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a b s t r a c t
This study aimed to investigate the Pb2+ removal performance of cotton-based biochar (CB) and 
magnetic modified cotton-based biochar (MCB). The scanning electron microscopy revealed that 
MCB exhibiting a porous honeycomb structure with a specific surface area of 613.69 m2/g which 
bigger than that of CB (356.68 m2/g). The Fourier transform infrared spectrum analysis indicated 
the presence of metal oxides and hydroxides in MCB and the functional groups of O–H, C=O, and 
C≡C in both MCB and CB. The signal of Fe3O4 and Fe3C was observed in X-ray diffraction analy-
sis of MCB, which indicated the success of magnetic modification of MCB. The maximum mono-
layer adsorption capacities (Qm) of MCB and CB on Pb2+ were 208.33 and 156.25 mg/g, respectively. 
The adsorption kinetics of MCB and CB were both best fitted with the pseudo-second-order model 
(R2 > 0.99), and the adsorption isotherms of the two biochar were well-described by the Langmuir 
adsorption model (R2 > 0.99). The results of this study revealed the significant physicochemical dif-
ference of two biochar and indicated that magnetic modification can enhance the Pb2+ adsorption 
capacity of biochar, suggesting that MCB is a potential adsorbent for wastewater treatment.
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1. Introduction

Lead (Pb2+) is one of the predominant heavy metal 
byproducts of industrial production. There are multi-
ple wastewater discharge sources of lead into aquatic and 
terrestrial environments, namely: lead smelting, lead battery 
manufacturing, pigment fabrication, and various metallur-
gical industries [1–6]. Based on environmental research and 
epidemiological analysis, environmental exposure to lead 
has been identified as a major risk factor for the ecosystem 

and human health [7]. Lead can enter the human body 
through the skin, digestive tract, and respiratory system, 
to accumulate in various organs and tissues due to its low 
metabolic degradation [8,9]. Excessive lead content in the 
human body can cause damage to biochemical systems and 
result in various medical ailments, including renal failure, 
anemia, and neurological disorders [10–13]. Considering the 
ecological and health impacts of lead, specific standards and 
legislation were corroborated to establish permitted lead 
levels in water sources and drinking water. Currently, the 
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World Health Organization (WHO) permits up to 10 μg/L 
of lead in water, and the maximum permitted lead concen-
trations in surface water for the European Union (EU), USA, 
and China are 10, 15, and 10 μg/L, respectively [14,15].

During recent decades, several technologies were devel-
oped for lead removal including coagulation, chemical 
precipitation, solvent extraction, ion exchange, electroly-
sis, membrane separation, permeable reactive barriers, and 
electrodialysis [8,16–19]. Despite their many advantages, the 
application of these technologies was limited due to a variety 
of factors, such as massive consumption of reagents, destabi-
lization of removal performance, generation of toxic sludge, 
and escalating costs [20].

Biochar is a class of biomass-based materials that are 
characterized by a porous carbonaceous structure and the 
presence of diverse surface functional groups [21,22]. It is 
considered as a promising adsorbent of various contam-
inants due to its effective adsorption rate and low ecolog-
ical cost [23]. The high adsorption capacity of biochar for 
pollutants is facilitated by its large surface area, high pore 
size volume, and plentiful functional groups [24]. Previous 
study indicated that biochar has significant potential for 
the removal of heavy metals from aqueous solutions [25]. 
Zhou et al. [26] showed the chitosan-modified biochar could 
effectively remove Pb2+, Cu2+, and Cd2+ from the aqueous 
solution, Saleh et al. [27] reported that the removal efficiency 
of the magnetic activated carbon/tungsten nanocomposite 
with aluminum in aquatic environments was 90%, and Shan 
et al. [28] showed that the single and competitive adsorption 
affinity of peanut shell-derived biochar to heavy metals.

Due to the small particle size, the powdered biochar 
can well disperse in aqueous solution which makes it 
difficult to separate during its practical application [29]. 
Introducing a magnetic medium (e.g., magnetite, γ-Fe2O3) 
to the biochar by chemical modification is an efficient 
method to enable the sorbent to be effectively separated 
by magnetic separating technique [30,31]. In addition, the 
magnetic media can enhance the removal efficiency of the 
magnetic sorbents by increasing the adsorption affinity 
of multiple chemicals [32]. Subedi et al. [33] reported that 
the maximum adsorption capacity of magnetic chitosan 
on Cr(VI) was 142.32 mg/g. Imran et al. [34] reported that 
the maximum Cd2+ adsorption of siltstone associated with 
biochar and magnetite nanoparticles was 117.38 mg/L. 
Mohan et al. [35] showed that magnetic carbon effectively 
removed 97% of 2,4,6-trinitrophenol. The above-mentioned 
data provide essential information for future applications 
of magnetic biochar in wastewater treatment practices.

An additional benefit is that the feedstock of biochar 
comes from various waste biomass, such as rice husks, 
peanut shells, cotton stalks, wheat stalks, and macroalgae 
[36–39]. The efficient utilization of agricultural wastes is 
an important approach to sustainable agricultural produc-
tion. Compared with agricultural wastes such as corn straw 
and wheat straw, the high lignin, and bast fiber content 
make the cotton straw difficult to recycle effectively [40]. 
According to literature, biochar fabrication was considered 
as a potential utilization method of cotton straw, for exam-
ple, cotton-straw based biochar can remove the As(V) and 
ofloxacin from aqueous solution [41,42]. Moreover, the mag-
netization of cotton straw biochar has been rarely reported, 

in this study, magnetic cotton-based biochar was investi-
gated with respect to lead removal.

This study aimed to investigate the difference in Pb2+ 
removal performance between cotton-based biochar (CB) and 
magnetic modified cotton-based biochar (MCB). Scanning 
electron microscopy (SEM), the Brunauer–Emmett–Teller 
method (BET), Fourier transform infrared (FTIR) spectros-
copy, and X-ray diffraction (XRD) were used to analyze the 
structural characteristics and chemical traits of the two bio-
char. The adsorption kinetics, thermodynamics, isotherms, 
and optimal adsorption conditions were also investigated. 
The results and knowledge gained from this study con-
tribute to the future application of heavy metal pollution 
restoration and the efficient and sustainable recycling of 
agricultural waste.

2. Materials and methods

2.1. Biochar preparation

2.1.1. Preparation of CB

The raw material used in this study was Gossypium 
hirsutum (upland cotton), collected from Liaocheng, China. 
The cotton stalk was broken into 2 mm fragments using a 
high-speed grinder (HCP-100, Jinsui Company, China), and 
subsequently dried at 110°C for 24 h. The CB was carbon-
ized in two stages in a muffle furnace. During the first stage, 
the temperature was increased from room temperature to 
300°C for 1 h. In the second stage, the temperature was 
increased to 750°C and stabilized for 1.5 h. After cooling to 
room temperature, the biochar was washed with deionized 
water to neutral and sifted through 200-mesh once dried, 
and finally stored.

2.1.2. Preparation of MCB

Cotton stalks, in 2 mm fragments, were impregnated 
with solutions of K2CO3 and Fe3O4. According to 25 groups of 
pilot experiments, the ratio of cotton stalk, K2CO3 and Fe3O4 
were determined as 10:4:0.4 (g/g), then the stalks were dried 
at 110°C for 24 h. The carbonation process and subsequent 
treatment of MCB were same to that described earlier for CB.

2.2. Adsorption experiment

The two types of biochar were mixed with 50 mL of Pb2+ 
solution in 100 mL conical flasks and stirred in a concus-
sion incubator for 6 h at 180 rpm. After filtration, the Pb2+ 
content in the filtrate was measured using the xylenol- orange 
method. All experiments were performed in triplicate to 
ensure accuracy.

2.3. Biochar characterization

The weight loss of the carbonation process was mea-
sured using a thermogravimetric analyzer (TQAQ50, TA 
Instruments, USA). The temperature was increased from 
10°C to 800°C at a rate of 10°C/min in an N2 atmosphere. The 
structural properties of MCB and CB were observed by SEM 
(SUPRA 55, Zeiss Company, Germany). The specific surface 
area and pore size distribution were measured by the BET 
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method (Quantachrome, USA). FTIR (Thermo Scientific, 
USA) was used to analyze the surface functional groups in 
the wavenumber range of 4,000–500 cm−1. X ray diffractom-
eter (XRD, Japan, SmartLab) recorded the crystallinity and 
phase of samples. The zeta potential (ZP) was measured 
using Zeta Plus (New York, USA).

2.4. Batch experiments

Batch experiments were conducted to determine the 
optimum conditions for removal of Pb2+ from the aqueous 
solution. This study investigated the effects of contact time 
(0–720 min), temperature (288–308 K), initial concentra-
tion (Pb2+) (10–300 mg/L), dosage (0.2–1.6 g/L), and initial 
pH (1–6) on adsorption. The equation for determining the 
adsorption quantity is detailed in the supplementary meth-
ods section.

2.5. Adsorption kinetics

The adsorption kinetics were studied to determine the 
kinetic parameters and adsorption mechanism of the two 
biochar types. The Pb2+ solution was mixed with either 
1 g/L of MCB or CB at initial concentrations of 100, 200, and 
300 mg/L, and then tested at various time intervals (10, 30, 
60, 90, 120, 180, 240, 300, 360, 480, 600, and 720 min). The 
kinetics data were investigated by applying the pseudo- 
first-order, pseudo-second-order, and diffusion equa-
tion models. Please refer to the supplementary methods 
section for the formula of the kinetic model.

2.6. Adsorption isotherms

The adsorption isotherm was used to determine the 
adsorption mechanism and heterogeneity of the adsor-
bent material. The Langmuir, Freundlich, and Dubinin–
Radushkevich models were applied to describe the adsorption 
process in solutions with Pb2+ concentrations (10–300 mg/L), 
temperatures of 288, 298, and 308 K, and when the dosage 
of MCB or CB was 1 g/L. The adsorption isotherm model 
formula is shown in the supplementary methods section.

2.7. Adsorption thermodynamics

The adsorption thermodynamics of MCB and CB were 
evaluated using the Gibbs free energy (ΔG°), enthalpy change 
(ΔH°), and entropy (ΔS°). The thermodynamic coefficients 
were determined by the formula shown in the supplemen-
tary methods section.

3. Results and discussion

3.1. Characterization of CB and MCB

The TG/DTG curves describe the weight loss in the car-
bonation process under the N2 atmosphere. As shown in Fig. 1, 
weightlessness was divided into three stages at the tempera-
ture range of 30°C–900°C. The first stage of mass loss was 
observed at 30°C–100°C, and the first maximum weight loss of 
MCB and CB occurred at 30°C and 60°C, due to the predomi-
nance of water resulting from evaporation and dehydration 

reactions [43]. The second weight loss of MCB and CB was 
observed at 200°C–600°C and at 200°C–400°C, owing to the 
thermal decomposition of hemicellulose, cellulose, and lig-
nin (200°C–300°C, 250°C–400°C, and 160°C–900°C, respec-
tively) [44,45]. The third stage of weight loss was evident 
only in MCB, and occurred at 600°C–800°C. This was due to 
the further decomposition of lignin and K2CO3, the reduction 
of Fe3O4, and the generation of intermediate products [46,47].

The surface properties of MCB and CB were observed 
using SEM. Fig. 2a shows that the surface of the MCB before 
adsorption was rough and abundant in honeycomb pore 
structures, whereas the surface of CB (Fig. 2c) was relatively 
smooth, without significant pores. After adsorption, the 
active site of MCB (Fig. 2b) was mostly occupied by Pb2+, 
and the pore structure of CB (Fig. 2d) slightly change, indi-
cating that the pore structure participated in the adsorp-
tion process. The SEM results suggest that MCB, with a 
larger pore structure, had a higher specific surface area and 
therefore better adsorption capacity than CB.

The pore size distributions of MCB and CB were bifur-
cated into two prominent parts, as shown in Fig. 3a. The 
aperture of MCB was mainly distributed in the range of 
2–50 nm, indicating a dominantly mesoporous surface, with 
micropores (0–2 nm) was less evident. The pore size range of 
CB was 2–50 nm, similar to the mesoporous MCB. The spe-
cific surface areas of MCB and CB were calculated as 613.69 
and 356.68 m2/g respectively. These were consistent with 
the developed surface porosity structure of MCB observed 
by SEM. The maximum specific surface area of MCB was 
higher than some other adsorbents, such as; CeO2–MoS2 
hybrid magnetic biochar (127.6 m2/g) [48], wheat straw 
magnetic biochar (44.31 m2/g) [49], and KMnO4 modified 
magnetic rice husk biochar (275 m2/g) [50]. As shown in 
Fig. 3b, the N2 adsorption–desorption isotherms of MCB 
and CB were characterized by a mixture of types I and IV. 
With the combination of type I and IV, the gas adsorption 
capacity increased rapidly, with an increase in pressure 
at low values, until the maximum volume adsorbed was 
reached [39]. The hysteresis ring was observed as a result 
of the capillary condensation of a high proportion of mes-
opores, which played a crucial role during the adsorption  
process [51].
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The surface functional groups of MCB and CB were 
analyzed by FTIR spectroscopy. As shown in Fig. 4a, signifi-
cant peaks at 500–600 cm–1 were observed in MCB attributed 
to the metal-oxygen and metal-hydroxyl vibrations [52,53]. 
High similarity of peak patterns was observed in the two bio-
char. The peaks at 3,500–3,700 cm–1 indicated the hydroxyl 
(O–H) groups [54–56]. The peaks at around 2,100–2,400 cm–1 
were related to deformation vibrations or carbon dioxide in 
the C≡C plane [54,57]. The peak at 1,560 cm–1 was indicated by 

the C=O and C=C olefinic bonds. After adsorption (Fig. 4b), 
a CB peak at 2,870 cm–1 was identified as the stretching of 
C–H [58]. The peak intensity decreased in both biochar 
due to the interactions of the functional groups and lead 
ions, as well as the shielding effect of the adsorbed mole-
cules. These results indicated that the functional groups of 
MCB and CB were involved in the adsorption process of Pb2+.

XRD analysis was used to further characterize the chem-
ical profiles of MCB and CB. As shown in Fig. 5, a significant 

 

 

a b

c d

Fig. 2. SEM of MCB and CB (a) MCB before adsorption of Pb2+, (b) MCB after adsorption of Pb2+, (c) CB before adsorption of Pb2+, 
and (d) CB after adsorption of Pb2+.
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peak of CaCO3 appeared in both MCB and CB at 29°, as the 
biochar was washed with deionized water, instead of acid, 
after carbonation [59]. The diffraction peaks at 35°, 44°, 
and 57° verified the presence of Fe3O4 and Fe3C. Previous 
study illustrated that magnetic modification can change 
the chemical composition of the biochar [60]. The results 
of XRD analysis combined with the significant difference 
of two biochar with the respect of physicochemical prop-
erties including structure, specific surface area, and lead 
adsorption performance which indicated the formation of 
the magnetic biochar. Additionally, one-step method was 
employed to produce magnetic biochar in some studies, 
for instance, Lu et al. [61] showed that the magnetic algal 
carbon/sulfidated nanoscale zerovalent iron composites 
can efficiently remove of bromated and Zhang et al. [62] 
revealed the in-situ reduction of tetrabromobisphenol A 
induced by the magnetic seaweed biochar/sulfidated Fe0 
composite. The results of this study indicated the effective-
ness of one-step method during the fabrication of magnetic  
biochar.

Results from the ZP analysis is shown in Fig. 6. 
The isoelectric points (pI) of MCB and CB were approx-
imately 2.3 and 1 respectively, indicated by the ZP of 
zero. The measurement of ZP is important to know the 
nature of the adsorbent under different pH [63]. When 
the pH value was less than pI, the surface charge of the 
MCB was positive (due to the protonation reaction). As 
the pH value was higher than pI, the surface charge of 
the biochar was negative. This was due to the hydroxy 
bonding (–OH) adsorption under high pH conditions 
[64–66]. Considering that lead ions are a type of posi-
tive ion, the initial pH, (which was higher than pI) could 
contribute to the improvement of the adsorption capacity.

3.2. Effect of adsorbent dosage

Adsorbent dosage is an important parameter for the 
optimization of the adsorption process. The effect of MCB 
and CB dosage on Pb2+ removal is shown in Fig. 7. When the 
biochar dosage increased from 0.2 to 1.6 g/L, the removal 
rate increased from 55.87% to 100%, and the adsorption 
quantity decreased from 271.95 to 57.70 mg/g. The adsorp-
tion quantity of CB decreased from 176.65 to 58.67 mg/g and 
removal rate increased from 52% to 96%. According to the 
adsorption equilibrium formula, under a constant concen-
tration of lead ions, the adsorption capacity of biochar in 
unit weight decreased gradually with increasing dosage 
[67]. When the dosage was 0.05 g (1 g/L), the Pb2+ removal 
rates of both MCB and CB approached 90%. Therefore, 
0.05 g (1 g/L) was used in the subsequent experiment.

3.3. Effect of initial solution pH

The pH value of the solution can affect the surface 
charge as well as the ionization degree, and therefore also 
affect the adsorption ability of the adsorbent. The presence 
of excessive H+ or OH– ions in the solution may change 
the surface charge characteristics of biochar, considering 
that Pb2+ were positive ion, the high pH could contribute 
to the improvement of Pb2+ removal performance [68]. The 
effects of solution pH on Pb2+ removal by MCB and CB are 
shown in Fig. 8. When the pH value was above 3.0, the MCB 
of Pb2+ removal rate rapidly increased from 88% to 100%, 
and the removal rate of CB reached 87%. This result was 
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consistent with the analysis of the ZP. When the pH value 
was smaller than the isoelectric point of biochar, the pos-
itive charge of biochar led to the electrostatic repulsion of 
Pb2+. Moreover, the presence of substantial hydrogen ions 
(H+) could compete with Pb2+ for adsorption sites, leading to 
a decrease in the removal rate and adsorption performance 
[69]. When the pH was greater than the isoelectric point, 
the negative charge of the MCB surface and the concentra-
tion of H+ decreased with increasing pH, and the removal 
rate and adsorption performance of biochar with Pb2+ was 
enhanced due to the availability of adsorption sites and 
ionic reactions.

3.4. Effect of contact time

Fig. 9 shows the effect of the contact time of MCB and 
CB on the adsorption of Pb2+. The removal efficiency of 
MCB and CB increased rapidly in 0–60 min, with the MCB 
removal rate increasing from 62% to 87% and CB increas-
ing from 61% to 72%. The removal rate gradually increased 

from 60 to 360 min and then stabilized. At the initial stage 
of the adsorption process, a high adsorption rate was 
obtained due to the availability of adsorption sites on the 
surface of biochar. The removal efficiency increased slowly 
in the time range of 120–360 min, indicating a decrease 
in available adsorption sites [70]. The removal rate and 
adsorption efficiency showed a relatively stable state in 
contact times of 360–720 min, indicating that the lead ions 
adsorbed by MCB and CB reached equilibrium owing to 
surface adsorption saturation [71]. Based on these results, 
the optimal contact time for Pb2+ removal was 360 min.

3.5. Effect of the initial concentration of Pb2+

The effect of the Pb2+ initial concentration on the removal 
efficiency and adsorption capacity of MCB and CB is shown 
in Fig. 10. When the initial concentration of Pb2+ increased 
from 10 to 300 mg/L, the adsorption capacity of MCB 
increased from 9.53 to 177.23 mg/g, and the removal rate 
decreased from 100% to 72.91%, while the removal rate of 
CB decreased to 58.29% and adsorption quantity increased 
from 9 to 160.9 mg/g. Given a certain dosage of MCB and 
CB, the availability of adsorption sites was better at a low 
Pb2+ concentration and led to an increase in the removal 
rate and adsorption quantity. Previous studies indicated 
the promising removal potential of biochar with multi-
ple heavy metals in an aqueous environment [25–28], the 
removal performance of MCB with multiple heavy metals 
will be investigated in the future study. In the other hands, 
the heavy metals retained by the biochar was difficult to 
be desorbed, making the used sorbent material hazardous 
wastes if not well-disposed of under natural conditions [72]. 
According to the literature, the recycle method of heavy 
metals contained biochar including that elution genera-
tion, capacitors materials, and catalysts or catalysts carrier. 
Poonam et al. [73] found that heavy metals were efficiently 
desorbed from the saturated biochar, achieving approxi-
mately 90% regeneration by elution with 0.1 M HNO3. Wang 
et al. [74] reported that the carbon materials produced a 
supercapacitor electrode. Shen et al. [75] showed that the 
magnetic biochar can be used as catalysts or catalysts car-
rier. Therefore, the re-usability of MCB and CB should take 
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Fig. 10. Effect of the initial concentration (Pb2+) on the removal efficiency and adsorption capacity of Pb2+. (a) MCB and (b) CB 
(dosage: 1 g/L; temperature: 298 K; time: 6 h; initial pH: 5).
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into consideration in future study regarding the practical 
application.

3.6. Effect of temperature

The effects of temperature on Pb2+ removal is shown in 
Fig. 11. When the temperature increased from 288 to 303 K, 
the overall adsorption capacity of Pb2+ decreased. The 
removal rate of MCB decreased from 97% to 79%, whilst 
the adsorption quantity decreased from 92 to 82 mg/g. 
The removal efficiency of CB decreased from 88% to 65%, 
and the adsorption quantity decreased from 84 to 66 mg/g. 
The removal efficiency and adsorption quantity decreased 
with increasing temperature, indicating the dominance 
of the exothermic process of adsorption [76]. These results 
showed that MCB and CB can better adsorb Pb2+ at low tem-
peratures, indicating high energy efficiency and a consequent 
cost reduction for practical applications.

3.7. Adsorption kinetics

The adsorption kinetics were analyzed using the pseudo- 
first-order, pseudo-second-order, and diffusion equation 
models. The kinetics data of MCB and CB are shown in 
Tables 1 and 2. By comparing the similarity between the 
experimental and calculated values, the pseudo-second- 
order model provided the best description of the adsorption 
process, with a higher coefficient of MCB (R2 = 0.9994) and 
CB (R2 = 0.9986). This indicates that chemical adsorption is 
the rate-limiting factor for the adsorption of Pb2+ by MCB 
and CB [5,76].

3.8. Adsorption isotherm

The adsorption isotherms of adsorption analyzed 
based on the data are summarized in Tables 3 and 4. 
The Langmuir adsorption model accurately illustrated 
the adsorption process, with the higher coefficient fitting 
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Fig. 11. Effect of temperature on the removal efficiency and adsorption capacity of Pb2+. (a) MCB and (b) CB (dosage: 1 g/L; initial Pb2+ 
concentration: 100 mg/L; time: 6 h; initial pH: 5).

Table 1
Kinetic parameters of the pseudo-first, pseudo-second, and intraparticle diffusion models of the adsorption of Pb2+ by CB

Concentration 
(mg/L)

Qexp (mg/g) Pseudo-first-order Pseudo-second-order Intraparticle diffusion

k1 (min−1) Qe (mg/g) R2 k2 (min−1) Qe (mg/g) R2 kp (mg/g/min1/2) C (mg/g) R2

100 88.57 0.0068 30.71 0.8775 0.0005 90.91 0.9986 0.0813 66.3 0.7567
200 145.89 0.007 100.2 0.9425 0.0001 153.85 0.9926 0.2223 82.946 0.7947
300 168.08 0.0063 107.52 0.9344 0.0001 178.57 0.9903 0.2485 96.389 0.8655

Table 2
Kinetic parameters of the pseudo-first, pseudo-second, and intraparticle diffusion models of the adsorption of Pb2+ by MCB

Concentration 
(mg/L)

Qexp (mg/g) Pseudo-first-order Pseudo-second-order Intraparticle diffusion

k1 (min−1) Qe (mg/g) R2 k2 (min−1) Qe (mg/g) R2 kp (mg/g/min1/2) C (mg/g) R2

100 90.79 0.0094 36.92 0.9732 0.0006 92.59 0.9994 0.0784 70.148 0.664
200 156.75 0.0089 104.42 0.9595 0.0002 163.93 0.9974 0.2075 100.39 0.7402
300 185.08 0.0067 123.85 0.9588 0.0001 196.08 0.9927 0.2745 106.65 0.8479
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of MCB (R2 = 0.9992) and CB (R2 = 0.9966). This indicates 
that adsorption was dominated by a monolayer adsorption 
process, and the maximum monolayer adsorption capacities 
(Qm) of MCB and CB onto Pb2+ was 208.33 and 156.25 mg/g, 
respectively. According to the characteristic analysis, the 
significantly high adsorption efficiency of MCB could 
be attributed to a discrepancy in the pore size structure 
and the surface groups due to the magnetic modification. 
In contrast, the maximum lead adsorption of MCB was 
higher than for some other adsorbents, such as; the KMnO4 
modified magnetic rice husk biochar (148 mg/g) [50], novel 
biochar loaded with nanoparticles (146.84 mg/g) [53], and 
the KMnO4 treated hickory wood biochar (153.1 mg/g) 
[77]. In addition, as with the results from the tempera-
ture experiment, the adsorption capacity decreased with 
increasing temperature, thus confirming that the adsorption 
process can occur spontaneously at room temperature.

3.9. Adsorption thermodynamics

The thermodynamic data are shown in Table 5. The 
negative ∆G° was indicative of the spontaneous adsorption 
process. The negative value of ΔH° indicated the domi-
nance of the exothermic reaction, which is consistent with 
the results of the temperature experiment. The negative ΔS° 
represented the decrease in system randomness [78], and 
according to the Gibbs free energy equation (∆G° = ∆H° – T∆S°), 
and given the negative value of entropy change, the value of 

Gibbs free energy remained negative within a low tempera-
ture range. This revealed that the adsorption of Pb2+ by MCB 
and CB was a spontaneous exothermic process at relative low 
temperature scale, contributing to low energy consumption 
and beneficial to cost reduction of the practical application.

4. Conclusion

The magnetic MCB was successfully fabricated via 
one-step method. The SEM image revealed the structural 
difference between the two biochar, with MCB character-
ized by a more porous honeycomb structure than that of 
CB. The specific surface area of MCB and CB was determined 
as 613.69 and 356.68 m2/g, respectively. FTIR analysis indi-
cated that the metal oxide and hydroxide groups were only 
present on the surface of MCB, and that functional groups 
of O–H, C=O, and C≡C were present in both MCB and CB. 
Further, XRD indicated the presence of Fe3C in the MCB. 
The maximum monolayer adsorption capacity (Qm) of MCB 
and CB onto Pb2+ reached 208.33 and 156.25 mg/g, respec-
tively. The pseudo-second-order model was identified as a 
more suitable kinetic model for MCB and CB, with a higher 
coefficient (R2 > 0.99). The adsorption isotherms were well- 
described by the Langmuir adsorption model (R2 > 0.99), 
indicating the dominance of monolayer adsorption. The 
thermodynamics of Pb2+ by MCB and CB was found to be 
a spontaneous exothermic process in the low-temperature 
range. In conclusion, this study demonstrated that magnetic 

Table 3
Langmuir, Freundlich, and Dubinin–Radushkevich models and correlation coefficients for the adsorption of Pb2+ by CB

Temperature (K) Langmuir model Freundlich model Dubinin–Radushkevich model

Qm (mg/g) KL (L/mg) R2 1/n KF
1/n (mg/g) R2 β (mol2/J2) Qm (mg/g) E (kJ/mol) R2

288 156.25 0.3575 0.9966 0.2259 2.3843 0.8065 2 × 10–8 140.04 6.25 0.9344
298 156.25 0.5926 0.9955 0.2460 2.7114 0.8362 2 × 10–8 120.99 12.5 0.8759
308 128.21 0.3529 0.9908 0.2659 2.8351 0.7458 4 × 10–8 112.98 12.5 0.9540

Table 4
Langmuir, Freundlich, and Dubinin–Radushkevich models and correlation coefficients for the adsorption of Pb2+ by MCB

Temperature (K) Langmuir model Freundlich model Dubinin–Radushkevich model

Qm (mg/g) KL (L/mg) R2 1/n KF
1/n (mg/g) R2 β (mol2/J2) Qm (mg/g) E (kJ/mol) R2

288 208.33 0.8571 0.9992 0.3457 3.8832 0.9515 3 × 10–8 154.62 12.5 0.9520
298 192.31 0.4094 0.991 0.3504 3.9501 0.8886 4 × 10–8 130.67 6.25 0.9189
308 175.44 0.7403 0.9977 0.3239 3.9802 0.8745 2 × 10–8 117.52 8.33 0.8273

Table 5
Adsorption thermodynamics parameters of the adsorption of Pb2+ by MCB and CB at different temperatures

Lnke ∆G° (kJ/mol) ∆H°  
(kJ/mol)

∆S° 
(J/mol) k)288 K 298 K 308 K 288 K 298 K 308 K

MCB 4.87 5.02 4.28 –12.47 –12.02 –10.60 –2.57 –3.91
CB 4.56 4.04 4.05 –11.30 –10.35 –9.70 –2.29 –3.46
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modification could enhance heavy metal removal efficiency 
and indicates that MCB is a promising Pb2+ adsorbent, 
which has a high adsorption efficiency and is easily  
affordable.
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Supplementary information

S1. Batch experiments

Adsorption capacity and removal rate of Pb2+ was 
expressed as:

Q
C C V
Me

e=
−( )0  (1)

R
C C
C

e=
−

×0

0

100  (2)

where Qe (mg/g) was the equilibrium adsorption quantity, 
C0 (mg/L) was the initial concentration of Pb2+, Ce (mg/L) 
was the equilibrium concentration of Pb2+, V (L) was the 
volume of the solution, M (g) was the mass of biochar, and 
R (%) was the removal rate of Pb2+.

S2. Adsorption kinetics

The pseudo-first-order model, pseudo-second-order 
model, and the diffusion equation model were expressed as

Pseudo-first-order model:

ln ln ( )Q Q Q k te t e− = − 1  (3)

Pseudo-second-order model:

t
Q k Q Q

t
t e e

= +
1 1

2
2

 (4)

The diffusion equation model:

Q k t Ct p= +( / )1 2  (5)

where Qt (mg/g) was the adsorption capacity of Pb2+ by bio-
char at t time, Qe (mg/g) was the equilibrium adsorption 
capacity of Pb2+, k1, k2, and kp were adsorption rate constant, 
and C was the constant.

S3. Adsorption isotherms

The Langmuir, Freundlich, and Dubinin–Radushkevich 
models were expressed as:

Langmuir model:

C
Q Q K Q

Ce

e m L m
e= +

1 1  (6)

Freundlich model:

ln ln lnQ K
n

Ce F e= +
1  (7)

Dubinin–Radushkevich model:

ln lnQ Qe m= − βε2  (8)

ε = +








RT

Ce
ln 1 1  (9)

E = ( )−
2

1
2β  (10)

where Qe (mg/g) was the equilibrium adsorption capac-
ity, Ce (mg/L) was the concentration of Pb2+ at equilib-
rium, Qm (mg/g) was the maximum adsorption capacity 
of Pb2+, KL was the Langmuir constant, KF and n were the 
Freundlich constant, represents adsorption performance 
and adsorption strength, β was the adsorption energy 
correlation constant; R was the thermodynamic constant, 
T was the thermodynamic temperature, and E was the 
average adsorption free energy.

S4. Adsorption thermodynamic

The adsorption thermodynamic were expressed as:

ΔG° = –RT lnk (11)

ΔG° = ΔH° – TΔS° (12)

where R was the ideal gas constant (8.314 J/mol K), T was the 
thermodynamic temperature, k is the thermodynamic equi-
librium constant, and obtained by multiplying Langmuir 
constant and Qe.
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