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Abstract

:

Granulation of biochar-based fertilizer is one potential method to reduce transportation costs, provide for enhanced handling, and decrease the loss of fertilizer during soil application. This study aimed to synthesize binder-free biogas residue biochar-based fertilizer (RBF) pellets and investigate their physical properties and slow-release potential. Results showed that the physical properties and forming quality of the pellets reached the best when the moisture content was 7.84%, the diameter was 7 mm, the compression speed was 49.54 mm/min, and the molding pressure was 7.5 MPa. Sustained-release kinetic analysis and characterization results identified that the RBF had excellent nitrogen (N), phosphorus (P), and potassium (K) sustained release properties. The sustained release of nutrients gradually increased with the drying temperature, and the sustained-release effect of P was the best, followed by that of N and K. Therefore, RBF pellets may be applied as a green slow-release fertilizer in agricultural production. Physical, chemical, and slow-release properties could be improved by optimizing the drying and granulation process parameters, thus providing a new idea for the combination of kitchen waste recycling and sustainable agricultural development.






Keywords:


biogas residue; biochar-based fertilizer; response surface design; slow-release kinetics; drying temperature












1. Introduction


Large amounts of kitchen waste are produced as the population increases, resulting in potential environmental and economic burdens [1]. Anaerobic digestion, as an environmental friendly method to dispose of kitchen waste, has received increasing attention due to its significant potential in waste reuse and environmental climate change [2]. However, the biogas residues produced during the anaerobic digestion of kitchen waste remain a burden. Having regenerated biomass, biogas residues are used as soil amendments and organic fertilizers [3]. However, the use of unprocessed biogas residues also has its drawbacks. First, their nutrients feature high mobility [4], which allows them to be easily lost from soils and increases the eutrophication of water. Notably, the application of biogas residue as soil fertilizer requires P fertilizer supplementation to avoid P deficits [5]. Second, problems of phytotoxicity, soil toxic substances [6], viscosity, and odor exist when the applied amount exceeds the acceptable capacity of farmland. Converting biogas residue to biochar through pyrolysis could compensate for these deficiencies.



Biochar is a highly aromatic solid product obtained through the thermal decomposition of biomass under oxygen-limited conditions [7]. It has developed pore structure, a large specific surface area, abundant functional groups, an active surface charge, and strong adsorption performance [8]. It could be used as a slow-release fertilizer carrier material to be mixed with chemical fertilizers for biochar-based fertilizer, showing higher utilization rate for fertilizer and plant growth-promoting effects [9]. Biochar-based fertilizer is considered to be a valid method to solve the low utilization rate of traditional fertilizer and alleviate the water eutrophication caused by excessive fertilizer application [10].



At present, the preparation methods for biochar-based fertilizer mainly include mixing, coating, adsorption, and mixed granulation. Steiner et al. prepared biochar-based fertilizer via mixing, and this method could prolong the N supply time [11]. Khan et al. used fertilizer solution containing N, P, and K to impregnate charcoal and prepared biochar-based fertilizer; they found that the nutrient leaching loss was slow [12]. However, biochar-based fertilizers, which have the characteristics of brittleness, low density, and wide particle-size distribution, prepared by traditional synthetic methods are not convenient for long-term storage, transportation, and large-area production [13]. Majo et al. concluded that 20–53% of biochar in soil was lost from surface runoff during heavy rainfall [14]. Husk et al. showed that 25% of biochar was lost during transportation to the field [15]. Pelletization of biochar is one potential method to reduce transportation and handling costs and significantly decrease the loss of biochar during soil application [16]. However, little information is available on fertilizer-embedded biochar pellets produced from biogas residue.



Mixed granulation is a main preparation method with the highest production efficiency at present. In this method, the biochar is mixed with chemical fertilizer and a certain amount of binder and then granulated by mechanical extrusion or disc granulation. However, the binder may cause environmental damage due to non-degradation and prevent the biochar from improving the soil environment after the release of fertilizer by blocking the biochar pores [17]. Mostafa et al. argued that pellet properties mainly depend on raw material characteristics, such as particle size and moisture content, and operating conditions, such as applied pressure and mold temperature [18]. Kim et al. found that the mechanical and slow-release properties of biochar-based fertilizer increased with the increase in drying temperature [13].



The present study aimed to optimize the drying and pelletization process parameters to prepare binder-free biogas residue biochar-based fertilizer (RBF) by using biochar derived from biogas residue and chemical fertilizer as raw materials. It also aimed to optimize compressive strength, hydrophobicity, and durability as evaluation indices of the pellet properties. The distribution of fertilizers on the surface and pores of biochar at different drying temperatures was studied. Moreover, the chemical reactions between fertilizer and biochar functional groups were explored. A series of laboratory experiments was carried out to study the N, P, and K slow-release properties and related mechanisms of RBF from digestate.




2. Materials and Methods


2.1. Biochar-Based Fertilizer Preparation


Residues from biogas production were collected from the anaerobic fermentation tanks of Shanghai Liming Resources Reuse Co., Ltd. in China. The air-dried biogas residue was ground into pellets with a size less than 100 meshes. The powdered material was pyrolyzed at a temperature of 500 °C (heating rate: 15 °C/min) for 120 min under nitrogen flow to obtain biogas residue-based biochar (RB).



After the RB powder was dried in a 105 °C oven to a constant weight, the commercial compound fertilizer (CF, N: P2O5: K2O = 4:3:3) and biochar with a mass ratio of 2:1 were mixed evenly with a mixer. Then, different proportions of distilled water were added to obtain RBF pellets with water contents of 5%, 7.5%, 10%, 12.5%, and 15%.



The RBF pelletization was conducted using a universal material testing machine (WDE-100E, Chuance, Jinan, China), and self-made cylindrical forming molds with different apertures were connected to the universal material testing machine. The molding equipment was provided with a compressive bar with a limiting device, a die sleeve, two gaskets, and a pedestal. The rendering of the mold produced for compression specimens is shown in Figure S1. The RBF was pelletized in accordance with the optimal parameters, and then the pelletized RBF was processed at 25 °C, 65 °C, 105 °C, 145 °C, and 185 °C for 24 h to dry in the oven. Upon cooling, it was stored and sealed. The RBF pellets produced at different drying temperatures are referred to as RBF-T (RBF-25, RBF-65, RBF-105, RBF-145, and RBF-185).




2.2. Determination of Pellet Properties


Compression strength, durability, and hydrophobicity are important indicators to measure the quality of pellets. Compressive strength was measured using a digital hardness tester (YHKC-2A, particle strength tester, Xinghuan, Jiangsu, China), which records the maximum force that the pellet can withstand. The durability of pellets was evaluated by MICUM test [19]. The hydrophobicity of a sample can be expressed by equilibrium moisture content (ECM). The better the hydrophobicity is, the lower the ECM of the pellets. The ECM of the pellets was measured by placing them in a controlled environment (relative humidity of 82–84% at 24–25 °C) for 18 h. The ECM was calculated as follows [20]:


  ECM =   M −  M i   M  × 100 % ,  








where Mi(g) and M(g) are the initial and instantaneous masses of the pellets, respectively.




2.3. Single-Factor Experiment


Four factors, comprising compression speed, molding pressure, moisture content, and diameter, were selected as single-factor test variables to explore the influence of each factor on compressive strength, hydrophobicity, and durability and obtain the optimal parameter range. RBF was pelletized on the basis of the basic operating parameters (compression speed: 40 mm/min, molding pressure: 7.5 MPa, moisture content: 10%, and diameter: 7 mm). The compression speed in the basic parameters was tested at 30, 40, 50, 60, 70, 80, 90, and 100 mm/min to analyze the influence of compression speed change on the particle properties. Similarly, the molding pressure was tested at 2.5, 5, 7.5, and 10 Mpa. The moisture content was tested at 5%, 7.5%, 10%, 12.5%, and 15%, and the diameter was tested at 5, 6, 7, and 8 mm, respectively. The compressive strength, hydrophobicity, and durability of the pellets were then measured.




2.4. Synthesis Process Optimization


A classic response surface methodology (RSM) was selected to investigate the factors that could affect the pellet properties. On the basis of a single-factor test, compression speed (X1), moisture content (X2), and diameter (X3) were selected as independent variables, and compressive strength (Y1), hydrophobicity (Y2), and durability (Y3) were selected as response variables for optimization. The Box–Behnken design (BBD) model using Design Expert (version 12.0.3.0) was selected to optimize the experimental design. The codes and levels of experimental factors are provided in Table 1. For the prediction of the optimal point, a quadratic regression model was selected for ANOVA and significance experiments. Applicability was determined using the coefficient of determination (R2) and R2 was adjusted in accordance with the relative accuracy of the test results. The significance of the regression model was evaluated by ANOVA, signal–noise ratio, p-values, F-values, and lack of fits.



The quadratic polynomial equation was as follows:


  Y =  β 0  +  ∑  i = 1  n   β i   X i  +  ∑  i = 1  n   β  i i    X i 2  +  ∑  i , j = 1  (  i ≠ j  )   n   β  i j    X i   X j  ,  








where Y represents the response variables predicted in the model (compressive strength, hydrophobicity, and durability);    β 0   ,    β i   , and    β  i i     are the regression coefficients for intercept, linear quadric, and interaction terms, respectively; and     X i    and    X j    represent the independent variables in the model.




2.5. Characterization


FTIR analysis of the changes in the surface functional groups that belonged to the pelletized RBF was performed using a Fourier transform infrared spectrometer (Nicolet 6700, Thermo Scientific Instrument, ThermoFisher, Waltham, MA, USA). The crystallographic structures of the samples were characterized using X-ray diffractometry (XRD, XRD-6100, Shimazu, Tokyo, Japan). The N2 adsorption isotherms, Brunauer–Emmett–Teller (BET) surface area, pore volume, pore diameter distribution (Barrett–Joyner–Halenda method), and average pore diameter were determined by standard N2 adsorption at 77 K (Autosorb IQ3, Quantachrome Instrument). Thermal stability was measured using a TG analyzer (NETZSCH STA449FC, Germany). Analyses were conducted under 30 mL/min nitrogen flow rate at a heating rate of 20 °C/min from room temperature to 1000 °C, and at least 10 mg of samples was used for each test [21].




2.6. Slow Release of N, P, and K


RBF pellets with different drying temperatures were used as raw materials, and CF was used as control. The slow-release experiment was designed in reference to National Standard GB/T 23348-2009. In brief, approximately 1 g of pellet was weighed and placed in a 150 μm (100 mesh) nylon gauze mesh bag, which was placed in 200 mL deionized water and cultured in a sealed container at room temperature (25 °C ± 0.5 °C). The mixed extract was extracted to determine the concentration of N, P, and K. The data generated from N, P, and K release from CF and RBF-T pellets were fitted into the first order kinetics model as follows:


  ln  (   q e  −  q t   )  = ln  q e  − kt ,  








where qe(mg/g) and qt(mg/g) refer to the releasing amount of N, P, or K at equilibrium and time t (h), respectively, and k is the rate constant (h−1).





3. Results


3.1. Single-Factor Impact Analysis


3.1.1. Effect of Compression Speed


As described in Figure 1a, with the increase in compression speed, the compressive strength and durability of the pellets first increased and then decreased. However, ECM showed an opposite trend. Meanwhile, from the demolding perspective, the surface layer of the pellet could loosen or fall off under increased compression speed. The compressive strength and durability ranged from 400.90 N to 424.75 N and from 90.97% to 99.23%, respectively, reaching the maximum at a compression speed of 50 mm/min. The peak height of the compressive strain was found to be lower at higher speeds [22] due to the longer interaction time between the material and the inner wall of the mold when using lower compression speed. The ECM reached the minimum at a compression speed of 50 mm/min, indicating that hydrophobicity was maximized around this compression speed. This finding may be related to the increase in particle densification with the increase in interaction time. Combined with the above results, the suitable compression speed range of pellets was 40–60 mm/min.




3.1.2. Effect of Molding Pressure


Figure 1b shows that the average compressive strength and durability increased as the molding pressure increased, but ECM decreased. Further analysis revealed that the compression strength increased almost linearly with the molding pressure. The data points were fitted with a linear function, with R2 = 0.97 (adjusted R2 = 0.96) indicating excellent linear correlation. However, when the molding pressure was increased up to 7.5 MPa, the material was closely packed with the inner wall of the mold, and the demolding rate of the pellets significantly decreased. The particles could not be separated from the mold at all when the pressure was more than 10 MPa. According to EN ISO 17831-1 [23], when the molding pressure is 7.5 Mpa, the durability of the pellets was 98.19% to be classified as compliant. The trend of EMC was relatively flat after the molding pressure exceeded 7.5 Mpa, indicating that the hydrophobicity attribute performed well under this pressure. Considering the higher molding pressure, total energy, and energy consumed during pelletization, the optimal pressure value was determined to be 7.5 MPa from the perspective of forming quality and reducing energy consumption.




3.1.3. Effect of Moisture Content


The moisture content of the raw material is regarded as one of the most significant factors affecting the quality of particles. The contact area could be increased by increasing the water content in the raw material, in turn making the water become a film-type binder with hydrogen bonding that may enhance its aggregation [24]. Figure 1c shows that with the increase in moisture content, the compressive strength had the same tendency as the durability and hydrophobicity; that is, it first increased then decreased. Peaks may also exist in the water content range of 5–10%. Meanwhile, during the pelleting process, the surface of the pellets was smooth and uniform when in the water content range of 5–10%.



The compressive strength of the pellets decreased when the moisture content was increased from 10% to 15%, possibly because the moisture content filled the pore space between the pellets and developed a larger bonding area, which showed a positive influence on pellets with high strength [25]. However, the water molecules could not be adsorbed on the surface of the particles in the presence of excess water, leading to the formation of a thick water layer, which hinders particle compaction and reduces particle strength at higher moisture content. The gradual increasing trend of the durability could be associated with the bonds promoted via Van der Walls’ forces between individual pellets [26]. The durability of the pellets decreased after reaching the optimal moisture content, which may have been due to the excess water used to fill the voids in the saturated mixture as a buffer, thus preventing the process of compression to some extent. The peak of hydrophobicity could be reached when the moisture content was approximately 7.5%. Therefore, raw materials with a moisture content of 5–10% were selected for subsequent experiments.




3.1.4. Effect of Diameter


As plotted in Figure 1d, with the increase in the diameter of pellets, the compressive strength, durability, and hydrophobicity approximately first increased and then decreased. This trend is the result of multiple factors, such as the length to diameter ratio (L/D), the cross-sectional area, and the friction force of particles. Extensive studies have shown that the compressive strength generally decreased as the L/D ratio increased [27]; the largest drop in compressive strength was found when the L/D ratio was between 0.75 and 1.2. Meanwhile, if the L/D ratio was less than or equal to 1, the increase in the cross-sectional area of pellets could also positively influence the compressive strength. However, because the length of particles was fixed to 4 mm, the L/D ratios were reduced with the diameter of pellets. Figure 1d clearly shows that the magnitude of change in compressive strength was comparatively larger when the diameter ranged between 5 (L/D ratios of 0.8) and 6 (L/D ratios of 0.67) mm. However, the decrease in the mechanism of friction force in the die of the pelletizer with increasing particle diameter was responsible for the decrease in compressive strength. Therefore, in terms of the overall change, one peak of compressive strength was present in the diameter between 6 and 8 mm.



In the process of compression, the stressed area of particles increased with the increase in diameter, thus improving the pressure-holding effect to some extent and making the particles more compact, which also promoted the durability and hydrophobicity of the particles. In turn, the surface area of pellets increased extensively with the diameter of particles, and this increase was not conducive to durability and hydrophobicity because more particles were exposed to the surface. Therefore, the durability and hydrophobicity also showed a trend of increasing first and then decreasing. These results indicated that the best value existed between 6 and 8 mm; thus, this range was chosen for subsequent discussion.





3.2. Comprehensive Optimization Analysis


3.2.1. Fitting of Process Model and Statistical Analysis


Seventeen experimental runs were carried out as designed by RSM to examine the effects of the three independent variables on the physicochemical properties of RBF pellets. As shown in Table S1, the observed compressive strength, ECM, and durability values were 203.73–427.77 N, 17.05–24.12%, and 93.70–99.58%, respectively. Based on the results of regression analysis (Table 2), the predicted and adjusted R2 of the model for compressive strength, ECM, and durability were 0.9892 and 0.9978, 0.8890 and 0.9609, and 0.8537 and 0.9625, respectively. The difference was less than 0.5, which indicated that the quadratic model was valid, and R2 > 0.90 for all parameters demonstrated significance [28]. Furthermore, the value of adequate precision that ranged from 19.6562 to 72.4015 (greater than 4) is desirable [29]. The values of coefficient variation (CV%) and standard deviation (Sd. Dev.) were lower than 2.15% and 3.89, respectively. This showed that the experimental values were reliable in this regression model [30]. The relationship between the actual and predicted recoveries of all responses is shown in Figure S2, and the results of ANOVA are displayed in Table 3. The p-values from the F-test of the model were less than 0.0001, which indicated that the models were of high significance and the lack of fit was not significant, suggesting that the test error was small and the regression model could better reflect the test results. In addition, the quadratic polynomial equation showing the relationship between the response value and independent experimental parameters in significant terms (terms with p-value ≤ 0.05) of coded factors was presented as below:


   Y 1  = 423.98 + 13.82  X 1  + 42.64  X 2  + 23.74  X 3  − 4.41  X 1   X 2  + 28.39  X 2   X 3  − 59.60  X 1 2  − 76.94  X 2 2  − 92.05  X 3  2      



(1)






   Y 2  = 17.60 + 0.4498  X 1  + 0.5589  X 2  + 0.8262  X 3  + 0.8320  X 1 2  + 1.94      X   2 2  + 3.30  X 3 2     



(2)






   Y 3  = 99.0968 + 1.35  X 2  + 0.5921  X 3  − 0.6630  X 1 2  − 2.02  X 2 2  − 1.17  X 3  2        



(3)








3.2.2. Pareto Analysis


Graphical information about the quantification results of the influence of every operation parameter for the response value could be obtained through graphical Pareto analysis using the following equation [31]:


   P i  =    b i 2    ∑  b i 2    × 100  (  i ≠ 0  )   








where bi represents the estimation of the significant effect of the operational parameters as indicated by the quadratic equation. The results of correlational analysis are presented in Figure S3. Taken as a whole, compression speed (   X 1   ) showed the minimum contribution, which indicated that the compression speed had the least effect on particle quality. Furthermore, the influences of various factors on compression speed (   X 1   ) were in the following order: moisture content (   X 2   ), diameter (   X 3   ), and compression speed (   X 1   ). Meanwhile, the order of influence on ECM and durability was diameter (   X 3   ), moisture content (   X 2   ), and compression speed (   X 1   ), respectively, and moisture content (   X 2   ), diameter (   X 3   ), and compression speed (   X 1   ), respectively. However, except for the significant interaction between    X 2   X 3    and compressive strength, no other significant interactions were observed. Among them, interaction factor    X 3  2      showed a substantial effect on ECM, with a percentage contribution of 64.38%.




3.2.3. Optimal Synthesis Parameters


The 3D surfaces obtained by the BBD model are displayed in Figure 2. The warmer colors (close to red) of the 3D surfaces correspond to higher compressive strength, ECM, and durability, while the cooler colors (close to blue) correspond to lower compressive strength, ECM, and durability. Meanwhile, the greater the interaction between the two parameters is, the more curved the response surface is, and the more regular the circle of the 2D projection is. Figure 2a–c shows that when the diameter was constant, the interaction of moisture content and compression speed had the most significant effect on the compressive strength, and the response surface could reach the maximum bending degree. Meanwhile, from the perspective of 2D projection, the warm color circle tended to the position where the velocity and water content were relatively high. For ECM, the interaction of the two parameters was less influential, and the response surface was relatively flat, which may be due to the already high level of the exploration range selected for this response surface. However, ECM decreased first and then increased with the increase in water content, but the change in speed was small. The interaction of the two parameters was marginally non-significant for durability, and the warm color circle skewed towards a high moisture content (7.5–10%). When the moisture content remained constant, the effect of the interaction between compression speed and diameter on the response value could be obtained, as shown in Figure 2d–f. The response surface of compressive strength was relatively curved, increasing first and then decreasing with the increase in diameter, and decreasing first and then increasing with the increase in speed. The interaction of ECM was not significant, and the 2D projection was elliptical. ECM decreased first and then increased with the increase in diameter, but it did not change remarkably with the compression speed, and the relatively flat 3D surface of durability was likely caused by its high overall durability level. As shown in Figure 2g–i, the interaction of moisture content and diameter had a significant effect on the three response values when the compression speed remained constant. In particular, the effect on ECM and durability was significantly stronger than the previous two interactions.



In summary, in accordance with the 3D surface and analysis results of the BBD model, the optimum parameters were determined as follows: compression speed of 49.54 mm/min, moisture content of 7.84%, diameter of 7 mm, with the highest compressive strength, highest durability, and lowest ECM (corresponding to the highest hydrophobicity) as the optimization objectives. Under these conditions, the compressive strength was 427.77 N, the ECM was 17.70%, and the durability was 99.24%. Table 4 provides the optimized operating parameters and the corresponding predicted and actual response values. The relative errors of compressive strength, ECM, and durability between the predicted and measured values were 0.43%, 1.24%, and 0.11%, respectively, indicating that the model fitted well.





3.3. XRD Analysis


The crystal structures of RB, CF, and RBF-T are shown in Figure 3a. The XRD pattern of RB clearly showed six diffraction peaks from CaCO3 (JCPDS no. 86-0174) at around 23.14°, 29.48°, 36.05°, 39.54°, 43.26°, and 48.64°. At around 26.71°, the peaks of Mg(NO3)2 crystals were displayed (JCPDS no. 19-0765). Meanwhile, the XRD pattern of CF presented three main diffraction peaks of CO(NH2)2 (JCPDS no. 83-1436) at around 22.35°, 24.73°, and 29.44°; KCl (JCPDS no. 41-1476) at around 28.41°, 40.60°, and 66.49°; and (NH4)2HPO4 (JCPDS no. 70-1461) at around 15.94°, 17.60°, and 31.74°. More caudally, the diffraction peaks assigned to CO(NH2)2, (NH4)2HPO4, and KCl were obviously observed in the patterns of RBF-25, RBF-65, and RBF-105, and no new diffraction peaks occurred, indicating that RB was effectively filled by CF while keeping the structure stable. However, the characteristic reflection of CO(NH2)2 gradually decreased with the increase in temperature. Combined with the results of FTIR analysis, this finding may be due to the fact that CO(NH2)2 reacted with the –COOH of RB while filling the porous structure of CO(NH2)2, resulting in the decrease in the crystallinity of CO(NH2)2 [7]. In parallel, after the temperature reached 65 °C, the diffraction peak distributed by KCl was found to be significantly enhanced, indicating that higher temperature is more conducive to KCl crystal. Interestingly, when the temperature reached 145 °C, the peak assigned to CO(NH2)2 almost disappeared and the diffraction peak intensity of (NH4)2HPO4 weakened. Meanwhile, due to oxidation, the peak assigned to CaCO3 and Mg(NO3)2 almost disappeared. These results indicate that the crystal structures of RBF-145 and RBF-185 considerably changed.




3.4. FTIR Analysis


The FTIR spectra of RB, CF, and RBF are shown in Figure 3b. The most prominent chemical bond vibration peaks of RB were mainly distributed at 3361, 1461, 1064, and 873 cm−1. The –OH stretching vibration of hydroxyl groups corresponded to the vibration peak at 3400 cm−1. The peak at 1438 cm−1 in the spectrum of biochar may be the stretching vibration of C=O functional groups of quinine acid and ketoic acid or C=C of an aromatic nucleus. Meanwhile, the infrared spectrum showed C–N overlapping with C–O at around 1064 cm−1, and the peak located at 883 cm−1 was assigned to the −CH2 and C=C–H bond stretching vibrations [32]. These observations confirmed that −COOH could be found on the surface of RB. One part of −COOH was the initial functional group of the biomass residue itself, and the other part was generated on the surface of biochar due to the decomposition of oxygen-containing organic macromolecules at high temperature.



In addition, the FTIR spectrum of CF demonstrated four sharp vibrational bands at 3361, 1620, 1461, and 1157 cm−1, which corresponded to –NH2, C=O, C=C, and C–N, respectively. In addition, compared with that of RB, the spectra of CF and RBF showed a weak vibration peak around 788 cm−1, which may be attributed to the vibration of the PO43− group [33]. However, with the increase in reaction temperature, the reduction in vibration summit could be obviously seen in the infrared spectrum of RBF-185, possibly because when the temperature was higher than 145 °C, the molten CF diffused into the pores of biochar and flowed to the surface of biochar after filling all the pores completely. Moreover, the decrease in vibration peaks at 3361, 1602, and 1157 cm−1 in the spectrum of RBF-185 indicated N-loss when the temperature was higher than 145 °C.



Compared with RB and other RBFs, RBF-145 and RBF-185 showed a weak stretching peak of –COOH at around 1330 cm−1. The probable reason was that when the temperature was higher than 145 °C, the weakly alkaline –NH2 in molten CF was dissociated, while –H was ionized from −COOH or −OH of RB, resulting in the formation of amide through a hydrogen bond binding reaction [13]. When the processing temperature was below 145 °C, no significant difference was found between the FTIR spectra of RB, CF, and RBF, suggesting that no new chemical bonds emerged. However, the study suggested that the N atom of −NH2 in CF could attack the C atom of C=O in CF and RB, leading to the breaking of the double bond. Meanwhile, the H atom migrated to C=O and formed C–OH, which was further confirmed by the XRD spectra, and this reaction could occur at room temperature [17]. The infrared spectrum may not change because the new chemical bonds overlapped with the initial one.



The active functional groups on the RB surface were the main reason for the chemisorption of metal elements, and the carboxyl functional groups and C–O bonds play a crucial role in the surface complexation action of K ions [34]. Therefore, the higher the content of carboxyl functional groups and C-O bonds is, the higher the content of K nutrients fixed in biochar materials, and the more stable and solid the combination with K ions. A free hydroxyl functional group (·OH) could react with K ions through inner layer complexation. Thus, the firm binding degree of K ions to biochar is also related to –OH. The infrared spectrum showed that RB could adsorb K ions, and with the increase in binding temperature, the area of vibration peaks representing −OH and C–O (located around 3361 and 1064 cm−1, respectively) increased continuously, resulting in the stronger binding of K to biochar.




3.5. BET Surface Area and Porosity


As presented in Figure 4 and Table S2, the N2 adsorption isotherms showed type II characteristic (according to the IUPAC classification), indicating that mesopores and macropores existed in RB and RBF-T [35]. Further, the N2 adsorption capacity of RB was significantly higher than that of RBF-T, and the pore size decreased obviously (especially for macropores), indicating that CF could be inserted into the micropores and mesopores in RB and fill the macropores and exposed cavities of RB. The surface area of RBF-25 decreased by 57% and its pore volume and average pore size decreased by 65.34% and 19.39%, respectively, compared with those of RB as a result of CF covering the surface of RB and filling its macropores. However, the surface area and pore volume of RBF-65 increased by approximately 50% compared with those of RBF-25, and the average pore size continued to decrease, which may be related to the decomposition of CF and the reaction with RB. CO(NH2)2 could be decomposed into NH3 and HNCO. Then, as CF continued to fill in RB and when the mesopores that were originally covered were exposed again, the surface area and pore volume eventually increased to a certain extent. Compared with the surface area of RBF-65, that of RBF-105 decreased and its average pore size reached the maximum due to the number of macrospores that increased. This finding could be attributed to CF beginning to melt and infiltrate into RB at 105 °C. However, due to the low temperature and poor fluidity of molten CF, several mesopores were exposed again and the molten CF crystallized on the surface of the particles, resulting in reduced surface area.



The surface area, total pore volume, and average pore size of RBF-145 were all at minimum, indicating that CF could melt into the interior of RB to the maximum extent and interact with RB to produce new organic macromolecules at this temperature. This finding is consistent with the aforementioned XRD and FTIR analyses. Concomitantly, as the temperature reached room temperature, the molten CF crystallized on the surface or in the pores of RB, and the RBF pellets were held together by hydrogen bonding and intermolecular forces, which further improved the compressive strength, durability, and hydrophobicity of the pellets. However, when the temperature was greater than 145 °C, the surface area and pore size increased slightly. Combined with the results of FTIR analysis, this phenomenon was due to the excessive fluidity and high decomposition degree of molten CF, resulting in certain CF loss, which may be improved with the reduction in treatment time.




3.6. Thermal Characteristics


The thermal stability of RB, CF, and RBF-T were studied using thermogravimetric analysis plots and the derivative of the TG curves (DTG) under a nitrogen environment, as illustrated in Figure 5. In accordance with the pyrolysis process, the TG and DTG curves of RB could be divided into two stages, as shown in Figure 5a. In the first stage (from 35 °C to 600 °C), a small amount of water was removed, resulting in a slight loss of RB mass and almost no drying peak. The second stage (from 600 °C to 800 °C) was the main stage of decomposition of CaCO3 and other long-chain macromolecules; small gas molecules, such as CO2, were generated to escape outwards, resulting in a large loss of RB mass, and the residues were mainly fixed carbon and ash (Equation (4)) [36].



The TG and DTG curves of CF showed that CF had a slight initial mass loss between 35 °C and 105 °C due to water evaporation. In the subsequent temperature range, the thermal decomposition of CF underwent two stages of mass loss. The mass loss at stage 1 was nearly 50%, from 105 °C to 266 °C, which was attributed to the gas escaping that was produced by the thermal decomposition of CO(NH2)2 and (NH4)2HPO4. CO(NH2)2 was consumed in large quantities through three reactions, and it produced large amounts of NH3 between 132.5 °C and 160 °C. A molecule of CO(NH2)2 was decomposed into NH3 and HCNO (Equation (5))) [37], while two CO(NH2)2 molecules produced a biuret molecule via condensation reaction (Equation (6)) [38]. Through a self-binding reaction, three molecules of CO(NH2)2 were converted to cyanuric acid (CYA) and produced three molecules of NH3 (Equation (7)) [38]. The biuret generated by the reaction of the previous step changed from generation to decomposition above 170 °C, and CO(NH2)2 was regenerated and continued to be decomposed into NH3 molecules [39]. Meanwhile, at around 200 °C, (NH4)2HPO4 decomposed into NH3 molecules by the reactions of Equation (8). Several NH3 molecules escaped from the above series of reactions, resulting in mass loss of CF. The second stage occurred between 266 °C and 341 °C with approximately 10% mass loss, which was caused by the continued decomposition of the remaining biuret and CO(NH2)2 to produce NH3 molecules. In addition, the P2O5 molecules and H2O generated by the decomposition of H3PO4 (Equation (9)) contributed in part to mass loss. The TG and DTG curves of CF were flat, and the quality of CF did not change significantly above 341 °C.


    CaCO  3  → CaO +   CO  2   



(4)






  CO   (   NH  2  )  2  →   NH  3  + HCNO  



(5)






  2 CO   (   NH  2  )  2  →   NH  3  +  C 2   H 5   N 3   O 2   



(6)






  3 CO   (   NH  2  )  2  → 3   NH  3  +  CYA     



(7)






    (   NH  4  )  2    HPO  4  → 2   NH  3  +  H 3    PO  4   



(8)






  2  H 3    PO  4  →  P 2   O 5  + 3  H 2  O  



(9)







As with the similar pyrolysis trend in CF, the TG and DTG curves of RBF-T are shown in Figure 5b. However, the mass loss at each stage of RBF-T was significantly smaller than that in CF, and it decreased with the increase in drying temperature. Interestingly, according to the DTG curve, RBF-25 had a mass loss similar to that of RB (from 600 °C to 800 °C) compared with other treatment temperatures, but the mass loss and weight loss rate were much less than those in RB, illustrating that RB and CF could react at room temperature. These results confirmed the speculation in FTIR analysis.



In addition, Figure 5b shows that the weight loss rates of RBF-25, RBF-65, and RBF-105 were similar to that of CF; the upper limit was reached at approximately 200 °C and 298 °C in both stages, while those of RBF-145 and RBF-185 significantly shifted to the right by 10 °C and 102 °C, respectively, and the maximum weight loss rates appeared at 210 °C, 308 °C, 300 °C, and 398 °C, respectively. The difference between the TG and DTG curves at different drying temperatures was related to the decomposition temperature and melting state of CF. When the drying temperature was below 132.5 °C, the decomposition effect of CF was insufficient, and the fluidity of molten CF enhanced with the increase in temperature, which promoted the molten CF on the surface of RBF to penetrate into the pores of RB and combine closely. When the drying temperature was higher than 132.5 °C, the molten CF could easily react with the organic matter in RB to generate new macromolecules, which increased the pyrolysis temperature of RBF. Therefore, the thermal stability of RBF was better than that of CF, and higher drying temperature indicated better thermal stability.




3.7. N, P, and K Release


As evident from Figure 6, the release curves of N, P, and K from CF and RBF-T could be divided into two stages: rapid release in the first stage and slow release in the second stage. The release times of N, P, and K in RBF-T was also longer than that in CF. The N release from CF reached equilibrium at approximately 32 h (Figure 6a), with 93.64% release, while RBF-25, RBF-65, RBF-105, RBF-145, and RBF-185 showed 59.12%, 49.41%, 38.44%, 23.90%, and 11.31% release within 32 h, respectively. Afterwards, the cumulative N release of RBF-25, RBF-65, RBF-105, RBF-145, and RBF-185 increased and finally reached 88.68%, 75.35%, 64.89%, 54.39%, and 41.71% after 413 h, respectively. With the increase in drying temperature, the duration of RBF in the first stage notably increased, and the slow-release rate constant (k) in the first stage was significantly higher than that in the second stage (Table 5).



As expected, the slow release of P from RBF completed the first stage at approximately 77 h, while CF reached equilibrium at around 32 h, releasing 94.60% of P (Figure 6b). After 413 h, the P release rates of RBF-25, RBF-65, RBF-105, RBF-145, and RBF-185 were 72.07%, 58.75%, 44.12%, 27.48%, and 23.93%, respectively, which were far below those of CF (97.67%). Besides, the cumulative release rate of P at 413 h was lower than that of N, indicating that the long-term control effect of RBF on P was better than that of N, and the P in RBF could be released slowly and for a long time.



The release law of K was similar to that of N (Figure 6c). As the drying temperature was increased, the time for RBF to reach the second stage lengthened. Remarkably, the time for CF to reach the equilibrium value was 48 h, which was delayed compared with that for N and P, indicating that the release efficiency of K was low. However, the final K release rate of RBF (25–185) was significantly higher than that of N and P, indicating that RB had a poor binding effect on K. This finding may be related to the strong water-solubility of KCl and the difficulty of K ion binding with biochar macromolecules.



As shown in Table 5, the N, P, and K release curves of CF and RBF-T fitted to first-order kinetics, suggesting that the release rates of these nutrients were manipulated by a diffusion mechanism [40]. The diffusion effect is conducive to the improvement of the slow-release performance and the extension of the nutrient release time [41]. The release regularity of N, P, and K could be divided into two stages: the first stage was the rapid release of nutrients to plants in the short term, and the second stage was the slow release of nutrients in the long term. Combined with the above characterization analysis, the results showed that RBF exhibited a good sustained-release effect. The slow-release effect was also enhanced with the increase in drying temperature, and the sustained release effect of RBF on P was the best, while that on K was the worst. In addition, Shi et al. prepared RBF pellets by adding bentonite as binder, which released 69% of N within 20 days [17], while Kim et al. prepared RBF pellets by adding 10–20% lignin as binder, which cumulatively released 77–87% of K and 73–95% of P within 432 h [13]. This indicates that the same or even better N, P, and K sustained-release effect can be achieved for the binder-free RBF pellets prepared by granulation optimization compared with other RBF pellets with added binder.





4. Conclusions


In this study, it was shown that the parameters in the granulation process for making binder-free biochar-based fertilizer from digestate may significantly influence the pellet properties. When the moisture content was 7.84%, the diameter was 7 mm, the compression speed was 49.54 mm/min, and the molding pressure was 7.5 MPa, the obtained pellets had the best forming quality, with compressive strength of 427.77 N, ECM of 17.7%, and durability of 99.24%. Furthermore, the binding of N, P, and K in CF to functional groups on RB strongly increased with pellet drying temperature, resulting in the excellent sustained-release performance of RBF and helping maintain nutrients for a long time. The sustained-release effect of RBF was obviously better than that of CF, and the release curves were fitted to first-order kinetics. Meanwhile, the excessive fluidity and high decomposition degree of molten CF could cause certain CF loss when the drying temperature reached 185 °C. Thus, the drying temperature should not be too high. The physical and chemical properties of pellets could be improved by optimizing the granulation process parameters, and RBF pellets could be used as a green slow-release fertilizer in agricultural production.
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Figure 1. Effect of (a) compression speed, (b) molding pressure, (c) moisture content, and (d) diameteron compressive strength, ECM, and durability. 
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Figure 2. Three-dimensional contour plots for the interaction effects of speed and moisture content (diameter = 7 mm) on (a) compressive strength, (b) ECM, and (c) durability. Interaction effects of speed and diameter (moisture content = 7.5%) on (d) compressfive strength, (e) ECM, and (f) durability. Interaction effects of moisture content and diameter (speed = 50 mm/min) on (g) compressive strength, (h) ECM, and (i) durability. 
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Figure 3. (a) XRD patterns of RB, CF, and RBF-T. (b) FTIR spectra of RB, CF, and RBF-T. 
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Figure 4. Nitrogen adsorption isotherms at 77 K and BJH pore size distributions of RB and RBF-T. 
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Figure 5. TGA and DTG analysis of CF, RB, and RBF-T shown at images (a,b), respectively. 
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Figure 6. (a) N release kinetics from CF and RBF-T. (b) P release kinetics from CF and RBF-T. (c) K release kinetics from CF and RBF-T. 
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Table 1. Control factors and their respective levels in BBD design.






Table 1. Control factors and their respective levels in BBD design.












	Factor
	Name
	Levels
	
	





	
	
	−1
	0
	1



	A
	Compressive speed (mm/min)
	40
	50
	60



	B
	Moisture content (%)
	5
	7.5
	10



	C
	Diameter (mm)
	6
	7
	8
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Table 2. RSM model fit summary output for pelletization optimization.
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	Parameter
	Mean
	R2
	Adjusted R2
	Predicted R2
	Sd. Dev.
	CV (%)
	Adeq. Precision





	Compressive strength (N)
	316.41
	0.9990
	0.9978
	0.9892
	3.89
	1.23
	72.4015



	ECM (%)
	20.41
	0.9829
	0.9609
	0.8890
	0.4387
	2.15
	19.6562



	Durability (%)
	97.28
	0.9836
	0.9625
	0.8537
	0.3270
	0.3362
	20.2997
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Table 3. ANOVA output for RBF pelletization.
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Source

	
Sum of Squares

	
df

	
Mean Square

	
F-Value

	
p-Value

	
Remarks






	
Compressive strength (N)

	

	

	

	

	




	
Model

	
108000

	
9

	
11996.22

	
790.80

	
<0.0001

	
significant




	
Lack of fit

	
69.13

	
3

	
23.04

	
2.49

	
0.1998

	
not significant




	
ECM (%)

	

	

	

	

	




	
Model

	
77.44

	
9

	
8.60

	
44.70

	
<0.0001

	
significant




	
Lack of fit

	
0.4601

	
3

	
0.1534

	
0.6914

	
0.6033

	
not significant




	
Durability (%)

	

	

	

	

	

	




	
Model

	
44.93

	
9

	
4.99

	
46.68

	
<0.0001

	
significant




	
Lack of fit

	
0.3817

	
3

	
0.1272

	
1.39

	
0.3683

	
not significant
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Table 4. Optimized operating parameters.
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Operating Parameter

	
Responses




	
Compression Speed

	
Moisture Content

	
Diameter

	
Compressive Strength

	
ECM

	
Durability




	
mm/min

	
%

	
Mm

	
N

	
%

	
%






	
Optimized conditions

	

	

	

	




	
49.54

	
7.84

	
7

	
427.77

	
17.70

	
99.24




	
Mean of experimental results

	

	

	

	




	
-

	
-

	
-

	
425.89

	
17.92

	
99.13




	
Relative error

	

	

	

	

	




	
-

	
-

	
-

	
0.43%

	
1.24%

	
0.11%
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Table 5. Rate constants (k) calculated from the first-order kinetic model on the release of K, P, and K from CF and RBF-T.
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Sample

	
Phase 1

	
Phase 2




	
Kinetics

Parameter

	
Inorganic Compound

	
Kinetics

Parameter

	
Inorganic Compound




	
N

	
P

	
K

	
N

	
P

	
K






	
CF

	
k (h−1)

	
0.0790

	
0.0614

	
0.0920

	
k (h−1)

	
0.0094

	
0.0042

	
0.007




	

	
R2

	
0.9810

	
0.9789

	
0.9326

	
R2

	
0.9956

	
0.9179

	
0.9648




	
RBF-25

	
k (h−1)

	
0.0703

	
0.0549

	
0.0659

	
k (h−1)

	
0.0154

	
0.0076

	
0.0102




	

	
R2

	
0.9655

	
0.9739

	
0.9611

	
R2

	
0.9827

	
0.9699

	
0.9834




	
RBF-65

	
k (h−1)

	
0.0692

	
0.0471

	
0.0601

	
k (h−1)

	
0.0058

	
0.0100

	
0.0105




	

	
R2

	
0.9959

	
0.9498

	
0.9683

	
R2

	
0.9659

	
0.9846

	
0.9619




	
RBF-105

	
k (h−1)

	
0.0584

	
0.0325

	
0.0435

	
k (h−1)

	
0.0091

	
0.0089

	
0.0081




	

	
R2

	
0.9371

	
0.9761

	
0.9845

	
R2

	
0.9660

	
0.9765

	
0.9875




	
RBF-145

	
k (h−1)

	
0.0422

	
0.0315

	
0.0414

	
k (h−1)

	
0.0088

	
0.0120

	
0.0024




	

	
R2

	
0.9322

	
0.9860

	
0.9495

	
R2

	
0.9819

	
0.9033

	
0.9019




	
RBF-185

	
k (h−1)

	
0.0382

	
0.0233

	
0.0342
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