porous and mainly composed
of calcium silicate. It can be seen from Fig. 3c that BFSAP is
porous and that the pore size varies greatly, and shows a
layered structure.

In general, LDHs consist of positively charged metal hydroxide
sheets with anions located within layers to compensate the
positive layer charges. The composition of an LDH can be generally
described by the formula as [M?*; _ M>3*(OH),[** A" ,ymH,0,

140
——BFSAP
——BFSAS
120 —— BFSMP
100
80 -
o 60
a L
= 40)=
23 =
E °l
>
6
4L
r /J
0 1 1 1 L 1 ' | ' 1 ' |
0.0 0.2 0.4 0.6 0.8 1.0

PP

0

Fig. 2 - The curve graph of BET of three adsorbents (BFSMP,
BFSAS and BFSAP).

Table 2 - The BET of BFSMP, BFSAS and BFSAP.

BET (m?%/g) Vp (cm¥/g)? D (nm)®
BFSMP 0.40 0.005 4.7
BFSAS 245 0.180 3.5
BFSAP 3.46 0.013 154

& Vp is pore volume of BFSs.
Y D is pore diameter of BFSs.

where M?* represents divalent cations (Ca’*, Mg”*, Zn**, Fe**,
Co?*, Ni**, Cu®*, Mn?*), M3* represents trivalent cations (A**,
Cr’*, Fe**, Co®*, Mn®"), A"~ represents inorganic or organic
anions (CI~, NOs, Cl03, CO3, SO3, Zn(BPS)37), mis the number of
interlayer water molecules and X (=M?"/ (M** + M®*)) is the
layer charge density of the LDH.

As depicted in Fig. 4, the basal spacing was calculated
according to the position of the basal planes with the strongest
XRD intensity, and the basal spacing of the synthesized LDHs was
determined to be 7.80-7.91 A (Kuwahara and Yamashita, 2015).
XRD analysis revealed that the structure of BFSAP is similar to
that of an LDH mixture but that it also contains K, Na, Fe, Ca, etc.
According to chemical component analysis, BFSAP was mainly
composed of MgsAl,(OH),6Cl-4H,0 (7.84 A) with a low content of
Mg,Al,(OH),Cl,-15H,0 (7.62 A) and Ca,Al(OH),Cls4H,0 (7.86 A).
Again, a small amount of material containing CO3~ layers was
detected because of absorption of CO, from the air in the process
of preparation.

2.2. Effects of reaction conditions on removal efficiency of MO

2.2.1. Effect of adsorbent dosage on MO removal

The effects of absorbent dose on removal efficiency of MO can
be found in Fig. 5. BFSAS and BFSAP performed much better in
MO removal than BFSMP. For the BFSAS and BFSAP dosages of
0.1 g, the MO removal efficiency reached a maximum of 94%
and 99% respectively. Adsorption efficiency remained un-
changed with further increases of BFSAS and BFSAP dosages.
BFSMP exhibited a very limited effect on MO adsorption
regardless of its dose. Consequently, since BFSAP showed
the most powerful absorptive ability for MO, it was used in the
following experiments.

2.2.2. Effect of reaction temperature

The effects of temperature on MO removal are given in Fig. 6.
It can be seen that the MO removal efficiency of BFSAS was
reduced significantly from 96.1% to 49.4% with increasing
temperature from 15 to 65°C, while the adsorption capacity of
BFSAP for MO was very stable and more than 95% of MO was
removed regardless of temperature. This result revealed that
temperature has very limited effect on the adsorption of MO
in BFSAP treatment.

2.2.3. Effect of pH on adsorption

In reports on treatment of simulated MO wastewater, the
optimal pH has been in the acidic range (2-5). As shown in
Fig. 7, the adsorption capacity of BFSMP for MO was very
limited at various pH levels, and the maximum MO removal of
24% was reached at pH 3. The adsorption capacity of BFSAP
toward MO increased with increasing pH. The MO removal
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Table 3 - Adsorption capacity of various adsorbents for Methyl Orange (MO) removal.

Material pH Time (min) Temperature (°C) qm (Mg/g) Reference
BFSAP 11.0-13.0 25 25 167 This study
FeOOH/CBC nanocomposite 4.0-6.0 60 30 107.68 Wang et al., 2015
Ni-Al LDH 5.0 - 50 186.4 Monash and Pugazhenthi, 2014
Zn-Al LDO 6.0 120 25 181.9 Ni et al., 2007
Polyacrylonitrile fiber 5.0 = = 194 Fan et al., 2015

efficiency was 53% at pH of 1 and increased to 91%-92% in the pH
range from 5 to 9. BFSAP was still very effective in MO removal
and more than 98% of MO was removed at pH above 11.

However, the adsorption capacity of BFSAS for MO
increased on raising pH from 1 to 5, and then decreased with
further increase in pH from 5 to 13. A large amount of
floccules was observed after addition of BFSAS. These results
indicated that BFSAP was very effective in MO removal under
strongly alkaline conditions. In most cases, dyeing wastewa-
ters are alkaline, especially those of the sulfur dyes, and the
pH of vat-dyeing wastewater is above 10. Hence, BFSAP is
more favorable in dealing with alkaline dyeing wastewater
and does not need a neutralization step prior to adsorption
treatment.

From Fig. 8, it can be seen that the surface of BFSMP carried a
negative charge, and BFSMP attracted positive charge. Moreover,
BFSMP particles were essentially in a condensed state. BESAS and
BFSAP attracted anions because of the numerous positive charges
on their surfaces. So these positively charged surfaces played a
major role in the absorption of MO™, and the positive charge of
BFSAP was greater than BFSAS. However, with increasing pH, the
dispersion of BFSAP and BFAS increased and BFSAS particles
were essentially in a condensed state in alkaline conditions.
Thus, MO~ was easily adsorbed by BFSAP and BFSAS. Because of

the greater BET surface area of BFSAS, the MO adsorption of
BFSAS was better than BFSAP in acidic conditions. When the pH
value exceeded 7, the condensation of BFSAS particles and their
lower positive charge led to worse MO adsorption than BFSAP.

2.2.4. Adsorption kinetics

The changes in MO removal efficiency and spectral absorption
characteristics of MO solution are presented in Fig. 9a and b
respectively. The MO removal of BFSAS and BFSAP increased
with time and the adsorption process nearly reached equilib-
rium after 25 min, and BFSAS performed better than BFSAP in
adsorptive treatment. In addition, BFSMP still showed little
effect with increasing time. The adsorption processes of both
BFSAP and BFSMP toward MO took place immediately,
and 73.1% and 83.7% of MO was removed within 1 min
respectively. In addition, the spectral absorption characteris-
tics of the MO solution clearly revealed that BFSAP reached
the maximum adsorption efficiency of 99.8% after 25 min.
Kuwahara et al. (2010, 2013) also suggested that raw BFS
showed a very limited effect on phosphate and organic
removal. Adsorption of MO on pure FeOOH/CBC nanocom-
posite reached equilibrium after 60 min (Wang et al., 2015a,
2015b), which was much longer than that for BFSAP and
BFSMP treatments in the present study.

Fig. 3 - SEM imagines of BFSMP (a), BFSAS (b), and BFSAP (c).
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Fig. 4 - XRD spectra of BFSMP, BFSAS and BFSAP.

In view of the above-mentioned experimental results,
kinetic fitting was performed for BFSAP to understand the
adsorption process.

Several groups have investigated the adsorption kinetics
mechanism of pollutant treatments and reported various
kinetic models. Based on the Lagergren first-order kinematic
model, the pseudo first-order kinetic equation is expressed as
follows:

In(q.-q;) = In(q.)-kat (3)

where, k; (min™) is the rate constant of the pseudo first-order
model, g (mg/g) and q; (mg/g) are adsorption capacity at
equilibrium and at time t respectively. A plot of In(qe — q¢)
versus t gives the k; and g, values.

Kinetic data were further analyzed with the pseudo second-
order kinetic model in the following linear form:

t 1 1
P W RV (4)
a 20e Y
100% | A A A
80% |-
>
Q
5 60% | —m— BFSMP
2 —e—BFSAS
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S a0%
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0.0 0.1 0.2 0.3 0.4
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Fig. 5 - Effect of BFS dosage on MO removal efficiency. Initial
MO concentration = 25 mg/L; reaction time =25 min; tem-
perature = 25°C; pH = 7.

100% A—&—
% o\ A s A a
o
80% - \
> I
=
5 60%| g
2 °[" —m—BFSMP T
5 | —e—BISAS T
E —A— BFSAP ®
S a0%f
[}
2
20%- '\
0 .\
0 e S . | L I 1 "
10 20 30 40 50 60 70

Temperature ("C)

Fig. 6 - Influence of temperature on removal efficiency of MO.
Initial MO concentration = 25 mg/L; reaction time = 25 min;
adsorbents dosage = 0.1 g; pH = 7.

where, k, (g/(min mg)) is the rate constant of the pseudo
second-order model and q; (mg/g) and q. (mg/g) are the amount
of adsorbate adsorbed at time t and at equilibrium, respectively.
The values of constants (k, and ge) can be obtained from the
intercept and slope of a linear plot of t/q; versus t (Dal Bosco, 2005).

From Fig. 10, it can be seen that the adsorption process of
BFSAP can be well described with the pseudo-second-order
model over a range of initial MO concentrations. This result
revealed that the adsorption process might be described as
chemisorption rather than diffusion exchange, which is
always the rate-limiting step for adsorption.

2.2.5. Adsorption isotherms

Based on the Langmuir and Freundlich adsorption equilibrium
isotherms, the adsorption process can be divided into single and
multi-tiered adsorption. The Langmuir model assumes that both
the solution system and adsorbed layer are in a perfect state, and
adsorption occurs as a monomolecular layer. The Freundlich

T

100%

80%[

-
Q
g
5 60%[ —&— BFSMP
= —8— BFSAS
% —A— BFSAP
>
(=]
40%
5
o~

20%

14

Fig. 7 - Effect of pH on MO adsorption. (Initial MO
concentration = 25 mg/L; reaction time = 25 min;
temperature = 25°C; adsorbents dosage = 0.1 g).
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Fig. 8 - The curve graph of zeta potential of BFSMP, BFSAP,
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model assumes that the solid surface is non-uniform, and
adsorption occurs in polymolecular layers.
The equation for the Langmuir isotherm is shown below:

~ QbCe
Qe =7 +bCe

()

where the coefficient Q (mg/g) denotes the maximum adsorption
capacity and b (L/mg) is the Langmuir constant. g (mg/g) is mg of
adsorbate adsorbed per gram of adsorbent media and C. (mg/L) is
the equilibrium adsorbate concentration in solution. The con-
stants in the Langmuir isotherm can be calculated by plotting 1/qe
versus 1/Ce.

The Freundlich equation is given as:

qe = KrCe/" (6)
where, Kr is, roughly, an indicator of the adsorption capacity

and 1/n is the adsorption intensity. The linear form of the
Freundlich expression will yield the constants K¢ and 1/n.
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=
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As shown in Figs. 11 and 12, the correlation coefficients of
the Langmuir and Freundlich isotherms were 0.999 and 0.893
respectively, indicating that single-layer adsorption occurred
in MO removal with BFS. Awual et al. reported that sorption
takes place at specific homogeneous sites within materials
and the Langmuir model has found successful application in
many sorption processes characterized by monolayer sorption
(Awual, 2015, 2016; Awual and Hasan, 2015a, 2015b; El-Safty et al.,
2011; Awual et al., 2015, 2016). However, the adsorption isotherms
for the retention of MO by ZnAl-LDHs or MgAl-LDHs could be
described well with the Freundlich equation (Morimoto et al,,
2011). This discrepancy may be due to the fact that BFSAP is a
mixture of various hydrotalcite phases, and exhibited different
adsorptive behavior in MO removal than that of a single
hydrotalcite. It can be seen from Table 3 that the maximum MO
adsorption on BFSAP was 167 mg/g, which is comparable to that
of Ni-Al LDH and Zn-Al LDO, and it performed better than
FeOOH/CBC nanocomposite.

2.3. Adsorption mechanism analysis

2.3.1. MO-BFSAP interaction

FT-IR analysis was conducted to understand the underlying
mechanism of MO removal by BSFAP adsorption. From
Appendix A Fig. S1, it can be observed that the broad band at
648 cm™! in the BFSAP spectrum is caused by various lattice
vibrations associated with metal hydroxide sheets. The broad
band at 3471 cm™' mainly results from O-H groups on
hydroxide layers (Costa et al., 2008). For MO, the C-H aromatic
out-of-plane bend occurs at 817 cm™". The stretching band of
1,4 substituents on the benzene ring occurs at 1157 cm™ L.
What is more, the C-N bending vibration of the N atom
connected with the benzene ring is observed at 1342 cm™,
and the N=N stretching band emerges at 1604 cm™'. The
characteristic peak of -CHj; is weakened and shifted at
2869 cm™'. Compared with BFSAP or MO alone, some obvious
variations in characteristic absorption peaks were detected.
First, the characteristic peak at 786 cm™" originating from C-H
aromatic out-of-plane bending shifted, and a peak at
1049 cm™* caused by S=0 and SO3 groups was also observed.

0.40
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Fig. 9 - The adsorption of BFSMP, BFSAS and BFSAP vs. reaction time (a) and spectral absorption of BFSAP at different reaction
times (Initial MO concentration = 25 mg/L; pH = 11; temperature = 25°C; adsorbents dosage = 0.1 g).
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In addition, the vibration absorption peak of the azo double
bond appears at 1403.9 cm™!, and the characteristic peak of
-CH; from C-H antisymmetric stretch occurred at 2946.7 cm™*
(Shan et al., 2015; Costa et al., 2009). The peak at 3440 cm™' is
due to water bending modes. Similar to the adsorption
mechanism of layered double hydroxides (LDHs) for MO
removal, replacement of OH- anion in the interlayer region
by MO was responsible for its removal (Zhang et al., 2014a,
2014b; Li et al., 2014; Shan et al., 2015). That is to say, MO was
removed in BFSAP adsorption through formation BFSAP-MO
complexes (Appendix A Fig. S2). The kinetic modeling result
was confirmed by FT-IR analysis, showing that chemical
adsorption was predominant in MO removal.

In addition, it is interesting to note that the color change
intervals for MO solution are orange at pH of 3.1 to 4.4, red at
pH less than 3.1 and yellow at pH more than 4.4. The mode of
occurrence of MO in neutral and alkaline solution is the
sulfonic acid sodium salt, which converts to sulfonic acid in acidic
solution. Then the sulfonic group and the intramolecular alkaline
acid dimethyl amine form the dimethyl amino phenyl azo
benzene sulfonic acid (para quinoid structure). The color changes

180

160

140

120

100

q, (mg/g)

LR S RN R

100 150 200
¢, (mg/L)

50

o

Fig. 11 — The amount of adsorbate adsorbed (g¢) at equilibrium
as a function of equilibrium concentrations (C).

after a conjugated system containing a para quinone structure is
formed. An increasing concentration of OH™ is conducive to
facilitating the release of metal ions from BFSAP. It also promoted
the adsorption rate of BFSAP for MO removal. Meanwhile, the
adsorption rate slightly decreased with increasing temperature.
This means that the adsorption of BFSAP on MO is an exothermic
reaction. The increased temperature enhanced molecular motion
and weakened the adsorptive removal of MO by BFSAP.

Based on the results of the optimized experiments, the
results conformed with the Langmuir adsorption isotherm
and pseudo-second-order kinetics. This showed that MO
removal by BFSAP mainly occurred by chemisorption, and
partly by physical adsorption. The size of the MO ion is 6-
8 nm. Though BFSAS (245 m?%g) apparently has much larger
specific surface area than BFSAP (3.46 m?/g), the pore size of
BFSAS is smaller than that of BFSAP. However, the number of
positive charges on BFSAP was greater than on BFSAS, which
was helpful to the absorption of MO~ on BFSAP. Thus the MO
removal of BFSAS was slightly worse than BFSAP. In the
process of MO removal by BFSAS, a sol phenomenon occurred
under low pH conditions.

2.3.2. Effects of inorganic anions on MO removal in BFSAP
adsorption

In general, dye wastewater always contains a large amount of
inorganic anions, such as chloride ions, sulfate and phosphate, so
the effects of inorganic anions on adsorptive removal of MO were
investigated. Adsorption experiments were based on the opti-
mum BFSAP dosage of 2 g/L. As depicted in Appendix A Fig. S3,
NaCl and NaNO; had no significant effect on the removal
efficiency of MO in BFSAP treatment, but MO removal was
reduced in the presence of Na,SO, and NasPO,, and was more
evident for NasPO,. This result revealed that SO;~ and POz~ could
compete for the adsorption sites located on the surface of BFSAP
by an ion-exchange process (Costa et al., 2009).

The influence of the concentration of Na,SO, and NasPO,
on MO removal in BFSAP adsorption is presented in Appendix
A Fig. S4. It is clear that MO removal was significantly reduced
with increasing concentrations of SO~ and PO3"~. Adsorptive
removal of MO sharply decreased from 30.73% to 5.16% on
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increasing the concentration of Na,SO, from 0.005 to 0.05 mol/L.
Furthermore, POz~ had a more marked influence on the
adsorption capacity of BFSAP for MO removal, which was
significantly reduced from 27.07% to 0.89% with increase in
concentration of NasPO, from 0.005 to 0.05 mol/L. As mentioned
above, it has been reported that both SO3~ and PO3~ could be
removed by hydrotalcite adsorption (Costa et al., 2009).

The surface functional groups of BFSAP were analyzed with
FT-IR after adsorption to understand the mechanism of the
inhibitory effects of SO3~ and PO3~ on MO removal. The results
can be found in Appendix A Fig. S5. In comparison to BFSAP-MO
in the absence of inorganic anions, the characteristic peak related
to -CH; weakened and nearly disappeared at 2869 cm™* when the
SO3~ concentration was around 4.8 mg/L. Meanwhile, a broad
band at 648 cm™* and characteristic peak at 1049 cm™* associated
with SO~ were detected. For the BFSAP-MO-PO, system, a
characteristic peak at 1049 cm™" originating from the P-O group
was observed (Yin et al., 2012). These observations demonstrated
that the MO removal reduction was attributable to chemisorption
(ion-exchange) of SO3~ and PO3".

From Appendix A Fig. S6, it can be seen that the character-
istic peaks of BFSAP-MO, BFSAP-MO-SO, and BFSAP-MO-PO, all
obviously broadened to a variable extent and shifted, which
suggested that the interlayer spacing increased. The intensity of
the XRD peaks weakened because some metal ions of BFSAP
were released into the simulated wastewater during anion
exchange reactions, which led to structural change (Kooli et al.,
1997; Hibino and Tsunashima, 1997; Serwicka et al., 1997; Radha
et al., 2005). Meanwhile, MO, PO3~ and SO3~ had a very limited
influence on the interlayer structure of BFSAP, which led
BFSAP-MO, BFSAP-MO-PO, and BFSAP-MO-SO, to have weak-
ened crystallinity.

3. Conclusions

As a kind of industrial solid waste, the handling of BFS costs a
large sum of money in the iron and steel industry. How to dispose
of BFS and gain a high value-added product was the focus of this

work.(1) In the study, we adopted a simple technological process,
which is a low-cost acid-alkali method. The materials BFSAS and
BFSAP were obtained. BFSAS has a large surface area (245 m%/g)
and shows some adsorptive properties. BFSAP is a complex
layered double hydroxide mixture and composed of Ca, Mg, Al. (2)
BFSAP has been demonstrated to be an effective adsorbent for the
removal of MO from aqueous solution. The adsorption process
followed the Langmuir isotherm. The adsorption efficiency was
very stable with respect to varying contact time, pH and
adsorbent dosage. The maximum adsorption capacity of BFSAP
for MO reached 167 mg/g.(3) Adsorption of MO from NaCl solution
and saturated NaNOj; solution showed little change compared to
solution without added anions, while adsorption from Na,SO,
solution and saturated NasPO, solution was markedly reduced.
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