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Abstract

:

Densification of ashy biochar into tablet can enhance the handling and conveyance efficiencies of biochar. It was hypothesized that fertilizer-embedded biochar tablets can slowly release embedded nutrients in synchrony with optimum nutrient uptake by crops. The objectives of this research were to determine the effects of biochar tablets with and without embedded fertilizer on soil chemical properties and nutrient use efficiency of Zea mays (sweet corn). The biochar tablet (BT) was produced by blending a biochar mixture with starch followed by densification using a single punch tablet press whereas the fertilizer embedded biochar tablet (BF) was prepared using the same procedure except that NPK fertilizer was added during blending. A pot experiment with five fertilization treatments including control was carried out in an open field located in Perlis, Malaysia. Co-application of biochar and fertilizer increased soil total carbon, nitrogen, but it reduced soil electrical conductivity (EC). Additionally, the BF significantly increased leaf chlorophyll content, dry root weight, and total plant nutrient use efficiency of sweet corn. The findings suggest that BF can serve as a slow release fertilizer to improve crop nutrient use efficiency. Therefore, embedding fertilizer in biochar tablets is recommended for sweet corn production following a long term field study to confirm the findings of this pot study.
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1. Introduction


Mineral fertilizers are major farming inputs that are used to increase crop productivity worldwide. In Malaysia, approximately 3.72 million metric tons of fertilizer was produced in 2019 [1]. Although mineral fertilizers use promptly ameliorates nutrient deficiencies in soils or plants, extensive use of chemical fertilizers in particular adversely impact the environment and crop productivity negatively. An alternative approach such as co-application of fertilizer and organic material is considered as a sustainable method for soil nutrient improvement. Oladele et al. [2] reported improvement of plant growth following co-application of biochar and fertilizers although crop yield reduction with co-application of biochar and mineral fertilizer has been reported [3,4]. These contracting findings could be associated with the fact that the effects of biochar on plant growth and development depend on biochar type, biochar production process, and biochar application rate.



Biochar has gained attention because it is widely used as soil amendment, absorbent, and energy production [5]. The quality of biochar varies with pyrolysis temperature and the type of raw materials used [6,7]. Biochar application to soils has been reported to increase nutrient retention which translates into improved the nutrient use efficiency [8]. Soil nitrogen (N) in the forms of ammonium (NH4+) and nitrate (NO3−) are commonly leached from soils into groundwater following intensive rainfall or irrigation. This process of losing N contaminates ground water and other water bodies to cause eutrophication. Sun et al. [9] reported that biochar application reduced N leaching by 23.1 to 32.4%. However, reports on the effects of biochar application on the leaching of soil inorganic N are inconsistent. Teutscherova et al. [10] reported that NH4+ leaching was increased by higher biochar application rate without fertilization, but the loss of NH4+ decreased by the lower biochar application rate with addition of fertilizer.



Although application of biochar could reduce nutrient leaching, the density of biochar is low and for example, approximately 30% of biochar are wind-blown during handling and application to soil [11]. Biochar is an ashy material to work with, but densification of biochar could reduce this undesirable property. Fertilizer-embedded biochar pellets can hold nutrients for a long time because of their smaller pore sizes and reduced total pore volume after densification [12]. A recent study demonstrated that adding fertilizer embedded biochar tablet to soil could increase the soil total nitrogen and cation exchange capacity as well [13]. This indicates that the combination of biochar and fertilizer following densification is more efficient to minimize the losses of nutrients in soil and hence improve the plant nutrient use efficiency. Nevertheless, there is lack of knowledge on the nutrient use efficiency of plants which are cultivated on soils that are amended with fertilizer embedded biochar tablets. The objective of this study was to determine the effects of biochar tablets with and without embedded fertilizer on the soil chemical properties and nutrient use efficiency of sweet corn. Therefore, we hypothesized that adoption of biochar tablet embedded with fertilizer in farming systems could simultaneously reduce nutrient loss and adverse effect of mineral salts concentration of the chemical fertilizers on plants to ensure significant improvement in nutrient use efficiency and productivity of plants.




2. Materials and Methods


2.1. Samples Collection and Preparation


The rice straw, rice husk, and rubber tree twigs used in this present study were procured from a paddy field (6.445558° N, 100.318728° E) and a rubber tree plantation (6.521817° N, 100.309526° E) in Perlis, northern Malaysia. The samples were sun-dried for 3 days after which the rubber tree twigs were cut into 2 cm using a wood chipper (RC61605, SIMA, Shandong, China) whereas the rice straw was cut into 15 cm size. The rubber tree twigs, rice straw, and rice husks were charred separately before the production of the biochar tablets with and without embedded fertilizer. Figure 1 shows a diagram of the study workflow.




2.2. Biochar Production and Preparation


Biochar was produced using a stainless steel kiln fabricated locally at the Faculty of Mechanical Engineering Technology, Universiti Malaysia Perlis, Perlis, Malaysia. The temperature was measured using an infrared thermometer (TM969, Lutron, Taipei, Taiwan) at 30 min interval (during the combustion). During charring, a maximum temperature of 500 °C was attained after one hour of ignition. Throughout the charring process, the average temperature of the kiln was approximately 340 °C. The charring process was completed in 2 h after which the charred product was collected and weighed to determine the percentage yield of the charring process. The percentage yield of the char was approximately 34%. The charred materials were ground and sieved to pass a 1 mm sieve before the biochar tablets were produced.




2.3. Biochar Tablet (BT) and Biochar Tablet Embedded with Fertilizer (BF) Production


The biochar tablet (BT) was prepared by blending a mixture of charred rice husk, charred rice straw, and charred rubber twigs at a ratio of 5:3:2, respectively with starch (20% by wt.), and water (30% by wt.) using a mixer. The ratio 5:3:2 used for blending a mixture of charred rice husk, charred rice straw, and charred rubber twigs into a tablet was based on the availability of the materials. Thereafter, the mixture was heated at 100 °C for 5 min using a water bath (MaXturdy™ 30, Daihan, Seoul, Korea) followed by a densification step using single press tablets (MTB3, Micro-Tec, East Sussex, England) with a punch weight of 0.4 tons. Tablets which were 6 mm in height and 10 mm in diameter were produced. The BT was oven dried at 60 °C for one hour after which it cooled and kept in an air-tight container. The same procedure was used to produce the biochar tablet embedded fertilizer (BF) except that NPK fertilizer (5:3:3) was added to the mixture after water bath heating at 100 °C for five minutes. The biochar to fertilizer ratio was 2:1. The pictures of BT, BF, and NPK were displayed in Figure 2.




2.4. Chemical Characterization of Biochar Tablet (BT), Biochar Tablet Embedded with Fertilizer (BF), and NPK Fertilizer


The pH and electrical conductivity (EC) of BT, BF, and NPK were determined using a pH meter (PB10, Sartorius, Taguig, Philippines) and a conductivity meter (EC3000, STEP Systems GmbH, Nurnberg, Germany) respectively. Total carbon (TC) and total nitrogen (TN) of BT and BF were determined using a CNS analyzer (TruSpec, LECO Corporation, St. Joseph, MI, USA) while the dry ashing method was adopted for the content determination of phosphorus (P), potassium (K) for BT and BF. The NPK fertilizer was sent for total nitrogen, phosphorus and potassium content determination based on the AOAC Official Method 955.04, 958.01, and 965.09. Data for selected chemical properties of BT, BF, and NPK fertilizer was presented in Table 1.




2.5. Pot Experiment


A pot study was conducted in an open field located at Arau, Perlis, Malaysia (6.446950° N, 100.321475° E). Plastic pots measuring 32 cm (height) × 28 cm (diameter) were used and each pot was filled with 9.6 kg air-dried soil. The soil chemical properties were also determined before planting (Table 2). Rainfall data was collected using a rain gauge and the precipitation from April to May 2018 (53 days after planting) was approximately 469 mm.



There were 5 fertilization treatments including a control. The experiment was conducted using a completely randomized design with 5 replications. A mineral clay soil (Malacca series, Oxisol) was used in the experiment. The test crop used in this present study was F1 hybrid sweet corn variety 516. The crops were irrigated with tap water and the soil moisture was maintained at 60% field capacity. The amounts of ammonium sulfate (AS), triple superphosphate (TSP), and muriate of potash (MOP) used were based on the rates recommended by the Department of Agriculture, Malaysia. The rates used in this study were a scale down of the standard fertilizer recommendation for the test crop. Treatment T3 was based on the standard recommendation of biochar and fertilizer for the test crop. The application rates of fertilizer were reduced in T4 and the application rate for T5 was a proportion of biochar to fertilizer in 2:1 ratio. The proportionate treatments T3, T4, and T5 were varied to determine the best co-application rate for improving the plant nutrient use efficiency and soil quality. The amounts of AS, TSP, and MOP used were 90 kg ha−1 N, 60 kg ha−1 P2O5, and 60 kg ha−1 K2O, respectively. The fertilizer application was scaled down to per pot basis as follows:




	
T1: soil only (control);



	
T2: 36 g of mixture of NPK fertilizer;



	
T3: 67 g (36 g of mixture NPK fertilizer + 31 g biochar tablet);



	
T4: 67 g (29 g of mixture NPK fertilizer + 38 g biochar tablet);



	
T5: 67 g of biochar tablet embedded fertilizer with 2:1 ratio (23 g of NPK embedded 44 g of biochar tablet).








The fertilizers were surface applied at 10 and 27 days after planting (DAP). The sweet corn plants were grown for 53 days after planting (tasseling stage) because this growth stage is the maximum sweet corn plant growth stage before their reproductive stage. Before harvesting, the chlorophyll contents of the sweet corn plants were measured using a SPAD chlorophyll meter (SPAD-502, Konica Minolta, Osaka, Japan). At tasseling (53 days after planting), the sweet corn plants were harvested and partitioned into leaves, stems, roots, and flowers. Thereafter, they were cleaned, and oven-dried at 60 °C until constant weight was attained. Afterwards, the dry weight of the leaves, stems, roots, and flowers weight were determined using a digital weighing machine (UWA-C015, Accutec, Taipei, Taiwan). In addition, at 53 DAP, soil samples were taken from 0–15 cm depth of the pots (immediately after harvesting the sweet corn plants) and air-dried, ground and sieved less than 2 mm for chemical analysis. pH and electrical conductivity (EC) of the soil were determined using a pH meter (PB10, Sartorius, Taguig, Philippines) and a conductivity meter (EC3000, STEP Systems GmbH, Nurnberg, Germany), respectively. The soil and water ratio for the determination of pH and EC was 1:5 (v/v). Ammonium acetate (NH4OAc) shaking method [14] was used to determine the exchangeable potassium (K), calcium (Ca), magnesium (Mg), and cation exchange capacity (CEC) of the soil. The extracted ammonium was determined for CEC using an auto-analyzer (QuikChem 8000 Series FIA+ System, Lachat Instruments, Loveland, CO, USA) while the soil exchangeable cations were measured in the NH4OAc extract by atomic absorption spectrometry (AAS) (AAnalyst 400; PerkinElmer, Waltham, MA, USA). Bray P-II method was used to extract the soil available phosphorus [15] and the P in the extract was determined using inductively couple plasma optical emission spectrometer (ICP-OES) (Optima 8300, PerkinElmer, Waltham, MA, USA). Total carbon (C) and N were determined using the dry combustion method. The analytical machine used for this analysis was a CNS analyzer (TruSpec, LECO Corporation, St. Joseph, MI, USA).



The total N in sweet corn plants’ tissues was determined using the dry combustion method and the analytical machine used for this analysis was a CNS analyzer (TruSpec, LECO Corporation, St. Joseph, MI, USA). Total P and K were extracted using the dry ashing method [16] after which the P and K contents in the extract were determined using AAS (AAnalyst 400, PerkinElmer, Waltham, MA, USA). The concentrations of N, P, and K in the plant parts multiplied by their dry weight gave the amount of N, P, and K taken up by the plant parts. The fertilizer nutrient use efficiency (NUE) was calculated using the formula of Pomares-Gracia and Pratt [17]:


   % NUE  =   TNF − TNU   RFA   × 100 ,  



(1)




where,



	
TNF = total nutrient uptake of fertilized plants (g) (T2, T3, T4 and T5),



	
TNU = total nutrient uptake of unfertilized plants (g) (T1), and



	
RFA = rate of fertilizer applied (g).







2.6. Statistical Analysis


Analysis of variance (ANOVA) was used to determine the significant effects of treatments whereas the treatment means were compared using the Tukey’s test at p ≤ 0.05. The Statistical Analysis System (SAS) software version 9.2 was used for the statistical analysis.





3. Results


3.1. Selected Chemical Properties of Soil after Planting Sweet Corn


The pH of the soil only (T1) was the highest whereas the lowest pH was recorded for T5. The soil pH for T2, T3, and T4 was not significantly different. The highest EC was recorded for T2 (fertilizer application only). The treatments with biochar (T3, T4, and T5) showed lower soil EC values while soil only (T1) showed the lowest EC. The co-application of biochar tablet and NPK fertilizer (T4 and T3) significantly increased soil total C followed by T5, T1, and T2 (Table 3). Total N of soil only (T1) was the lowest followed by T2, T3, T5, and T4.



Among the treatments, soil available P for T1 and T5 were lower compared with those of T2, T4, and T3. The soil with T3 improved exchangeable K compared with other treatments although total K use efficiency of sweet corn with T3 was lower than T5. The soil exchangeable K was low with T1 and T5. Nevertheless, no significant differences were recorded for the soil exchangeable Ca, Mg, and CEC among the treatments at 53 DAP.




3.2. Biochar Tablets with and without Embedded Fertilizer on Leaf Chlorophyll Content


Our study revealed that the plants which were treated with T5 demonstrated the highest leaf chlorophyll content. The leaf chlorophyll content of T1 was the highest followed by T4 (Figure 3). T1 showed the lowest leaf chlorophyll content while T2 and T3 showed no significant difference.




3.3. Sweet Corn Plant Growth


Table 4 shows the dry weight of the sweet corn plants at 53 days after planting. Soil only (T1) exhibited the lowest dry weight and nutrient use efficiency (leaves, stem, and roots) (Figure 4). The dry weight of leaves for T5 and T4 were significantly higher than those of T3, T2, and T1. A similar trend was observed for the dry weights of stem where T5 and T4 showed the highest values. The dry weight of stems for T1 was the lowest followed by T2 and T3. (Table 4)



Treatment T5 significantly increased the roots of the sweet corn compared with those for T4, T3, T2, and T1. The sweet corn plants without fertilizer (T1) did not tassel compared with those which were fertilized with NPK fertilizer (T2). Furthermore, the results demonstrated that the combination of biochar tablet and mineral fertilizer (T3, T4, and T5) significantly affected flowering tassels.




3.4. Nutrients Uptake in Leaves, Stems, Roots, and Flowering Tassels of Sweet Corn


The highest N uptake occurred in the sweet corn plant leaves and stems for T4 followed by T5, T3, T2, and T1. In comparison to other treatments, the lowest amount of fertilizer embedded in the biochar tablet (T5) increased N uptake by the sweet corn plant roots, whereas the N taken up by roots of the sweet corn plants with T1 was the lowest. Soil only could not significantly improve N uptake during flowering tassels because biochar and fertilizer were not used compared with T5 < T4 < T3 < T2 which had biochar and NPK fertilizer.



Treatment 4 increased P uptake by the leaves of the sweet corn followed T2, T3, and T5. Treatment T1 had the lowest effect on P uptake by the stem of the sweet corn plants. The effects of T2, T3, T4, and T5 on P uptake by the stem of the sweet corn plants were similar (Table 5). The roots of T4 exhibited the lowest P uptake compared with T2, T3, and T5. At the tasseling stage of the sweet corn plants, the co-application of biochar and NPK fertilizer (T3, T4, and T5) significantly increased P uptake compared with NPK alone (T2).



The higher K uptake was observed in the leaves and stems caused by T4 and T5 whereas T2 (NPK fertilizer only) caused the highest K uptake in the roots of the sweet corn plants. The results revealed that T3, T4, and T5 significantly increased K uptake in flowering tassels in relative to T2 and T1. In comparison to treatments with biochar, higher K uptake by the aboveground biomass was observed in T3, T4, and T5 during the initiation of flowering tassels of sweet corn (Table 5).




3.5. Effects of Treatments on Nutrients Use Efficiency in Leaves, Stems, Roots, and Flowering Tassels of Sweet Corn


In this present study, the NPK fertilizer embedded with the biochar tablet (T5) significantly increased N, P, and K use efficiency in all of the parts of sweet corn plants (Table 6 and Table 7). For T5 (biochar embedded with the lowest amount of NPK), the distribution the N use efficiency was in the order of: leaves, stem, roots, and flowering tassels of sweet corn. Additionally, the total N, P, and K uses efficiency of the sweet corn significantly increased with the biochar embedded with fertilizer (Table 7). On the contrary, the lower total N, P, and K uses efficiency were recorded for T2 that is, the treatment with fertilizer amendment only (Table 7). Overall, total N, P, K use efficiency of sweet corn caused by treatments followed the order: T5 > T4 > T3 > T2.





4. Discussion


The constant input of chemical fertilizer in soil could adversely influence the soil quality. Biochar, a carbon rich solid organic material, has been suggested to improve soil pH and soil fertility [18]. In the present study, this light density of biochar was densified into tablet to ease for the handling and transportation. A high pH in BT was consistent with the pH of biochar obtained by Leng et al. [19], who also studied biochar production by combustion at low temperature and long residence time. Mixing NPK with the biochar decreased the pH of BF, which was likely due to generation of sulfuric acids after the binding reactions between the oxygenated functional groups of biochar surfaces and ammonium sulfate [20]. Mixing NPK fertilizers created a very low pH and high EC in fertilizer microsite which could retard the plant growth. High mineral salts in NPK contributed to the high EC in BF. The EC value of BT fell in the range of biochar EC value reported by Limvikran et al. [21]. The highest total nutrients found in NPK was correlated with the soluble fertilizer sources. Therefore, blending of fertilizer with the BF led to higher concentration of total nitrogen, phosphorus, and potassium relative to BT. It is essential for the BFs to contain ample amounts of essential plant nutrients, which could supplement the sole biochar application or conventional fertilizers.



The pH of soil used in this study falls in the range of Oxisol soil reported by Ndzana et al. [22] and it is ideal for corn plant growth [23]. The results were in consensus with Shibata et al. [24] who also reported that Oxisol soil has low total C and N. It appears that soil available P was very low to meet the plant demand [25]. Similarly, low content of exchangeable K, Ca, Mg, and CEC were found in the soil before sweet corn planting. The soil CEC of this study falls in the range of CEC compiled in Oxisol soil by Xu et al. [26]. The data in Table 2 indicates the soil used in the pot experiment was infertile and additional nutrients were needed for a healthy plant growth.



Application of NPK fertilizer and biochar (T2, T3, T4, and T5) significantly decreased the soil pH and this finding is inconsistent with that of Oladele et al. [2] who reported an increase in soil pH using biochar. The decrease in the soil pH is related to the ammonium sulfate used in this present study because it might have released the hydrogen ions during nitrification because this chemical reaction deceases soil pH [27]. The soil pH for T5 suggests the role of fertilizer embedded in biochar tablet improved soil microbial activities, accelerated nitrification rates, and ammonium uptake by the sweet corn plants such that these processes led to soil acidification. High application rate of biochar favors nitrification. High application rate of biochar which specifically favors the nitrification activity of microbes has also been reported by He et al. [28]. The higher EC for T2 (fertilizer application only) is typical of NPK fertilizers because of their mineral salts content. The treatments with biochar (T3, T4, and T5) showed lower soil EC values because the adsorption sites of the biochar reacted with the soluble salts for a new equilibrium. Among the treatments, soil only (T1) showed the lowest EC because of lower salts.



The co-application of biochar tablet and NPK fertilizer (T4 and T3) significantly increased soil total C because of the inherent content of C in the biochar tablet (Table 1). Dong et al. [29] also reported increase in soil C with increasing biochar application. On the contrary, the biochar tablet embedded fertilizer application (T5) demonstrated lower soil total C. This is because the oxidized compounds on the surface of the biochar tablet embedded with fertilizer (T5) which reacted with mineral fertilizer might have shifted the non-labile C compounds to more labile C compounds [30] followed by them being decomposed by the soil microorganisms. The highest soil total N in T4 was due to the higher amount of the biochar in the biochar tablets (38 g). This observation agrees with the findings of Thangarajan et al. [31] who also reported that high amount of biochar increases sorption of N on biochar surfaces in the soil compared N fertilizer only. Nitrogen use without amendments such as biochar does not prevent, for example, ammonium from being leached from soils particularly during rainfall.



The lower available P of T1 was due to no P fertilizer application whereas that for T5 was because the applied P was efficiently taken up (this treatment demonstrated the highest P use efficiency) and utilized by the sweet corn plants for growth and development. Moreover, the fact that T5 had the highest effect on the dry weight of the sweet corn roots suggests the viability of the roots of this crop played a significant role in the improved productivity of the sweet corn plants. Although the highest soil available P was observed in T3, total P use efficiency of the sweet corn with this treatment was lower compared with those with T4 and T5 due to the high EC associated with T3. High soil EC hinders nutrient uptake because it increases osmotic pressure of the soil nutrient solution [32].



The total K use efficiency of T3 was similar to the total P use efficiency, suggesting that unbalanced use of fertilizers can increase stress of plants to a level that could limit them from taking nutrients efficiently. Nevertheless, no significant differences were recorded for the soil exchangeable Ca, Mg, and CEC among the treatments at 53 DAP. These findings contrasted those of Jien and Wang [33] and Wang et al. [34] who reported increase in soil CEC, exchangeable Ca, and K following application of biochar to the acidic alfisols soil. In this present study, densification of fine biochar particles which caused reduction in the surface area and porous characteristics of the biochar explains why this amendment could not significantly increase soil CEC, exchangeable Ca, and Mg.



Allen Dray Jr et al. [35] reported a strong relationship between leaf chlorophyll content and tissue N levels of plants. The plants which were treated with T5 demonstrated the highest leaf chlorophyll content suggesting higher photosynthesis [36]. Additionally, it adds credence to the ability of the biochar tablet with embedded fertilizer to increase N uptake by plant and concentration of photosynthetic pigments in leaves to the extent that these effects translated into higher biomass production in T5. The leaves chlorophyll contents for T1, T2, T3, and T4 were within the range reported by Yuan et al. [37]. There was no additional fertilizer and biochar explaining T1 had the lowest dry weight and nutrient use efficiency (leaves, stem, and roots). A lower dry weight of plants was observed in T2 which indicates the high mineral salts deposit to soil can impede crop growth and development through osmotic and specific ion stresses in addition reducing nutrient uptake [38]. Conversely, the amount of NPK fertilizer that was reduced in T4 and T5 showed better dry weight of leaves and stems among the treatments. This was possibly due to a higher biochar rate increasing the adsorption sites of the biochar reacted with the soluble salts in soils towards a new equilibrium [39] and thereby reduced the effect of fertilizer on the soil salinity. The ability of the biochar tablets to reduce salinity of the soluble mineral salts released by the NPK fertilizer explains the lower values of the EC of the soils with T4 and T5. In addition, treatment T5 significantly increased the roots of the sweet corn. This observation is comparable to that of Cao et al. [40], who also reported highest root activity when N fertilizer was applied at a lower levels in a biochar-amended soil. It was apparent that the sweet corn plants got stunted out of insufficient nutrient supply in T1. Furthermore, the combination of biochar tablet and mineral fertilizer (T3, T4, and T5) significantly affected flowering tasseling. This was possible because the biochar stimulated microbial activity in addition to releasing the nutrients in the biochar tablets slowly for timely uptake by the sweet corn plants [41]. Additionally, the high K of the biochar (ash produced during pyrolysis) accelerated flowering of the tassel inflorescences [42]. Pandit et al. [43] also reported increased K upon biochar addition to soil increased maize grain yield.



The nutrient uptake of the sweet corn plants without fertilization was poor because nutrient deficiency stunted plants. The highest N uptake occurred in the sweet corn plant leaves and stems for T4 followed by T5, T3, T2, and T1. This indicates that optimum biochar tablet application improved soil total N and this resulted in the improved N uptake in the leaves and stems of plants [40]. High doses of biochar tablets significantly increased the soil total N in T4 (Table 3) and this increased the N uptake of leaves and stems. The possible reason is that high doses of biochar increased more surface functional groups to retain ammonium for soil N improvement [44].



In comparison to other treatments, the lowest amount of fertilizer embedded in the biochar tablet (T5) increased N uptake by the sweet corn plant roots, suggesting that biochar densification with low amounts of fertilizer is an effective means of reducing the inhibition effect of high N on plant root viability. Soil only could not significantly improve N uptake during flowering tassels because biochar and fertilizer were not used. Treatment T5 significantly increased N uptake during the tasseling stage, it enhanced rapid flower initiation because sufficient amount of N was used for the sweet corn plant reproductive structure. The reduction in N uptake by leaves and stems of the sweet corn plant which received T5 was due to allocation of a significant amount N for the reproductive structures during the reproductive period [45].



Treatment 4 increased P uptake by the leaves of the sweet corn followed T2, T3, and T5. The highest N uptake was also observed in the leaves of T4 (Table 5). These findings are consistent with those of Razaq et al. [46] and Long et al. [47] who also reported that N promotes P in plant uptake by increasing the aboveground biomass growth of plants. The roots of T4 exhibited the lowest P uptake compared with T2, T3, and T5. High accumulation of P in the leaves might have slowed down the P uptake by the roots with T4 as energized transport of P from soil to plant is responsive to the P starvation in the plants [48]. At the tasseling stage of the sweet corn plants, the co-application of biochar and NPK fertilizer (T3, T4, and T5) significantly increased P uptake compared with NPK alone (T2) partly because the high K of the biochar might have accelerated tasseling [41]. The higher K in the leaves and stems caused by T4 and T5 indicates that co-application of optimum amount of biochar and NPK improves K uptake in the leaves and stems of the sweet corn plants. Although biochar tablets improve soil K availability [49], in this present study, T2 (NPK fertilizer only) caused the highest K uptake in the roots of the sweet corn plants. Potassium uptake by roots mainly depends on the growth rate of plants. High allocation of K in the roots of T2 could be ascribed to sustain the life cycle of the plant. In comparison to treatments with biochar, higher K uptake by the aboveground biomass was observed in T3, T4, and T5 during the initiation of flowering tassels of sweet corn (Table 5). Therefore, high K allocation in the roots of T2 indicates that a slow K translocation to the vegetative and reproductive parts would slow down the development of new tissues and ears. This result explains the lowest K uptake in flowering tassels of T2.



Low nutrient use efficiency (NUE) of inorganic fertilizers does not only cause low crop yield but it also increases production cost and environmental pollution. Therefore, improving the efficiency of fertilizer use is of utmost importance for developing sustainable agriculture. In this present study, the NPK fertilizer embedded with the biochar tablet (T5) significantly increased N, P, and K use efficiency in all of the parts of sweet corn plants (Table 6 and Table 7). These findings suggest the potential of the biochar tablets embedded with fertilizer to increase sweet corn plants productivity. On the contrary, the lower total N, P, and K uses efficiency were recorded for T2 that is, the treatment with fertilizer amendment only and this could be attributed to the EC of T2 as earlier discussed that it impeded the growth and development of the roots of the sweet corn plants.




5. Conclusions


Co-application of biochar and fertilizer increases soil total carbon, nitrogen, but reduced soil EC. The BF significantly increased leaf chlorophyll content, dry root weight, and total plant nutrient use efficiency of sweet corn. Fertilizer only had the lowest effect on the total nutrient uptake efficiency of sweet corn. The findings suggest that BF can serve as a slow release fertilizer not only to improve nutrient use efficiency that improves soil and crop productivity but it will also reduce leaching of nutrients into water bodies to cause for example, eutrophication. Therefore, embedding fertilizer in biochar tablets is recommended for sweet corn production following a long term field study to confirm the findings of this pot study.
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Figure 1. Workflow diagram of the study. 
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Figure 2. Images of biochar tablet (BT), biochar tablet embedded with fertilizer (BF), and NPK. 
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Figure 3. Effects of biochar tablets with and without embedded fertilizer on the leaves’ chlorophyll contents. Bars represents values of five replicates and contain standard error of means (n = 5). Bars with different letters differ significantly from each other at p < 0.05. 
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Figure 4. Sweet corn plant growth at 53 days after planting. T1: Soil only; T2: 36 g of mixture of NPK fertilizer; T3: 67 g (36 g of mixture NPK fertilizer + 31 g biochar tablet); T4: 67 g (29 g of mixture NPK fertilizer + 38 g biochar tablet); T5: 67 g of biochar tablet embedded fertilizer (23 g of NPK embedded 44 g of biochar tablet). 
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Table 1. Selected chemical properties of biochar tablets (BT), fertilizer embedded in biochar tablet (BF) and NPK fertilizer.
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	Chemical Properties
	BT
	BF
	NPK





	pH
	9.34 ± 0.01
	5.92 ± 0.02
	3.35 ± 0.04



	Electrical conductivity (mS cm−1)
	3.78 ± 0.04
	41.16 ± 0.76
	90.9 ± 0.90



	Total carbon (%)
	48.49 ± 0.12
	32.35 ± 0.42
	n.a



	Total nitrogen (%)
	0.75 ± 0.01
	4.96 ± 0.11
	13.73 ± 0.27



	Total phosphorus (%)
	0.07 ± 0.01
	0.36 ± 0.01
	4.40 ± 0.10



	Total potassium (%)
	1.23 ± 0.09
	2.45 ± 0.06
	8.28 ± 0.23







Values are means of three replicates followed by ± standard error of means (n = 3).
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Table 2. Selected chemical properties of soil before planting sweet corn.
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	Chemical Properties
	Soil





	pH
	5.66 ± 0.03



	Electrical conductivity (mS cm−1)
	0.05 ± 0.01



	Total carbon (g kg−1)
	7.47 ± 0.33



	Total nitrogen (g kg−1)
	1.00 ± 0.06



	Available P (mg kg−1)
	0.25 ± 0.03



	Exchangeable K (cmol(+) kg−1)
	0.12 ± 0.02



	Exchangeable Ca (cmol(+) kg−1)
	6.82 ± 0.40



	Exchangeable Mg (cmol(+) kg−1)
	1.53 ± 0.45



	CEC (cmol (+) kg−1)
	10.52 ± 0.42







Values are means of three replicates followed by ± standard error of means (n = 3).
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Table 3. Selected chemical properties of soil at 53 days after planting of sowing corn.
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Chemical Properties

	
Treatments




	
T1

	
T2

	
T3

	
T4

	
T5






	
pH

	
5.59 ± 0.05 a

	
4.81 ± 0.03 b

	
4.85 ± 0.02 b

	
4.95 ± 0.04 b

	
4.53 ± 0.07 c




	
EC (mS cm−1)

	
0.04 ± 0.01 d

	
0.38 ± 0.01 a

	
0.32 ± 0.01 b

	
0.27 ± 0.02 c

	
0.28 ± 0.01 c




	
Total C (g kg−1)

	
7.90 ± 0.20 c

	
7.80 ± 0.20 c

	
40.20 ± 1.01 a

	
44.80 ± 0.76 a

	
28.83 ± 2.45 b




	
Total N (g kg−1)

	
1.07 ± 0.03 d

	
1.43 ± 0.03 c

	
1.90 ± 0.06 b

	
2.13 ± 0.07 a

	
1.87 ± 0.03 b




	
Available P (mg kg−1)

	
0.24 ± 0.04 e

	
50.58 ± 0.64 c

	
70.31 ± 1.43 a

	
54.75 ± 0.96 b

	
10.76 ± 0.63 d




	
Exchangeable K (cmol(+) kg−1)

	
0.12 ± 0.01 c

	
0.49 ± 0.01 ab

	
0.65 ± 0.13 a

	
0.49 ± 0.07 ab

	
0.28 ± 0.02 bc




	
Exchangeable Ca (cmol(+) kg−1)

	
7.17 ± 1.15 a

	
7.50 ± 0.33 a

	
7.41 ± 0.04 a

	
7.66 ± 0.70 a

	
5.73 ± 0.05 a




	
Exchangeable Mg (cmol(+) kg−1)

	
0.69 ± 0.09 a

	
0.58 ± 0.02 a

	
0.55 ± 0.01 a

	
0.63 ± 0.08 a

	
0.50 ± 0.01 a




	
CEC (cmol (+) kg−1)

	
11.08 ± 1.33 a

	
12.94 ± 1.45 a

	
11.59 ± 0.83 a

	
13.11 ± 1.08 a

	
11.78 ± 0.52 a








Values are means of three replicates followed by ± standard error of means (n = 3). In each row, values with different letters differ significantly from each other at p < 0.05.
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Table 4. Effects of treatments on dry weights of sweet corn plants at 53 days after planting.
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Treatments

	
Leaves

	
Stems

	
Roots

	
Flowering Tassels




	
g

	






	
T1

	
3.59 c ± 0.13

	
2.62 d ± 0.14

	
1.68 c ± 0.05

	
n.a




	
T2

	
23.11 b ± 0.53

	
33.44 c ± 0.67

	
13.31 b ± 0.81

	
5.30 b ± 0.33




	
T3

	
23.14 b ± 0.38

	
40.27 b ± 0.55

	
14.08 b ± 0.74

	
9.01 a ± 0.52




	
T4

	
33.69 a ± 0.72

	
57.66 a ± 2.03

	
15.03 b ± 0.22

	
10.22 a ± 0.34




	
T5

	
33.94 a ± 1.70

	
57.89 a ± 2.15

	
24.66 a ± 0.48

	
10.27 a ± 0.35








Values are means of three replicates followed by ± standard error of means (n = 3). In each column, values with different letters differ significantly from each other at p < 0.05.
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Table 5. Nitrogen, phosphorus, and potassium uptake in leaves, stems, roots, and flowering tassels of sweet corn.






Table 5. Nitrogen, phosphorus, and potassium uptake in leaves, stems, roots, and flowering tassels of sweet corn.





	
Treatment

	
Nutrients Uptake (mg/Plant)




	
N

	
P

	
K






	

	
Leaves




	
T1

	
59.00 d

	
3.99 c

	
43.64 c




	
T2

	
623.97 c

	
77.03 ab

	
363.75 b




	
T3

	
624.78 c

	
67.03 b

	
353.43 b




	
T4

	
898.40 a

	
86.13 a

	
502.09 a




	
T5

	
763.65 b

	
68.56 b

	
499.60 a




	

	
Stems




	
T1

	
31.27 e

	
4.23 b

	
30.43 d




	
T2

	
727.88 d

	
76.35 a

	
543.96 c




	
T3

	
883.26 c

	
100.68 a

	
642.98 b




	
T4

	
1226.24 a

	
125.70 a

	
891.81 a




	
T5

	
1040.09 b

	
81.43 a

	
858.70 a




	

	
Roots




	
T1

	
12.54 d

	
0.94 c

	
3.59 d




	
T2

	
160.61 bc

	
13.98 a

	
83.94 a




	
T3

	
153.47 c

	
15.16 a

	
68.52 b




	
T4

	
173.35 b

	
11.47 b

	
51.35 c




	
T5

	
238.38 a

	
15.21 a

	
56.97 c




	

	
Flowering Tassels




	
T1

	
n.a

	
n.a

	
n.a




	
T2

	
188.68 d

	
23.00 b

	
46.87 b




	
T3

	
395.99 c

	
32.80 a

	
67.22 a




	
T4

	
461.43 b

	
34.37 a

	
72.90 a




	
T5

	
496.04 a

	
37.04 a

	
76.92 a








Values are means of three replicates followed by ± standard error of means (n = 3). In each column, values with different letters differ significantly from each other at p < 0.05.
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Table 6. Nitrogen, phosphorus, and potassium use efficiency in leaves, stems, roots, and flowering tassels of sweet corn.
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Treatments

	
Nutrients (%)




	
N

	
P

	
K






	

	
Leaves




	
T2

	
2.35 c

	
1.04 b

	
6.40 c




	
T3

	
2.37 c

	
0.90 b

	
6.19 c




	
T4

	
4.35 b

	
1.44 a

	
11.40 b




	
T5

	
4.79 a

	
1.49 a

	
14.91 a




	

	
Stem




	
T2

	
2.90 d

	
1.02 b

	
10.27 d




	
T3

	
3.55 c

	
1.36 ab

	
12.25 c




	
T4

	
6.19 b

	
2.18 a

	
21.38 b




	
T5

	
6.86 a

	
1.83 ab

	
27.13 a




	

	
Roots




	
T2

	
0.62 c

	
0.18 b

	
1.61 a




	
T3

	
0.59 c

	
0.20 b

	
1.30 b




	
T4

	
0.83 b

	
0.20 b

	
1.18 b




	
T5

	
1.54 a

	
0.34 a

	
1.76 a




	

	

	
Flowering Tassels

	




	
T2

	
0.78 d

	
0.33 d

	
0.94 d




	
T3

	
1.65 c

	
0.47 c

	
1.35 c




	
T4

	
2.36 b

	
0.61 b

	
1.81 b




	
T5

	
3.37 a

	
0.87 a

	
2.51 a








Values are means of three replicates followed by ± standard error of means (n = 3). In each column, values with different letters differ significantly from each other at p < 0.05.
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Table 7. Total nitrogen, phosphorus, and potassium use efficiency of sweet corn.
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Treatment

	
Nutrients (%)




	
N

	
P

	
K






	
T2

	
6.66 d

	
2.58 b

	
19.22 d




	
T3

	
8.16 c

	
2.93 b

	
21.09 c




	
T4

	
13.74 b

	
4.42 a

	
35.76 b




	
T5

	
16.56 a

	
4.53 a

	
46.32 a








Values are means of three replicates followed by ± standard error of means (n = 3). In each column, values with different letters differ significantly from each other at p < 0.05.
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