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Abstract

:

3,5,6-Trichloro-2-pyridinol (TCP), the main degradation production of the pesticide chlorpyrifos and the herbicide triclopyr, features anti-degradation and high water solubility that challenge the in situ prevention of the migration of TCP from soils to water bodies. Biochar is a widely used amendment, but previous studies focused on the low content of biochar application that restricted the off-site prevention. In this study, therefore, both experiments and models were employed to explore the destination of TCP in purple soil, an Entisol with low organic matter content, large pores, and high water conductivity in southwestern China with a high ratio of biochar applied. Soil columns were homogeneously packed by mixing biochar at 0, 1%, 2%, 3%, 4%, 5%, 7.5%, 10%, 15%, and 20%, then the impulsive input of the breakthrough curves was used to explore the adsorption and desorption process of TCP, and the release of adsorbed TCP was traced by Br−. Following the dynamic outflow during the adsorption processes was simulated using the cumulative distribution function of gamma distribution, and the release of TCP was simulated by coupling the mass balance equation and first-order decay kinetics equation. The results revealed that the adsorption ability of the soil increased exponentially with the content of mixed biochar, implying a much larger increment at high content. For the removal rate of 90%, e.g., the increment was about 20 mg/kg when the content of biochar was raised from 15% to 20%, while it was about 7 mg/kg when the content was raised from 0 to 5%. The dynamic release and the unreleasable TCP could be well simulated by the first-order decay kinetics equation and the logarithmic model, respectively. The releasable TCP showed an increase–decrease pattern, and the maximum was observed at a 5% biochar content. These results above will provide a systematic experimental scheme, model support, and data reference to control organic pollutants with high solubility, stability, and strong migration using biochar in an off-site pattern such as an ecological ditch system.
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1. Introduction


Pesticides and their degradation products have posed a substantial potential risk to human health due to their widespread use in agriculture [1,2,3]. 3,5,6-Trichloro-2-pyridinol (TCP) is the main degradation product of the pesticides chlorpyrifos and chlorpyrifos-methyl, as well as the herbicide triclopyr [4,5]. TCP exhibits the typical characteristics of anti-degradation ability, high water solubility, and easy leaching, which lead to the potential environmental pollution of both soils and water bodies [6,7,8,9]. As a consequence, TCP has been found to lower testosterone levels in the human body [10,11]. Purple soil (an Entisol according to the USDA soil taxonomy) is mainly distributed in the hilly central Sichuan located in southwestern China, with a total area of 160,000 km2. The characteristics of low organic matter, poor aggregation, and large pores lead to purple soil being very vulnerable to water erosion [12,13]. In addition, vertical subsurface flows through abundant soil macropores and fine fractures in the underlying mudrock are the dominant flow patterns on sloping farmland during rainfall, posing a high risk of contaminant transport [14,15]. Hence, it is necessary and imperative to find an environmentally friendly soil-remediation agent to prevent and reduce the risk of TCP transportation effectively from the field to water bodies.



Biochar, a pyrolyzed product prepared from agricultural wastes [16,17], is considered to be a potential amendment material due to its relatively large surface area and micropore volume, high exchange capacity (CEC), and abundant surface functional groups [18,19,20,21]. Thus, the application of biochar in agriculture soil can increase the soil’s pH, organic matter, CEC, and nutrient utilization [22,23,24]; mitigate greenhouse gas emissions [25]; and then reduce the mobility of pesticides and their degradation products from the soil to groundwater through pore filling, partitioning, the hydrophobic effect, H-bonding, electrostatic attraction, specific interaction, and surface precipitation [26,27,28,29]; such pesticides and their degradation products include pyrazosulfuron-ethyl [16], glyphosate [30], atrazine [31], and TCP [9]. Therefore, as an environmentally friendly soil amendment, biochar is progressively gaining attention from policy makers and scientific communities.



To better evaluate the impact of biochar amendment on the fate of pesticides in the soil, it is necessary to characterize the sorption and desorption process of pesticides and their redistributions in the environment [8,32], from which important information can be obtained to characterize the mobility and conversion of pesticides, such as chemical transport, leaching, bioavailability in the soil, absorption, and utilization of pesticides by plants [24,33]. The most widely used laboratory method to test the adsorption/desorption of pesticides is the batch experiment (equilibrium and kinetic), according to OECD guideline 106 [34], from which the adsorption and desorption at a specific concentration can be identified. A number of studies have revealed that biochar addition can improve the sorption ability of the soil to most pesticides, and that the Freundlich coefficient Kf increases with the rate of biochar application [35,36,37] and can be up to 2–250 times compared to control treatment [38,39,40]. In addition, biochar addition has little effect on sorption of several pesticides or metabolites; e.g., imazamox and metazachlor sulfonic acid, due to the negative net charge [2].



As for desorption, it cannot be simply considered as a reversible process of adsorption because the desorption process is much more complex. Usually, reversible sorption of pesticides on biochar mixed with soil occurs through the deformation of the pore system resulting from the swelling of sorbent and weak binding between the pesticides and biochar components [24,41,42,43,44,45]. The reversibility is quantified by the hysteresis coefficient (H), and an increase in the H value can be explained as a sign of partial reversibility [40]. Several studies have reported that the addition of biochar in soil could promote the desorption coefficient of pesticides such as isoproturon, diuron, pyrimethanil, and atrazine [41,46,47], and the H value increased with the addition rates of the biochar [48]. On the contrary, the addition of biochar could reduce the desorption of specific pesticides; e.g., pyrimethanil, MCPA (4-chloro-2-methylph-enoxy acetic acid), terbuthylazine, and carbendazim [37,42,49], or had no effect on desorption of Methyl-desphenyl-chloridazon and metazachlor oxalic acid [2]. However, most of the studies above were based on batch experiments, and the addition rate of the biochar was less than 5%. These experiments were different from the adsorption and desorption in the field. In addition, as for TCP, the characteristics of high water solubility and easy leaching challenge the in situ remediation and require an off-site pattern that mixes a higher content of soil amendment [8,9]. However, the unknown destination of TCP in the soil mixed with a high ratio of biochar restricts the model simulation and the application in agricultural engineering.



Therefore, the objectives of this study were to systematically explore the adsorption behaviors of TCP and its releases from the high content biochar applied purple soil through breakthrough curve experiments, and to identify the appropriate models to simulate the destination quantitatively. The results and conclusions provide a systematic experimental scheme, model support, and data reference to control the migration of organic pollutants with high water solubility, stability, and strong migration through an off-site pattern such as an ecological ditch system.




2. Materials and Methods


2.1. Experiments


2.1.1. Preparations of the Soil Columns


In this study, a series of packed soil columns were used to explore the relationship between the destination of TCP and the ratio of biochar application, including a series of mass contents of 0%, 1%, 2%, 3%, 5%, 7.5%, 10%, 15%, and 20%. The soil and biochar were mixed homogeneously in a glass column at a bulk density of 1.35 g/m3 for all the soil samples. In order to keep the water flow as a one-dimensional movement, the inner diameter of glass column was 3.8 cm and the length was 10 cm. The soil investigated in this research study was a loamy soil with a content of clay, silt, and sand of 19.67%, 30.75%, and 49.58%, respectively. The soil pH was 7.52, the bulk density was 1.35 g cm−3, and the SOM content was 9.46 g kg−1. More details about the characteristics of the soil and biochar are presented in our previous study [9]. The experiments below were carried out at room temperature (20 °C) and a humidity of 70%.




2.1.2. Breakthrough Curve Experiment


Before the breakthrough curve (BTC) experiments, the packed soil column was saturated with a background solution of CaCl2 at 0.01 mol/L, which equaled the average ionic strength of the natural rainfall in the study area. Then, the impulse input of the TCP was carried out. In the first period, the input solution was TCP (about 25 mg/L) mixed with Br− at a concentration of 30 mg/L and with a background solution of CaCl2. After inputting about 6.0 PV (about 6.75 PV for soil mixed with 20% biochar) of the mixed solutions, the input solution in the upper boundary of the soil column was replaced with the background solution of CaCl2. The input rate of the solution was 5.6 mm/h, which approximated the average level of a rainfall storm in the study area. The outflows were sampled every 0.3125 PV (about 15 mL) for concentration measurement. A diagram of the BTC experiment was presented in our previous study [7].




2.1.3. Measurement of the TCP and Br−


The outflow concentration of TCP was performed using HPLC/UV spectroscopy (Waters 2695, Milford, MA, USA) with a detection limit of 0.001 mg/L [9]. The concentration of Br− was tested with an ion meter (Bante 931, Shanghai, China).





2.2. Simulation of the BTCs in Adsorption Process


In the first period of the BTCs, the relative concentration of TCP in the outflow was equal to the value of the outflow divided by that of the inputted solution, and increased from 0 to 1 (-). Thus, the outflow of TCP could be considered as a cumulative distribution function (CDF). In this study, gamma distribution was selected to describe the outflow process due to its advantage of a flexible shape of the probability density function (PDF), which combined both the arithmetic mean and geometric mean of a variable based on the principle of maximum information entropy [50,51,52]. The PDF (f(x)) and the CDF (F(x)) of a three-parameter gamma distribution is given below:


  f ( x ) =  1  Γ ( α )  β α      ( x − γ )   α − 1    e  −   ( x − γ )  β     



(1)






  F ( x ) =    ∫ 0  + ∞     1  Γ ( α )  β  − α       ( x − γ )   α − 1    e  −   ( x − γ )  β    d x     



(2)




where α is the shape parameter, β is the scale parameter, γ is the location factor (γ ≥ 0), and Γ(α) is the gamma function:


  Γ ( α ) =    ∫ 0  + ∞     t  α − 1    e  − t      d t  



(3)








2.3. Tracing the Release of TCP and its Simulation


2.3.1. Tracing the Release of TCP


In the BTC experiments, the TCP in the soil column included two parts: adsorbed on the surface of soil particles and dissolved in the pore water. After inputting the background solution, the outflow of TCP also originated from two sources: dissolved and adsorbed TCP. The dissolved TCP could be traced by the Br− because there was no source of Br− in the natural geochemical processes [53,54], and both dissolved TCP and Br− can be considered as distributing homogeneously in porous water. Based on the mass balance, the desorbed TCP thus could be calculated using the difference between the total outflow and dissolved TCP [8]:


   S  d i s   =  S T  −  S  r e l    



(4)




where ST is the total solute, and Sdis and Srel represent the dissolved TCP in porous water and the released TCP from the surface of soil particles, respectively.



ST was measured from the outflow of the BTCs in the second period, while the dissolved (Sdis) was calculated from the concentration of Br− in the outflow multiplied by a scale factor. More details used in determining the two parameters are given in our previous study [8].




2.3.2. The First-Order Decay Kinetics


The adsorbed TCP on the surface of soil mixed with biochar also included two parts: releasable and unreleasable TCP. The former followed the first-order decay kinetics, and the decay constant was determined by the characteristics of the pesticide and soil. The latter was correlated with the characteristics of the soil, and was considered as a constant for a specific soil.



Assuming the residual TCP is Qr, the area of the soil surface is A, thus the concentration of TCP on the surface of soil particle can be calculated as shown below:


  C ( t ) =    Q r  ( t )    A t     



(5)




where C(t) is the concentration of TCP on the surface of the soil particle (in mg·Kg−1/m2), and t is the time (in PV).



Then, based on the first-order decay kinetics equation:


    ∂ C ( t )   ∂ t   = − K C ( t )  



(6)




where K is the first-order decay constant.



Combine Equations (5) and (6):


    ∂ C ( t )   ∂ t   =   ∂    Q r  ( t )    A t      ∂ t   =  1   A t      ∂  Q r  ( t )   ∂ t    



(7)







The right hand of Equation (6) can also be written as:


  − K C ( t ) = − K    Q r  ( t )    A t     



(8)







Thus, substitute Equations (7) and (8) into Equation (6):


   1   A t      ∂  Q r  ( t )   ∂ t   = − K    Q r  ( t )    A t    ⇒   ∂  Q r  ( t )   ∂ t   = − K  Q r  ( t )  



(9)







Equation (9) can be transformed as below:


    ∂  Q r  ( t )    Q r  ( t )   = − K ∂ t  



(10)







Following integration on both sides of Equation (10), we can then obtain:


   Q r  ( t ) =  e  − K t    



(11)







At the beginning time, the total releasable TCP is A0; when the time approaches +∞, some TCP still cannot be released, and the unreleasable amount of TCP is C. Therefore, the release of TCP can be written as:


   Q r  ( t ) =  A 0   e  − K t   + C  



(12)










3. Results


3.1. The BTCs of TCP and Br−


The BTCs of both TCP and Br− in the biochar mixed with purple soil are given in Figure 1. As for Br−, the BTCs reached the maximum area at about 1–1.25 PV, and the dissolved Br− discharge from the soil column at about 2–3 PV after inputting of the background solution. On the other hand, the concentration of TCP in the outflow decreased gradually with the increase in the biochar application rate; the peak value was reduced by 11.11%, 22.22%, 27.78%, 38.89%, 52.22%, 58.89%, 72.22%, and 91.11% compared to the control sample, respectively. The reason was that the biochar exhibited a larger specific surface and a stronger binding capacity [9,16,55], which increased the adsorption ability of the soil [35,36,37].




3.2. Simulation of TCP in Adsorption Process


	(1)

	
Performance of the Model







The first half of the BTCs were simulated using the CDF of the three-parameter gamma distribution; the results are shown in Figure 2. The parameters of the model and the error analysis are given in Table 1. Generally, this model performed well in describing the dynamic process of the outflow. The square of the correlation coefficient (R2) was larger than 0.98 and the mean squared error (MSE) was lower than 0.05 for the result of each soil column experiment.



	(2)

	
Meanings of the parameters







The meanings of these parameters and their correlation with the rate of biochar application are explored below.



	①

	
Shape factor α. The shape factor generally displays two types: larger than one and equal to or less than one. The first type was observed in the soil column without biochar application, showing a maximum shape factor of 1.82. The shape factors of the other soil samples were smaller than one. In addition, after a scatter analysis and curve fitting, it was found that the shape factors that were less than one increased logarithmically with a rise in the biochar application rate, as shown in Figure 3a.




	②

	
Scale factor β. The scale factor showed a linear trend with the increase in the biochar application rate, as shown in Figure 3b. Based on the CDF of the gamma distribution, the scale factor was correlated with the arithmetic mean; a larger scale factor meant a larger adsorption ability and a smaller rate of decrease.




	③

	
Location factor γ. The location factor increased exponentially with the ratio of biochar application, as shown in Figure 3c. The location factor reflected that the inputted TCP was absorbed completely by the soil if the amount was smaller than this value. The exponential increase pattern also implied that the location factor would not increase substantially when the biochar application rate was smaller than 5%, but the rate of increase would be much larger in soil mixed with a higher content of biochar.







	(3)

	
Adsorbed TCP Versus biochar application rate







The amount of adsorbed TCP at different times was obtained in the experiments and simulations. The results are given in Figure 4. In total, the correlation between the adsorbed TCP per unit mass of soil and the rate of biochar application could be described well by a power function. The power index increased with the continuous input of TCP, but was smaller than one. The former reflected a nonlinear process of the adsorption of TCP in the biochar-amended soil, and the latter indicated the loss in adsorption sites in the soil column.



	(4)

	
The adsorption ability of biochar-mixed soil







Based on the model simulation, the adsorption ability could be estimated by assuming the time of inputting TCP was large enough. The threshold time of several specific removal rates at different contents of biochar addition are given in Table 2. Correspondingly, the total adsorbed TCP could also be calculated using the difference between the input and output of TCP in the soil column; the results of these typical removal rates are given in Figure 5. The results showed a good exponential relationship between the adsorbed TCP and the biochar-addition rate. The exponential increase also reflected that the adsorption ability increased dramatically when the biochar addition was large; e.g., 15 and 20% in this study. At a removal rate of 90%; e.g., the increment was about 20 mg/kg when the content of biochar was raised from 15% to 20%, while it was about 7 mg/kg when the content was raised from 0 to 5%.




3.3. The Desorption Process


3.3.1. Scaled BTCs of Br−


After inputting the background solution, the BTCs of TCP and Br− and scaled BTCs of Br− are presented in Figure 6. In this figure, the scaled BTCs of Br− are smaller than the BTCs of TCP at all PVs, indicating the reasonability of the results. In addition, the BTCs of TCP were at a high level in the first 0.3–0.5 PV. This was because the dissolved TCP in the porous water of soil column lagged a little behind the outflow at the bottom of the soil column.




3.3.2. Dynamic Release of TCP


The dynamic processes of desorbed TCP are shown in Figure 7. Generally, the desorption of TCP exhibited an increase–decrease pattern, which was the same as results of both the packed and undisturbed soil columns [8]. Hence, the addition of biochar in the soil did not change the basic pattern of the desorption process. In addition, another interesting finding was that the tailing of the dynamic release of TCP was affected by the biochar-addition rate. Generally, a longer tailing was observed when the soil was mixed with a higher content of biochar. However, this pattern was very close when the biochar addition was smaller than or was equal to 3%, as shown in Figure 7. The similar pattern meant that the released TCP was mainly from the surfaces of soil particles when the addition rate of biochar was small.




3.3.3. Curve Fitting and the Meaning of Parameters


	(1)

	
Curve fitting







The dynamic process was fitted using the first-order decay equation, as given by Formula (12). The fitted results, estimated parameters, and correlation coefficient between the estimated and measured values are shown in Figure 8. It can be observed that the first-order decay equation could describe the release of the adsorbed TCP from the surface of the biochar-added soil, and all R2 values of the model were larger than 0.97.



	(2)

	
Trend of the parameters







Based on inversion simulation, the trends of the three parameters with the increase in biochar addition are given in Figure 9. The parameter A0, representing the releasable amount, showed a linear increase–decrease pattern. As shown in Figure 9a, the parameter A0 reached the maximum when the biochar-addition rate was equal to 5%, and then decreased with the increase in the biochar-addition rate. Here, the result for the soil sample with a 20% biochar-addition rate was removed because the input of the TCP was larger than the other samples. The increase–decrease pattern implied that the release of TCP was easier when the biochar addition was smaller than or was equal to 5% while it was more difficult when the biochar-addition rate was larger. The second parameter, the decay constant K, decreased exponentially with the increase in the biochar-addition rate, as shown in Figure 9b. The exponential decrease trend implied that the release of adsorbed TCP was more difficult in a high biochar content, as well as a much smaller risk to regional water environment. The third parameter, the constant C, represented the unreleasable amount of TCP, and it increased in a power function. However, the index of the power was smaller than one, which suggested the adsorption sites of the biochar were partly occupied in the soil column.






4. Discussions


4.1. Adsorption Process


Based on the results above, two key points should be explored further, including the difference in the shape factor and its physical meaning, and the exponentially increasing trend between the adsorption ability of the soil and the ratio of biochar application.



	(1)

	
The shape factors: smaller Vs larger than 1







The results revealed that the shape factor of the three-parameter gamma distribution model was larger than one in the control sample, while less than one in the biochar-added soil columns. Based on the characteristics of gamma distribution, the PDF displayed an increase–decrease pattern when the shape factor was larger than one, but showed a monotonic decreasing pattern when it was equal to or smaller than one [52,56]. The increase–decrease pattern indicated that the increasing rate of concentration of TCP in the outflow rose faster in a short time, about 0.5 PV in this study, and then became smaller gradually. Based on the physical mechanisms, the transportation of TCP in the soil column generally was dominated by convection, diffusion, and adsorption comprehensively [9]. The TCP that first arrived at the lower boundary of soil column was mainly driven by the diffusion, and then driven by the convection. Thus, the scale factor of the model generally should have been larger than one when the diffusion existed. On the other hand, all the shape factors were smaller than one in the biochar-added soil column, which implied that the TCP arriving at the lower boundary firstly driven by the diffusion had disappeared. In fact, the disappeared TCP was absorbed by the biochar because the biochar exhibited a stronger adsorption ability than that of the soil particles due to its larger surface area, porosity, carbon content, functional groups, and aromatic structure [24]. Therefore, the fast transportation of TCP driven by the diffusion was captured by the biochar, even when the addition ratio was only 1%.



	(2)

	
The exponential increase of the adsorption ability







The results above also revealed that the adsorption ability of the soil increased exponentially instead of in a linear form with the rise of the biochar-addition rate in the homogeneously packed soil column. Our previous study and several other studies revealed that the Kd or Kf of soil increased linearly with the rise in biochar content [9,35,36,46,57,58]. The different trend was because the studies above focused on a low content of biochar mixed with the soil (less than 5%). In this study, the trend could also be considered as a linear form when the biochar level was smaller than 5%. The exponential increase may have resulted from the two main factors: more adsorption sites for the molecules of pollutants and stronger adsorption forces from the overlapping of the particles of the biochar. The first aspect can be simply understood because more biochar application would provide more adsorption sites for the pollutants, and has been demonstrated in many other studies [37,39,58]. The second aspect is based on the adsorption theories of the energetically nonuniform surfaces [59], and the overlapping of the adsorption forces can capture the migration of the molecules of pollutants.




4.2. Release of TCP from the Biochar-Mixed Purple Soil


In addition, two main aspects should be discussed further regarding the release of TCP from the biochar-mixed soil, including: (1) the basic patterns of the release of TCP from the biochar-amended soil; and (2) the trends of the other three parameters of the first-order decay kinetics equations.



4.2.1. Basic Pattern of the Release Process and its Implications


	(1)

	
Basic pattern of the release process







The results in this study showed that the typical pattern of TCP released from the soil particles displayed an increase first and then a decrease. Generally, this pattern can be interpreted through the dynamic relationships among three forces: the attraction force driven by the surfaces of soil particles, the repulsive force driven by the concentration gradient between the surface of the soil and the solution, and the motive force from the water flow. At the beginning of the release process, the adsorption and desorption of TCP reached an equilibrium, and the difference between them was zero [8,9]. After inputting the background solution, the dissolved TCP discharged at a faster rate, which resulted in a lower concentration of TCP in the pores of the soil column and a larger concentration gradient gradually. After about 1 PV, the concentration reached the maximum, and then the release rate of TCP began to decrease. The basic pattern was discussed in our previous study [8].



	(2)

	
Different releasing patterns and their implications







Another interesting finding was that the releases of TCP were very close when the biochar-addition rate was equal to or less than 3% while exhibiting a longer tail when increasing the content of biochar. This similar pattern indicated that the sources of the released TCP and the dominating factors were close. The longer tail implied that more TCP was released from the biochar-mixed soil. Hence, both the main source and the influencing factors of the released TCP changed when the biochar-addition rate was increased to 5% or larger.



In fact, in the biochar-applied soil, the TCP was adsorbed by the surfaces of both the soil and biochar particles [47]. If the released TCP was mainly from the surfaces of soil particles, the curves of desorption should have been correspondingly close. In this study, the release curves of TCP with the biochar-addition rates of 1%, 2%, and 3% were close to that of the soil without biochar addition, implying the main source was the surfaces of soil particles instead of the biochar particles. The longer tailing suggested a smaller release rate based on the first-order decay kinetics equation. The reason was that the biochar exhibited a stronger absorbability, and the absorbed TCP could not be released easily due to surface specific adsorption, entrapment in micropores, and partitioning into condensed structures [24,38,41,49]. The quantitative relationship between the decay rate and the content of biochar are discussed in the next section.




4.2.2. The First-Order Decay Kinetics Equation and the Physical Meaning of the Parameters


The results showed that the release of TCP from the biochar-applied soil followed the first-order decay kinetics equation, which has been widely used to describe the decay of the pollutant in the water environment. More interestingly, the parameters of the model showed a different trend with an increase in the biochar content. These were discussed as follows.



	(1)

	
The increase–decrease pattern of the releasable TCP







Some studies have revealed that the released pollutant increases with an increase in the biochar content [48], and this can be attributed to the swelling of a sorbent during sorption, leading to micro-/macro-pore network deformation [24,41,44,48] and weak binding between the pesticides and biochar components [24,42,43,44,48]. In this study, however, the results showed an increase–decrease pattern. The difference was that the ratio of biochar addition was less than 5% in the study above [2,15,48]. An increasing trend was observed when the biochar-application rate was smaller than 5%. When the content of the biochar was increased further, the releasable TCP decreased gradually. The main reason was similar to that for the exponential increase in the adsorption ability: more adsorption sites due to the increased organic carbon content, surface area, and porous structure of the biochar [35], as well as the overlapping of the adsorption forces [59].



	(2)

	
The exponential decrease in the decay constant and power increase in the residual TCP







The decay content of the first-order decay kinetics equation displayed an exponential decrease with an increase in the biochar-application rate. Previous studies reported that the releasable pollutant increased with the content of biochar [41,46,47], but the quantitative relationship between them was not clear. The exponentially decreasing trend would not only provide the quantitative relationship, but also would reflect a more difficult release of TCP with the increase in biochar addition. Thus, the total residual of a pollutant, such as TCP in this study, cannot be simply calculated using a linear formula in a soil with a high content of biochar applied.






5. Conclusions


	(1)

	
The breakthrough curves of TCP in the adsorption process could be well described by CDF of the three-parameter gamma distribution, with a minimum R2 of 0.97. The shape factor, scale factor, and location factor of the model showed a logarithmic trend, linear trend, and exponential trend with the increase in the biochar-addition rate, respectively. The experimental data and simulated results revealed that the adsorption ability of the purple soil increased exponentially with the content of biochar application, implying a small improvement with a low content of biochar application but a much larger improvement with a higher ratio of biochar.




	(2)

	
The release of TCP could be well simulated by the general form of the first-order decay equation, and the three parameters represented the releasable amount, decay constant, and unreleasable amount. The releasable TCP displayed a linear increase–decrease pattern, and the maximum was at a 5% biochar addition. The reasons were a smaller concentration gradient before this content and an overlapping of the adsorption force for soil mixed with a higher content of biochar. The decay constant decreased exponentially with the ratio of biochar application; the residual TCP increased in a power function with an index smaller than one, implying the occupation of adsorption sites in the soil column.







These results above quantitatively revealed the relationship between the ratio of biochar application and the adsorption–desorption of TCP in purple soil, which will provide a systematic experimental scheme, model simulation, and data reference for controlling the migration of TCP and other similar organic pollutants with high water solubility, good stability, and strong migration through an off-site pattern such as an ecological ditch system.
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Figure 1. BTCs of TCP and Br− in soil with different ratios of biochar. 
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Figure 2. Simulated BTCs of TCP in biochar-added soil. 
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Figure 3. Trend of the three parameters of gamma distribution with the increase in biochar addition rate. 
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Figure 4. Trend of adsorbed TCP with the increase in biochar addition rate at different inputs of TCP. 
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Figure 5. Correlation between the adsorbed TCP and ratios of biochar application at different removal rates. 
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Figure 6. BTCs of TCP and Br− and scaled BTCs of Br− after the input of background solution. 
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Figure 7. Dynamic release of TCP from the soil applied with different ratios of biochar. 
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Figure 8. Dynamic of the residual TCP in the biochar-amended soil. 
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Figure 9. Relationships among the biochar-addition rate and the releasable TCP, unreleasable TCP, and degradation constant. 
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Table 1. Parameters of three-parameter gamma distribution and the error analysis.
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Ratio of Biochar

Sddition

	
Parameters of the Model

	
Square of Correlation Coefficient (R2)

	
Mean Squared Error (MSE)




	
α

	
β

	
γ






	
0

	
1.82

	
0.57

	
1.24

	
0.9942

	
0.0379




	
1%

	
0.55

	
3.85

	
1.39

	
0.9774

	
0.0534




	
2%

	
0.78

	
3.41

	
1.52

	
0.9972

	
0.0175




	
3%

	
0.92

	
3.06

	
1.55

	
0.9954

	
0.0213




	
5%

	
0.68

	
7.59

	
1.72

	
0.9989

	
0.0081




	
7.5%

	
0.86

	
7.87

	
1.67

	
0.9996

	
0.0040




	
10%

	
0.86

	
10.36

	
1.93

	
0.9991

	
0.0048




	
15%

	
0.97

	
10.76

	
3.12

	
0.9995

	
0.0029




	
20%

	
1.00

	
25.14

	
4.22

	
0.9965

	
0.0025
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Table 2. Threshold times represented in PV for several typical removal rates with different biochar addition rates.
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Biochar

	
Removal Rate




	
RR = 90%

	
RR = 75%

	
RR = 50%

	
RR = 25%

	
RR = 10%

	
RR = 1%






	
0%

	
1.49

	
1.71

	
2.09

	
2.64

	
3.29

	
3.76




	
1%

	
1.44

	
1.66

	
2.45

	
4.26

	
7.04

	
9.29




	
2%

	
1.68

	
2.08

	
3.15

	
5.17

	
8.00

	
10.20




	
3%

	
1.81

	
2.30

	
3.45

	
5.47

	
8.19

	
10.27




	
5%

	
1.94

	
2.64

	
4.68

	
8.81

	
14.78

	
19.50




	
7.5%

	
2.19

	
3.31

	
6.04

	
11.01

	
17.80

	
23.02




	
10%

	
2.63

	
4.12

	
7.75

	
14.32

	
23.29

	
30.17




	
15%

	
4.16

	
6.03

	
10.28

	
17.61

	
27.36

	
34.75




	
20%

	
7.04

	
11.79

	
22.20

	
39.86

	
63.10

	
80.64
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