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ABSTRACT

The adsorption properties of Pb* aqueous solution were studied by means of laboratory-prepared
composite particles from steel slag (called SS) and manganese slag (called MS). The effects of the
mixing ratio, experimental temperature and adsorption time of the particles on Pb* were investi-
gated. The isothermal adsorption model of Pb* and the characterization results were also discussed.
Results showed that temperature had little influence on the adsorption process of Pb*. In the initial
solution with Pb? concentration of 500 mg/L, the best adsorption effect could be achieved when the
dosage of particles was 1.0 g. The Pb* removal efficiency was high when the stirring speed was in
the range of 100-300 rpm and the initial solution pH was in the range of 7-9 in the adsorption sys-
tem. The initial concentration with adsorption equilibrium time of 25 min was 300 mg/L. The adsorp-
tion process of the particles fits the Langmuir ISO-temperature model. The maximum saturated

adsorption value was 69.93 mg/g.
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1. Introduction

The large amount of industrial wastewater containing
heavy metals is causing serious environment problems [1].
Lead is one of the most toxic heavy metals. Lead pollution
cannot be degraded by microorganisms. It accumulates
and easily converts into more toxic methyl compounds
[2,3]. Passive plant absorption poses a serious threat to ani-
mal feeds and human health [4,5]. The technologies for the
treatment of heavy metals include chemical precipitation,
biofilm, adsorption and reverse osmosis [6], with the adsorp-
tion method have been considered as the most economically
promising technologies [7]. Steel slag (called SS) has high
specific surface area and high chemical activity, and it can

* Corresponding author.

be hydrolyzed to produce CaO-5iO,-H,O (C-S-H) gel. It is
a good adsorbent and has been used for water treatment
[7]. It confirmed that Cd, Cu, and Pb can be removed from
solutions by the addition of steel slag particles, while the
removal efficiency depends on metal type and on the ion
interaction, concentration, and pH of precipitation of each
metal [8]. However, most studies have not solved the prob-
lem of solid-liquid separation after the adsorption of steel
slag. As a result, the steel slag after adsorption of heavy
metal ion becomes a secondary pollution sludge that must be
treated.

The specific surface area of manganese slag is also large.
A report indicated the removal rate reached 95.47% by syn-
thetic zeolite sorbent from electrolytic manganese slag [9].

1944-3994/1944-3986 © 2023 Desalination Publications. All rights reserved.



C. Li et al. / Desalination and Water Treatment 304 (2023) 150-161 151

Electrolytic manganese residue (EMR) was thermally acti-
vated with calcite to prepare a silicon-based functionalized
adsorbent (C-EMR) for the removal of cadmium and lead
[10]. Electrolytic manganese residues (EMRs) modified by
NaOH, ultrasonic etching and microwave-assisted heat-
ing treatment were used as a novel adsorbent to remove
Arsenic(V) [As(V)] from synthetic wastewater, results
showed that the maximum adsorption capacity of E-EMRs
for As(V) was 23.96 mg/g [11,12]. However, the manganese
residue generally requires modification when it used as
adsorption of heavy metal ions, and the adsorption perfor-
mance of heavy metal mainly depends on the increase of
active species that can adsorb or oxidize heavy metals on its
surface. Therefore, the combination of manganese residue
and other solid wastes may be the application direction of
manganese residue as adsorbent.

According to the previous studies, because the steel slag
has the gelling property, it can be hydrated into CaO-5iO,-
H,O (C-S-H) gel when it meets water, and can be made into
ceramsite ball. This can solve the difficulty of solid residue
separation from solution after steel slag adsorption of heavy
metal ions. On the other hand, steel slag has the property
of high alkaline precipitating heavy metals, while man-
ganese slag has the property of large specific surface area.
The adsorbent composite ceramsites can be developed from
steel slag and manganese slag. The composite ceramides can
not only release OH- to solidify heavy metal ions, but also
separate solid from solution, making the removal process
easy and cost saving.

In this paper, the composite ceramics were developed
from steel slags and manganese slags, and their adsorption
characteristics and thermodynamic model for Pb* were
studied. Results of this study indicate that production of
the adsorption of Pb* with composite ceramics made from
steel slags and manganese slags, thus, to broaden the way
of solid waste resource utilization and provide a certain the-
oretical basis for the development of new multi-functional
environmental protection materials.

2. Materials and methods
2.1. Raw materials

The steel slags used in the experiments were taken from
the converter slag of Liuzhou Iron and Steel Co., Ltd. The
manganese slags were obtained from Guangxi CITIC Group.
The chemical compositions of the samples were analyzed
by X-ray fluorescence spectrometer [7-12], as shown in
Table 1. From Table 1, silicon dioxide and calcium oxides are
the two major chemical constituents of steel slag, while sil-
ica and alumina are the major chemicals of manganese slag.
The metal oxides such as CaO and MgO in steel slag can
be hydrolyzed to form hydroxides, which makes the solu-
tion alkaline. The OH" in the solution can be precipitated by
chemical reaction with the heavy metal Pb* for easy removal.
The acidic oxide SiO, contained in steel slag is hydrolyzed
to form the cementing substance calcium silicate, which also
has strong adsorption effect on heavy metals. The siliceous
material and ferric oxide in manganese residue play an
important role in the adsorption of lead ions, and the prepa-
ration as adsorbent can play a certain role in promoting the
adsorption.

2.2. Preparation of the SS-MS composite particles

Preparation of adsorbent: As the specific surface area
of steel slag is less, the adsorption effect of single steel slag
ceramsite is not good. The experiment shows that the spe-
cific surface area of adsorption is greatly improved by add-
ing manganese slag into the composite ceramsite. Therefore,
in order to explore the best mixing amount of steel slag
and manganese slag, prepare raw materials with different
proportions. Steel slag and manganese slag were ground
to powders of 48 pm in size by a plate mill, then mixed in
different ratios of mass to form mixture samples, as Table 2
shows. During pelletization, we sprayed a proper amount of
deionised water to make the powder agglomeration. Then,
the particles were placed in a dryer (80°C). This step was
followed by the drying treatment, which lasted for 36 h.
After the particles were cooled, the particles with a diameter
of 3-5 mm were sieved out.

The effect of different ratios of manganese slag on the
adsorption rate of lead ions was investigated. The results
are shown in Fig. 1.

As shown in Fig. 1, the mixing ratio of steel slag and
manganese slag is equal to 10 parts. C, has the best adsorp-
tion effect on the composite particles because the steel slag
and manganese slag have larger specific surface areas.
Therefore, the incorporation of manganese slag can accel-
erate the formation of C-S-H gel in the steel slag hydration

Table 1
Chemical composition of steel slag and manganese slag used in
this study (mass %)

Steel slag Manganese slag

CaO 42.59 -

SiO, 17.05 33.63

Fe O, 16.33 19.98

ALO, 10.78 33.38

MgO 5.83 1.16

P,0, 1.81 1.20

TiO, 1.76 1.84

MnO 2.55 5.91

Table 2

Mixing ratios of steel slag and manganese slag

Sample number Ratio (SS-MS)

10:0
0:10
9:1
8:2
7:3
6:4
5:5
4:6
3.7
2:8
1:9
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product to improve the activity of steel slag [13], thus
achieving the best removal effect. With the increase of man-
ganese slag content, the adsorption effect has a tendency of
decreasing. When the content in the manganese slag con-
tent reaches 100%, the removal rate of Pb* is only about
50%. This finding shows that the adsorption of Pb* by the
composite particles mainly depends on the alkaline envi-
ronment of the steel slag. The crystal phase of the SS-MS
composite particles is shown by X-ray diffraction (XRD).
The Brunauer-Emmett-Teller (BET) surface area of the
SS-MS composite particles was 19.01 m?/g, as measured by
nitrogen adsorption and desorption isotherm of the S5-MS
composite particle and shown in Fig. 2.

2.3. Preparation of adsorbent and simulated water sample

Preparation of simulated polluted water: A total of
0.160 g lead nitrate (analytically pure, 99.0% purity, pro-
vided by Chemical Reagent Co., Ltd., of Sinopharm Group,
52 Ningbo Road, Shanghai, China) was weighed with a
precision balance with a one-tenth thousandth scale, then
placed in a 1,000 mL volumetric flask and dissolved with
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Fig. 1. Effect of SS-MS composite powder in different ratios to
lead adsorption.
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Fig. 2. N, adsorption and desorption isotherm of SS-MS com-
posite particles.

10 mL 1.0 M nitric acid (analytically pure, provided by
Chemical Reagent Co. Ltd of Sinopharm Group). Deionized
water was added to the flask to dilute the solution while
shaking. Finally, 1,000 mg/L Pb* standard solution was
obtained as the store solution. Different concentrations
were obtained by diluting the store solution.

Selecting the best ingredients for particles: In order to
explore which particles prepared with different mixing
amounts of steel slag and manganese slag have the best
adsorption effect on lead ions in lead standard solution, 1.0 g
ofA,BC,C,C,C,C,C,C,C,and C particles were taken
respectively, and placed in a 100 mL beaker with 100 mg/L
lead standard solution, respectively. The adsorption tem-
perature was 25°C, stirring speed was 300r/min and adsorp-
tion time was 30 min. At 30 min, the pulp was filtered by
filter paper and the lead ion concentration was detected by
ICP-AES. The concentrations of Pb* in the leaching solu-
tions were determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES).

The lead removal rate can be determined by:

(¢ -c)

C

n= x100% @

0

where 1) is the lead removal percentage, %; c, is the initial
concentration of Pb* in the solution, mg/L; ¢, is the concen-
tration of Pb* after removing for a certain minutes, mg/L.

3. Results and discussion
3.1. Component analysis of steel slag and manganese slag

In order to further understand the mineral composition
of steel slag and manganese slag, the mineral composition
analysis was carried out by XRD (D8 ADVANCE) under the
Cu Ka radiation filtered by Ni, and the results are shown
in Fig. 3.

Fig. 3a shows that the diffraction peaks of steel slag
are irregular, sharp, and numerous, indicating its complex
composition. The main mineral identified was a silicic acid
compound, which is consistent with XRF detection results.
Fig. 3b displays the analysis of the phase diagram of man-
ganese slag, combined with its main chemical components.
The diffraction peaks are irregular with many miscellaneous
peaks, but there are a few sharp and high-intensity peaks,
indicating the complexity of the composition, with large
amounts of quartz and gypsum present. BET specific surface
area tests were conducted to obtain relative characterization
data for steel slag and manganese slag, and the results are
presented in Table 2. Adsorption-desorption isotherms for
steel slag and manganese slag are shown in Fig. 4 to inves-
tigate their respective adsorption capacities.

From Table 3 the BET test results show that the spe-
cific surface area of steel slag is 5.7951 m?/g, indicating that
steel slag powder has a certain adsorption capacity. As can
be seen from Table 2, the specific surface area of manga-
nese slag is 19.002 m*g, and the pore volume is 0.04 cm®/g,
indicating that manganese slag has an efficient adsorption
capacity. According to the adsorption—desorption curve of
steel slag powder (Fig. 4a), the two curves basically coin-
cide, which accords with the type II isotherm defined by the
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Fig. 3. X-ray diffraction patterns of steel slag and manganese slag.

~
o
~

—— Adsorption
Desorption

10

Quantity Adsorbed(cm®/g STP)

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure(P/P;)

Position[°2Theta](Copper(Cu))

w
S

(

—— Adsorption
Desorption

)
G
T

20 -

10 -

: 3
Quantity Adsorbed(cm’/g STP) g

0.0 0.2 0.4 0.6 0.8 1.0

Relative Pressure(P/P)

Fig. 4. Adsorption—desorption curves of steel slag powder and manganese slag powder.

Table 3
Brunauer-Emmett-Teller detailed data of steel slag and manga-
nese slag

Steel slag Manganese slag
Specific surface area, m?*/g 5.7951 19.002
Density, g/cm? 1.000 1.000
Volume of pore, cm®/g 0.017 0.040

International Society for Theoretical and Applied Chemistry
(IUPAC), indicating that steel slag adsorption is a single
layer adsorption. According to the adsorption-desorption
curves of manganese slag (Fig. 4b), the two curves basically
coincide, which accords with the type II isotherm defined
by the International Society for Theoretical and Applied
Chemistry (IUPAC), indicating that the adsorption of man-
ganese slag is also monolayer adsorption.

3.2. Effect of dosage of SS-MS composite particle

First, 0.2, 0.4, 0.6, 0.8, 1.0 and 1.2 g SS-MS composite
particles (in which the ratio of steel slag to manganese slag
is equal to 8:2) were taken. Then, they were each placed in
a 100 mL solution with a lead concentration of 500 mg/L
(pH = 6.5). After 30 min of stirring, the solution was
extracted for detection. The results are shown in Fig. 5.

According to the trend of the adsorption efficiency curve
in Fig. 5, the lead ions in a 100 mL solution with lead con-
centration of 500 mg/L are completely adsorbed when the
dosage of SS-MS composite particles reaches 1.0 g.

3.3. Effect of pH

The influence of pH on adsorption performance is stud-
ied by means of batch equilibrium tests of control vari-
ables. We adjust the pH of the simulated water sample with
0.1 mol/L. NaOH or 0.1 mol/L HNO,. Then, 1.0 g of S5-MS
composite particles were added separately for 30 min of
adsorption, and the lead ion content in the mixed solution
was detected by ICP-AES. The results are shown in Fig. 6.

The removal efficiency, and residual lead concentration
of S5-MS composite particles in the pH range of 1-9 are
shown in Fig. 6. According to the trend of removal efficiency,
we found that a large pH corresponds to a strong adsorp-
tion capacity, thus allowing us to infer that a highly alkaline
aqueous environment helps promote deposition.

3.4. Effect of temperature

A total of 1.0 g of SS-MS composite particles was added
to the lead-containing water sample with an initial concen-
tration of 500 mg/L (pH = 8, stirring speed = 300 rpm). The
adsorption time was 30 min. The concentration of lead ions
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in the filtrate was detected by particles on the adsorption
effect of lead ions at different temperatures was investi-
gated. The detailed results are shown in Fig. 7.

As shown in Fig. 7, the removal rate of the S5-MS com-
posite particles is about 99%. The reaction temperature has
almost no effect on the lead ion adsorption of SS-MS com-
posite particles. As for the residual lead content, although
it has a certain degree of change, it can be ignored because
the value is very low. Thus, we can conclude that the
adsorption process of the S5-MS composite particles has
strong adaptability to temperature and good adsorption
effect [14,15].

3.5. Effect of adsorption time

The adsorption process of the SS-MS composite par-
ticles is complex. In this case, the adsorption process can
be divided into different stages according to time [16]. To
investigate the process of lead ion adsorption by the SS-MS
composite particles, 1.0 g of SS-MS composite particle were
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Fig. 8. Effect of adsorption time on Pb* adsorption by SS-MS
composite particles.

added to eight lead-containing water samples with an ini-
tial concentration of 500 mg/L (pH = 8), and the adsorption
experiment was conducted at room temperature at a stirring
speed of 300 rpm. Samples were taken at 1, 3, 6, 10, 15, 20, 25
and 30 min. The results are shown in Fig. 8.

According to the change trend of removal rate with
adsorption time in Fig. 8, the process of lead ion adsorp-
tion by SS-MS composite particles can be roughly divided
into three stages: initial fast adsorption stage, medium slow
adsorption stage and equilibrium adsorption stage. At the
initial stage of adsorption, the adsorption curve of SS-MS
composite particles for lead ions increased significantly. At
this time, a large number of free lead ions quickly diffused
to the solid-liquid interface, and there were a large number
of binding sites were present on the surface of the particle.
A small amount of white floccules were formed during the
experimental reaction. As time passed, an increasing number
of white floccules precipitated. However, the removal effi-
ciency is relatively slow at this stage because the pores on
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the surface of the composite particles gradually saturate and
lead ions diffuse from the surface to the interior of the com-
posite particles. Finally, at 25 min, the composite particles can
completely adsorb lead ions and reach the equilibrium state.
The change trend is roughly consistent with the synthesis
of the biopolymer, alginate-chitosan composite [17].

3.6. Effect of stirring speed

The stirring speed affects not only the hydrolysis of com-
posite particles but also the contact between lead ions and
composite particles. Therefore, the stirring speed is one of
the key factors in the investigation of adsorption behaviour.
In eight samples with an initial concentration of 500 mg/L
(pH = 8), 1.0 g of S5-MS composite particles were added to
the samples. The adsorption experiments were conducted
at different stirring speeds at room temperature, and the
adsorption time was 30 min. The adsorption results are
shown in Fig. 9.

As shown in Fig. 9, the adsorption efficiency of the com-
posite particles on lead ions is enhanced with the increase
of stirring speed. When the stirring speed is in the range of
100-300 r/min, the adsorption curve of lead ions on the com-
posite particles is steep, because the contact area between
lead ions and composite particles can be increased by speed-
ing up the stirring speed, resulting in more binding sites
on the surface of composite particles for adsorption in an
environment with a higher lead ion concentration [18,19].
At the same time, the agitation speed can accelerate the
hydrolysis of the composite particle. At this time, a large
amount of C-S-H gel and OH™ can be generated by hydro-
lysis. The removal rate of Pb* can be increased by [20].
When the stirring speed is in the range of 300450 rpm, the
adsorption curve of the composite particles is linear, thereby
indicating that the residual lead concentration is basically
completely absorbed. A fast-stirring speed corresponds to
improved adsorption effect of the composite particles on
Pb*. The optimum stirring speed is 300 rpm.

3.7. Effect of initial concentration

The initial concentration is of practical significance
because it presents the water environment of the adsorbent
[21]. At room temperature, 1.0 g of SS-MS composite parti-
cles were added to beakers with eight kinds of water samples
with different initial lead concentrations (pH = 8). The mix-
ture was then stirred at 300 rpm. The concentration of lead
ions in the filtrate was detected by ICP-AES after 0.45 pm
membrane filtration. The adsorption results are shown in
Fig. 10.

Fig. 10 shows that the removal rate of Pb* presents a
downward trend with the increase in the initial concentra-
tion. As a result of the high mobility of Pb* in the diluted
solution, a higher removal rate can be obtained [22,23]. With
the increase in the initial concentration, the adsorption capac-
ity of the composite particles tends to be saturated, and all
the adsorption sites of Pb* on the surface of the composite
particles are short, resulting in decreased removal rate. The
particle tends to be saturated when the initial concentration
of particle reaches a fixed value. At this time, further increas-
ing the initial concentration of Pb* solution will weaken
the removal effect of Pb*.
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Considering that SS-MS composite particles are prepared
from waste residues, whether the leaching of heavy metals
during adsorption meets the US Environmental Protection
Agency’s (US EPA) standards needs to be confirmed. In
the adsorption test group with an initial lead concentra-
tion of 200 mg/L, other heavy metal elements were detected
through ICP-AES, and the concentrations of Cu* and Mn*'
were 0.9 and 0.01 mg/L, respectively. None of the others were
detected. The US EPA secondary maximum contaminant
levels for Mn?" are 0.05 mg/L and the US EPA action levels
are 1.3 mg/L Cu* in drinking water [21]. In summary, the
absorbed water sample meets the emission standard.

3.8. Removal mechanism of lead by SS-MS composite particle

Lead deposition mechanism of composite particles. The
Pb* absorbing process of the steel slag-manganese slag
composite particles is a single-layer adsorption. Thus, its
adsorption mainly causes Pb* to adsorb on the surface of
the composite particles by chemical precipitation. Scanning
electron microscopy (SEM) surface scanning were used to
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investigate the white floc composition generated during the
experiment and the effect of lead adsorption on the surface
of the composite particles. The entire adsorption process is
shown in Fig. 11.

During the deposition process, a large of OH- was
released through ionisation and hydrolysis. Some Pb* were
adsorbed to the surface of the composite particles due to
electrostatic action [22]. SEM-EDS detection results confirm
the existence of Pb* on the surface. According to the XRD

100fpm

Fig. 11. S5-MS surface scan map after adsorption.

analysis above, Pb* combines with OH- to form white pre-
cipitation partly.

In order to further illustrate the adsorption mechanism
of Pb* by SS-MS, as shown in Fig. 12, SEM analysis dia-
gram of sampling of the adsorption of Pb* by SS-MS at 5, 15,
25 and 40 min.

As shown in Fig. 12, the surface of SS-MS has larger and
more pores, and its larger specific surface area can be used
for surface adsorption of free Pb*. In addition, according

Fig. 12. Scanning electron microscopy diagram of S5-MS adsorb Pb*" at different times.
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to Fig. 12a, SS-MS contains a large number of silicates, and
SiOH = SiO- + H* reaction can occur, so that SS-MS uses the
negative charge generated by surface electrostatic interac-
tion to produce electrostatic adsorption on Pb*. Meanwhile,
according to the above section, the alkalinity released by
SS-MS can first neutralize H*, then precipitate Pb(OH), with
Pb?*, and inhibit the competitive adsorption of Pb* by H*".
As shown in Fig. 12a, there are a large number of pores on
the surface of SS-MS. At 15 min, there were obvious white
flocs formed in clusters. At 25 min, a large number of sur-
face pores of SS-MS were occupied by Pb*, which were
separated and attached to the surface of SS-MS, as shown
in Fig. 12c and d.

3.9. Adsorption isotherm experimental study

Under constant temperature conditions, the rela-
tionship between the equilibrium adsorption and initial
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concentration of Pb*" can be represented by the S5-MS and
Pb* isotherm adsorption curve. This curve reflects the
adsorption performance of composite particles as absorbents
in a reaction and describes the solid adsorption phenome-
non in a solution. Fig. 13 displays the relationship between
the unit volume of SS-MS and the initial concentration of
Pb*" (ranging from 0-1,000 mg/L) at room temperature. The
findings indicate that the adsorption capacity of compos-
ite particles per unit volume is linearly related to the initial
concentration of Pb* when the initial concentration ranges
from 0-700 mg/L. During this phase, the composite particle’s
surface has ample adsorption sites to completely adsorb Pb*"
in the solution. However, as the initial concentration of Pb*
exceeds 700 mg/L, the equilibrium adsorption capacity of
composite particles gradually stabilizes, indicating that the
adsorption is in a saturated state. At this point, the num-
ber of adsorption sites on the surface of composite particles
is limited.

The adsorption isotherm curve is usually analyzed using
the Langmuir isotherm adsorption model and the Freundlich
isotherm adsorption model. At room temperature, 1.0 g of
SS-MS was placed in 100 mL of lead solution with differ-
ent initial concentrations. The initial concentrations were
200, 300, 400, 500, 600, 700, 800, 900, and 1,000 mg/L, and
the adsorption reaction was carried out during the process.
The isotherm adsorption curve of the composite parti-
cles can be obtained, and the Langmuir isotherm adsorp-
tion line and the Freundlich isotherm adsorption model of
Pb* can be obtained after fitting, as shown in Fig. 14.

As can be seen from the fitting parameters in Table 4, the
fitting correlation coefficients R? between the composite par-
ticles and the Langmuir isothermal model and Freundlich
isothermal model during the adsorption of Pb*" are 0.999 and
0.65, respectively, indicating that the adsorption of Pb* by
SS-MS accords with the Langmuir adsorption equation. That
is, the adsorption of Pb* by composite particles belongs to
monolayer adsorption, which is consistent with the exper-
imental results of the heat-treated blast furnace slag cur-
ing lead experiment [23,24]. In addition, the correlation
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Fig. 14. (a) Langmuir isothermal absorption equation and (b) Freundlich isothermal absorption equation.
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coefficients of R, in the initial concentration range were
all between 0 and 1, indicating that the adsorption system
promoted the overall adsorption behavior. According to
the Langmuir isothermal adsorption model, the theoretical
saturated adsorption capacity Q__ for Pb* particles can be
calculated to be 69.93 mg/g, which is consistent with the
actual saturated adsorption capacity obtained in the experi-
ment of 69.89 mg/g. Shi analyzed the differences in adsorp-
tion characteristics and influencing factors of Pb*" between
peanut shell biochar and corn cob biochar. Explored the
mechanisms of two types of biochar for adsorbing Pb*. The
results showed that the theoretical maximum adsorption
amounts of Pb* on peanut shell biochar and corn cob bio-
char were 20.85 and 28.51 mg/g, respectively; The adsorp-
tion efficiency of this adsorbent is significantly higher than
that of this biochar adsorbent [25]. The results show that
the adsorption process of Pb* in water samples by SS-MS is
consistent with that by Langmuir isothermal model.

3.10. Experimental study on adsorption kinetics

The process of Pb* adsorption by SS-MS was ana-
lyzed using the Lagergren primary kinetic model and the
McKay secondary kinetic model, and the results are pre-
sented in Fig. 15 and Table 5. The Lagergren primary kinetic

Table 4

Parameters in isotherm model
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constant k, and the McKay secondary kinetic constant k,
were obtained through fitting, with R? values of 0.95822 and
0.97944, respectively. These results suggest that the process
of Pb* adsorption by SS-MS is better described by the McKay
secondary kinetic model. This is likely due to the fact that
the McKay secondary kinetic model was developed based
on the solid-phase adsorption capacity and is more suit-
able for describing the adsorption process of SS5-MS in the
presence of saturation sites [26].

3.11. Chemical precipitation action

Since SS-MS is basic, it releases OH™ in aqueous solu-
tion, and it can be inferred from the McKay secondary
kinetic equation and Langmuir isothermal adsorption
model that S5-MS is chemically dominated in the adsorp-
tion process. Therefore, when examining the mechanism of
SS-MS on Pb*, chemical precipitation is the primary object
of investigation.

3.11.1. SS-MS alkalinity release pattern

Eight portions of 1.0 g SS-MS were weighed and added
to eight 500 mL beakers. Then, 200 mL of distilled water was
added, and the beakers were shaken at room temperature

Table 5
Parameters in kinetics model

Isotherm model Parameter Numerical value Dynamical model Parameters ¢,=300 mg/L
K, (L/mg) 432 k, (min™) 0.43
Langmuir model Q... (mg/mL) 69.93 Pseudo-first-order g, (mg/mL) 37.5014
R? 0.999 R? 0.95822
K, (mg/mL) 44.06 k, (g/mL-min) 0.59
Freundlich model n 9.57 Pseudo-second-order q, (mg/mL) 34.9162
R? 0.65 R? 0.97944
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Fig. 15. (a) Lagergren pseudo-first-order and (b) McKay pseudo-second-order.
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at a speed of 100 rpm to release alkalinity. The alkalinity
in the supernatant was measured at 5, 10, 15, 20, 25, 30, 35,
and 40 min, and the alkalinity release curve over time was
plotted. The results of the composite particle dealkaliza-
tion test are presented in Fig. 16.

From Fig. 16, it is clear that SS-MS is releasing alkalinity
gradually with the increase of time. From the graph of pH
change, it is obvious that the slope of the change line is the
largest at 10-15 min, indicating that SS-MS releases alkalinity
to the strongest extent at this time, after which the release
rate slows down. After 35 min, the pH value of the solu-
tion in which SS-MS was located was basically maintained
at about 10.3, and the alkalinity level reached equilibrium.
The main hydrolysis reactions that occurred during this pro-
cess were as follows:

2(2Ca0-Si0, ) + 4H,0 — 3Ca0 - 25i0, - 3H,0 + Ca(OH), (1)

3(3Ca0-Si0, ) +6H, 0 — 3Ca0-28i0,-3H, O+ 3Ca(OH),

(In)
2Ca,Si0, +4H,0 — Ca,Si,0, -3H,0+ Ca(OH), (111
2Ca,SiO, +6H,0 - Ca;5i,0, -3H,0 +3Ca(OH), Iv)
Ca(OH), =Ca™+20H" )

Adsorption is generally divided into chemical precip-
itation adsorption and physical adsorption. In order to
explore the adsorption effect of SS-MS studied in this project,
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a dealkalization experiment was conducted on the parti-
cles, and the dealkalized particles, composite particles, and
individual alkali addition were compared for adsorption.

The total alkalinity of this experiment is calculated
according to Eq. (2):

Alkalinity (in NaOH, mg/L) = 40 x 10%*-pH (2)

where pH is the pH value of SS-MS in deionized water;
40 is NaOH molar mass, g/mol.

The alkalinity released by SS-MS was calculated accord-
ing to Eq. (2) based on the variation of pH in Fig. 16. For
the sake of simplicity of the comparison experiment of
NaOH alone in the next step, the amount of NaOH alone
was also calculated, and the detailed calculated values are
shown in Table 6.

As shown in Fig. 17, it can be seen that the presence of
lead ions in different alkaline environments changes in form.
At the stage when NaOH is not added and when a trace
amount of NaOH is just added, the lead ions in solution
exist in the form of Pb*, and when the appropriate amount
of NaOH is gradually added, the free Pb* in solution reacts
with OH, and the theoretical reaction process is as follows.

H'+OH =H,0 (VI)
Pb*'+OH" =Pb(OH)’ (V)
Pb(OH)’ +OH" =Pb(OH), (v

When there is an excess of OH, the following reaction
also occurs.

10.4 1O ———
09} AN
1037 - 0.8+ Pb(OH),” PH(OH), Pb(OH)
\ ///\\ ) / \\\
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n \ \
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Fig. 17. Formation of lead ions under different alkaline condi-
Fig. 16. pH variation rules of SS-MS. tions.
Table 6
Dosage of NaOH and the removal quantity of Pb* in different time
Time (min) 5 10 15 20 25 30 35 40
Release alkalinity (mg) 2.36 2.52 297 4.09 5.27 5.92 7.45 7.62
NaOH dosage (mg) 2.36 0.16 0.45 1.12 1.18 0.65 1.53 0.17
Theoretical removal amount of Pb* (mg) 6.11 6.52 7.22 10.58 13.64 15.32 19.28 19.72
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Fig. 18. Absorption curve of S5-MS, and dealkali ceramic gran-
ules, and alkali is added separately on Pb*.

Pb(OH) +OH" =Pb(OH), (IX)

From Fig. 17, it can be seen that at pH 3~5, lead ions
are basically present in solution as amphiphilic precipitate
Pb(OH),, so the pH is controlled in the range of 9~11 in order
to make the lead produce precipitates as much as possible.
Since the pH value of the configured solution containing
lead is 6, OH™ will neutralize H* at the beginning of the
input of NaOH. Therefore, only reactions (3-11-6), (3-11-7)
and (3-11-8) occurred in this test. The alkalinity release of
SS-MS is a slow process, and there is no phenomenon of
instantaneous release of alkalinity at a certain moment,
and the total alkalinity released by SS-MS is not enough
to produce Pb(OH),, so the anti-dissolution phenomenon
of (3-11-9) is excluded.

In the actual industrial treatment, the pH was main-
tained at about 10 by controlling the dosage of SS-MS and
the reaction time to prevent the dissolution of Pb(OH),
resulting in the Pb* content in the discharge solution
exceeding the discharge standard.

3.11.2. Comparison of Pb** removal effect between SS-MS,
de-alkalized particles and alkali addition alone

De-alkalized S5-MS was dried in an oven for 24 h and
converted into pellets. In order to investigate the mechanism
of SS-MS on Pb*-containing wastewater, adsorption exper-
iments were carried out using SS-MS, dealkalized pellets,
and NaOH alone on lead-containing water samples. The
results of these experiments are presented in detail in Fig. 18,
and the calculation results are summarized in Table 6.

Based on the data presented in Fig. 18, a compari-
son of the adsorption effect of three different materials
in removing Pb* ions was conducted, and the follow-
ing order of effectiveness was observed: SS-MS > dealka-
lized particles > NaOH alone. The fastest adsorption rate
of Pb* was observed within the first 6 min. In the range
of 25-35 min, the adsorption rates of all three materials

reached equilibrium, with the adsorption rate of SS-MS
approaching 100% at 30 min. The adsorption rate of SS-MS
was much higher than that of dealkalized particles and
alkali alone, and even exceeded the sum of the two. These
results suggest that the removal effect of Pb* by SS-MS is
stronger than that of adsorption alone or chemical precipi-
tation alone. It is inferred that a synergistic effect of adsorp-
tion—precipitation occurs during the process of Pb* removal
by SS-MS, where the two effects complement and promote
each other to achieve optimal removal efficiency.

4. Conclusions

The utilization of steel slag and manganese slag as adsor-
bents for heavy metal ion adsorption in water treatment
has been established. These adsorbents have promising
applications in various fields due to their high adsorption
efficiency for heavy metal ions. Therefore, steel slag and
manganese slag adsorbents hold great potential for future
use in the field of heavy metal ion removal.

e SS-MS composite particles with an 8:2 ratio of steel slag
and manganese slag have the best adsorption effect on
Pb*. The adsorption efficiency of Pb* by composite
particles has good adaptability to temperature. Under
environmental temperature, 1.0 g of SS5-MS compos-
ite particles adsorb for 25 min at a stirring rate of 300 r/
min in a solution with 300 mg/L Pb* concentration.
The removal efficiency can reach 99% theoretically.

® The characterisation results of the Pb* removal process
of the SS-MS composite particles shows that the removal
efficiency of the composite particles is mainly caused
by OH released from hydrolysis and ionisation.

e The adsorption of Pb* by SS-MS composite particles
is monolayer adsorption, which has good agreement
with the Langmuir isothermal adsorption model. The
maximum saturated adsorption capacity is 69.93 mg/g.

® The preparation of adsorption composite ceramides
using steel slag and manganese slag as raw materials has
been established as a feasible approach. These composite
ceramides are capable of releasing OH ions to solidify
heavy metal ions and facilitate the separation of solid
from solution. This removal process is advantageous
due to its simplicity and cost-effectiveness. The steel slag
manganese slag adsorbent not only adsorbs heavy metal
ions but also enables the recovery of valuable metal ele-
ments contained within it. By utilizing this adsorbent for
resource recovery, it is possible to reduce environmental
pollution and achieve the resource utilization of waste.
Furthermore, the granulation ratio of steel slag manga-
nese slag can be modified to explore its application in the
treatment of domestic sewage in real-life scenarios.
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