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Abstract: China is a large agricultural country that produces a large amount of crop straw every year. Thus,
the development of cost-effective and economic application of invasive plants is warranted. Biochars derived
from crop straw has been proven to be promising for adsorbent materials. However, less studies have focused
on biochar derived from different types of crop straw as adsorbent under the same conditions to compare their
adsorption performance. Here, we characterized the five biochars in the same system (600 °C). In results, GBC
has higher ash content, pH, CEC, specific surface area, mineral composition and oxygen-containing functional
groups. The adsorption kinetics can be explained adequately by pseudo-second-order model and Langmuir
model, indicating that the adsorption behavior of the biochar is both physical adsorption and chemical
adsorption, the adsorption process includes complexation reaction, cationic 7 bond, ion precipitation and
electrostatic adsorption. In conclusion, GBC exhibited higher metal equilibrium adsorption capacities (125
mg-g1 for Pb%, 29 mg-g! for Cd*). The solution pH, biochar dosing, pyrolysis temperature and the properties
of these heavy metals were responsible for adsorption capacity, thus showing stronger affinity and better
adsorption effect. Our results are important for the selection and utilization of plant-based biochar for different
heavy metals.
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1. Introduction

In recent years, the situation of heavy metal pollution in soils has become increasingly serious,
and the levels of heavy metals in soils and crops are increasing, which has a major negative impact
on human health. A soil plan in China reports that lead (Pb) and cadmium (Cd) are the two major
metal contaminants in soil (China's Ministry of Environmental Protection, 2016). They are toxic,
widespread and non-biodegradable [1]. It is reported that millions of people may be at risk from
heavy metal pollution [2]. Pb can damage the human nervous and digestive systems, and Cd can lead
to chronic cardiovascular and neurological diseases [3]. The environment becomes contaminated
when the accumulation of heavy metals exceeds the self-purification capacity of the environment.
Therefore, once these contaminants have been identified, methods to remove them become critical
[4,5].

Treatment methods for heavy metals include chemical precipitation, ion exchange, reverse
osmosis and adsorption. Adsorption is considered to be an economical and effective method for
decontaminating soil and environmental due to its low cost, high efficiency and environmental
friendliness [6]. In recent years, adsorption technology using biochar as adsorbent has attracted much
attention due to its advantages of low cost, convenient preparation, superior physical and chemical
properties, high removal capacity and high cation exchange capacity [7-10]. Biochar is a black solid
product produced by the decomposition of organic matter under anoxic or anaerobic high
temperature conditions (< 700°C). Raw materials for biochar production come from a wide range of
biomass sources. Agricultural and forestry wastes (crop straw, pig manure, cow manure, wood chips,
kitchen waste, industrial waste and municipal sludge) can be used as feedstocks for biochar
preparation [11,12]. Studies have shown that the adsorption capacity of biochar based on wood and
bark is very low for Cd?* (0.34-5.40 mg-g™) [13]. In contrast, biochar produced from cow dung had a
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high maximum adsorption capacity for Cd?>" (51.4 mg-g') [14]. Biochar extracted from different crop
straws showed a higher adsorption capacity for Cd? (57.7-96.4 mg-g') in aqueous solution [15].
Obviously, the choice of biochar raw materials is crucial, it usually determines the adsorption
capacity and the performance of the biochar.

Crop straws as important plant sources of biomass was once treated as agricultural wastes that
can be easily obtained in rural environment in China. Biochars are normally produced from waste
materials because of the low cost. Many studies have shown that maize straw, rice straw and wheat
straw have good adsorption capacity for heavy metals [16-18]. However, few studies have been
focused on the comparison of metal adsorption capacity of plant biomass obtained from crop straw
as a sorbent. In particular, there is little research on sorghum straw as a material with high sorption
capacity and low cost.

The adsorption capacity of plant-derived biochar is affected by characteristic of biochar, such as
biochar pH, specific surface area, element composition, cation exchange, oxygen-containing
functional groups [19-21], as well as preparation condition, such as temperature, rate and time [22],
and adsorption conditions, such as initial pH value and initial dosage [23,24], and heavy metal ion
types, properties [18,25]. The differences in these factors have a significant impact on the properties
and the adsorption capacities of biochar for metal ions. In addition, the adsorption performance of
the biochar obtained under different preparation conditions could not be compared horizontally.

Therefore, the objective of the present study is to compare the adsorption characteristics of Pb?*
and Cd? using different plant-derived biochars through biochar properties, batch adsorption tests
and kinetic modelling, to analyze the reasons for the differences and to select suitable adsorption
materials.

2. Materials and Methods

2.1. Biochar Preparation

In this research, biochars were obtained from crop straws of five plant species (i. e. Oryza sativa
L., Zea mays L., Sorghum bicolor L. Moll., Triticum aestivum L., Phragmites australis (cav.) Trin. Ex.
Steud.) through slow pyrolysis at 600 °C., all collected from a farm in Donghai County, Lianyungang
City, Jiangsu Province. This temperature was selected based on previous studies [26,27], at which the
produced biochars had a greater sorption capacity for contaminants and better balance between the
yield and energy costs. The five raw materials were washed, dried to constant weight in an oven at
105 °C, and ground through a 40 mesh (0.425 mm) sieve using a grinder.

The biochar was prepared by the oxygen-limited temperature-controlled pyrolysis method: the
ground material was placed in a crucible and heated to 600 °C in a muffle furnace at a heating rate of
5 °C-min for 2 h. The grey part of the sample surface was removed, leaving the black carbonaceous
component. Soaked in 0.1 mol-L' hydrogen chloride solution for 12 h, filtered through a Brinell
funnel, washed with deionized water, removed after drying in an oven, ground through a 100 mesh
(0.150 mm) sieve, placed in a sealed bag and placed in a dryer as a reserve. Sorghum straw, rice straw,
wheat straw, reed straw and corn straw were labelled as GBC, SBC, XBC, LBC and YBC, respectively.

2.2. Biochar Characterization

The prepared biochar was heated in a muffle furnace at 800 °C for 4 h to calculate its ash content;
Atomic absorption spectrometer (ContrAA 700) was used to determine the Na+ content in the
solution, and the total cation exchange volume could be calculated; The contents of C, H, N and S
elements in biochar were analyzed by organic element analyzer (SHG-100); The specific surface area
(SA) of biochar was calculated by multi-point BET method (0.1-0.35 P/P0), the micropore surface area
(A micro) was calculated by t-plot method, and the micropore volume (V micro) was calculated by
DFT method, the pore volume (V total) was measured when the relative pressure (P/P0) was about
0.99; The average micropore size (D) is obtained from the ratio of micropore volume to specific
surface area of 4 times; The surface pore characteristics of biochar samples were observed by scanning
electron microscope (JSM-6700F); Biochar functional groups were determined by Fourier transform
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infrared spectroscopy (FTIR) (VERTEX 70, Bruker, Germany); An X-ray diffractometer (Bruker D8
ADVANCE) was used to analyze the crystal structure of biochar.

2.3. Adsorption Experiments

2.3.1. The effect of initial pH value and initial dosage on the adsorption

Zero point six grams of biochar was placed in a 50 mL conical flask, 20 ml of 400 mg-L' Pb (NOs)2
and 100 mg-L-1 Cd (NOs)2 solution was added, and the pH was adjusted to 2, 3, 4, 5, 6 with HNO:s or
HCI. The concentrations of Pb?* and Cd?* in the filtrate were determined by ICP-MS, and the effect of
pH on the adsorption of Pb?* and Cd?* by biochar was investigated.

2.3.2. Isothermal Adsorption Experiment

Zero point six grams of biochar was weighed into a 50 mL conical flask, 20 ml of Pb (NOs)2
solution was added at 10, 20, 30, 50, 75, 100, 200 and 400 mg-L-'. Cd (NOs)2 was added at the mass
concentrations of 5, 10, 15, 25, 50, 80, 100 and 120 mg-L-!, and the pH of the solution was adjusted to
5.0 with 0.1 mol-L-! of HNOs and NaOH.

2.3.3. Adsorption Kinetics Experiment

Five hundred milliliters of Pb (NOs)2 and Cd (NOs)2 solutions were added to a constant
temperature magnetic stirrer for stirring to adjust the pH of the solution. Samples were taken at 5, 10,
20, 30, 60, 90, 120, 180, 240, 300, 360, 420, 480 and 720 min, respectively, and the absorbance value of
the filtrate was determined by ICP-MS after filtration.

2.3.4. Thermodynamic Adsorption Experiment

Zero point six grams of biochar was weighed and add 20 ml of Pb (NOs)2 solution was added at
10, 20, 30, 50, 75, 100, 200 and 400 mg-L-1. Cd (NO3): was added at 5, 10, 15, 25, 50, 80, 100 and 120
mg-L" to adjust the pH value. Isothermal adsorption experiments were carried out at 25, 35 and 45
°C.

2.3.5. Infrared Spectral Analysis

After filtration and drying of the five biochar samples before and after adsorption, the infrared
spectra of the samples were determined by Fourier transform infrared spectrometer. The wavelength
range was 4000~500 cm™ and the scan time was 64.

2.4. Data Analysis

The amount of Pb and Cd adsorption was calculated by using the following equation per unit
mass:

- (Corgt)v 1)

Where q: is the amount of biochar absorbed on heavy metals per unit mass (mg-g?), Co is the
initial concentration of the heavy metal solution (mg-L"), Ct is the concentration of the heavy metal
solution at sampling time T (mg-L"), V is the volume of the heavy metal solution (L), and m is the
dosage of biochar (g).

Pseudo-first-order kinetic model, pseudo-second-order kinetic model and intra-particle
diffusion model were used to fit the experimental results, and the kinetic characteristics of heavy
metal adsorption by biochar were analyzed.

Pseudo-first-order kinetic equation:

9,79, (1—exp (-kq x)) (2)

pseudo-second-order kinetic equation:
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intra-particle diffusion model:

Where qe. is the amount of heavy metal removed at equilibrium (mg-g), K is the pseudo-first-
order rate constant (min-'), and Kz is the pseudo-second-order rate constant (g-mg"'-min™).

The equilibrium data can be fitted by using the following Langmuir model, Freundlich model,
Temkim adsorption equation and Dubinin-Radushkevich (D-R) adsorption equation.

Langmuir model equation:

_ KLCeQm
=TT K ©)
Freundlich model equation:
1
Qe = KeC] ©)
Temkim adsorption equation:
Q. =BlnA+Blnc, (7)

Dubinin-Radushkevich (D-R) adsorption equation:

InQ, =1InQ, — B & (8)
e =RTIn(1+1/c.) )
E=1/(28)°" (10)

Where Qe is the amount of heavy metal removed at equilibrium (mg-g1), Ce represents the
concentration of heavy metals at equilibrium (mg-L-!), Kr is the affinity between adsorbent and heavy
metals (g7), 1/n is the Freundlich constant, Qm is the maximum adsorption amount of heavy metals
(mg-g1), Ku is the Langmuir constant related to the binding energy, A is the equilibrium binding
constant (mg-g™), and B is the coefficient of the Temkim equation related to the heat of adsorption. 3
is the D-R equation coefficient (mol2J2), Qo is the maximum unit adsorption capacity (mmol-g?), € is
the Polanyi adsorption potential, R is the ideal gas constant (8.314 J-mol'-K), T is the absolute
temperature, E is the adsorption free energy (J-mol).

By studying the thermodynamic properties, it is determined whether the adsorption process of
five biochars on heavy metals is spontaneous. The method of calculating the thermodynamic
parameters is as follows:

AGQ = —RTIn Kd (11)

InKy = AS,/R — AHg/RT (12)

Where AGeo is the Gibbs free energy change (kJ-mol-1), AHe is the enthalpy change (J-mol), ASe
is the entropy change (kJ-mol"-K), T is the thermodynamic temperature of the reaction system (K),
R is the gas constant (8.314 J-mol--K-1), Ku is the adsorbent distribution coefficient of the adsorbent in
the solid-liquid phase (mL-g1).

3. Results

3.1. Biochar Characterization

The characteristics of the different plant-based biochar obtained in the same pyrolysis system
were different (Table 1). The five biochars were alkaline, the ash content of GBC was relatively high,
the specific surface area was significantly higher than that of the other four biochar types, and the

doi:10.20944/preprints202304.0296.v1
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total pore volume was relatively large. Among the five biochars, LBC had the lowest H/C (0.346),
indicating a strong aromaticity [28]. SBC had the highest O/C (0.479) and (N+O)/C (0.507), indicating
that SBC has strong hydrophilicity and polarity [29]. The cation exchange capacity (CEC) of the five

biochar types was XBC > SBC > GBC > YBC > LBC in order.

Table 1. Characterization of the five plant-derived biochars.

Plant-derived biochar

Parameters YBC GBC __ XBC LBC SBC
pH 9.23 9.86 9.51 8.21 9.64
Ash (%) 21.3 29.7 24.1 19.6 27.2
BET surface area (m2-g) 97.841 245.434 180.714 95.934 100.820
Average pore diameter (nm)  4.517 3.501 3.068 5.747 5.455
Micropore volume (cm?3-g1) 0.004 0.080 0.055 0.003 0.006
Total pore volume (cm?3-g1) 0.110 0.215 0.139 0.103 0.137
C (%) 64.00 66.72 59.77 65.54 58.61
H (%) 2.07 2.21 1.92 1.89 191
O (%) 31.91 29.90 37.12 30.61 37.44
N (%) 1.81 1.03 0.90 1.73 1.92
H/C 0.032 0.033 0.032 0.029 0.033
o/C 0.499 0.448 0.621 0.467 0.639
(N+O)/C 0.527 0.464 0.636 0.493 0.672
CEC (cmol-kg™) 9.79 9.89 22.50 4,60 12.50

The SEM images of biochar from different plant sources are shown in Figure 1 (magnification:
1000x). Due to the different types of biomasses, there are some differences in the pore structure and
pore size of biochar. XBC had a larger pore size and a loosely arranged pore structure, and the basic
structure was not significantly different. The structure of SBC was similar to that of XBC, but there
was a parallel network structure on the pore wall of SBC, while the surface of the pore wall of XBC
was smooth and flat, and there was no similar structure. Unlike the honeycomb pore arrangement of
XBC, LBC, SBC and YBC, GBC had a large distance between the pore walls, different pore sizes and

irregular arrangement.

ADD 100KV X1,000 T0pm  WD8.0mm

Figure 1. Scanning electron micrographs (SEM) of the five plant-derived biochars.

The FTIR spectra of five biochars are similar to some extent (Figure 2). The strong and broad
absorption peak at 3420 cm™ and the weak absorption peak at 1400cm! are due to the stretching and


https://doi.org/10.20944/preprints202304.0296.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 April 2023 doi:10.20944/preprints202304.0296.v1

bending vibrations of hydroxyl (-OH) [5]. It is generally believed that biochar contains lignocellulosic
components, and the weak peak at 2360 cm is a vibrational absorption peak of P-H, demonstrating
that the biomass surface contains a small amount of phosphorus. The sharp peak at 1685 cm™ is
produced by the stretching vibration of C=O in carboxylic acids or ketones, which may come from
carboxylic acid esters or ketones in the biomass [30]. All biochars produced absorption peaks of
benzene ring C=C near 1560 cm”, indicating that the benzene ring in the other four biochars
underwent different degrees of rearrangement and condensation reaction or breakage [31]. Bending
vibrational peaks of the aromatic ring (C-H) were found near 870 cm™ and 795 cm™ [32], and LBC
showed several vibrational peaks in this region. The above two absorption peaks indicate that biochar
formed stable aromatic structure during the high temperature pyrolysis. Except for LBC, all the other
four biochars produced obvious C-O-C vibrational absorption peaks at 1098 cm, while C-O-C was
generally present in the main chain of cellulose and hemicellulose, indicating that LBC lost more
cellulose and hemicellulose during the carbonization process.

-0H P-H =0 cH
500 - ypc ) ‘ “Ccoc
S — e} = ‘ ‘ G
S 4001 ype
o W—/“Uw»\ Vasm
& 300}
= LBC
E mﬁﬂﬁmﬂﬂ
=
s 200t
= GBC
W L~
“ —
100 + SBC

0 1 1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™)
Figure 2. FTIR spectra of the biochars derived from five plants.

The XRD patterns of the five biochars (Figure 3) show the formation of broad diffraction peaks
with amorphous structures at 24° (20) and 43° (20), corresponding to the (002) and (101) peaks for
the carbon fibres, respectively, are considered to reflect the degree of graphitisation of the material.
SBC, XBC, YBC and GBC have sharp diffraction peaks near 22° (20) or 27° (20), which belong to the
SiOz amorphous structure [33]. However, no such diffraction peaks were found in the XRD patterns
of LBC, which may be due to the fact that the minerals in the ash of reed straw are mainly amorphous
[34]. Diffraction peaks belonging to KCI crystals appear at 28° (20) in GBC and YBC, which may be
due to the decomposition of some unstable tissues in the biomass during high-temperature pyrolysis,
resulting in the enrichment of the K element on the surface of the biochar.
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Figure 3. Five plant-derived biochars” XRD patterns.
3.2. Adsorption Studies

3.2.1. Effect of the Initial pH

It is generally accepted that pH is one of the most important parameters as it can affect the
surface charge of adsorbents and metal speciation [35]. Figure 4 also shows that the removal of Pb?*
and Cd? increased as the solution pH increased from 2-6. The unit adsorption of Pb?* and Cd? by the
five biochars increased sharply at pH<3, with the increase of pH, the unit adsorption of Pb% and Cd?*
by the five biochars tended to increase slowly with the increase of pH of the solution, and the unit
adsorption amount basically stabilized at pH>4.

80 | Pb%*
70F
60 |
> 50 -}
= =]
§, 40 g
T 30t T 10 —*—SBC
——YBC
20 | —v— GBC
¢—XBC 5F —+— XBC
10 |
0 4 0
2 3 4 5 6 2 3 4 5 6
pH pH

Figure 4. The effect of dosage of biochars on the Pb? and Cd? removal efficiency of the five plant-
derived biochars.

3.2.2. Effect of Initial Dosage

Biochar dosage is one of the significant factors that influences adsorption capacity. According to
the data in Figure 5, the unit adsorption capacity of Pb> and Cd? increased sharply when the dose of
the five biochars was less than 3 g-L-.. Then, the dose of biochar was increased from 3-5 g-L! and the
unit adsorption capacity of Pb* decreased. The best adsorption effect was achieved at an initial
dosage rate of 3 g-L-1. Under the influence of the initial dosage, the maximum adsorption of the five
biochar species was 96.468 mg-g-! for Pb?* and 24.036 mg-g! for Cd>.
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Figure 5. The effect of dosage of biochars on the Pb? and Cd? removal efficiency of the five plant-
derived biochars.

3.2.3. Adsorption Kinetics

The kinetics data for Pb? and Cd?* adsorption by the five biochars were fitted to pseudo-first-
order and pseudo-second-order models (Figure 6). The parameters fitted by the kinetic model were
given in Table 2. In the initial phase, the adsorption of heavy metal ions by biochar was faster because
the adsorption took place mainly on the surface of the biochar. Pb? and Cd?* gradually diffused into
the carbon pores and further reacted with the active sites on the inner surface, this adsorption process
was relatively slow [36]. The best fit of the second-order kinetic model, with R? = 0.99, could well
reflect that the adsorption process of Pb* and Cd* on biochar was mainly controlled by
chemisorption. The reaction rate constants (K2 > 1) indicating that the adsorption process was a fast
reaction. The adsorption of metals by the five biochars followed the trend: Pb2* > Cd?-.

30
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Figure 6. Adsorption kinetic models of the five plant-derived biochars for Pb?* and Cd?".

Table 2. Kinetic parameters for Pb?* and Cd? adsorption onto five plant-derived biochars.

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

Biochar
( mg-eg'1 ) ( mIi<rl1'1 ) K ( mg-eg-1 ) (10 g-nfgz-l-min-l) R?
Pb2r
LBC 52.566 0.052 0.851 56.77 1.337 0.961
SBC 77.234 0.065 0.839 82.44 1.192 0.963
YBC 63.937 0.064 0.766 68.77 1.345 0.924
GBC 89.962 0.068 0.846 96.02 1.072 0.967
XBC 83.468 0.043 0.852 90.44 0.696 0.952
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Cdz+
LBC 14.331 0.068 0.935 15.27 6.687 0.996
SBC 18.916 0.105 0.934 19.828 8.827 0.993
YBC 16.503 0.089 0.904 17.409 8.172 0.986
GBC 24.499 0.058 0.788 26.241 3.368 0.935
XBC 22.052 0.089 0.685 23.321 6.119 0.900

Table 3 and Figure 7 show the intraparticle diffusion results of Pb? and Cd? on the adsorbents.
The whole adsorption process was mainly divided into two stages: the first stage was the process of
diffusion of heavy metals to the surface of biochar, and the slope of the fitted line was larger in this
stage, indicating that the boundary diffusion process was faster. In the second stage, the slope of the
fitted line decreased significantly, indicating that the control step of the adsorption rate of heavy
metals by biochar was in this stage. The line did not passed through the origin of the coordinates,
indicating that diffusion within the particle was not the only controlling step in the adsorption
process [37]. The intercept Cz >> Ci indicating that the effect of five biochars on Pb? and Cd*
adsorption was greater in the second stage than in the first stage.
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Figure 7. Intraparticle diffusion model of adsorption of Pb%, Cd?* by the five plant-derived biochars.

Table 3. Intraparticle diffusion model parameters of the five plant-derived biochars.

Intra-particle diffusion model

Biochar
k1 Ci R2 k2 C2 R2

Pb2

LBC 1.893 1.435 0.976 0.104 12.795 0.632

SBC 2422 4253 0.986 0.075 17.961 0.733

YBC 2.026 3.351 0.991 0.111 14.978 0.888

GBC 1.943 6.793 0.999 0.305 19.939 0.726

XBC 1.639 8.521 0.946 0.225 19.059 0.780
Cd»

LBC 5.470 8.177 0.996 0.689 41.878 0.652

SBC 7.648 17.127 0.979 0.772 65.910 0.661

YBC 6.347 14.272 0.964 0.967 49.514 0.670

GBC 9.677 18.084 0.997 0.947 76.119 0.685
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64.897 0.590

3.2.4. Isothermal Adsorption

Table 4, Table 5 and Figure 8 show the adsorption isotherm results of the heavy metals on the
adsorbents. At low initial concentrations, the adsorption capacity of biochar increased with the initial
concentration of Pb? and Cd? and then gradually reached saturation. XBC and GBC have a higher
adsorption capacity for Pb* and Cd? because they contain relatively high amounts of phosphorus
and silicon and other inorganic mineral components that can form precipitates. Also, the higher the
CEC, the more negative charges carried on the biochar surface and the stronger the electrostatic
adsorption of cations. The Langmuir model fit was better due to its high correlation coefficient (R?=
0.879-0.941), the adsorption process is monolayer adsorption. When 1 < n < 10 in the Freundlich
model, the adsorption was favored. The higher the Kt value, the higher the adsorption capacity, so
the adsorption capacity for heavy metals followed this order: Pb? > Cd2.

Pb2+
il v v
v * *
* L]
o °
: A A A
L
A -
m N
t = LBC
e SBC
A YBC
: v GBC
t + XBC
2
0 100 200 300 400
Ce (mg-L")

| ca?
o v v v
. .
¥ s
v ® é
A A
. N
L : - . .
* A [ ]
i " = LBC
e SBC
A YBC
Fé v GBC
H ¢ SBC
20 40 60 80 100 120

Ce (mg-L")

Figure 8. Adsorption isotherm fittings of the five plant-derived biochars.

Table 4. Isotherm parameters for Pb?* adsorption onto the biochars.

Langmuir Model Freundlich Model
Biochar temperature on Ko KF
°C) R? n R?
(mg-g®) (L-mg1) (mg-g®
25 72.575 0.0199 0.936 2.849 8.481 0.763
LBC 35 74.522 0.0207 0.934 2.892 9.033 0.760
45 78.694 0.0239 0.934  2.845 9.176 0.760
25 106.263 0.0156 0.932  2.558 9.427 0.776
XBC 35 109.028 0.0153 0.935 2537 9.457 0.783
45 111.289 0.0187 0.940 2.568 9.979 0.789
25 84.346 0.0178 0.904 2.726 8.785 0.726
YBC 35 86.522 0.0181 0.898 2.749 9.193 0.716
45 91.523 0.0190 0915 2.661 8.998 0.750
25 94.475 0.0174 0.879  2.692 9.532 0.701
SBC 35 96.932 0.0180 0.883 2.735 10.186 0.701
45 102.297 0.0204 0.895 2.693 10.334 0.713
25 125.483 0.0132 0.937  2.386 9.144 0.794
GBC 35 126.386 0.0137 0.931 2.403 9.4121 0.783
45 132.312 0.0152 0.941 2370 9.484 0.840
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Langmuir Model Freundlich Model
Biochar temperature on o a
°CH R2 R2
(mg-g® (L-mg1) (mg-g?)
25 16.463 0.081 0.957 3.388 3.844 0.846
LBC 35 18.300 0.086 0.971 3.259 4.026 0.885
45 20.112 0.096 0.988 3.294 4.272 0.926
25 24.987 0.064 0.966 3.031 4.800 0.846
XBC 35 27.472 0.057 0.983 2.850 4.720 0.888
45 31.073 0.079 0.992 2.642 4.582 0.919
25 18.955 0.079 0.965 3.322 4.315 0.925
YBC 35 20.726 0.080 0.966 3.356 4.778 0.878
45 22.302 0.098 0.925 3.541 5.565 0.806
25 21.823 0.061 0.971 2.939 3.989 0.891
SBC 35 24.497 0.069 0.965 2.860 4.269 0.883
45 27.947 0.082 0.959 2.684 4.291 0.883
25 29.802 0.055 0.954 2.800 4.933 0.834
GBC 35 31.584 0.053 0.954 2.755 5.068 0.840
45 33.305 0.063 0.963 2.759 5.368 0.854

The adsorption of five biochars shows an increasing trend in the D-R model and the Temkim
model (Figure 9 and Figure 10). In the D-R model, the process was physical adsorption when the
average adsorption energy E < 8 KJ-mol, chemical adsorption when 8 < E < 16 KJ-mol" (Table 6).
From the fitted parameters of the D-R model, the E values of adsorption of Pb* and Cd?* by five
biochars were greater than 8, indicating that the adsorption behavior was mainly chemical adsorption

and the driving force of the adsorption process was mainly chemical ion exchange adsorption. The

fit of the four models was compared, and the Langmuir isothermal adsorption model was the best

fit.
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Figure 9. Temkin model fittings of the five plant-derived biochars.
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Figure 10. D-R model fittings of the five plant-derived biochars.
Table 6. D-R and Temkim parameters for Pb?* and Cd?* adsorption onto the biochars.
Temkim Model D-R Model
Biochar
B R? Qo/mmol-g! E/ kJ-mol* R?
Pb2+
LCB 0.177 16.084 0.904 1.758 9.191 0.863
SCB 0.148 21.384 0.847 2.553 8.826 0.865
YBC 0.153 18.977 0.872 2.282 8.858 0.843
GBC 0.119 28.181 0.924 3.890 8.392 0.908
XBC 0.137 23.885 0.913 3.001 8.684 0.890
Cd2+
LBC 0.877 3.354 0.924 0.469 11.278 0.813
SBC 0.600 4.660 0.957 0.664 10.784 0.894
YBC 0.942 3.776 0.966 0.455 11.983 0.911
GBC 0.482 6.625 0.928 1.111 10.051 0.874
XBC 0.610 5.355 0.933 0.799 10.647 0.870

3.2.5. Thermodynamics of Adsorption

The adsorption capacity of Pb* and Cd* on biochar gradually increased with increasing
temperature (Table 7, Table 8), indicating that the adsorption of Pb%* and Cd?* on biochar was an
endothermic process. AHo was positive, indicating that the adsorption process of Pb* and Cd?* was
an endothermic reaction. When the temperature is increased from 298 K to 318 K, the Gibbs free
energy AGo is negative, indicating that the adsorption of Pb%* and Cd?* by five biochars is a
spontaneous process and was mainly physical adsorption [38]. The entropy change ASo was positive,
indicating that the degree of freedom at the solid-liquid interface increased during the adsorption

process. The results of adsorption kinetics and adsorption isotherm indicated that the adsorption of

Pb? and Cd? by biochar was mainly chemical adsorption, while the thermodynamic results showed

that the adsorption process was mainly physical adsorption. Therefore, the adsorption process of Pb2

and Cd? by biochar is both physical and chemical adsorption.
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Table 7. Thermodynamic parameters for Pb? adsorption onto the biochars.

Biochar Temperature AGo AHo ASo

¢:9) (kJ-mol1) (kJ-mol1) (J-mol*-K-1)
298 -4.680

LBC 308 -4.930 7.194 39.6902
318 -5.480
298 -4.072

XBC 308 -4.159 7.035 36.9715
318 -4.824
298 -4.403

YBC 308 -4.592 2.486 23.0746
318 -4.866
298 -4.340

SCB 308 -4.579 6.284 35.527
318 -5.055
298 -3.668

GBC 308 -3.850 5.283 29.914
318 -4.272

Table 8. Thermodynamic parameters for Cd?* adsorption onto the biochars.

Biochar Temperature AGo AHo ASo

¢:9) (kJ-mol1) (kJ-mol1) (J-mol*-K-1)
298 -7.333

LBC 308 -7.738 6.926 47.728
318 -8.292
298 -6.748

XBC 308 -6.685 8.050 49.029
318 -7.754
298 -7.279

YBC 308 -7.553 8.345 52.123
318 -8.334
298 -6.644

SCB 308 -7.170 11.391 60.399
318 -7.856
298 -6.370

GBC 308 -6.517 5.769 40.424
318 -7.191

3.2.6. FTRI Analysis before and after Adsorption

The changes in functional groups before and after the adsorption of Pb? and Cd? on biochar
were determined by infrared spectroscopy (Figure 11). The positions of the peaks before and after
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the adsorption of Pb? and Cd? by five biochars were consistent, and the intensities of the absorption
peaks were basically the same, indicating that the biochars have similar adsorption mechanisms for
Pb? and Cd?* [39]. Among them, the -OH absorption peaks of SBC, LBC and XBC were significantly
narrowed after the adsorption of Pb> and Cd*, and the absorption peaks of all five biochars were
shifted to the left, indicating that Pb?* and Cd?* occupied the -OH on the surface of biochar, it can be
involved in complexation reaction (Lu et al., 2012). The strong absorption peak of C=O in carboxylic
acid or ketone at 1685 cm also changed significantly [1]. The vibrational peaks of the C=C bond and
other groups at 1560 cm™ also changed significantly, and the intensity of the absorption peaks
decreased significantly and all shifted to the right, indicating that the m electrons provided by the
C=C bond formed a stable structure with heavy metals, and the role of cationic m-bonding in the
adsorption process of the two heavy metal ions could be determined [40,41].
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Figure 11. FTIR spectra of Pb?, Cd?* before and after adsorption of the five biochars.

4. Discussion

4.1. Characteristics of the Five Plant-Based Biochars

Among the five biochars, the ash content of GBC was the highest (29.7 %), indicating that the
inorganic mineral components of sorghum straw were relatively high, and biochar with high ash
content is more suitable for heavy metal pollution [42]. pH value is one of the important properties
of biochar, biochar is applied to soil as a soil amendment, it will cause the change of soil pH value,
which will lead to a series of problems such as soil nitrogen mineralization, waste material
precipitation and greenhouse gas emission. Therefore, when biochar is used as a soil amendment, pH
value is a non-negligible factor. The main reason for the alkaline pH value of biochar is that the
materials used to make biochar contain a variety of plant acids, and the raw materials are acidic.
However, during the pyrolysis process, the biological acids are continuously broken down, resulting
in a continuous increase in the pH of the biochar [43]. In addition, the concentration of these mineral
elements gradually increases, making the biochar alkaline [44]. pH is related to some alkaline
substances and functional groups in the ash of biochar [45]. This suggests that the differences in
biochar pH are due to changes in the ash content of different biochar [46].

CEC is generally considered to be an important index of soil cation retention capacity, and an
increase in CEC is beneficial to the cation exchange process in biochar [47]. The high CEC of GBC is
beneficial for the ion exchange of biochar. This is related to the functional groups present on the
surface of biochar, and the ash content may also affect the cation exchange capacity of biochar [47,48].

GBC has the largest specific surface area, micropore volume and total pore volume, which may
be related to the high volatile fraction content of sorghum straw. Compared to other biochars, GBC

doi:10.20944/preprints202304.0296.v1
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has a smaller pore structure on the surface, which increases the specific surface area. GBC has the
smallest average pore diameter, and the smaller the particle size of biochar, the larger the specific
surface area, which is similar to the experimental results [49]. This porosity is caused by the tubular
structure formed by the plant cells [50] .

It can be seen from the FTIR that the functional groups on the surface of the biochar have a great
influence on its adsorption performance. Among the five biochars, GBC and SBC contain more
oxygen-containing functional groups, and GBC has the largest specific surface area, which can expose
more active sites in the adsorbed species and is more conducive to the chemical adsorption, oxygen-
containing functional groups on the biochar surface play an important role in the redox process
[51,52]. The electrochemical properties of functional groups (-OH, -COOH, etc.) on the surface of
biochar play an important role in adsorption [53].

The XRD pattern showed that GBC had more absorption peaks than the other four biochars,
indicating that it is rich in SiOz2 and KCl and contains many types of minerals. However, no KCl
crystals were found in SBC, and LBC had the fewest mineral phases, which is consistent with the ash
content of biochar. The higher the ash content, the richer the mineral phase composition of biochar.

Therefore, the high adsorption capacity and affinity of GBC are the result of long term pyrolysis
[54], its high ash content, pH, high cation exchange capacity, as well as a higher specific surface area
and a large number of oxygen-containing functional groups.

4.2. Adsorption Characteristics of the Biochars for Pb** and Cd**

The pH of the solution affects the adsorption of heavy metal ions in the solution by changing the
charge distribution on the surface of biochar [55]. When the solution pH is low, the adsorption sites
on the surface of carbon particles are occupied by a large amount of H*, which hinders the approach
of Pb?* and Cd?*, so the unit adsorption amount of Pb? and Cd?* is small. As the pH of the solution
increases, the negative charge on the carbon surface increases, and the electrostatic attraction of Pb?
and Cd? increases. It can be seen that the adsorption amount of the five biochars was Pb? > Cd?, the
results showed that the presence of a large amount of H+ could inhibit the adsorption of heavy metal
ions by biochar, and the adsorption amount of Pb> was less affected by H* than other ions [56].

Initially, the adsorption sites and specific surface area increased with increasing biochar dosage.
However, as the amount of biochar added continued to increase, the equilibrium concentrations of
Pb? and Cd? in the solution decreased relatively. According to the adsorption equilibrium law, Pb?*
and Cd?* decreased. In addition, as the biochar dosage increased, Ca?*, Mg?* and other cations released
into the solution also increased, resulting in increased competition between the cations in the solution
and Pb? and Cd?*, which is another reason for the decrease in of the unit adsorption capacity of Pb?*
and Cd? at the late biochar dosage [57]. Under the influence of initial dosage, the adsorption amount
of Pb? by the five biochar was still greater than that of Cd?*, and the affinity of Pb?* was stronger as
the adsorption sites increased [25]. This is due to the fact that the hydration ionic radius of Pb?* (0.401
A) is smaller than that of Cd2+ (0.426 A), and the PKH (negative logarithm of the hydrolysis constant)
of Pb?* (7.71) is lower than that of Cd? (10.1) [58-60]. The properties of these heavy metals themselves
cause the difference in adsorption. On the other hand, Pb? has a stronger affinity and is less affected
by a large amount of H* than Cd?*, which will also affect its adsorption capacity.

The kinetic model corresponds to the pseudo-second-order kinetics, and the isothermal
adsorption model corresponds to the Langmuir model. The adsorption capacity of the five biocahrs
for heavy metal was compared with that of other biochars in the literature. In most cases, the
adsorption of heavy metals by the five biochars was higher than that of some adsorbents, and the
adsorption affinities were considerably lower as indicated by Kt values [3,61,62]. The Kt value is
related to the binding strength between an adsorbent and pollutant. The difference in adsorption can
be attributed to temperature, pyrolysis time and other biochar preparation conditions, as well as
different biochar doses. The adsorption process is monolayer adsorption. Combined with the
thermodynamic results of adsorption, the adsorption behavior is both physical adsorption and
chemical adsorption, and the adsorption process also has complex reaction, cationic t-bonding, ion
precipitation and electrostatic adsorption.
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5. Conclusions

We conclude that the five straws are appropriate for biochar preparation and for heavy metals,
i.e., Pb? and Cd?* removal from aqueous media. Among the five biochar species, GBC has a better
adsorption capacity for Pb> and Cd*. Due to its relatively high content of inorganic mineral
components, GBC can precipitate with Pb? and Cd?*. In addition, it has more oxygen-containing
functional groups, high cation exchange capacity, larger specific surface area and pore volume, and
can expose more active sites during adsorption, which is more conducive to physical adsorption and
chemical adsorption. The adsorption kinetics of the biochars for Pb? and Cd?* could be expressed and
explained by a pseudo-second-order model. The Langmuir model suggested that the five biochars
exhibited the highest adsorption capacities compared to other biochars, solution pH, biochar dosing,
pyrolysis temperature and the properties of these heavy metals were responsible for adsorption
capacity. In conclusion, in this study, sorghum biochar was selected as an adsorbent material
according to the differences in Pb?* and Cd** properties, which provided a basis for selecting suitable
plant biochar for different heavy metals in the future.
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