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Abstract: The potential possibility of blast furnace slag as a low-cost adsorbent to remove lead ions
from wastewater was investigated in detail in the present work. Both single factor experiment and
orthogonal experiment were performed to reveal the effect of pH, adsorption temperature, contact
time and initial concentration of lead ions on the adsorption performance of pristine slag. In order to
make clear the correlation between the lead ion adsorption performance and the structure of slag,
solid state nuclear magnetic resonance (NMR) was conducted to reveal the network structure and
X-ray fluorescence (XRF) was used to calculate the nonbridging oxygen in the network-forming
tetrahedra. For the purpose of improving the adsorption performance, y-aminopropyltriethoxysilane
(APTES) was adopted to modify the slag via post-grafting method. The results show that the slag
is predominately composed of SiO;, Al,03, CaO and MgO, exhibiting an amorphous network
structure based on SiO4 and AlO, tetrahedra. The conditions for adsorption can be optimized as
follows: a pH of 7, an adsorption temperature of 60 °C, a contact time of 120 min and an initial lead
ion concentration of 40 mg-L~!. Under the optimal conditions, a removal rate of 99.98% and an
adsorption capacity of 49.99 mg-g~! are obtained for the pristine slag. The adsorption complies with
the Langmuir model thermodynamically and conforms to the pseudo-second order model kinetically.
It is noted that aminopropyl-modification has considerably enhanced the removal rate of lead ions
from 20.71 to 64.32% and the adsorption capacity from 29.01 to 96.48 mg-g~! since amino groups
(-NH>) are more inclined to form a complex with lead ions than hydroxyl groups due to the higher
nucleophilicity of amino groups than that of hydroxyl groups. However, it is necessary to develop
more low-cost modification agents in the future work.

Keywords: blast furnace slag; lead ions; adsorption; surface modification; aminopropyl groups

1. Introduction

As one of the most toxic and extremely hazardous heavy metals, lead causes seri-
ous damage to the kidney, liver, nervous, reproductive and gastrointestinal systems of
humans [1,2]. In general, Lead pollution primarily derives from wastewater produced
in metallurgy, mining, battery manufacturing, electroplating, etc. [3,4]. In order to avoid
huge harm to the environment, it is critically necessary to remove lead ions from wastew-
ater prior to its discharge. In the past decades, various techniques have been developed
and employed for removing toxic heavy metal ions from wastewater, including but not
limited to chemical precipitation [5], ion exchange [6], membrane separation [7], reverse
osmosis [8], phytoremediation [9], adsorption [10-14], among others. Amongst these
techniques, adsorption has received increasing attention due to its ease of operation and
abundance of adsorbents [15-17]. Zeolites, ordered mesoporous silica, activated carbon,
clay minerals [18], etc. are considerably effective for metal ions removal by adsorption due
to their high porosity and surface area, but most of these adsorbents are quite expensive
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because of the complex synthesis process, involving high energy consumption and large
depletion of raw material sources [10], thus limiting their widespread use in wastewater
treatment. Recently, various industrial or agricultural wastes, for instance, sludge, blast
furnace slag, flue dust, red mud, banana peel, soybean hull, spent coffee grounds etc., have
been investigated for the adsorption of heavy metals from wastewater [14,17,19-22].

Blast furnace slag is a kind of industrial byproduct from steel plants. Currently, slag
has been successfully utilized in large scale as raw materials or fillers in cement production,
road construction and asphalts. A large amount of slag that cannot be recycled or recovered
is landfilled, which leads to a major environmental issue [1,23]. In recent years, numerous
researchers have explored the possibility that using slag as an alternative adsorbent for
the removal of heavy metals from wastewater [10,16,23]. The removal characteristics of
different metal ions using different slags have been investigated in terms of adsorption
isotherms/kinetics, and various removal mechanisms have also been proposed [2,24].

Previous literature has demonstrated that surface modification by grafting functional
groups onto the surface of adsorbents through chemical reaction achieves higher metal
ions removal efficiency [25,26]. Deng et al. introduced amine groups on the surfaces
of polyacrylonitrile fibers (PANFs) through a simple one-step reaction of PANFs with
diethylenetriamine solution [27]. The aminated polyacrylonitrile fibers (APANFs) had sig-
nificantly higher adsorption capacities for both lead and copper ions than PANFs. Amino-
functionalized Fe;04@mesoporous SiO, core-shell composite microspheres, magnesium
silicate hollow microspheres and multiwall carbon nanotubes/iron oxides nanocomposites
for enhanced lead ion removal were synthesized by Tang et al. [28], Zou et al. [29] and Ji
et al. [30], respectively. Zhu et al. reported that surface-ion imprinted polymer exhibits
excellent affinity and high selectivity toward metal ions [31]. In particular, the amino group
has been proved to be one of the most effective chelating groups for the adsorption or
removal of heavy metal ions from aqueous solutions. However, rare reports have focused
on the surface modification of slag with amino group for heavy ions adsorption, so far.

It is well known that slag is typically composed of SiO,, CaO, Al,O3, Fe;O3 and MgO.
However, compared to the chemical composition, the network structure of the slag, espe-
cially the nonbridging oxygen in the network-forming tetrahedra, which play a crucial role
in the complexation of lead ions with pristine slag, has rarely been investigated previously.

In the present work, the chemical composition, phase composition, structure, mor-
phology and, more importantly, the lead ion adsorption behavior of the blast furnace slag
are investigated in detail; y-aminopropyltriethoxysilane (APTES) is adopted to modify the
slag via post-grafting method in order to enhance the adsorption performance of the slag.
An adsorption mechanism is also proposed. Emphasis is placed on using solid state nuclear
magnetic resonance (NMR) to reveal the network structure of slag. Solid state NMR is a
powerful technique to analyze the structure of various types of materials, especially the
local structure of the amorphous materials such as blast furnace slag, which cannot be
clearly identified by sole X-ray diffraction (XRD) measurement. In addition, X-ray fluo-
rescence (XRF) data are used to calculate the nonbridging oxygen in the network-forming
tetrahedra. To date, the concentrated study on the local structure of slag by a combination
of solid state NMR and XRF and the discussion with respect to surface modification have
not been reported previously and it represents the major novelty of the present work. The
practical application of this work is to provide a strategy to reveal the structure of slag and
enhance its removal performance of lead ions from wastewater.

2. Materials and Methods
2.1. Chemicals

Blast furnace slag was provided by a steel plant in China. Lead nitrate (Pb(NO3)y,
A.R.) was purchased from Shanghai Aladdin Bio-Chem Technology Co., Ltd. (Shanghai,
China). Concentrated nitric acid (HNOj;, 65%), sodium hydroxide (NaOH, A.R.) and
absolute alcohol (EtOH, A.R.) were obtained from Beijing Chemical Works (Beijing, China);
y-aminopropyltriethoxysilane (APTES) was purchased from JiuDing Chemical Technology
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Co., Ltd. (Shanghai, China). Deionized water (H,O) with a resistivity close to 18 (2 cm was
produced by a water purification system (Ulupure, Chengdu, China). All chemicals except
blast furnace slag were used as received without further purification. The lead ion solution
was prepared by dissolving a certain amount of Pb(NOj3); in deionized water.

2.2. Adsorbent Preparation

The slag was washed repeatedly (once for 1 h) using deionized water until the super-
natant reached a pH of 7. After drying at 100 °C for 24 h, the slag was processed by a sieve
to remove coarse particles that were larger than 400 mesh. The pretreated slag was denoted
as pristine slag and used for characterization, adsorption or further surface modification.

The surface modification was carried out by a post-grafting approach with APTES
as modification agent [28,29]. A certain amount of APTES was dissolved in ethanol and
then ultrasonically treated for 15 min to obtain a modified solution with different mass
ratios of APTES in EtOH solution (Table 1). Prior to surface modification, the pretreated
slag (pristine slag) was cleaned by ethanol and deionized water alternately. After vacuum-
drying at 120 °C for 12 h, the slag (2 g) was added into the modification solution (50 mL)
and stirred at different temperatures for set times (Table 1). Finally, the slag was filtered,
washed with ethanol to remove the residual unreacted APTES and then dried at 110 °C for
24 h.

Table 1. List of the factors and their levels for surface modification.

Factors Levels
Mass ratio of APTES in EtOH solution (%) 5,10, 15, 20, 25, 30, 35, 40
Modification time (h) 6,12, 24, 36,48
Modification temperature (°C) 20, 30, 40, 50

2.3. Adsorbent Characterization

The chemical composition of slag was analyzed by X-ray fluorescence (XRF-1800,
Shimadzu, Kyoto, Japan). The phase composition was identified by X-ray diffractome-
ter (XRD-7000, Shimadzu, Kyoto, Japan) using Cu K«1 radiation with a scanning rate
of 2°/min. Solid state 2’Si and % Al magic angle spinning nuclear magnetic resonance
(**Si and ¥ Al MAS NMR) spectra were measured by a 400 MHz Bruker Avance 111 WB
NMR spectrometer (Rheinstetten, Germany) using a 4 mm Bruker CP/MAS probe with
a spinning rate of 9 kHz. The chemical shifts of ?°Si and 2’ Al were referenced to tetram-
ethylsilane (TMS) and an aqueous solution of AlCl3-6H,0O, respectively. The surface atomic
composition of slag was determined using X-ray photoelectron spectroscopy (XPS, Escalab
250Xi, Thermo Fisher, Waltham, MA, USA) equipped with a monochromatic Al K« source
radiation (1486.6 eV) and 500 um spot size. The pore structure of the slag was detected
by Ny adsorption—desorption at 77 K conducted on the specific surface area and pore size
analyzer (BSD-PS (M), BeiShiDe Instrument Technology (Beijing),Co., Ltd., Beijing, China).
Prior to measurement, the samples were degassed at 100 °C for 12 h to remove moisture
or impurities. The morphology was observed by a scanning electron microscope (SEM,
JSM 6500, Tokyo, Japan). The samples were sputtered with gold prior to imaging. The
concentration of lead ions in solution was determined by an inductive coupled plasma
emission spectrometer (Optima 7000DV, PerkinElmer, Waltham, MA, USA).

2.4. Adsorption Experiments

A set amount of pristine or modified slag (0.1 g) was added to 50 mL aqueous solutions
with different lead ion concentrations and pH and stirred for different times under different
temperatures. Afterward, the supernatant was filtered through a membrane with a pore
size of 0.45 um, and the concentration of lead ions in the filtrate was detected. The lead
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ion removal rate (17, %) and the adsorption capacity (g, mg-g~!) at time ¢ were calculated
according to Equations (1) and (2) [16], respectively:
Co— G

17(0/0) = Co x 100% (1)

o= GGV @

m

where Cy (mg~L’1) represents the initial concentration of lead ions in the solution, C;
(mg-L~1) denotes the concentration of lead ions at time , V (L) refers to the volume of
solution and m (g) is the mass of slag.

For the single factor analysis, the effect of pH, adsorption temperature, contact time
and initial concentration of lead ions on the removal rate and adsorption capacity was
investigated in detail by varying one factor while fixing the other three factors. The values
of the single factors used in the experiments are listed in Table 2.

Table 2. List of the factors and their levels for single factor analysis.

Factors Levels
pH 2,5,7,9,11
Temperature (°C) 20, 30, 40, 50, 60
Contact time (min) 10, 20, 30, 60, 90, 120, 150, 180, 240, 300
Initial lead ions concentration (mg-Lfl) 20, 40, 60, 80, 100, 150, 200, 300

For the orthogonal experimental study, experiments were performed according to the
orthogonal array Lg (3%) that are listed in Table 3. Two indices in the orthogonal experiment,
removal rate and adsorption capacity, were measured according to the same procedure
that was used in the single factor experiments.

Table 3. List of factors and levels for the orthogonal experimental study.

Factor A Factor B Factor C Factor D
Levels H Temperature Contact Time Initial Concentration
P Q) (min) (mg-L-1)
1 2 20 30 40
2 5 40 120 100
3 7 60 240 300

The adsorption conditions for the modified slag prepared under different conditions
follow: modified slag amount of 0.1 g, simulated wastewater volume of 50 mL, initial
lead ion concentration of 200 mg-L~!, contact time of 60 min, pH of 6 and adsorption
temperature of 20 °C. The adsorption performance of the modified slag prepared under the
optimal condition was compared to that of the pristine slag under these same conditions,
except for an initial lead ion concentration of 300 mg-L~1.

3. Results and Discussion
3.1. Characterization of Slag

Table 4 lists the chemical composition (in mole percentage) of the pristine slag detected
by XREF. The slag is mainly composed of CaO, SiO,, Al,O3 and MgQO, accounting for
more than 99% of the composition. As depicted in Figure 1, only a rather broad peak is
observed in the XRD pattern, indicating that the slag is amorphous. In fact, the slag can
be approximately considered as a type of Mg-substituted calcium aluminosilicate glass
(MCAS) [32]. In order to further reveal the structure of slag, both 295 MAS NMR and
27 Al MAS NMR measurements were conducted and the results are exhibited in Figure 2.
As shown in the 2Si MAS NMR spectrum, in the range from —50 to —130 ppm there is
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a broad resonance covering the chemical shift region of the silicon atoms in the Qy, i.e.,
Si ((OSi)n (OH)4—p, n = 0~4) and Qn (mAl), i.e., Si (OSi)n—m (OAl)m (OH)4—p, m = 0~n)
environments [33-35]. For the ¥’ Al MAS NMR spectrum, the resonance at 59 ppm is
attributed to the aluminum atoms in AlOy (4Si) tetrahedra [33-35]. A bridging SiO4
tetrahedra is required to be located between two neighboring AlO, tetrahedra; in other
words, nonbridging oxygens (NBOs, for example, the oxygen in OH group) are associated
with SiOy rather than AlO; tetrahedra [32]. The Ca2* and Mg2+ cations play dual role in
the slag structure. On the one hand, as network modifiers, they break the Si-O-Si bonds
and create nonbridging oxygens. On the other hand, they balance the negative charge
generated by the substitution of Si by Al as charge compensators [32]. The number of NBO
per network-forming tetrahedra calculated according to the XRF data is 1.11 for the slag in
this work [32]. It is generally believed that the nonbridging oxygens behave as binding
sites for heavy metal ion adsorption [11,15,36].

Table 4. Chemical composition of pristine slag (mol%).

Si02 CaO A1203 MgO 503 Ti02 NaZO Fe203 MnO K20 SrO NBO*

51.03 34.88 5.69 5.62 1.25 0.64 0.35 0.14 0.19 0.19  0.02 1.11

* NBO: number of nonbridging oxygen per network-forming tetrahedra, calculated according to the equation
NBO/T = (2[Ca] + 2[Mg] — [AIl])/([Si] + [Al]).

250 4 |
200+

150

Intensity (a.u.

100

50

0 10 20 30 40 50 60 70 80
20 (%)

Figure 1. XRD pattern of pristine slag.

* gpinning sideband

*

160 -140 -120 100 -80 -60 -40 20 O 80 40 0 40 80 120 160 200

Chemical shift (ppm} Chemical shift {ppm)

Figure 2. Solid state 2°Si (a) and 2’ Al (b) MAS NMR spectra of pristine slag.
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Figure 3 reveals the elemental compositions of the pristine and aminopropyl-modified
slag determined by XPS. The XPS data reflect the composition of the topmost surface
(usually several nanometers) of the samples [37]. Figure 3a exhibits the presence of the
main constituent elements (Si, Al, Ca, Mg and O) in the pristine slag. The signal of C,
which is not intrinsically a constituent element of slag, originates from the adsorption of C
species in the atmosphere. For the aminopropyl-modified slag (Figure 3b), additional peak
of N is detected at a binding energy of 399 eV [38,39], and the elemental concentration of C
increases from 18.36% for the pristine slag to 26.4% (Table 5). This observation confirms
that the aminopropyl groups were successfully incorporated onto the surface of slag.

1.4x10° = 1.2x10°
s J
] @ 1@ ots
1.2X10° 1 1.0x10°
5
10380 _ 8.0x10*
(2]
8.0x10" | £ N
-
.| Mgt 3 6.0x10
6.0x10"q ~ (@] 1 M915
; 4.0x10*
4.0x107 1 W Ca\2p C1s
4 _| N1s| | :
1 Al2p
0.0 0.0
1200 1000 800 600 400 200 0 1200 1000 800 600 400 200 0
Binding Energy (eV) Binding Energy (eV)

Figure 3. XPS spectra of pristine (a) and aminopropyl-modified (b) slag.

Table 5. Elemental compositions (atomic %, without hydrogen) of slag determined by XPS.

Sample (0] C Si Mg Ca N Al
Pristine slag 52.10 18.36 12.27 3.62 6.40 0.00 7.25
Modified slag 45.57 26.40 11.75 2.02 5.06 3.94 5.26

Figure 4 exhibits the N, adsorption—desorption isotherms of the pristine slag treated
with aqueous solution with different pH for an hour and that of the aminopropyl-modified
slag. Table 6 summaries the textural parameters of the samples. All samples exhibit a type
II isotherm, indicating that the slag is intrinsically nonporous [40]. The BET surface area
ranging from 0.746 to 0.898 m?-g~! and the pore volume from 0.0032 to 0.0046 cm®-g~! of
the slag are negligible compared to those of a typical porous solid such as SBA-15, which
has a BET surface area of 633-816 m?-g~! and a pore volume of 0.7-1.41 cm3-g ! [41]. It
is observed that all isotherms overlap with each other, suggesting that the aminopropyl-
modification does not obviously damage the surface or change the porosity of the slag.
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Figure 4. N, adsorption-desorption isotherms of the slag. Note: the legend means that the pristine

slag (PS) and the aminopropyl-modified slag (AMS) were treated in the aqueous solution with a pH

of 2,5,6,7,9 and 11 for 1 h, respectively, at room temperature.

Table 6. The textual parameters of the slag.

Sample BET Surface Area (m?.g—1) Pore Volume (cm3-g—1)
PS-2-1h 0.898 0.0046
PS-5-1h 0.752 0.0039
PS-6-1h 0.765 0.0038
PS-7-1h 0.808 0.0038
AMS-7-1h 0.661 0.0039
PS-9-1h 0.750 0.0037
PS-11-1h 0.746 0.0032

Note: the sample symbols mean that the pristine slag (PS) and the aminopropyl-modified slag (AMS) were treated
in the aqueous solution with a pH of 2, 5, 6,7, 9 and 11 for 1 h, respectively, at room temperature.

The SEM images in Figure 5 show that the slag consists of irregularly shaped particles
with a rough surface and a size ranging from several microns to more than 20 microns.

Figure 5. SEM images of pristine slag. (b) is the close-up of (a).
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3.2. Lead lons Adsorption on Pristine Slag
3.2.1. Single Factor Analysis

The removal rate and adsorption capacity were investigated under pH ranging from
2 to 11 with an interval of 2. As shown in Figure 6a, the removal rate increases with
increasing pH until a value of 9, at which point 100% is obtained. The effect of pH on
adsorption capacity is similar to that on removal rate. The adsorption capacity reaches a
maximum value of 49.98 mg-g~! at a pH of 9 and then remains constant at higher pH. The
dependence of removal efficiency on pH may be partially attributed to the concentration
of H* present in the solution. At lower pH, the concentration of H* is high and a large
amount of H* competes with Pb?* for adsorption sites [12], thus leading to a low Pb**
uptake for the slag. At higher pH the competing effect of H* weakens due to the decrease
of H* concentration. Hence, more free binding sites on the slag surface are available
for the positively charged lead ions, thus resulting in a higher removal rate of lead ions.
Additionally, chemical precipitation takes place at higher pH via the reaction of Pb%* with
OH™, whose concentration tends to increase under more alkaline condition. Ata pH of 9,
the residual Pb?* is completely removed by the formation of Pb (OH), precipitate. In order
to reduce the precipitation effect and avoid the dissolution of SiO, in alkaline solution,
a pH of 6 was selected in the further single factor experiments unless otherwise stated.
As shown in Figure 4 and Table 6, the slag remains intact after submitting to the aqueous
solution with different pH for the adsorption for 1 h, suggesting that the surface of the slag
is not destroyed significantly by the acidic or alkaline solution.

70 35
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(c) pH: 6; temperature: 20 °C; initial lead ion concentration:

120 mg L1 (d) pH: 6; temperature: 20 °C; contact time: 60 min

Figure 6. Removal rate and adsorption capacity of lead ions by pristine slag under different pH values (a), temperature (b),
contact time (c) and initial concentration (d).

As depicted in Figure 6b, the removal rate and adsorption capacity increase steadily
from 20 to 50 °C, but the tendency becomes much less pronounced from 50 to 60 °C.
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This indicates that the adsorption process is endothermic in nature [42], especially for the
temperature range from 20 to 50 °C. It is generally believed that higher temperature is in
favor of the motion of lead ions in the solution, thus enhancing the opportunity for the
collision of lead ions with the binding sites. It is possible that at a temperature of 50 °C, the
binding sites have been almost completely occupied by lead ions, so that the adsorption is
no more reinforced considerably at temperatures higher than 50 °C.

Figure 6¢ shows the effect of contact time on the removal rate and adsorption capacity
of pristine slag. A rapid increase for both removal rate and adsorption capacity can be
observed in the first 180 min, and then the increase slows with further increasing contact
time. The equilibrium adsorption can be considered to occur at the contact time of 180 min
with an adsorption capacity of 38.55 mg-g~!. The fast adsorption during the initial stage is
explained by the abundant free binding sites available for adsorption.

Figure 6d displays the effect of initial lead ion concentrations on the removal rate and
adsorption capacity of slag. It can be seen that at a low initial concentration (<40 mg-L~1)
lead ions can be almost completely removed by the slag since there are abundant free
binding sites for lead ions on the slag surface. For the range from 40 to 80 mg-L~!, the
adsorption capacity increases with increasing initial lead ion concentration, but the removal
rate decreases from nearly 100 to 80%. The increase of adsorption capacity is probably
ascribed to the driving force that is initiated by the initial concentration to reduce the
mass transfer resistance [12,43]. The reverse trend for the removal rate indicates that some
lead ions do not interact with the binding sites that are available for adsorption. As the
initial concentration further rises to 100 mg-L~!, adsorption saturation takes place since the
binding sites are totally occupied by the lead ions. The removal rate drops to 60% due to
the presence of residual lead ions in the solution that have no opportunity to combine with
the binding sites. This observation implies that the pristine slag is less effective for lead ion
removal at high initial concentration. In order to promote the removal effectiveness at high
lead ion concentration, the saturated adsorption capacity should be enhanced. Desorption
is expected to occur simultaneously with adsorption if the affinity between the binding
sites and lead ions is weak. Hence, a strategy to enhance the interaction between slag
surface and lead ions is necessarily required.

In summary, the optimal operating conditions originated from the single factor analy-
sis list as follows: a pH of 6, a temperature of 50 °C, a contact time of 240 min and an initial
lead ion concentration of 100 mg-L~".

3.2.2. Orthogonal Experimental Study

Table 7 lists the design of orthogonal experiments and the experimental results for two
indices: removal rate and adsorption capacity. Range analysis is conducted to determine
the influence degree and optimal level of each factor for the removal rate and adsorption
capacity; the results are listed in Table 8. The influence degree of factors for both indices
decreases in the order: D > A > C > B (Table 8). The initial lead ion concentration has the
largest R value, indicating that it affects the removal efficiency most remarkably. The pH
comes in second, followed by temperature and contact time. The temperature and contact
time have a similar R value, suggesting that their effect on the indices differs slightly. Taking
the levels into account, the optimal combination for both removal rate and adsorption
capacity is D1A3C3B3, but this combination does not appear in the orthogonal array
(Table 7). It is found that a similar combination of D1A3C2B3 appears in the orthogonal
array and the experiment based on this combination results in the highest removal rate
(99.98%) and the largest adsorption capacity (49.99 mg-g~!). Therefore, D1A3C2B3, namely,
a pH of 7, a temperature of 60 °C, a contact time of 120 min and an initial lead ion
concentration of 40 mg-L.~!, can be considered as the optimal experiment conditions in this
work. It is noted that the optimal operating conditions derived from the orthogonal study
differs from those determined by the single factor experiments. However, such differences
are reasonable and acceptable since the orthogonal experimental study considers the
influence factors comprehensively. After treatment by the slag under the optimal conditions,
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the lead ion concentration in wastewater is less than 1 mg-L~!, close to the emission
standards of pollutants for lead and zinc industry (GB 25466-2010).

Table 7. Orthogonal experiment design and experimental results.

Removal Adsorption
Combination Factor A  FactorB  Factor C  Factor D o Capacity
Rate (%) 1
(mg-g—1)
A1B1C1D1 2 20 30 40 69.61 34.81
A1B2C2D2 2 40 120 100 45.96 22.98
A1B3C3D3 2 60 240 300 14.95 7.48
A2B1C2D3 5 20 120 300 18.04 9.02
A2B2C3D1 5 40 240 40 98.45 49.22
A2B3C1D2 5 60 30 100 69.31 34.66
A3B1C3D2 7 20 240 100 76.69 38.35
A3B2C1D3 7 40 30 300 36.48 18.24
A3B3C2D1 7 60 120 40 99.98 49.99

Note: A, B, C and D represent pH, temperature (°C), contact time (min) and initial lead ion concentration (mg~L_1),
respectively.

Table 8. Range analysis of removal rate and adsorption capacity.

Removal Rate Adsorption Capacity

Factor A Factor B Factor C Factor D Factor A Factor B Factor C Factor D

k1 43.51 54.78 58.47 89.35 21.76 27.39 29.24 44.67

k2 61.93 60.30 54.66 63.99 30.97 30.15 27.33 32.00

k3 71.05 61.42 63.36 23.16 35.53 30.71 31.68 11.58

R 27.55 6.64 8.70 66.19 13.77 3.32 4.35 33.09
Optimum 7 60 °C 240 min 40 mg-L! 7 60 °C 240 min 40 mg-L!

level

Rank for the influence degree of factors on both removal rate and adsorption capacity: D> A >C>B

Note: k1, k2 and k3 represent the average removal rate and adsorption capacity of each factor at level 1, 2 and 3, respectively. R value for
each factor is the difference between the maximum and minimum value of k.

3.2.3. Adsorption Isotherms

Three typical adsorption models, the Langmuir Equation (3), the Freundlich Equation (4)
and the Dubinin-Radushkevich (D-R) Equation (5) are used to fit the adsorption data [21,44]:

Ce 1 1

= - —_C,+— 3
o~ QT Ky R
where Qy; (mg- g’l) denotes the theoretical maximum adsorption capacity, Q. (mg-g’l) is
the equilibrium adsorption capacity at the equilibrium concentration C, (mg-L~!) and Ky

(L-mg~!) means the Langmuir constant related to binding strength.
1
InQ, = ElnCe—i—anp 4)

where Kr (mg-g~') (L~mg’1)l/ ™) refers to the Freundlich constant and 1/n represents the
adsorption intensity [2].
InQ. = InQ,, — ke? (5)

where Q;, refers to the calculated maximum adsorption capacity (mol-g’l), Qe (mol- g’l)
is the equilibrium adsorption capacity, k (mol?-k]~2) denotes a constant related to the
adsorption energy and ¢ is the Polanyi potential, which can be described by

e = RTln<1+é> 6)

e
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where R (8.314 J-mol-K~!) represents the gas constant, T (K) is the absolute temperature
and C, (mol-L~!) denotes the equilibrium concentration.

The linear fitting of adsorption data by the Langmuir, Freundlich and Dubinin—
Radushkevich models according to Equations (3)—(5), respectively, are exhibited in Figure 7
and the fitting results are listed in Table 9. It can be seen that the correlation coefficients
(R?) for the Langmuir model is 0.998, much higher than those for the Freundlich (0.760)
and Dubinin-Radushkevich (0.741) models, indicating that the Langmuir model is more
appropriate for describing the isothermal adsorption process when compared to the other
two models. The theoretical maximum adsorption capacity (29.33 mg-g~!) calculated
on the basis of the Langmuir model is very close to the measured value (31.05 mg-g~ 1),
revealing that a monolayer adsorption of lead ions takes place homogeneously on the
uniform and energetically identical active sites on the surface of slag adsorbent [2,45].
Another intrinsic parameter R;, defined in Equation (7), is used to evaluate the Langmuir
adsorption [46]:

1
1+ K G

where K and Cj represent the Langmuir constant and the initial concentration of lead
ions, respectively. It is generally believed that unfavorable adsorption, linear adsorption,
favorable adsorption and irreversible adsorption occur in case of R >1,R; =1,0< R <1
and Ry, = 0, respectively. The R} values in the present work range from 0.000651 to 0.009671,
confirming a favorable adsorption [47]. The maximum adsorption capacity (113.54 mg- g_l)
obtained according to the Dubinin-Radushkevich (0.741) model deviates considerably
from the measured value, further implying that the Dubinin—-Radushkevich (0.741) model
is not applicable for the adsorption.

R; = )
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Figure 7. Linear fitting of Langmuir (a), Freundlich (b) and Dubinin—-Radushkevich (c) isotherm for lead ion adsorption on

pristine slag.
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Table 9. Isothermal constants for the adsorption of lead ions on pristine slag.

Langmuir

Freundlich Dubinin-Radushkevich

Qm
(mg-g—1)

Kp
(L-mg~1)

Qm k R?

R? Kr ((mg-g~1) n R?
(mg-g1) (mol?.kJ~2)

(L.mgfl)lln)

29.33

5.12

0.998 17.12 7.42 0.760 113.54 0.432 0.741

3.2.4. Kinetics
Pseudo-first-order, pseudo-second-order and intraparticle diffusion models, denoted
in Equations (8)—(10), respectively, were adopted to characterize the adsorption kinet-
ics [24,48]:
In(Qe — Qt) = In(Qe) — kit ®)

t 1 t
o0 koo ©)

Q= kt/?+C (10)

where Q, (mg-g~!) and Q; (mg-g~!) refer to the adsorption capacity at the reaction equi-
librium and at each contact time ¢ (min), respectively, k; (min~1), k, (g-mg’l -min~!) and
k; (mg-g~!-min~1/2) represent the pseudo-first-order rate constant, pseudo-second-order
rate constant and the intraparticle diffusion constant, respectively, and C is the intercept.

Figure 8 exhibits the linear fitting of adsorption data by pseudo-first-order, pseudo-
second-order and intraparticle diffusion model based on Equations (8)—(10), respectively,
and Table 10 lists the kinetic parameters, the equilibrium adsorption capacity (Q.) and
the regression coefficient (R?). The R? value of pseudo-second-order model (0.999) is
larger than those of pseudo-first-order (0.957) and intraparticle diffusion (0.921) model and
the equilibrium adsorption capacity derived from pseudo-second-order kinetic equation
(40.62 mg-g~1) is much more similar to the experimental value (38.55 mg-g~!), indicating
that the pseudo-second-order model is more suitable for describing the adsorption of lead
ions on the slag. This observation suggests that the limiting step in the adsorption is
predominantly controlled by a chemical adsorption mechanism, in other words, electronic
transfer and electronic sharing between the adsorbate and adsorbent are involved in the
adsorption process [18,49,50]. Therefore, any strategies that may enhance the chemical
interaction between lead ions and the superficial functional groups of the slag are highly
advantageous to the removal efficiency of the lead ions from wastewater. This may be
realized by grafting various functional groups that have great affinity toward lead ions on
the surface of slag.
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"2 (min)

Figure 8. Linear fitting of pseudo-first-order (a), pseudo-second-order (b) and intraparticle diffusion (c) kinetic models for

the lead ions adsorption on pristine slag.

Table 10. Kinetic parameters for the adsorption of lead ions on pristine slag.

Pseudo-First-Order

Pseudo-Second-Order Intraparticle Diffusion

Q. 1 2 Q. k> 2 . co—L.min—1/2 2
(mg-g—1) ki (mg~1) R (mg-g—1) (g'mg~1 min—1) R k; (mg-g~!-min—12) c R
11.49 0.01624 0.957 40.62 0.00295 0.999 0.760 28.04 0.921

3.3. Lead Ion Removal by Aminopropyl-Modified Slag

As discussed in Section 3.2.1, the pristine slag becomes less effective for the adsorption
of lead ions at high initial concentration. In this section, use of aminopropyl groups was
attempted in order to modify the slag surface for the purpose of creating more compatible
binding sites for lead ions by mean of post-grafting with APTES.

3.3.1. Effect of Modification Conditions on the Adsorption of Lead Ions

Three modification conditions, e.g., APTES concentration, modification time and
modification temperature were investigated for their effect on the removal effectiveness of
lead ions on the modified slag; the results are exhibited in Figure 9. The adsorption capacity
increases significantly with increasing APTES concentration, reaching a maximum value
of 68.35 mg-g~! at the APTES concentration of 25 wt%, and then decreases slightly upon
higher APTES concentration (Figure 9a). It is generally accepted that surface modification
is realized via the condensation reaction between the surface hydroxyl groups of slag
and the ethoxy groups of APTES. After condensation, the surface hydroxyl groups are
replaced by aminopropyl groups and this tendency is much more pronounced at higher
APTES concentration. Previous work has demonstrated that aminopropyl groups are more
affiliative to lead ions than hydroxyl groups [28,30]. That is why the adsorption capacity
increases after surface functionalization with more aminopropyl groups. However, excess
APTES may generate steric hindrance, which could prevent some hydroxyl groups from
being accessible to APTES molecules, thus leading to the incomplete surface modification
and the slight decrease of adsorption capacity. Figure 9b shows that the adsorption
capacity increases sharply at the first 24 h and reaches a relatively saturated value 24 h
later. The rapid increase of adsorption capacity at the initial stage can be ascribed to the
successful grafting of aminopropyl groups on the surface. The surface hydroxyl groups
are completely consumed 24 h later so that more aminopropyl groups are unable to link to
the slag surface. As exhibited in Figure 9¢, the adsorption capacity rises gradually with
increasing temperatures from 20 to 40 °C, due to the possibility that the condensation
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reaction between the hydroxyl groups and the APTES molecules are more favorable since
the APTES molecules diffuse more rapidly in the solution at higher temperatures. A further
increase of temperature to greater than 40 °C does not promote the adsorption capacity
because no more hydroxyls groups are available for the residual APTES molecules. It is
noted that the modification conditions have the same effect on the removal rate as that on
adsorption capacity. The optimal modification conditions are obtained as follows: APTES
concentration of 25 wt%, modification time of 36 h and modification temperature of 40 °C.
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Figure 9. The effect of APTES concentration (a), modification time (b) and modification temperature (c) on the adsorption
of lead ions on the modified slag.

3.3.2. Adsorption Mechanism

Figure 10 reveals the comparison of the adsorption performance between the pristine
and modified slag. After modification by aminopropyl groups, the slag exhibits consider-
able enhancement of removal rate and adsorption capacity, from 20.71 to 64.32% and from
29.01 to 96.48 mg-g~ !, respectively, at a high lead ion initial concentration of 300 mg-L~!.
Table 11 compares the lead ions removal performance between our samples and various
adsorbents reported in previous literature. Although the slags used in the present work
exhibit adsorption performance inferior to that of the high-cost adsorbents [25,45,51-53],
such as graphene, activated carbon, metal organic framework (MOEF), among others, these
slags are actually competitive to most of the adsorbents derived from agricultural and
industrial wastes and natural minerals [11,13,48,54-59].
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Figure 10. The comparison of the adsorption performance between the pristine and aminopropyl-
modified slag.

Table 11. Comparison of the lead ion removal performance of various adsorbents.

° CT IC AD AC o
Adsorbents pH T (°Q) (min) (mg-L-1) (gL1) (mg-g~1) RA (%) Refs.
fron/reduced graphene oxide 5 21 60 400 0.6 910.00 100.00 [51]
composites
Mesoporous silica-grafted 5.0 25 10 150 0.3 255.10 99.00 [52]
graphene oxide
Activated carbon 2.0 RT 1440 100 1.0 294.00 73.00 [53]
Fe;04 decorated MOF 4.0 25 1440 500 1.0 610.00 93.00 [45]
Polyacrylonitrile beads 7.0 30 180 400 5.0 145.00 - [25]
Sugar beet pulp 5.0 25 70 207 8.0 43.50 71.00 [54]
Raw coconut husk 7.0 - - 50 2.5 21.20 - [55]
Electrolytic manganese residues 5.0 25 180 21 0.5 119.90 91.00 [13]
Bentonite 6.0 20 250 500 10.0 58.00 91.10 [56]
Montmorillonite 6.0 25 100 500 10.0 3.25 90.00 [57]
Blast furnace slag 6.5 25 - 5 0.1-20.0 4.90 79.00 [58]
Steel furnace slag 5.5 RT 1440 1 0.6 6.60 34.00 [11]
Desulfurization slag 6.0 23 90 180 40.0 130.20 98.80 [48]
Al(OH)3;-modified nickel slag 6.0 25 720 50 40.0 1.60 99.60 [59]
Blast furnace slag 7.0 60 120 40 2.0 49.99 99.98 This work
Blast furnace slag 6.0 20 60 300 2.0 29.01 20.70 This work
NH,-modified slag 6.0 20 60 300 2.0 96.50 64.30 This work

Note: T = temperature; RT = room temperature; CT = contact time; IC = initial lead ion concentration; AD = adsorbent dose; AC = adsorption

capacity; RA = removal rate.

As illustrated in Figure 11, for the pristine slag, surface hydroxyl groups are responsi-
ble for the lead ion adsorption. The lone pair electrons in the oxygen atoms of hydroxyl
groups play a critical role in the complexation between the lead ions and hydroxyl groups.
After modification, aminopropyl group behaves as a substitute for hydroxyl group [28-30].
There are also lone pair electrons in the nitrogen atom of aminopropyl group, and thus
the aminopropyl group can be considered as a nucleophilic species. The nucleophilicity
usually comes from alkalinity and polarizability. It is obvious that the alkalinity of the
amino group is stronger than that of hydroxyl groups, but the polarizability of both groups
is extremely similar since both N and O atoms are located in the second period of the
periodic table, and therefore the aminopropyl group is more nucleophilic than the hydroxyl
group. As a result, the aminopropyl groups are more inclined to form a complex with
lead ions than hydroxyl groups [28-30], thus leading to a superior adsorption performance
for the modified slag compared to the pristine slag. Additionally, the extremely tiny BET
surface area and pore volume of the slag indicate that the lead ion adsorption on the slag
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is determined by the external surface rather than the porosity (in other words, the inner
surface). The physical adsorption can be ignored for the slag.

JAC VAN

© Bridging oxygen @ Nonbridging oxygen
Ca?*-Network modifier or charge compensator

Mg2*-Network modifier or charge compensator

Figure 11. The proposed lead ion adsorption mechanism on the pristine and aminopropyl-modified slag.

4. Conclusions

The present work aims to investigate the lead ions adsorption behavior of blast fur-
nace slag and proposes a strategy to improve the lead ion removal performance. The blast
furnace slag, mainly composed of 5i0,, CaO, Al,O3; and MgO, has an amorphous structure
in which SiO4 and AlOy tetrahedra constitute the basic building blocks of the networks.
The hydroxyl groups on SiOy tetrahedra endow the slag with ability to adsorb lead ions in
wastewater. The pristine slag has an adsorption capacity of 49.99 mg-g~! and a removal rate
of 99.98% for lead ions under the following conditions: pH of 7, adsorption temperature of
60 °C, contact time of 120 min and initial lead ion concentration of 40 mg-L~!; the residual
concentration of lead ions in the solution after adsorption is less than 1 mg-L~!, which
is close to the national emission standard. The Langmuir model (correlation coefficient,
R? = 0.998) fits the adsorption data better than the Freundlich model (R% = 0.760). The
pseudo-second-order model is more suitable for describing the experimental data than
pseudo-first-order model, indicating that lead ions are predominately removed by chemical
adsorption. Surface modification with aminopropyl groups enhances the adsorption perfor-
mance of lead ions from aqueous solution with a high lead ion concentration of 300 mg-L~!.
For the modified slag, the removal rate of lead ions considerably increases from 20.71 to
64.32% and the adsorption capacity significantly increases from 29.01 to 96.48 mg-g~!. In
future research, it will be necessary to develop lower-cost surface modification agents,
which are currently unaffordable for large scale application.
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