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Abstract: Pyrolysis temperature significantly affects the properties of biochar, which in turn can
affect the removal of heavy metal ions and the underlying mechanism. In this work, biochars from
the pyrolysis of maize straw at 300, 400, and 500 ◦C (BC300, BC400, and BC500, respectively) and
wheat straw at 400 ◦C (WBC400) were investigated. The influence of production temperature on the
adsorption of Hg2+, Cd2+, and Pb2+ by maize straw biochar was investigated by the characterization
of the biochars and by adsorption tests. The adsorption capacities of maize and wheat straw biochar
were compared in an adsorption experiment. Biochar BC400 showed the best physical and chemical
properties and had the largest number of surface functional groups. The pseudo-second-order
kinetic model was more suitable for describing the adsorption behavior of metal ions to biochar. The
Langmuir model better fit the experimental data. Biochar BC400 had a higher adsorption speed and
a stronger adsorption capacity than WBC400. The sorption of Pb2+ and Hg2+ to maize straw biochar
followed the mechanisms of surface precipitation of carbonates and phosphates and complexation
with oxygenated functional groups and delocalized π electrons. The adsorption mechanism for Cd2+

was similar to those of Hg2+ and Pb2+, but precipitation mainly occurred through the formation of
phosphate. In the multi-heavy-metal system, the adsorption of Cd2+ by BC400 was inhibited by Pb2+

and Hg2+. In summary, BC400 biochar was most suitable for the adsorption effect of heavy metals in
aqueous solution.

Keywords: production temperature; biochars; heavy metals; adsorption

1. Introduction

Heavy metal pollution of waterbodies has attracted considerable attention because of
the accompanied toxic effects on flora, fauna, and humans, even at low concentrations [1,2].
Some of these effects are long-term effects caused by enrichment. Lead, cadmium, and
mercury, which can harm human health [3], are largely present in the industrial wastewater
of the mining industry, steel metallurgy, tanning, and pigment synthesis, as well as dye
and petrochemical production [4], occurring as Pb2+, Cd2+, and Hg2+. Direct or indirect
discharge into natural waterbodies can cause serious environmental and human health
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problems, necessitating sustainable and effective methods for removing heavy metals
from wastewater.

There have been many reports on the removal of heavy metals from wastewaters. The
traditional technologies are ion exchange, electrochemical treatment, membrane separa-
tion, precipitation, and oxidation/reduction [5,6], but they are generally related to high
processing costs, are not environmentally friendly, and are not suitable for large-scale
applications [7]. As an alternative method, adsorption has significant advantages, such
as high speed, availability, and efficiency [8,9]. Various adsorbents have been used for
the removal of toxic heavy metals, including natural materials and synthetic composites,
such as activated carbon graphene, modified cellulose, biochar, and nanocomposites [10].
However, the high manufacturing and regeneration costs of some adsorbents severely limit
their large-scale application. Because of their high efficiency, low costs, and environmental
safety, biochar adsorbents are widely used for heavy metal removal.

In recent years, biochar adsorbents have been successfully used to remove heavy
metals from wastewater [11–13]. Previous studies compared the removal of Cd2+ from
wastewater using biochar from three different biomass feedstocks (wood, cow dung, and
crop straw) and found that crop straw biochar had the highest removal efficiency [14].
Biochar refers to carbon-rich residues of biomass pyrolyzed at low temperatures (<700 ◦C)
under oxygen-limited conditions [15]. According to previous studies, the biochar surface
contains abundant functional groups (such as phenolic, hydroxyl, and carboxyl groups),
has a high degree of porosity [16], and contains various minerals (e.g., N, S, Mg, K, Ca, and
Na) [17]. The heavy metal removal mechanism of biochar is mainly attributed to the fol-
lowing mechanisms: cation exchange (e.g., Ca2+, Mg2+, and K+), mineral precipitation (e.g.,
carbonate and phosphate), complexation with aerobic functional groups, and coordination
with π electrons [18–20]. The adsorption capacity and mechanism of biochar depend on its
characteristics, which in turn depend on the feedstock and production temperature [21]. A
simple biochar can be generated from plant materials, such as husks, leaves, peels, stems,
branches, and pods. The removal of heavy metal ions from an aqueous environment by the
application of biochar from different biomass feedstocks has been reported previously [22].
Liu et al. studied the adsorption of Pb2+ using two biochars prepared from pinewood and
rice husk and showed that pinewood biochar had a stronger adsorption ability than rice
husk biochar [23].

Pyrolysis temperature plays a significant role in biochar formation, and biochar pro-
duced by pyrolysis at higher temperatures shows a more porous surface area and lower
O/C and H/C ratios, resulting in a better adsorption effect for organic contaminants [24,25].
On the contrary, biochars produced at lower temperature not only save energy but also
have better heavy metal adsorption effects in wastewater, mainly because they hold more
oxygen-containing functional groups [26]. Therefore, selecting the appropriate pyrolysis
temperature for biochar production is vital when the treatment of metal-contaminated
wastewater is intended.

Numerous experimental studies have shown that the adsorption performance can
be significantly improved through heat treatment or chemical treatment [21]. However,
chemical treatment often results in a lower regeneration capability of the adsorbents, the
production of toxic sludge, and increased processing costs. Wheat and maize are the most
widely cultivated cereals in China, and most of the straws are left unused after harvest,
thus wasting valuable resources [27]. In this context, biochar produced by low-temperature
pyrolysis from wheat and maize straw is an economically feasible, potential heavy metal
adsorbent. Currently, the adsorption mechanism for heavy metals in biochar is still in the
exploration stage, and further studies are needed. In this study, biochar was obtained from
maize and wheat straw, using three different pyrolysis temperatures. The objectives were
as follows: (1) to determine the effect of pyrolysis temperature on removing Cd2+, Hg2+,
and Pb2+; (2) to compare the heavy metal removal efficiencies of maize straw biochar with
those of wheat straw biochar; (3) to reveal the mechanism underlying the removal of Cd2+,
Hg2+, and Pb2+ in a multi-element system.
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2. Materials and Methods
2.1. Biochar Production

Maize and wheat straw were obtained from Ma’anshan City, Anhui Province, China.
Prior to pyrolysis, they were cleaned, air-dried, and cut into pieces of 10 cm. Subsequently,
the biochar reactor was heated from room temperature to the target temperatures (300, 400,
and 500 ◦C) at approximately 8.5 ◦C/min, and the target temperatures were maintained
for about 10 h (Nanjing Zhironglian Technology Co., Ltd., Nanjing, China) until complete
pyrolysis, after which the heating system was turned off, and the biochar was allowed
to cool to room temperature. After pyrolysis, the biochar samples were ground in a
mechanical jaw crusher, sieved through a 100-mesh screen, and stored in plastic bags for
further characterization and sorption tests.

2.2. Biochar Characterization

The pH and electrical conductivity (EC) of the biochars were measured by pH and
EC meters at a 1:10 biochar/water ratio after being equilibrated for 30 min and 24 h,
respectively [28]. The ash content was determined using dry combustion at 800 ◦C for
4 h in a muffle furnace [29]. The elemental composition (C, H, and N) was measured
using an elemental analyzer (Perkin Elmer, 2400 II, Waltham, MA, USA). The O content
was estimated by mass difference: O% = 100 − (C% + H% + N% + Ash%) [30], and the
N2-Brunauer–Emmett–Teller (BET) method was applied to analyze the specific surface
area (SSA)) using a surface area and porosity analyzer (Micromeritics Inc., USA). The total
pore volume (TPV) was estimated via N2 adsorption at P/Po~0.5 [31], and the phosphorus
concentration was determined using the molybdate/ascorbic acid colorimetric method [32].
Briefly, 5 g of biochar were placed into a 50 mL centrifuge tube with 50 mL of ultrapure
water, mixed, and shaken at 25 ◦C for 30 min. Subsequently, the mixture was left to
stand before being filtered, and the water-soluble phosphorus content of the biochar
was determined.

The Fourier transformation infrared (FTIR) analysis was adopted to determine the
composition of the functional groups. The FTIR spectra of the biochar samples were
obtained with a Nicolet 170 SXTR infrared spectrometer and collected at 4000–400 cm−1.
The proportion of the biochars to spectroscopic-grade KBr was 1:200.

2.3. Sorption Tests
2.3.1. Adsorption Test Preparation

The designed heavy metal solutions were diluted from 2000 mg/L stock solutions
of Hg2+, Cd2+, and Pb2+, which were prepared in 0.01 mol/L NaNO3 background ionic
solution by dissolving analysis-grade HgCl2, Pb(NO3)2, and CdCl2, respectively. To ensure
the best adsorption efficiency and prevent the formation of metal precipitation, the pH
value of the background ionic solution was pre-adjusted to 5 using 0.1 mol/L HCl and
0.1 mol/L NaOH [33].

The adsorption tests were carried out in 50 mL polypropylene centrifuge tubes. Briefly,
0.125 g of biochar was mixed with 25 mL of heavy metal solution, shaken thoroughly, and
equilibrated using end-over-end shaking at approximately 25 ◦C [31]. Subsequently, the
mixtures were centrifuged at 3500 rpm for 10 min and filtered through 0.22 µm membranes;
the obtained filtrates were diluted to the proper concentration range and subsequently
analyzed for Hg2+ using a DMA-80 direct mercury analyzer and for Cd2+ or Pb2+ using a
WYS2200 atomic absorption spectrophotometer.

All reagents and chemicals were of analytical grade, and all analyses were performed
in triplicate.

2.3.2. Heavy Metal Sorption Capacities of the Biochars

To evaluate the heavy metal sorption ability of the biochars produced at different
temperatures, the biochars produced at 300, 400, and 500 ◦C were tested for their Hg2+,
Cd2+, and Pb2+ sorption potential in aqueous solutions. The adsorption studies were
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conducted in both single and mixed solutions of the three different metal ions to explore
any potential interaction effects. Specifically, the sorption experiments were carried out by
mixing 0.125 g of biochar with 25 mL of heavy metal solution containing 50 mg/L Hg2+,
Cd2+, and/or Pb2+, and the mixtures were shaken for 24 h at a speed of 200 r/min under
the conditions described in Section 2.3.1.

Subsequently, according to the following equation, the adsorption capacity q (mg/g)
and the removal efficiency E (%) for the three heavy metals were determined by calculating
the difference between the initial and final concentrations [34]:

q =
(C0 − Ce)V

m
, (1)

where q (mg/g) is the mass of metal ions adsorbed by unit biochar; C0 and Ce (mg/L),
respectively, are the metal concentrations of the initial and equilibrium experimental
solution’ V (L) is the volume of the heavy metal aqueous solution; and m (g) is the weight
of the added biochar.

2.3.3. Isotherm Studies

Isotherm studies were performed by mixing 0.125 g of selected biochar with 25 mL
of heavy metal solution containing 0.15, 0.3, 0.75, 1.5, 2.25, 3, 4.5, 6.0, 7.5, and 9.0 mmol/L
Hg2+, Cd2+, and Pb2+. In the comparative experiment with maize straw and wheat straw
raw biochar, the concentrations of Hg2+, Cd2+, and Pb2+ were 0.1, 0.2, 0.5, 1, 1.5, 2, 3, 4,
5, and 6 mmol/L. The other experimental conditions were consistent with those of the
sorption tests. The initial working solution concentration and the final equilibrium solution
concentration of heavy metals were determined by calculating the biochars’ adsorbing
capacity to the different three metals. Subsequently, part of the solids in the centrifuge
tubes was collected and washed with deionized water three times for FTIR and XRD to
study the adsorption mechanism [35].

By fitting the data to the Langmuir and Freundlich adsorption isothermal models,
the sorption capacities and binding intensities of biochar to Hg2+, Cd2+, and Pb2+ were
evaluated. The Langmuir model is based on the uniform and monolayer adsorption
hypothesis, whereas the Freundlich model is established on multilayer heterogeneous
surface sorption. The two model equations are as follows [36]:

Langmuir isotherm : qe =
QmaxKLCe

KL + Ce
(2)

Freundlich isotherm : qe = KFC
1
n
e , (3)

where qe (mg/g) is the amount of equilibrium adsorption; Qmax (mg/g) is the theoret-
ical maximum sorption capacity; Ce (mg/L) is the equilibrium concentration after the
adsorption experiment; KL (mg/L) and KF (mg/g) represent the adsorption constants of
the two models, respectively; n is relevant to the heterogeneity of the adsorption point,
indicating the binding intensity of sorbents [37]. These parameters can be calculated by the
slope and intercept obtained by substituting the corresponding experimental data into the
linearization plotting [38].

2.3.4. Kinetic Studies

Kinetic studies were conducted in 1.5 mmol/L solutions of Hg2+, Cd2+, and Pb2+ at
different time intervals (5, 10, 20, and 30 min and 1, 2, 4, 6, 12, 24, 48, and 72 h). The kinetic
models depict the rate of metal ions adsorbed onto biochar and illustrate the adsorption
mechanism. Generally, pseudo-first-order and pseudo-second-order models are widely
used in kinetic studies. According to the linear form of the equations, the parameters
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were calculated by the slope and intercept obtained from plotting linearized independent
variables against dependent variables [36]:

Pseudo-first-order kinetic : ln(qe − qt) = lnqe − k1t (4)

Pseudo-second-order kinetic :
t
qt

=
1

k2qe
2 +

1
qe

t, (5)

where qe and qt (mg/g) are the amounts of metal ion uptake at equilibrium and time t (min),
respectively, and k1 (min−1) and k2 (g/mg (min)) are the rate constants for the models,
respectively [38].

3. Results and Discussion
3.1. Biochar Characterization
3.1.1. Fundamental Properties

Table 1 shows selected properties of BC300, BC400, and BC500. When the pyrol-
ysis temperature increased from 300 to 500 ◦C, the biochar ash content increased from
21.31% to 24.54% (Table 1). As the pyrolysis temperature increased, the concentrations
of minerals and the combustion residues of organic matter increased [32]. In a study by
Mohammad et al. [39], the ash content of biochar increased from 4.53% to 8.64% with a
temperature increase from 400 to 800 ◦C. The BC300 was slightly alkaline (pH = 7.49),
whereas the higher production temperatures for BC400 and BC500 resulted in higher pH
values (8.95 and 9.85, respectively) (Table 1). Pyrolysis temperature can affect biochar as
follows: first, an increasing temperature causes the decomposition of acidic substances
and promotes the formation of ash from alkali-containing minerals [40]; second, biochar
produced at low temperatures may have a higher density of acidic functional groups [41].
The EC reflects the soluble salt content in biochar. The EC value of BC400 (5.74 mS/cm) was
significantly higher than that of BC500 (2.79 mS/cm) (Table 1), most likely because with the
increasing temperature, the alkali salt in the biomass first separated from the organic matter
and then combined into a stable compound at high temperatures. Cantrell et al. showed
that there is a low correlation (0.005 < R2 < 0.13) between EC and ash, indicating that some
elements in ash may occur in the form of water-insoluble oxides or hydroxides [42]. In this
study, the surface area and pore volume of BC400 (SA = 12.110 m2/g, PV = 0.02517 cm3/g)
were relatively low, whereas those of BC300 (SA = 29.598 m2/g, PV = 0.03295 cm3/g) were
higher. Most likely, a higher temperature eventually leads to the loss of micropores/surface
area due to pore expansion and clogging [43]. At a pyrolysis temperature of 500 ◦C, the
organic matter burns more completely, and the pore structure of biochar becomes larger,
along with an increased specific surface area [44].

Table 1. Fundamental properties of the three different biochars. EC = electrical conductivity,
SA = surface area, and PV = pore volume.

Biochar BC300 BC400 BC500

pH 7.49 8.95 9.85
EC (mS/cm) 3.22 5.74 2.79
Ash content/% 21.31 22.78 24.54
Water-soluble phosphorus (mg/kg) 477.33 596.75 233.53
SA (m2/g) 29.598 12.110 23.303
PV (cm3/g) 0.03295 0.02517 0.03170

3.1.2. Elemental Analysis

Generally, the composition of biochar elements changed with the pyrolysis temper-
ature. The H and O contents decreased from 3.792% to 2.706% and 17.838% to 8.964%,
respectively, whereas the C content increased from 54.88% to 61.71% as the pyrolysis
temperature increased from 300 to 500 ◦C (Table 2). Both the H and O contents in the
biochars decreased at higher temperatures due to the dehydration of organic compounds
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and the loss of volatile components [45]. Furthermore, the H/C and O/C ratios of biochars
significantly decreased from 0.069 to 0.044 and 0.325 to 0.145, respectively, with increasing
temperatures (Table 2). The ratios of (O+N)/C were lower in the biochars produced at
500 ◦C than in those produced at 300 ◦C, indicating that the surface of the biochars was
more aromatic and less hydrophilic [41,46], most likely because of the higher degree of the
carbonization of organic components and the removal of polar functional groups to form
aromatic structures [47].

Table 2. Elemental analysis of the three different biochars.

Biochar BC300 BC400 BC500

C/% 54.88 55.00 61.71
H/% 3.792 3.192 2.706
N/% 2.18 2.26 2.08
O/% 17.838 16.768 8.964
H/C 0.069 0.058 0.044
O/C 0.325 0.305 0.145

(O+N)/C 0.365 0.346 0.179

3.1.3. FTIR Analysis

Previous studies have shown that oxygen-containing functional groups can fix heavy
metals [48–50]. Therefore, FTIR spectroscopy was applied to determine the variety of func-
tional groups on the biochar surface. Figure 1 shows the FTIR spectra of the three biochars.
The peak intensities of CO3

2− (1430 cm−1) and PO4
3− (1083 cm−1) increased with increas-

ing temperatures as the water and organic matter decomposed into PO4
3−- and CO3

2−-
associated minerals at high temperatures [32]. The peaks at 3385 and
2910 cm−1, respectively, indicated phenolic-OH and methyl C = H [48,49], whose in-
tensity first increased and then decreased with increasing temperatures, with maximum
values at 400 ◦C. Conversely, the intensity of the peak at 1600 cm−1, attributed to aro-
matic carbonyl/carboxyl C = O [39], increased as the pyrolysis temperature rose to 400 ◦C,
whereas the intensity was relatively stable at 400 to 500 ◦C. The higher the production
temperature was, the higher the intensity was of the 874 and 796 cm−1 (aromatic C-H
vibrations) peaks [50], indicating that the higher the pyrolysis temperature was, the higher
the aromaticity of the biochar was, which is in agreement with the results shown in Table 2.
The types of biochar functional groups were similar at all three pyrolysis temperatures; the
absorption peak of the oxygen-containing functional group of BC400 was the highest.

Figure 1. FTIR spectra of maize stalk biochar at temperatures of 300, 400, and 500 ◦C.
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3.2. Adsorption Isotherms

Figure 2 shows the isotherms of the sorption of heavy metals by BC300, BC400, and
BC500, described by Langmuir and Freundlich models. Biochars produced at different
temperatures (BC400 > BC500 > BC300) showed similar adsorption effects for Hg2+, Pb2+,
and Cd2+; adsorption increased dramatically when the equilibrium solution concentrations
of the metals were low. With the further increase of the equilibrium metal ion concentration,
the adsorption tended to be stable.

Figure 2. Isotherms of the sorption of heavy metals by BC300, BC400, and BC500, described by
Langmuir and Freundlich models.

To explore the adsorption mechanism, isotherms were fitted using the Langmuir and
Freundlich model equations. According to the fitting parameters (Table 3), the Langmuir
model (R2 = 0.93–0.99) generally showed good fit to balanced data. In particular, the
Freundlich model (R2 = 0.95–0.97) also well described the isothermal adsorption of Hg2+.
According to a previous study, the adsorption mechanism of Hg2+ is not only single-layer
adsorption but is also accompanied by multi-layer adsorption [51]. In general, BC400
had a stronger adsorption capacity for the three heavy metals, except that the maximum
adsorption capacity for Hg2+ of BC500 (qm = 190.24 mg/g) was higher than that of BC400
(qm = 173.27 mg/g). These results can be explained by the higher electrical conductivity
of BC400 releasing more soluble salts into the solution and thereby strengthening the
electrostatic interaction between the metal cation and the negatively charged carbon surface.
In addition, the contents of functional groups and inorganic mineral components, which can
form precipitates with metal ions, were higher in BC400. The presence of functional groups
increases the number of adsorption sites of heavy metals, and the mineral components
increase the affinity of biochar for heavy metal ions. In this study, the maize straw biochars
produced at 400 ◦C had the highest adsorption effect for all three tested heavy metals.
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Table 3. Regression parameters of Langmuir and Freundlich models for adsorption of Hg2+, Cd2+,
and Pb2+ by biochars.

Metal
Ion Biochar

Langmuir Model Freundlich Model

qm (mg/g) KL (L/mg) R2 KF (mg/g) n R2

Hg2+
BC300 129.31 0.00192 0.963 0.729 1.440 0.951
BC400 173.27 0.00152 0.995 0.553 1.308 0.966
BC500 190.24 0.00100 0.985 0.497 1.310 0.973

Cd2+
BC300 9.27 0.02700 0.964 1.947 4.034 0.839
BC400 22.83 0.00656 0.965 1.482 2.374 0.856
BC500 17.59 0.02213 0.975 1.798 2.731 0.860

Pb2+
BC300 45.45 0.00457 0.938 2.315 2.472 0.834
BC400 81.47 0.00479 0.942 1.479 1.841 0.824
BC500 56.84 0.00010 0.979 1.938 2.111 0.801

As shown in Table 3, the maximum adsorption capacities of the three biochars (BC300,
BC400, and BC500) for Hg2+ were 129.31, 173.27, and 190.24 mg/g, respectively, whereas
for Cd2+, they were 9.97, 22.83, and 17.59 mg/g, respectively, and for Pb2+, they were 45.45,
81.47, and 56.84 mg/g, respectively. These findings indicate that the three biochars have the
same maximum adsorption capacity (Hg2+ > Pb2+ > Cd2+); for Cd2+, it was significantly
lower than for Hg2+ and Pb2+. Consequently, maize straw biochar has a stronger affinity
for Hg2+. There may be two mechanisms (single-layer and multi-layer adsorption) for
biochar adsorption to Hg2+, with a stronger adsorption capacity [51,52]. Most likely, this
is because as the hydrated ionic radii of metals decrease, the force of metal ion attraction
to a charged surface increase. Since the ionic hydrated radius of Pb2+ (0.404) was lower
than that of Cd2+ (0.426), the adsorption amount of Pb2+ was greater than that of Cd2+. The
Freundlich model constant n value ranged from 1 to 10, indicating that it is beneficial to
adsorption. The values of n (1 < n < 5) in Table 3 are all within this range, indicating that
the three types of biochar preferentially adsorb Pb2+, Cd2+, and Hg2+.

3.3. Adsorption Kinetics

Figure 3 illustrates the amounts of heavy metal ions (Hg2+, Cd2+, and Pb2+) adsorbed
by BC300, BC400, and BC500 as a function of adsorption time (0–72 h). The amounts of the
three adsorbents for heavy metal ions reached equilibrium over time. In the early stage
of adsorption, the biochars had high adsorption rates for the heavy metal ions, probably
because adsorption mainly occurs on the outer surface of the biochar. Over time, the heavy
metal ions gradually diffused into the carbon pores and further reacted with the adsorption
sites inside the biochar; the adsorption rate at these sites was relatively low [52]. After 24 h
of the experiment, the adsorption of metal ions by the biochars had reached equilibrium.
The equilibrium adsorption capacity of metal ions for the three biochars followed the order
BC400 > BC500 > BC300, which is consistent with the isothermal adsorption results.

Figure 3 shows the fitting results for the pseudo-first-order kinetic and pseudo-second-
order kinetic models of the heavy metal adsorption by biochar. The experimental and
theoretical calculations of adsorption balance values (qe) and the kinetic correlation coeffi-
cients are listed in Table 4. As shown in Table 3, compared with the pseudo-second-order
kinetic model (R2 of 0.991–0.999), the pseudo-first-order kinetic model (R2 of 0.508–0.991)
had a poor fitting correlation coefficient. These results suggest that the adsorption of
Hg2+, Cd2+, and Pb2+ by the maize straw biochars was mainly based on chemical reactions.
In contrast, under the pseudo-second-order kinetic model, the results of the calculation
were in good agreement with the experimental results, suggesting that this model is more
suitable for describing the adsorption behavior of biochar for metal ions.
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Figure 3. Sorption kinetics for Pb2+, Hg2+, and Cd2+ by maize straw biochar produced at 300, 400,
and 500 ◦C.

Table 4. Regression parameters of pseudo-first-order and pseudo-second-order models for adsorption
of Hg2+, Cd2+, and Pb2+ by the three different biochars.

Metal Ions Biochar
Pseudo-First-Order Pseudo-Second-Order

qe (mg/g) k1 (min−1) R2 qe (mg/g) k2 (mg/g min) R2

Hg2+
BC300 34.10 0.001 0.820 50.51 0.0001 0.995
BC400 28.95 0.002 0.914 50.00 0.0003 0.999
BC500 27.98 0.001 0.892 47.17 0.0002 0.997

Cd2+
BC300 6.16 0.001 0.948 8.72 0.0007 0.988
BC400 8.20 0.001 0.945 15.87 0.0008 0.999
BC500 6.17 0.001 0.945 11.39 0.0009 0.996

Pb2+
BC300 25.12 0.001 0.508 38.61 0.0001 0.988
BC400 51.56 0.002 0.991 68.49 0.0001 0.996
BC500 28.41 0.001 0.600 54.05 0.00002 0.991

3.4. Sorption of Hg, Cd, or Pb by Maize Biochar Produced under Different Temperatures

Figure 4 shows the adsorption capacities of the three biochars for Hg2+, Cd2+, and
Pb2+ in single- and multiple-solution systems. In the two systems, biochars showed the
same affinity for the three heavy metal ions (Hg2+ > Pb2+ > Cd2+), which was consistent
with the results of the isotherm adsorption experiment. In the single-solution systems, the
adsorption capacities for Hg2+ and Pb2+ of biochars produced at the three temperatures
were similar, whereas that of Cd2+ was different; the adsorption capacities of BC300, BC400,
and BC500 were 6.03, 9.11, and 7.56 mg/g, respectively.

Previous studies have shown that the main mechanisms of biochar adsorption of
Cd2+ are cation exchange, biochar surface functional group complexation, and carbonate
and phosphate precipitation [53]. Table 1 shows that the conductivity (EC = 5.74 mS/cm)
and water-soluble phosphorus (596.75 mg/kg) values of BC400 were greater than those of
BC300 and BC500, which may explain the highest adsorption of Cd2+ by BC400. Although
the specific surface areas of the three types of biochars were significantly different, the
surface area had no significant effect on the adsorption of Pb2+ and Hg2+, indicating that
the Pb2+ and Cd2+ sorption was not controlled by the surface area. This was consistent
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with the findings of a previous study in which BC400 had the lowest specific surface area
but the largest adsorption capacity for Cd2+ [54].

Figure 4. Adsorption capacities for (a) Hg2+, (b) Cd2+, and (c) Pb2+ of biochars in single and multiple
heavy metal solution systems. The (a–c) were the adsorption capacities for Hg2+, Cd2+, and Pb2+ of
biochar’s, respectively.

In the multi-element system, the three heavy metals in the solution interacted with
each other. The adsorption capacities for Hg2+ and Pb2+ by biochar in the multi-element
system were higher than those in the single system by approximately 1.75 and 0.2 mg/g,
respectively. However, the adsorption capacity of biochar for Cd2+ decreased, and the
adsorption capacities of BC300, BC400, and BC500 decreased by 1.85, 1.61, and 3.34 mg/g,
respectively. This suggests that competitive adsorption occurred when Pb2+, Hg2+, and
Cd2+ coexisted in the medium. Most likely, the adsorption sites on the biochar were prefer-
entially occupied by Pb2+ and Hg2+ [55], resulting in an inhibition of Cd2+ adsorption and
the promotion of the adsorption and fixation of Hg2+ and Pb2+. Since Cd2+ and Pb2+ have
similar properties in aqueous solutions, they have the same adsorption mechanism [53].
However, the electronegativity of Pb2+ is greater, and biochar has greater affinity with it,
thereby inhibiting the adsorption of Cd2+ by biochar. As seen in Figure 2, there were PO4

3−

groups on the surface of the maize straw biochars. The solubility product of the precipitate
formed by Hg2+ was greater than those of the phosphate compounds of Cd2+and Pb2+,
resulting in an advantage in competitive adsorption.

3.5. Comparison of BC400 and WBC400 Heavy Metal Adsorption

According to a previous study, wheat can also be used to produce biochar for the
removal of heavy metal ions [56]. The adsorption characteristics of two biochars to
the three heavy metals (Hg2+, Pb2+, Cd2+) were compared through adsorption isotherm
and kinetics.

The adsorption kinetics of BC400 and WBC400 are shown in Figure 5 and Table 5. The
adsorption kinetics of the two biochars could be well described by the pseudo-second-
order model (R2 of 0.994–0.999). The BC400 showed a stronger adsorption capacity and
adsorption rate for Hg2+; most of the Hg2+ (71%) was removed by BC400 within 4 h. On
the contrary, WBC400 had only removed Hg2+ (53%) after 4 h. However, both BC400 and
WBC400 showed similar Cd2+ adsorption characteristics. The adsorption of Cd2+ by the
two biochars reached equilibrium after about 24 h, with adsorption efficiencies of 45%
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(BC400) and 42% (WBC400). The adsorption efficiency of BC400 to Pb2+ reached 90% at the
time of adsorption equilibrium, whereas WBC400 only removed 48% of Pb2+.

Figure 5. Sorption isotherms for three different heavy metals of BC400 and WBC400, described by
Langmuir and Freundlich models.

Table 5. Regression parameters of Langmuir and Freundlich models for adsorption of Hg2+, Cd2+,
and Pb2+ by BC400 and WBC400. The (A), (B) and (C) were the sorption kinetics of Hg2+, Pb2+ and
Cd2+ by BC400 and WBC400, respectively.

Metal Ions Biochar
Langmuir Model Freundlich Model

Qm (mg/g) KL (L/mg) R2 KF (mg1-n/(g·Ln) n R2

Hg2+ BC400 217.39 0.001 0.995 2.55 1.31 0.972
WBC400 256.41 0.001 0.999 0.39 1.21 0.990

Pb2+ BC400 128.21 0.003 0.993 1.81 1.77 0.861
WBC400 21.88 0.011 0.981 1.72 2.71 0.887

Cd2+ BC400 29.24 0.011 0.983 1.69 2.31 0.856
WBC400 17.48 0.013 0.990 1.09 2.33 0.863

Figure 6 and Table 6 show the adsorption isotherms. For the two types of biochars,
the Langmuir model showed good adaptability to equilibrium data (R2 of 0.981–0.999),
indicating that monolayer adsorption dominated. The maximum monolayer adsorption
capacities of BC400 and WBC400 for Hg2+ and Cd2+ were, respectively, 217.39, 256.41, 29.24,
and 17.48 mg/g. The maximum monolayer adsorption capacity of BC400 (128.21 mg/g)
for Pb2+ was considerably higher than that of BC400 (21.88 mg/g). After the analysis of
adsorption thermodynamics and kinetics and a comprehensive comparison of the removal
effects for the three heavy metals, BC400 was considered a promising biochar for removing
heavy metals.

Table 6. Regression parameters of pseudo-first-order and pseudo-second-order models for adsorption
of Hg2+, Cd2+, and Pb2+ by BC400 and WBC400.

Metal Ions Biochar
Pseudo-First-Order Pseudo-Second-Order

qe (mg/g) k1 (min−1) R2 qe (mg/g) k2 (mg/g min) R2

Hg2+ BC400 28.95 0.002 0.914 50.00 0.0003 0.999
WBC400 23.18 0.0017 0.987 37.31 0.0002 0.998

Pb2+ BC400 51.56 0.002 0.991 68.49 0.0001 0.999
WBC400 6.20 0.0009 0.806 19.56 0.0012 0.994

Cd2+ BC400 8.20 0.001 0.945 15.87 0.0008 0.996
WBC400 6.16 0.0008 0.964 12.07 0.0008 0.995
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Figure 6. Sorption kinetics of, (A) Hg2+, (B) Pb2+ and (C) Cd2+ by BC400 and WBC400.

3.6. BC400 Adsorption Mechanism

Of the three biochars, based on characterization, adsorption kinetics, and adsorption
thermodynamic analysis, BC400 had obvious advantages. Therefore, we explored the
mechanism underlying the heavy metal adsorption by BC400.

To determine the variety of functional groups involved in the heavy metal ion adsorp-
tion in solution, FTIR was applied. According to the FTIR spectra (Figure 7), the peak of
-OH at 3385 cm−1 in BC400 shifted toward 3369, 3348, and 3357 cm−1 after Pb2+, Hg2+,
and Cd2+ adsorption, respectively. In addition, the intensity of the C = H (2910 cm−1),
aromatic carbonyl/carboxyl C = O (1600 cm−1), and aromatic C-H vibration (874 and
796 cm−1) peaks weakened. These obvious peak changes indicate that heavy metal ions
may have formed complexes with functional groups, caused by delocalized π electrons.
The peak of PO4

3− at 1099 cm−1 shifted to 1088, 1087, and 1106 cm−1 after heavy metal
adsorption, indicating that the three heavy metal ions combined with PO4

3− and formed
precipitates. The peak of CO3

2− (1430 cm−1) weakened and slightly shifted, indicating
that Pb2+ and Hg2+ combined with CO3

2− and formed precipitates; however, there was
no obvious change in the peak of CO3

2− after BC400 had adsorbed Cd2+. In a previous
study, Xu et al. reported that surface -OH groups, delocalized π electrons, and CO3

2−

or PO4
3− promote the adsorption of heavy metals by biochar through precipitation and

complexation [31].
To explore the effect of BC400 on the precipitation of the three heavy metal ions,

BC400 was scanned by XRD after adsorption, and the spectra are presented in Figure 8.
The characteristic peaks of Pb3(PO4)2, Hg3(PO4)2, Cd3(PO4)2, HgCO3, PbCO3, Pb(OH)2,
Cd(OH)2, and HgO occurred. Considering the high content of water-soluble phosphorus
(596.75 mg/kg) in BC400 (Table 1) and the FTIR spectra indicating the significant shift due
to PO4

3− (Figure 7), these three heavy metal ions seemingly precipitated in the form of
phosphate. Given that the characteristic peak of CO3

2− weakened after Hg2+ and Pb2+

were adsorbed by BC400, they may have precipitated in the form of carbonate. In addition,
Pb2+ and Cd2+ precipitated as hydroxides, and Hg2+ precipitated in the oxidation state.
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This may be due to the unstable mercury hydroxide, directly dissolving into mercury oxide
with lower solubility.

Figure 7. FTIR spectra of BC400 before and after metal sorption.

Figure 8. XRD patterns of BC400 after metal sorption.
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4. Conclusions

This study investigated the removal of heavy metals in aqueous solutions by maize
straw biochar and explored the underlying adsorption mechanism. Pyrolysis temperature
strongly influenced the physical and chemical properties of the biochars produced from
maize straw. The BC400 showed significantly higher EC values and water-soluble phos-
phorus contents and had more oxygen-containing functional groups, resulting in higher
heavy metal removal capacities. The fitting effect of the Langmuir model was most suitable.
The pseudo-second-order model was more suitable for describing the adsorption process
of metal ions by biochar. The adsorption mechanisms were single-layer adsorption and
chemical reaction; Hg2+ was also removed by multilayer adsorption. Biochar BC400 had a
higher adsorption speed and a stronger adsorption capacity than WBC400. The adsorption
mechanisms for Hg2+ and Pb2+ were mainly PO4

3− and CO3
2− precipitation, complex-

ation with oxygenated functional groups, and delocalized π electrons. The adsorption
mechanism for Cd2+ was similar to those of Hg2+ and Pb2+, and its precipitation occurred
mainly through the formation of phosphate. In the multi-element system, the adsorption of
Cd2+ to BC400 was inhibited by Pb2+ and Hg2+; correspondingly, the adsorption capacity
for Pb2+ and Hg2+ was increased. The results indicate that biochar produced at 400 ◦C
from maize straw may provide an effective way to enhance heavy metal removal from
aqueous solutions. In addition, biochar can also be used to control heavy metal pollution in
wetlands and maintain the sustainable development of wetland ecosystems in the future.
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