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Abstract

:

Biochar adsorption emerges as a convenient and cheap treatment technology to cope with the metal pollution in wastewater. In this study, a biochar made from corn stalks was prepared and its adsorption characteristics for two heavy metals, Pb and Cd, were investigated by materials characterization and batch experiments. Biochar pyrolyzed from waste corn stalks at 400–600 °C, where biochar prepared at 600 °C (BC600) was used to perform following experiments. In materials characterization, the SEM images were initially used to reveal an obvious porous structure feature of corn stalk biochar, followed by XPS and FT-IR analyses unraveling the effects of functional groups in adsorption, especially for phenol and carboxyl groups. These functional groups provided vital adsorption sites. In batch experiment, batch experiments were conducted under different factors such as pH, temperature, and background ionic strength. The increase of pH and temperature can improve the adsorption capacity, whereas the ionic strength showed negative effects. The adsorption processes of both metals can be interpreted by fitting pseudo-first order model, as indicated in kinetic experiments, and the adsorption isotherm can be well described by the Langmuir model. Overall, this study revealed the characteristics of corn stalk biochar and deciphered the potential adsorption mechanisms.
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1. Introduction


Heavy metals are the elements with a density higher than 4.5 g/cm3. However, with the development of urbanization and industrialization heavy metals in the aquatic environment may accumulate in the aquatic products, and after intaking these elements may cause adverse effects on human health [1]. For example, several heavy metals have been detected in China, such as in the Yangtze River and the Pearl River [2,3]. The two primary elements are Cd and Pb. The impact of Cd on human health has been reported in China, where it has been demonstrated that Cd caused toxic effects on the human body through food. The health issues caused by Cd include kidney dysfunction, cancers, and other serious illness [4]. Meanwhile, Pb can cause serious damage to the human nervous, skeletal, circulatory, and immune systems [5]. Peng et al. estimated the Pb concentration at three Chinese metropolises [6], and the results showed that the highest Pb concentration reached 103 mg/kg. To lower the concentrations of Cd and Pb in surface waters, a range of technologies, such as membrane filtration [7], electrocoagulation [8], and microbial remediation [9] have been applied. Nevertheless, these methods each have disadvantages such as incomplete removal, high cost, and energy demand [10]. In contrast, the adsorption is a convenient and widely used approach. One source of materials for preparing adsorbent is biomass. Agricultural waste, such as dairy manure compost, rice bran, rice straw, and rice husk are suitable for the developing world due to its low-cost [11,12]. Among all the adsorbents used for removing heavy metals, biochar is a valuable material [12].



Biochar is a porous, carbonaceous product obtained from the pyrolysis of organic materials under limited oxygen concentration and specific temperature [13]. These materials have large porosity, high physicochemical-stability, and excellent surface reactivity. Compared with traditional activated carbon, biochar can be easily produced by biomass resources, and thus, it has a lower cost and wider range of sources [14,15]. Biochar has been widely used for environmental protection. Currently, the application of biochar mainly focusses on removing organic contaminants, pharmaceuticals, and heavy metals. For instance, Kazak et al. studied the adsorption of waste vinasse biochar to Pb, where the adsorption capacity reached 141.1 mg/g [16]; Fan et al. focused on tea waste biochar adsorbing Cd, whose adsorption was 16.4 mg/g to Cd [17]. Nonetheless, no attempt has been made to investigate the removal capacity of biochar made from corn stalks.



Maize is one of the main crops grown worldwide. As the second largest maize producer and consumer, China accounts for 19.15% and 21.42% of the total maize harvest area and production, respectively [18], which further yields a huge amount of corn stalk. According to Chinese official statistics, the corn stalks yield is 267.46 million tons in 2018 [19]; therefore, corn stalks are the materials with a high potential value, which is expected to be widely used for preventing the pollution of heavy metals. However, an investigation on corn stalk biochar is still insufficient. This study is the first attempt to learn about the adsorption for two heavy metals of corn stalks biochar characteristics. Given the large number of corn stalk yield, this study has the high potential application value.



In this study we evaluated the adsorption capacity of corn stalk biochar in response to four factors, including pH values, temperature, adsorbent dosage, and background ionic strength. Two objectives were: (1) To explore the effects of factors on the adsorption performance of biochar for Pb and Cd; (2) To unravel the mechanism for biochar adsorption. As far as we know, this work is the first comprehensive study for the preparation and characterization of corn stalks biochar, and for the adsorption of Pb and Cd under different conditions.




2. Materials and Methods


2.1. Chemicals


The chemical reagents were all analytical grades higher than 99.0% purity; Pb(NO3)2 (CAS: 10099-74-8) was purchased from Damao Chemical Reagent Factory (Tianjin, China); CdCl2 (CAS: 10108-64-2) from Tianjin Kemiou Chemical Reagent Co. (Tianjin, China).




2.2. Biochar Preparation


Biochar was made from corn stalks. Briefly, straws were washed with ultrapure water to remove surface dust and dirt, followed by drying at 80 °C for more than 2 days to remove all moisture. Next, the straws were ground into powder form. In the pyrolysis section, N2 was first passed into the pyrolyzer for 30 min and the corn stalk powder was then pyrolyzed under 400 °C, 500 °C, 600 °C, respectively, at a heating rate of 5 °C/min. The heating process was strictly under the N2 condition for the entire duration. After cooling to room temperature, biochar was ground through a sieve. The biochars obtained at different temperatures were referred to as BC400, BC500, and BC600, respectively.



Since the preliminary experiment had demonstrated that the adsorption capacity of BC400 and BC500 were lower than that of BC600, the batch experiments only used BC600, in addition to characterization under different pyrolysis temperature.




2.3. Biochar Characterization


The Brunauer-Emmett-Teller (BET) surface area, pore volume, and size for the biochar were determined by a Mike ASAP 2460 (Norcross, GA, USA). The surface groups of the biochar were analyzed by Fourier Transform Infrared Spectroscopy (FT-IR, Thermo Scientific Nicolet iS5, Waltham, MA, USA). The elements of carbon, nitrogen, oxygen, and hydrogen were analyzed by Organic Element Analyzer (elementar varioel III, Langenselbold, Germany) to determine the ratio of each element. To investigate the micrograph of the microstructure of biochar, a scanning electron microscope (SEM, Zeiss Sigma300, Oberkochen, Germany) was applied. Zeta potential was detected by a Malvern Zetasizer Nano ZS90 (Malvern, UK). The component of the materials and chemical structure were analyzed by X-ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA).




2.4. Batch Adsorption Experiment


A batch experiment was conducted to determine the removal capacity of BC600 for Pb and Cd. Here, 40 mg Pb(NO3)2 and 40.8 mg CdCl2 were dissolved separately in 500 mL of deionized water to prepare the single Cd and Pb stock solution. The experiments were summarized in four parts: (1) To explore the effects of BCs’ amount on adsorption, 2 mg, 6 mg, 10 mg, 20 mg, and 30 mg of biochar were spiked into 20 mL Cd and Pb stock solution. After that, the solutions were put into 50 mL centrifuge tubes and shaken at 25 °C and 150 rpm for 24 h until reaching the adsorption equilibrium. The 30 mg/L was selected to conduct the following experiment; (2) To determine the impact of pH, the stock solution was adjusted to pH 2, 3, 5, 7 for testing both heavy metals and pH 9 was merely for Cd test; (3) For temperature influence, biochar adsorption tests were performed at three different temperatures (15 °C, 25 °C, and 35 °C); (4) The influence of background ionic strength on adsorption was investigated by the addition of different concentrations of NaNO3 at 0.01 M, 0.05 M, 0.1 M, and 0.5 M, respectively.



For the adsorption isotherms, an experiment was conducted at eight concentrations of solutions, including 10 mg/L, 20 mg/L, 100 mg/L, 150 mg/L, 200 mg/L, 300 mg/L, 400 mg/L, and 500 mg/L. Sorption kinetic was investigated by determining the sorption performance at different time points ranging from 1 min to 360 min. All the experiments were performed in triplicates and the mean value was used for further analysis. After filtration by 0.22 μm filter, the concentration levels of Cd and Pb were measured by flame atomic absorption spectrophotometer (AAS, Thermo Scientific, Waltham, MA, USA).




2.5. Data Analysis


After measuring the ionic concentrations by AAS, the adsorption capacity (Qe) and the adsorption percentage (S) were calculated by Equations (1) and (2):


  S =    C 0  −  C e     C 0    × 100 %  



(1)






   Q e  =   V    C 0  −  C e     M   



(2)




where C0 and Ce are the initial and equilibrium concentration of heavy metals (mg/L), V is the volume of adsorption solution (L), and M is the weight of biochar (g).



To further explore the adsorption kinetic process, two kinetic equations were applied: pseudo-first order (PFO), pseudo-second order (PSO), and intra-partical-diffusion (IPD) (Equations (3)–(5)).


   Q t  =  Q e    1 −  e  −  K 1  t      



(3)






   Q t  =    K 2   Q e 2  t   1 +  K 2   Q e  t      



(4)






   Q t  =  K i   t  + C  



(5)




where K1, K2, and Ki are the rate constants, Qt and Qe are the adsorption quantity of biochar, and C is the sorption constant of intra-particle diffusion (IPD) equation.



The adsorption isotherms were further fitted by Langmuir and Freundlich adsorption models (Equations (6) and (7)):


   Langmuir :     q e  =    q  m a x    K L   C e    1 +  K L   C e       



(6)






   Freundlich :     q e  =  K F   C e  1 / n      



(7)




where Ce is the equilibrium concentration, qe is the maximum number of heavy metals adsorbed at equilibrium, and qmax is the maximum adsorption capacity of the solute. The KL and KF are the adsorption coefficients of each model, respectively. The n is the Freundlich linearity constant related to the surface site heterogeneity. All the data was analyzed by SciDavis (version 2.3, Mulhouse, France), and statistics were conducted with Microsoft Excel 2019 (Redmond, WA, USA).





3. Results and Discussion


3.1. Characteristics of Biochars


SEM images reveal the morphological characteristics of the biochar. It was clear that an obvious porous tubular structure was observed in the SEM image (Figure 1a), and the grid structure was detected at high magnification (Figure 1b). Porous structure is the main reason of biochar absorption, as it provides large surface area for absorption.



FT-IR can help us determine possible material structure and functional groups (Figure 2). Several absorption peaks appeared at different wavenumbers, representing the existence of different functional groups. For example, the characteristic peak at 3435.06 cm−1 was due to the stretching vibration of –OH groups [20]; the absorbance band at 1158 cm−1 suggested the existence of C–O stretching vibration in the two carbon materials [21]; the band at 1618 cm−1 indicated the stretching vibration of –OH deformation of water and C=O stretching vibration of the carbonyl from the carboxyl group in biochar [22]; the sharp peaks at 2929 cm−1 was associated with the stretching vibration of –CH, –CH2, and CH3 bonds [23,24].



Compared with the FT-IR of origin biochar, the FT-IR biochar after adsorption was detected (Figure 2b). An absorbance peak at 2928 cm−1 is not obvious after adsorption. There is a band at 1388.69 cm−1 and 1400.07 cm−1 corresponding to –CH2– scissoring [24]. The peak at 1570 cm−1 is assigned with antisymmetric stretching vibration of COO– groups [25]. Thus, the FT-IR results demonstrated the surface functional groups have changed after adsorption.



Results of element analysis were illustrated in Table 1. The H/C value is a vital index for biochar aromaticity. Here, the aromaticity of biochar (H/C) was reduced with the increase of pyrolysis temperature, which was consistent with McBeath et al. [26]. The (O + N)/C value represents the polarity of biochar, which decreased along with the increase of the pyrolysis temperature. Furthermore, the hydrophilicity represented by O/C was reduced. With the elevated temperature, the reduction in percentage of H and O contents may be due to the decomposition of components such as cellulose, where H and O atoms were released [27].



The XPS reflected the atomic ratio and revealed the related functional groups of specific elements. Thus, the alteration of functional groups of biochar before and after adsorption could decipher the potential adsorption mechanism. The atomic ratio of C, H, and O was consistent with element analysis before adsorption. After adsorption, there was little change in C, H, and O ratio. Compared with the biochar before adsorption, heavy metals (Pb and Cd) were detected in the material (Table 2), confirming the adsorption of biochar. Furthermore, the binding energy and atomic ratio of carbon functional groups were altered after adsorption, indicating that carbon functional group reaction was an important adsorption mechanism.



The BET results were listed in Table 3. A higher BET area usually resulted from the porous structure, as indicated by SEM image. In this study, the surface area and pore volume of BC600 was higher than that of BC400 and BC500, suggesting that the surface area played vital roles in biochar adsorption [28], and pyrolysis temperatures could also increase surface aera [29].




3.2. Adsorbent Dosage Effect


The adsorbent (BC600) dosage effect was investigated (Figure 3). At the fixed heavy metal concentration (50 mg/L), the amount of biochar had a different effect for two heavy metals. For Pb, the adsorption efficiency rapidly increased from 0.1 mg/L to 0.3 mg/L, and the adsorption efficiency reached 99%. Further, the efficiency kept steady at a very high level. However, Cd had a more stable trend. At 0.1 mg/L, the adsorption efficiency had reached to 88%, in contrast to Pb. The adsorption for Cd presented a smooth tendency to the highest adsorption capacity in the end. The results showed that the at the lower adsorbent dosage (0.1 mg/L to 0.3 mg/L) the efficiency was influenced by the increased adsorbent surface area and availability of more vacant surfaced sites [30]. After 0.3 mg/L, the surfaced sites had been all occupied. Thus, the 0.3 mg/L of adsorbent had been elected for next experiments.




3.3. pH Effect to Biochar Adsorption


The pH value is a vital factor to biochar adsorption for heavy metal. With the increasing of pH value, the adsorption performance of biochar improved, whereas the changes for Pb and Cd were not identical (Figure 4). The adsorption capacity of Pb was much higher than that of Cd. At pH value less than 3, Pb adsorption remained 0.353–0.354 mmol/g. However, after elevating pH from 3 to 5, the removal capacity experienced a rapid growth to reach 0.727 mmol/g. At pH higher than 7, the precipitation of (Pb(OH)2) occurred due to the existence of more –OH, and thus a pH above 7 was not used for the adsorption test. Contrast to Pb, the adsorption capacity for Cd was higher than that of Pb. Nevertheless, the removal performance of biochar in response to pH increase remained steady, though a slight elevating trend was detected (Figure 4). At pH 9, solution has emerged clearly flocculent sediment of (Cd(OH)2, which may also influence the adsorption capacity.



The influence of pH on biochar adsorption performance may be due to the different effects of both metals on the surface charge of the adsorbent and the degree of ionization of the adsorbates [31]. At lower pH condition, there are a number of positive ions in the solution, and thus, electrostatic repulsion is very significant. With the increase of pH, electrostatic repulsion gradually weakens, and electrostatic attraction emerges, resulting in a higher adsorption capacity.



In addition, the Zeta potential examination revealed biochar present different potentials at different pH (Figure 5). The isoelectric point of biochar was approximate 3.51. With the pH increasing, the Zeta potential decreased. Thus, the potential presented negative with the pH above 3.51. At the most pH condition, the enhanced electrostatic attraction was due to the negative charges, suggesting the strong adsorption of biochar at higher pH value [31].




3.4. Ionic Strength and Tempareture Effect


Background ionic strength was adjusted by Na+ concentration. With the ionic concentration growing, the adsorption capacity first increased and then decreased slowly, though the adsorption for Cd was unclear (Figure 6).



From 0.01 M to 0.1 M of Na+, the Pb sorption decreased from 0.639 mmol/g to 0.571 mmol/g and Cd sorption descended from 1.2986 mmol/g to 1.2982 mmol/g, respectively. The declining rate became slow after Na+ was higher than 0.1 M, indicating that the background ions inhibited the biochar adsorption for Pb. Na+ was capable of pre-empting surface adsorption sites of biochar for heavy mental ions, and it hindered the electrostatic between the charges on biochar surface and heavy metals ions in solution [20].



As shown in Figure 7, at different temperatures the adsorption capacity has only a tiny variety. Pb adsorption showed a trend of increasing, whereas it was not for Cd. An increasing trend suggested that increased temperatures provided heavy metals sufficient energy to overcome the diffused double layer and adsorb onto biochar’s interior structure [32].




3.5. Adsorption Kinetics


The adsorption kinetics were illustrated in Figure 8 and the parameters were listed in Table 4. The R2 value could reflect the correlation of variables and further reflect the fitting effect of equation. For Pb and Cd, R2 value for PFO were 0.988 and 0.987, respectively. For both heavy metals, the adsorption of corn stalk biochar reached equilibrium in first 10 min, which were faster than biochars made from other biomasses (20–60 min) [33]. PFO fitting results of both heavy metals were better than PSO, indicating that the corn stalk biochar adsorption followed the pseudo-first order kinetic process (Figure 8). Nevertheless, PFO and PSO both have good fitting effect, suggesting that partial complexation and physico-chemical adsorption may control the whole adsorption process [34].



The IPD model used for fitting kinetics data was aimed to determine whether intra-particle diffusion was the rate-limiting step (Figure 9) [35]. This model divided the adsorption process into three stages: external diffusion, intra-mat diffusion and internal diffusion. In this study, the plot did not pass through the origin, instead, two linear portions were obtained. This result indicated that more than two steps control the adsorption process [36]. The first stage was intraparticle diffusion or external diffusion. In the second step, the diffusion was nearly still, which corresponds to the equilibrium stage.




3.6. Adsorption Isotherms


The Langmuir and Freundlich were fitted to the adsorption data (Figure 10). Contrast to Freundlish, the Langmuir model had a better fitting effect since the Langmuir model had a higher R2 value on both pollution heavy metals (Table 5). Therefore, the biochar adsorption process can be described with the Langmuir model. By using the Langmuir model, the Qmax for Cd and Pb were 5.613 mmol/g and 3.334 mmol/g, respectively, indicating that the corn stalk biochar had high efficiency to remove both metals.




3.7. Possible Mechanisms


Consistent with biochar made from other materials, interstitial adsorption is a typical method due to its porous structure. It is suggested that ion exchange between the biochar and heavy metals is the dominant mechanism [37]. Studies have reported that compounds with phenol groups are able to replace protons with metals, resulting in the improvement of adsorption capacity [38]. Regarding the corn stalk biochar, the element analysis verified the improvement of aromaticity and the existence of phenol groups or hydroxyl groups were confirmed by XPS and FT-IR results. Furthermore, adsorption facilitated by carboxyl was another important mechanism. The –COOH functional groups on biochar surface may bond to heavy metals and stick to the biochar [39]. In accordance with this, XPS demonstrated the decreasing –COOH ratio (from 19.6% to 2.9% for Pb and to 3.18% for Cd) in the current study. Overall, these functional groups provided important adsorption sites.



The pH value was a key factor governing the adsorption performance. A higher pH value could increase the negative charge density of adsorbent so that cation adsorption capacity increased [40]. This was reflected with Zeta potential. In most cases, adsorption was conducted in neutral pH, while at this pH the Zeta potential was negative (−22.5 mv). Thus, at a neutral or higher pH value, biochar became negatively charged with a stronger electrostatic attraction [20]. This mechanism may explain the improved adsorption capacity at a higher pH value [40].





4. Conclusions


In summary, this study revealed the adsorption characteristics of biochar for Pb and Cd by the materials characterization and batch experiments. The main conclusions of the study are the following:




	
The adsorption capacity of biochar was high compared to biochar made from other biomasses. According to the adsorbent dosage experiment, the adsorption rate of 0.3 mg/L of biochar reached 60% and 88% for Pb and Cd, respectively, suggesting its good application potential.



	
The effects of pH value, ionic strength, and temperature on the removal efficiency were unraveled. Due to the electrostatic attraction, the adsorption capacity improved with the increase of pH value. The background ionic strength caused the adsorption capacity to decrease while the higher temperature could slightly increase the capacity.



	
Material characterization revealed possible mechanisms for biochar, and porous structure and functional groups promoted the heavy metals adsorption together. XPS and element ratio analysis indicated that carbon functional group’s reaction was an important adsorption mechanism.



	
The kinetic and adsorption isotherm processes were clarified. The PFO model can fit the adsorption data better, and the IPD model showed that more than two steps control the adsorption process. The adsorption process can be described with the Langmuir model.








Overall, this study provided clear evidence for the potential of corn stalk biochar for remediating metal contamination in water. Thus, it is an emerging solution to solve the heavy metals pollution in water environment.
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Figure 1. SEM images of biochar (BC600); (a): Magnification 2000×; (b): Magnification 200×. 
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Figure 2. FT-IR image of biochar (BC600) before (a) and after (b) adsorption. 
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Figure 3. Adsorbent concentration effect of biochar (BC600) for Pb and Cd. 
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Figure 4. pH effect of biochar (BC600) for Pb and Cd. 
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Figure 5. Zeta potential of biochar (BC600) at different pH. 
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Figure 6. Background ionic strength effect of biochar (BC600) for Pb and Cd. 






Figure 6. Background ionic strength effect of biochar (BC600) for Pb and Cd.



[image: Separations 09 00022 g006]







[image: Separations 09 00022 g007 550] 





Figure 7. Temperature effect of biochar (BC600) for Pb and Cd. 






Figure 7. Temperature effect of biochar (BC600) for Pb and Cd.



[image: Separations 09 00022 g007]







[image: Separations 09 00022 g008 550] 





Figure 8. The kinetic model fitting for biochar adsorption (BC600). 
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Figure 9. IPD model fitting for biochar adsorption (BC600). 
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Figure 10. Adsorption isotherms of biochar (BC600) for Pb and Cd. 
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Table 1. Element analysis of biochars.
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	Biochar
	C (%)
	H (%)
	O (%)
	N (%)





	BC400
	61.26
	3.94
	23.65
	0.79



	BC500
	68.37
	3.22
	19.01
	0.33



	BC600
	65.49
	2.24
	15.97
	0.69
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Table 2. XPS peak table of biochar (BC600).
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Name

	
Peak Binding Energy

	
Atomic %




	
Before Adsorption

	
Pb Adsorption

	
Cd Adsorption






	
C1s

	
284.11

	
75.98

	
84.04

	
81.5




	
O1s

	
531.29

	
22.73

	
11.95

	
10.98




	
N1s

	
400.08

	
1.29

	
0.05

	
6.81




	
Cd3d

	
413.27

	
0.00

	
0.61

	
0.68




	
Pb4f

	
140.08

	
0.00

	
1.49

	
0.03
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Table 3. BET surface area and pore parameter of biochars.
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	Biochar
	BET Surface Area (m2/g)
	Pore Volume (cm3/g)
	Pore Size (nm)





	BC400
	0.6228
	0.000386
	1.239



	BC500
	0.2246
	0.00145
	12.873



	BC600
	1.2331
	0.00305
	4.947
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Table 4. PFO and PSO model parameters for biochar adsorption (BC600).
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Metals

	
PFO

	
PSO




	
Qe (mmol/g)

	
K1

(min−1)

	
R2

	
Qe

(mmol/g)

	
K2

(g ∗ mmol−1 ∗ min−1)

	
R2






	
Pb

	
0.592

	
1.104

	
0.988

	
0.603

	
3.597

	
0.987




	
Cd

	
1.306

	
0.293

	
0.987

	
1.356

	
0.353

	
0.985
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Table 5. Langmuir and Freundlich model parameters for adsorption isotherms.
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Metals

	
Langmuir

	
Freundlich




	
qmax(mmol/g)

	
KL(L/mg)

	
R2

	
KF(L/mg)

	
n

	
R2






	
Pb

	
3.334

	
0.008

	
0.986

	
0.143

	
2.079

	
0.933




	
Cd

	
5.613

	
0.015

	
0.962

	
0.347

	
2.245

	
0.841
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