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ABSTRACT

A composite material was prepared from iron tailings and straw biochar for lead (Pb) removal
from aqueous solution. Microscopic analysis revealed that the surface area of the composite was
131.84 m?/g and the porosity was predominantly an irregular mesoporous structure (~3.65 nm)
in size, and the predominant mineral phases were identified as quartz, magnetite and calcite.
The effects of solution pH, adsorbent dosage, contact time, initial sorbate concentration, and
temperature on lead(II) removal were investigated. The results showed that the composite could
remove 97.05% of lead(Il), where solution pH was 5.0, adsorbent dosage was 1.00 g/L, and initial
lead(II) concentration was 200 mg/L. The adsorption fitted well to the Langmuir isotherm model,
demonstrated monolayer formation of lead ions onto the adsorbent, and the theoretical maxi-
mum adsorption capacity of lead(II) was 330.03 mg/g. Adsorption kinetics and thermodynamic
indicated that the adsorption reaction was spontaneous and mainly controlled by chemisorption
due to presence of abundance of oxygen-containing functional groups and active sites derived
from straw and iron ore tailings could bond with lead(II), and columnar cerussite crystals from
the reaction between Pb* and CO? released from the materials were fixed the surface and
inside of the materials, improved lead(II) adsorption.
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1. Introduction

Surface water is frequently polluted with heavy metals
due to rapid development of industrialization, which seri-
ously threatens biotic and abiotic ecosystems [1,2]. Lead is

* Corresponding author.

one of the toxic bio-accumulative heavy metals that gener-
ally exists in the environment in a divalent oxidation state,
and mainly generated from the industries of lead storage
batteries, electroplating, and petroleum processing [3].
Lead contaminated wastewater must be effectively treated
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to meet the permissible limits before being discharged into
natural water bodies.

At present, the common methods for treating lead
contaminated wastewater include chemical precipitation,
membrane separation, ion-exchange, electrolysis, and
adsorption [4]. Adsorption has been considered a promis-
ing technology for the removal of contaminants in waste-
water [5-7]. Wide range of adsorbents including activated
carbon (AC), biochar, graphene, hydrogel, industrial waste,
clay, and nanomaterials, etc. were investigated for removal
of organic and inorganic contaminants, including heavy
metals ions [8-10]. Of these, various types of biochar with
porous structures derived from agricultural waste consid-
ered as copious supply, easy accessibilities, and low-cost
adsorbents aroused wide attention [4,11]. Several studies
have reported that biochar and its composite can be a suit-
able candidate for removal of heavy metal ions [12-14].
Wang et al. [15] found high sorption ability of pecan biochar
to adsorb Pb(Il), Cu(Il), and Cd(II) with maximum sorp-
tion capacities of 153.1, 34.2, and 28.1 mg/g, respectively.
Mohammadabadi and Javanbakht [16] used treated waste
biomass/alginate adsorbent to adsorb lead(Il) in water, and
achieved maximum experimental adsorption capacity of
206.75 mg/g. Feedstock sources plays a significant role in
the removal of heavy metal ions [17], it has been reported
that straw-derived biochar promoted higher lead adsorp-
tion due to the micropore properties, oxygen-containing
functional groups, and silicon-containing active sites of
straw [18-20].

Iron ore tailings are waste generated during the process
of iron ore extraction and processing and are usually dis-
charged into the tailings dam to form stockpiles [21]. Owing
to the low utilization rate of the tailings and continuous
operation of iron ore processing, the tailings dam normally
has high carbon footprint and could cause adverse environ-
mental impacts on soil, water, and air [21]. As a result, the
recovery and utilization of tailings have received consider-
able attention. Currently, iron ore tailings are mainly used
for the recovery of valuable metals, preparation of building
materials, and applications for the treatment of sewage [22].
In addition, tailings can be recycled and reused as a clay
substitute because they are mainly composed of inorganic
substances such as Si, Al, Ca, Fe, Mg, etc., almost similar
to the chemical composition of clay [23]. Iron ore has been
confirmed to have a certain adsorption capacity for heavy
metal ions [24]. However, reports on the iron ore tailings
for metal removal are limited in the existing literature.

By exploiting the complementary advantages of iron
ore tailings and waste straw as inorganic and organic
adsorbents, respectively, the present study prepared a com-
posite adsorbent using iron ore tailings and waste straw as
raw materials by pyrolysis and acid-base activation. The
role of surface functional groups and metal-based active
sites for the removal of lead ions was critically analyzed.
The efficiency of the prepared material to adsorb aqueous
lead(I) was probed against solution pH, adsorbent dos-
age, contact time, and adsorbate initial concentration. The
adsorption behavior of the prepared composite material
was analyzed by kinetic, isotherm, and thermodynam-
ics models. The adsorption mechanism was investigated
by X-ray diffraction (XRD), scanning electron microscope

(SEM) and Fourier-transform infrared spectroscopy (FTIR)
analysis. This study provided a fundamental understand-
ing for lead removal mechanism of organic and inorganic
composite material.

2. Materials and methods
2.1. Raw materials and reagents

The iron tailings were collected from the tailings pond
of the iron ore concentrator in Daye City, Hubei Province,
China. It contained high Fe content (52.52% Fe,O,), along
with 21.02% SiO,, 5.09% MgO, 2.41% Ca0, and 2.00% AlO,
(Table 1). The straw was collected from Lianyungang City,
Jiangsu Province, China. The straw usually predominantly
comprises cellulose, hemicellulose, lignin, and the minerals
ash with high silica content [25,26]. Both the iron tailings and
straw were respectively dried, ground, and screened to a
particle size of <0.074 mm for subsequent use. All the chem-
icals used, such as Pb(NO,),, HNO,, NaOH, KOH, and HC],
were of analytical grade and purchased from Sinopharm
Chemical Reagent Co., Ltd., China. A 1,000 mg/L stock was
prepared for the lead(Il) sorption study, and deionized
(DI) water (18.2 MQ cm) was used in all the experiments.

2.2. Preparation of composite material

Iron tailings/straw composite material was synthe-
sized by two-step modification methods for the removal
of lead ions from lead-contaminated water. Fig. 1 shows
the preparation of iron tailings/straw composite adsorp-
tion material. Firstly, the pretreated iron tailings (30 g) and
straw (10 g) were mixed at a mass ratio of 3:1, then the mix-
ture was immersed in 200 mL of 0.5 mol/L KOH solution
at a liquid: solid mass ratio of 5:1 and blended at 150 rpm
for 24 h over a magnetic stirrer at 25°C for the first step
alkali activation. Subsequently, the suspension liquid was
centrifuged at 120 rpm and dried at 80°C overnight (12 h)
to get the dried mixture, and then was pyrolyzed at 500°C
for 1 h at a heating rate of 10°C/min in a vacuum tube fur-
nace. Before and during pyrolysis, continuous flow of N,
gas was maintained to avoid the loss of carbon in the form
of CO,. The pyrolyzed sample was cooled to room tem-
perature and ground and sieved (<0.074 mm) for the next
modification, with about 0.5 g of the composite material
was immersed into 20 mL of 2 mol/L HNO, solution, and
stirred in a water bath constant temperature oscillator at
55°C for 3 h. After filtration, 25 mL of 2 mol/L NaOH solu-
tion were added to the material and again stirred for 0.5 h.
Finally, the material was filtered through a filter paper
(0.45 um), and washed with DI water until the pH of the
filtrate was close to 7, then oven-dried at 80°C overnight to
obtain iron tailings/straw composite adsorption material.

2.3. Batch adsorption experiments

In this experiment, 0.05 g of adsorption material
was accurately weighed into a series of 250 mL conical
flasks, and 100 mL of Pb(NQO,), solution with adjusted
pH (adjusted by adding either 0.1 mol/L HNO, and/or
0.1 mol/L NaOH solution) was added. The flasks mouth
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Fig. 1. Preparation flowchart of iron tailings/straw composite adsorption material.

was sealed with polyethylene plastic wrap and placed in
an end-over shaker, and oscillated at 200 rpm for adsorp-
tion study. After the oscillation and adsorption, super-
natant was sampled by a disposable syringe and filtered
through a 0.45 um microporous filter membrane. The fil-
trate was collected and preserved with a polyethylene
plastic tube and the residual concentration of Pb* in the
filtrate was detected by AAS using the method GB/ T7475-
87 “Determination of Copper, Zinc, Lead and Cadmium in
Water Quality by Atomic Absorption Spectrophotometry”.

The influences of solution pH, adsorbent dosage,
adsorption kinetics, isotherm, and thermodynamics of
lead(Il) adsorption by the prepared composite material
were examined. The effects of pH on lead(Il) adsorption
were determined at various solution pH ranging from 2.0
to 7.0 (with contact time (t) = 24 h, temperature (T) = 25°C,
initial concentration of lead(II) (C,) = 200 mg/L, and adsor-
bent dose (a.d) =0.5 g/L). The effect of adsorbent dosage was
evaluated with different concentrations of adsorbents from
0.25 to 2.0 g/L (with C, =200 mg/L, t =24 h, T = 25°C, and
pH = 5.0). The kinetics study was conducted for up to 24 h
of contact time between the adsorbent and adsorbate (with
T =25°C, C, = 200 mg/L, pH = 5.0, and a.d = 0.5 g/L). The
isotherm study was performed with lead(Il) initial concen-
tration ranging from 50 to 800 mg/L (with T =25°C, t =24 h,
a.d=0.5g/L, and pH =5.0). The adsorption thermodynamics
study was conducted at various temperatures of 15°C, 25°C,
35°C, and 45°C (with C =200 mg/L, t =24 h, a.d = 0.5 g/L,
and pH = 5.0).All experiments were performed in triplicate
and average was considered to calculate removal percent as
follows:

The lead(Il) removal percent (%) and equilibrium
adsorption capacity (g,) in aqueous solution were calculated
using the following formulas:

(G -C)V

Adsorption capacity, q, =
m

@

Removal % =

LUC" ) 100 @)

0

where C is the initial concentration of lead(Il) in the solu-
tion (mg/L), C, is the concentration of lead(II) in the solution
at equilibrium (mg/L), V is the volume of lead(II)-containing
solution (L), and m is the mass of adsorbent (g).

2.4. Characterization of the composite material

In this study, the chemical composition of the iron tail-
ings was examined by X-ray fluorescence Spectrometer
(XRF, ZSX Primus, Japan). The residual concentrations of
lead(Il) after sorption were determined by flame atomic
absorption spectrophotometer (FAAS, novAA350, Jena,
Germany). The specific surface area of the composite was
characterized by automatic surface area and porosity
analyzer (ASAP2020, Mcromeritics, USA). The mineral
composition of the composite before and after adsorp-
tion was determined by XRD (SmartLab SE, Japan). The
scanning regions were between 20 values of 10°~90° at a
scanning speed of 0.02°/s. The surface chemical bonds
and functional groups of the composite before and after
adsorption were measured by FTIR (Vertex70, Bruker,
Germany) in the wavelength range of 400~4,000 cm™.
The surface morphology of the composite (A small amount
of powder samples were placed on the conductive adhe-
sive on the surface of the copper plate, and the samples
were sprayed with gold under the accelerating voltage of
20 kV) was tested by SEM (Apreo S Hivac, America).

3. Results and discussion
3.1. Microscopic properties of the adsorbent

The BET surface area and pore size distribution
of the developed composite adsorbent were analyzed
(Fig. 2). By following the classification recommended by
the International Union of Pure and Applied Chemistry
(IUPAC), the composite showed a typical N, adsorp-
tion and desorption isotherm with type IV isotherm and
H3-type hysteresis loop for aggregates of plate-like par-
ticles producing slit-shaped pores, indicating the pres-
ence of many irregular pore structures in the adsorption
materials [27-29]. As can be seen from Fig. 2b, the pore
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Fig. 2. Adsorption isotherm of N, (a) and pore-size distribution curve (b) of the developed adsorbent.

size of the adsorbent is predominantly about 3.65 nm,
which is in the range of mesoporous size (2-50 nm), and
therefore, the developed composite can be classified as a
mesoporous adsorbent material [30,31]. It must be noted
that the ionic radius of lead(Il) is 0.119 nm [32], thus mes-
oporous adsorbents are suitable for infiltration and diffu-
sion of the metal ions. The specific surface area (S,,,) of
the prepared composite was estimated to be 131.84 m?*/g
mesoporous structure and large specific surface area gen-
erated more active sites both on the surface and inside of
the material, resulting in more effective removal of lead(II)
from the solution. Hence, the high specific surface area and
irregular mesoporous structure distribution might play
significant roles in lead(II) adsorption.

Fig. 3a and b show the SEM images of the composite
adsorbent before lead(Il) adsorption. It can be seen from the
picture that the surface of the adsorbent is uneven, and there
are some thin flaky, and granular substances (Fig. 3a and b).
Combined with the XRD results (Fig. 6), it can be inferred
that it is magnetite and quartz.

3.2. Effect of solution pH on lead(II) adsorption

Solution pH is an important factor affecting the adsorp-
tion efficiency of the adsorbent. It not only affects the form
of heavy metal ions in an aqueous solution but also influ-
ences the surface charge of the adsorbent and ionization
degree of the adsorbate during the reaction [33,34]. Fig. 4a
shows that the removal percent of lead(Il) increase with the
increasing pH. The removal percent of lead(Il) is only 7.5% at
pH 2.0, but increase to 90.90% when the pH is up to 7.0.

These effects of pH on lead(Il) adsorption could be
owing to the change in the surface charge of the adsorbent
and the form of Lead ion in the solution. Under highly
acidic conditions, a large amount of H' existed in the solu-
tion, which competed with lead(II) for limited adsorption
active sites on the surface of the adsorbent [35]. At the same
time, excess H' in the solution resulted in protonation of
some active groups on the adsorbent surface to form pos-
itively charged groups, which repelled positively charged

lead(Il), thus significantly inhibiting lead(II) adsorption
by the adsorbent [36] and resulting in very low lead(II)
removal percent. With further increase in pH, the highly
acidic condition gradually turned into weakly acidic con-
dition, the H* concentration in the solution decreased, and
the active group deprotonated with a negative charge.
Consequently, the lead(II) adsorption sites on the adsorbent
increased [34], enhancing the lead(II) adsorption capacity
and removal percent. In addition, the forms of lead ions
varied with the pH of the solution. When the solution pH
was <5.5, lead in the solution occurred mainly as lead(II).
However, when the solution pH was >5.5, hydroxyl coor-
dination ions of lead gradually formed and began to pre-
cipitate [37,38]. Besides, white precipitates of Pb(OH),
gradually appeared in the solution at pH 6.0 and 7.0.
Therefore, the initial pH of the solution was controlled at
5 in the subsequent experiments to accurately study the
lead(II) adsorption characteristics onto the composite.

3.3. Effect of adsorbent dosage on lead(II) adsorption

With the gradual increased in adsorbent dosage from
0.25 to 2.00 g/L, the removal percent of lead(Il) by the
composite material linearly increased at first and then
became stable, whereas the adsorption capacity per-
sistently decreased (Fig. 4b). When the adsorbent dosage
was increased from 0.25 to 1.00 g/L, the removal percent of
lead(Il) increased from 32.08% to 97.05%, and the adsorp-
tion capacity decreased from 252.50 to 190.98 mg/g. With
a further increased the adsorbent dosage to 2.00 g/L, the
lead(II) removal percent slightly increased to 98%, whereas
the adsorption capacity continued to decrease to 97.09 mg/g.
The increase in the initial lead(II) removal percent could
be attributed to the increase in the adsorption dosage,
which provided more active sites for lead(II) adsorption.
However, lead(Il) removal percent slightly changed with
further increase in the adsorbent dosage because of satu-
ration of adsorption. The reason for the persistent decrease
in the adsorption capacity with increasing adsorbent dos-
age was owing to a relative decrease in the amount of
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Fig. 3. SEM images of the composite material before (a and b) and after (c and d) lead(II) adsorption.

adsorbed lead(II) per unit of adsorbent, or the decrease in
the active sites resulting from the aggregation of the adsor-
bent [31,39]. Considering the lead(II) removal percent and
adsorption capacity, 1.00 g/L composite adsorbent could
effectively remove lead(II) from wastewater, with 97.05%
lead(II) removal percent and 190.98 mg/g adsorption
capacity, respectively.

3.4. Effect of contact time on lead(1I) adsorption and adsorption
kinetics

Fig. 4c indicates the change in lead(II) adsorption capac-
ity of the developed composite material with contact time.
It can be seen from the figure that the lead(Il) adsorption
capacity of the adsorbent rapidly increased with the exten-
sion of contact time in the initial stage (0-4 h), and then
slowly increased to reach adsorption saturation at 12 h. As
the adsorption of lead(II) mainly occurred on the surface
of the composite and on some macropores, and lead(II)
was quickly adsorbed in the initial stage, the adsorption
rate was relatively higher. However, as the adsorption

Table 1
Chemical composition of iron tailings (wt.%)

Material Iron tailings
SiO, 21.02

ALO, 2.00

Fe,O, 52.52

CaO 2.41

MgO 5.09

K,0 0.28

Na,0 0.59

TiO, 0.04

LOI 15.99

LOI: loss on ignition.

progressed, lead(Il) was gradually adsorbed onto the
microporous structure of the material and the lead(II) mass
transfer rate in the micropores was relatively slow. Hence,
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lead(I) adsorption percent slowly decreased with the
extension of contact time until the adsorption equilibrium
was achieved at 12 h, with the lead(II) adsorption capacity
of the adsorbent at equilibrium reaching 250.17 mg/g.
Adsorption kinetic modeling is used to describe the
transfer of lead(Il) from the solution to the solid adsor-
bent [40]. The parameters of adsorption kinetic model are
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and pseudo-second-order kinetic models were employed
to fit the experimental data and analyze the adsorption
processes as follows:

Adsorption kinetic models:

Nonlinear form of the pseudo-first-order kinetic equation:
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Fig. 4. Effects of solution pH (a), adsorbent dosage (b), contact time (c), initial lead(Il) concentration (d) on lead(II) adsorption.

Table 2

Relevant parameters of adsorption isothermal model and adsorption kinetic model

Langmuir isotherm Freundlich isotherm

Pseudo-first-order kinetic Pseudo-second-order kinetic

adsorption model adsorption model model model
K, q, R? K, 1/n R? q, k, R? q, k, R?
0.0805 330.03 0.9989 105.8264  0.1858 0.8515 238.97 0.0252 0.9268 255.58 0.0001 0.9855
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Nonlinear form of the pseudo-second-order kinetic
equation:

_ kgt

= 4
9 1+ kyq,t @

where t is the contact time (min), g, and g, are the amounts
of lead(Il) adsorbed onto the adsorbent at time t and equilib-
rium, respectively (mg/g), and k, (min™) and k, (g mg~' min™)
are the pseudo-first-order and pseudo-second-order model
rate constants, respectively. The fitting results are shown
in Fig. 5.

It can be observed from Fig. 5 that the pseudo-second-
order model is associated with higher correlation coef-
ficients (R% 0.9855) than the pseudo-first-order kinetics
model (R% 0.9268), suggesting that it better described the
adsorption process than the pseudo-first-order model.
Both physical adsorption and chemical adsorption existed
in the adsorption process of lead ions at the same time.
The physical adsorption of lead by the composite was
mainly realized through electrostatic interaction. Based
on pseudo-second-order kinetic model assumptions, the
reaction rate is proportional to the number of active sites
on the surface of the adsorbent, and the rate-limiting step
may be a chemical adsorption between the adsorbate and
the adsorbent, namely the chemical interaction between
the lead ions in the aqueous medium and the functional
groups on the surface of the composite [41,42]. The fit-
ting results show that lead(II) adsorption onto the com-
posite is mainly controlled by chemical adsorption and
involves electron sharing or electron transfer between the
adsorbent and adsorbate. Lead(Il) adsorption capacity
onto the composite at equilibrium is 255.58 mg/g, which is
close to the actual experimental value (Fig. 4c).

3.5. Effect of initial lead(II) concentration on lead(Il) adsorption
and adsorption isotherm

The adsorption isotherm refers to the relationship of the
concentration of solute molecules between the two phases
when the adsorption process reaches equilibrium at a two-
phase interface at a certain temperature. In the present
study, the adsorption equilibrium of lead(Il) in solution was
described using the Langmuir and Freundlich isotherm mod-
els, and their linear equations can be given as follows:

Langmuir model : C = b + C (5)
qc KLqm qm
Freundlich model:Ing, =InK, + lln C, (6)
n

where g, (mg/g) and g, (mg/g) are the lead(ll) adsorp-
tion capacity at equilibrium and the theoretical maxi-
mum adsorption capacity (mg/g), respectively; C, is the
concentration of the adsorbate at equilibrium (mg/g);
K, and K, represent the reaction rate constant in the iso-
therm model; n is the Freundlich linearity constant used

250 e ———
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—
= 150 |
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o k,=0.0252 k,=0.0001
100 F R*=0.9268 R’=0.9855
50 F
1 1 1 1 1 1 1
0 200 400 600 800 1000 1200 1400

t (min)

Fig. 5. Kinetics of lead(Il) adsorption onto the composite
adsorbent.

to evaluate the lead(Il) concentration nonlinearity degree
between the solution and adsorbent.

The effect of initial concentration on lead(II) adsorption
onto the composite at 25°C is given in Fig. 4d and the rel-
evant isotherm modeling parameters are presented in Table 2.
As shown in Fig. 4d, with the increase in the initial lead(II)
concentration from 50 to 800 mg/L, lead(Il) removal %
of the composite gradually decrease, whereas the adsorp-
tion capacity slowly increase and then remain stable, indi-
cating the attainment of equilibrium, with the saturated
adsorption capacity of 326.25 mg/g. It can be observed
from Table 2 that the R? is higher for the Langmuir model
than that for the Freundlich isotherm model, implying that
the Langmuir model can better describe the adsorption
process. Moreover, the results reveal that monolayer phy-
sisorption or chemisorption process played a major role in
lead(II) adsorption, and that some chemical interactions
might be involved. The theoretical maximum adsorption
capacity ¢, is 330.03 mg/g, which is close to the measured
value (Fig. 4d). Furthermore, when compared with previ-
ous studies, the adsorption effects determined in the pres-
ent study are better [14,43-45]. In the Freundlich model,
the 1/n is <1 (adsorption constant 1/n is 0.1858), represent-
ing heterogeneity of the adsorbent [46,47]. The adsorbent
is highly heterogeneous due to its versatile counterpart.

3.6. Adsorption thermodynamics

The thermodynamics of lead(II) adsorption onto the
developed composite material was investigated to explore
the adsorption behavior. The thermodynamics parameters
of Gibbs free energy were used to determine the probability
of the adsorption process, and were calculated as follows:

q,
K, =1 7
iz ™

e

AG® = AG®—TAS® @)
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where K, is the equilibrium constant (mL/g), g, is the
adsorption capacity at equilibrium, C, is the concentra-
tion of the adsorbate at equilibrium (mg/L), R is the uni-
versal gas constant (8.314 J/(mol K)), and T is the system
temperature (K).

The adsorption thermodynamics fitting results and
parameters are shown in Table 3. It can be observed from
the table that the values of Gibbs free energy AG® change
for the prepared composite material are negative at dif-
ferent temperatures, indicating that the process of lead(II)
adsorption onto the composite is spontaneous under
experimental conditions. The change of Gibbs free energy
decreases with increasing temperatures, revealing that
the temperature rise is beneficial to spontaneous adsorp-
tion reaction. The adsorption enthalpy AH® of lead(II) on
the composite adsorbent is 16.1244 kJ/mol, which demon-
strate that lead(Il) adsorption onto the composite is an
endothermic process, and that high temperature is con-
ducive to the adsorption reaction [48]. Furthermore, the
reaction entropy change (AS°) is 64.2917 J/(mol K), imply-
ing that lead(II) adsorption onto the developed material is
highly random. Thus, it could be concluded that lead(II)
adsorption onto the developed composite is spontaneous
and endothermic, and that the increase in temperature is
beneficial to the adsorption of lead(Il) from wastewater.

3.7. Comparative evaluation of lead(Il) adsorption

Previous studies reported lead(Il) sorption by hydro-
gel, biochar, graphene oxide, clay mineral, polymer, and
iron-based nanomaterials [29,49,50]. Table 4 highlighted
some of the recent results from the literature, including our
present study for comparative evaluation of the sorption
performance for lead(II) removal. Of these, biochar and

Table 3
Thermodynamics parameters of lead(Il) adsorption onto the
developed composite

T (K) AHP (KJ/mol)  AS° [J/(molK)]  AG® (kJ/mol)
288.15 ~2.4013
29815 ) -3.0442
308.15 612 64.2917 -3.6871
318.15 ~4.3300

activated carbon were widely used to remove lead ions due
to their low production cost [51-53]. Cechinel et al. [54]
adsorbed lead(Il) with commercially available activated
carbon, and the theoretical maximum adsorption capacity
was much lower than biochar. Among all kinds of biochar,
straw-derived biochar performed well for lead removal
[55]. It has been also reported that, higher temperature
pyrolyzed biochar had higher sorption performance
than the lower temperature pyrolyzed biochar [18,56].
Graphene and CNT had lower sorption capacity for lead
removal due to higher hydrophobicity and lack of oxygen-
containing active sites. For example, Li et al. [57] adsorbed
lead(Il) with carbon nanotubes, the theoretical maximum
adsorption capacity was 49.95 mg/g and the lead removal
percent was 87.8%.

Although, iron nanoparticle has higher sorption
capacity, it is unable to remove lead ions completely from
wastewater due to lack of selectivity. For example, Chen
et al. [58] adsorbed lead(Il) with iron oxide nanomateri-
als with cobalt and nickel doping at the same tempera-
ture, the study reported that the theoretical maximum
adsorption capacities of Fe,0,, Co-Fe,O, and Ni-Fe,O,
were 93.90, 136.00 and 97.53 mg/g, respectively, and the
percentage of lead(Il) removal by Fe,O,, Co-Fe,O,, and
Ni-Fe,O, were reached 86.0%, 94.5%, and 91.1% respec-
tively. Similarly, Chen et al. [59] and Shi et al. [60] used
metal nanomaterials to adsorb lead(II) and achieved good
results. Although metal bi/trimetallic nanoparticles had
higher sorption capacity, the cost of these nanoparticles
is considerably higher. In this study, iron tailings/straw
composite as a readily available and low-cost waste mate-
rial was used to adsorb lead(Il), the theoretical maximum
adsorption capacity was 330.03 mg/g and the maximum
removal percent was 97.05%, which is competitive enough
in comparison to existing report. Thus, it can be concluded
that the composite has certain advantages and signif-
icance in the treatment of lead ions from wastewater.

4. Adsorption mechanism

In order to understand the sorption mechanism in
more details, XRD and FTIR analyses for the composite
before and after lead(II) adsorption were performed. The
XRD patterns of the composite before and after lead(II)
adsorption are shown in Fig. 6. The mineral phases of
the composite before adsorption were magnetite (JCPDS
99-0073), quartz (JCPDS 99-0088), and calcite (JCPDS
99-0022), which predominantly originated from the iron
tailings composed of Fe,O, SiO,, and CaCO, (Table 1).

3T
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Table 4

Comparison of lead(II) adsorption onto different adsorbents

Adsorbents Pollutants ~ Model Sorption mechanism Sorption References
fitting capacity (mg/g)
Activated carbon Pb Elovich \ 50.20 [49]
model
Rice husk biochars Pb F, PSO Precipitation: forming pyromorphite solidified =~ 26.70 [56]
lead
Microwave- Pb E, PSO Precipitation as hydrocerussite and lead oxide 165.00 [53]
pyrolyzed biochars phosphate; surface complexation and cat-
ion—7t interaction
Magnetically Pb \ Cation exchange; metal sorption 179.00 [54]
modified biochars
Rice straw biochars  Pb L,FE PSO Precipitation: the formation of lead oxalate for 127.00-198.00 [18]
RSB300 and hydrocerussite for RSB500 and
RSB700
Mesoporous Pb L, PSO Pore-filling, ion-exchange, and electrostatic 26.49 +2.04 [31]
biopolymer beads interaction
CNTs Pb L F Surface functional groups; ion-exchange 49.95 [57]
Co-Fe,O, Pb PFO, F Multilayer coverage and chemisorption 136.00 [58]
Ni-Fe,O, Pb PFO, F Multilayer coverage and chemisorption 97.53 [58]
Sulfonated Fe,O, Pb L, PSO Complexation reaction of sulfo group 108. 93 [59]
NPs
Fe,O, Pb PFO, L Monolayer coverage and chemisorption 93.90 [58]
Magnetic biochar Pb L, PSO Electrostatic interaction; surface complexation; 206.50 [52]
ion-exchange; direct reduction by nZVI
Activated carbon Pb PSO, L Cation exchange; electrostatic repulsion 47.62 [51]
Cu-MOFs/Fe,O, Pb E, PSO Chemical bonding with N of the ligands 219.00 [60]
Iron ore tailing/straw Pb L, PSO Precipitation; chemical interaction 330.03 This study

biochar

PSO: pseudo-second-order kinetic model; PFO: pseudo-first-order kinetic model; L: Langmuir isotherm adsorption model; F: Freundlich

isotherm adsorption model.

Besides, an obvious amorphous diffraction hump existed
in the range of 20 from 15° to 25°, which indicated the
presence of organic amorphous biochar from straw pyrol-
ysis [28,61]. However, after lead(II) adsorption, many new
cerussite (PbCO,) (JCPDS 99-0026) could be observed in
the composite. The main characteristic peaks at approx-
imately 24.8°, 25.5°, and 43.5° were corresponding to the
diffraction from the (111), (021) and (221) planes of PbCQO,,
and other weaker diffraction peaks at 20 = 20°, 20.9°, 29°,
35.6°, 47° and 49° can be indexed as the (110), (020), (002),
(112), (132) and (113) planes. The characteristic peaks of
calcite in the material disappeared, and the main mineral
phases were quartz, magnetite, and PbCO,. The alter-
ation in the XRD pattern might be owing to calcite disso-
lution to release COZ, which in turn reacted with lead(Il)
to form new crystalline PbCO, during the adsorption
process, facilitating lead(II) immobilization in the solution.

It can be seen from Fig. 3c and d that after lead(Il)
adsorption onto the composite, expect for the thin and gran-
ular particles, some columnar crystals were formed on the
surface and in the irregular pores of the composite, which
confirmed that cerussite (PbCO,) precipitate was formed
resulting from the reaction between lead(Il) in the solution

and CO? released from the mineral components, consistent
with the XRD results (Fig. 6).

Fig. 7 shows the FTIR spectra for the composite adsor-
bent before and after lead(Il) adsorption. Some peaks were
barely altered, and the peaks at 1,011.76 and 458.50 cm™
could be attributed to the antisymmetric and symmetric
tensile vibration of Si—-O-Si bonds [38], which was obvi-
ously caused by the existence of silicon dioxide. The peak
at 567.95 cm™ corresponded to Fe-O vibration [40], which
might have resulted from magnetite in the raw mate-
rials. The characteristic peaks at 3,784.45; 3,513.22 and
3,302.12 cm™ could correspond to OH groups [62,63], indi-
cating the existence of the hydroxyl groups on the mate-
rial surface. And their intensities significantly weakened
after lead(II) adsorption, which might be owing to the
decrease in OH groups as a result of binding with lead ions
in the solution.

The peaks at 1,631.08 and 1,434.15 cm™ corresponded
to the bending and antisymmetric stretching vibra-
tions of CO? [64]. However, they shifted to 1,669.61 and
1,439.86 cm™ after lead(II) adsorption, respectively, own-
ing to adsorption of lead(Il), which was consistent with the
results of PbCO, production in XRD analysis. In other words,
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Fig. 7. FTIR spectroscopy of the composite material before and
after lead(II) adsorption.

these changes in the position of the bands suggested that the
carbonate ions on the surface of the material were involved
in the interaction with lead ions [63]. The C-H bending
in alkenes (779.15 cm™) and out-of-plane N-H bending
vibrations (667.85 cm™) gradually disappeared or shifted
(704.95 cm™) after lead(Il) adsorption [38], suggesting that
aliphatic compounds were highly aromatized during the
carbonization process. All these observations suggested that
there were different kinds of functional groups on the sur-
face of the adsorption material, and these groups could rep-
resent the binding sites for lead ions from aqueous media.
This meant that chemical interaction between the lead ions
and surface functional groups of the composite played a
vital role in lead(II) adsorption.

In conclusion, the sorption mechanism of lead(Il) onto
the composite could be concluded as Fig. 8, which is similar
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Fig. 8. Adsorption mechanism of lead onto the composite material.

Adsorbent (Composite of
iron ore tailings/straw

biochar)

to the adsorption mechanism of some materials for lead in
Table 4. Besides, the high specific surface area and abun-
dant pore structure of the composite were very conducive to
the adsorption and immobilization of lead(II), and that the
formation of PbCO, improved the removal of lead(Il) from
wastewater.

5. Conclusion

In this study, a new composite adsorbent was prepared by
pyrolysis and acid—-base modification with iron tailings and
straw biochar as raw materials for the adsorption of lead(II)
in aqueous solution, which developed a new approach for
the comprehensive utilization of iron tailings and straw, not
only achieved the purpose of “treating waste with waste”,
but also provided a theoretical basis for its practical appli-
cation in the field of environmental purification. BET anal-
ysis indicated that the composite had large surface area
(131.84 m?*/g) and abundant mesopores structure (3.65 nm),
providing condition for lead(II) removal. The results showed
that the prepared composite exhibited efficient lead(II)
adsorption performance in aqueous solution, with a max-
imum lead(II) removal percent of 97.05%. Langmuir model
(R* 0.9989) and pseudo-second-order model (R% 0.9855)
better described the adsorption process, the theoretical
maximum adsorption capacity was 330.03 mg/g, which had
great advantages over other existing relevant report, demon-
strated that with monolayer formation of lead ion through
physisorption and chemisorption mechanism, chemosorp-
tion being the predominant sorption reaction mechanism
for the lead(Il) removal. Adsorption thermodynamics anal-
yses revealed that the lead(II) adsorption onto the composite
was a spontaneous and endothermic process. Microscopic
analysis indicated the formation of cerussite (PbCO,) in the
composite material after the adsorption, and the adsorption
of lead(Il) by the composite material was mainly the result
of chemical interaction between lead ions and functional
groups on the surface of composites. Lead ions reacted with
COZ groups on the surface of materials to form precipitation,
which played an important role in the removal of lead(II).
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