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Abstract

:

Acidic cations such as Al, Fe, and Mn tend to fix P in soils, and this reaction make P unavailable for plant uptake. Several conventional strategies for farmers had been proposed to ameliorate Al toxicity either via liming or continuous P fertilization. However, these approaches are not only expensive but are also environmental unfriendly. Thus, a sorption study was carried out using charcoal and sago bark ash as soil amendments to determine their effects on P sorption characteristics of low pH soils. Phosphorus sorption determination was based on standard procedures and the P adsorption data for the samples tested in this study were fitted to the Langmuir equation. The results suggest that the combined use of charcoal and sago bark ash decreased P adsorption and increased P desorption relative to the untreated soils. Organic matter in the charcoal reduced P sorption by providing more negatively charged surfaces, thus increasing anion repulsion. Apart from increasing the amount of P adsorbed in the soil, the use of the sago bark ash increased the amount of P desorbed because the primary reaction between the sago bark ash and soils is an acid neutralization reaction. These improvements do not only reduce P fixation in acid soils but they also promote the effective utilization of nutrients via the timely release of nutrients for maximum crop production. In conclusion, the incorporation of charcoal and sago bark ash to the soil had a positive effect on replenishing the soil solution’s P. The organic matter of the charcoal reduces P sorption capacity by blocking P binding sites, increasing the negative electric potential in the plane of adsorption, causing steric hindrance on the mineral surfaces and decreasing goethite and hematite-specific surface areas. However, there is a need for the inclusion of more soil chemical, physical, and mineralogical properties in predicting soil P sorption to enhance the reliability of the findings.
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1. Introduction


Adsorption and desorption reactions are considered as key aspects of the chemical behaviour of P in soils [1]. Phosphorus adsorption is the process of removing phosphate ions from the solution and binding them to soil components [2,3], whereas P desorption is the process of returning bound soil P to the solution [4]. Phosphorus adsorption is determined by the availability of native soil P and the amount of P applied to soils as fertilizers. When soluble P compounds are applied to the soil, they undergo a series of complex reactions that can reduce P availability to crops. Thus, P compounds often react rapidly with other soil minerals by precipitation and adsorption onto the soil’s solid particle surfaces. Furthermore, the adsorption reaction is one of the principal processes involved in the retention of P on soil surfaces. Depending on the capacity of the soil to replenish the soil solution P, the P removed from the soil solution by plant root needs to be replaced. The P removed from the soil solution can be replaced via the desorption of sorbed P, P released from soil organic matter via the mineralization of soil organic matter or added organic inputs, and via the application of P fertilizer to the soil. According to Guedes et al. [5], the addition of organic matter to soils can be an efficient strategy to optimize P fertilization by reducing P sorption and enhancing sorbed P reversibility.



The main factors which affect maximum soil P adsorption capacity include pH, clay mineralogy, types of Fe and Al oxide content, particle size distribution, the crystallinity of soil oxide, and the quality and quantity of organic matter [6,7,8,9]. In high pH environments, the strength of P sorption–desorption is significant but not as severe as in acid conditions. This is because in acid soils, plant P uptake is very low, which is reflected in the low recovery P-fertilizer rates of 5 to 25% [10]. Phosphate adsorption isotherms can be defined as the quantitative equilibrium relationships between the amounts of adsorbed and dissolved phosphate species at constant temperatures [11]. Phosphate sorption isotherms are crucial for determining the interaction of P anions with oxides and soil, and they have been used to quantify soil adsorption capacity. Adsorption is usually characterized by fitting the adsorption isotherm and their mathematical description using one or more adsorption equations [12]. Langmuir, Freundlich, Brunauer–Emmett–Teller (BET), Dubinin–Radushkevich, and Temkin isotherm adsorption isotherms are commonly used isotherms for understanding the relationship between the adsorbate (applied nutrients) and adsorbent (soil or amendment) [13,14].



The mechanism underlying the altered P availability caused by the application of compost, biochar, manure, crop residues, and zeolite to soils has been extensively explored [15,16,17,18]. However, to date, the use of charcoal and sago bark ash as soil amendments received considerable interest because little literature exists on P sorption characteristics of these amendments. Thus, it is hypothesized that amending charcoal and sago bark ash to soils will enhance P availability by increasing soil pH and reversing P fixation to provide readily and timely available P. This is possible because of the presence of humic substances in the charcoal with functional groups such as R-COO-, R-C=O, R-COH, and R-SH. These functional groups are capable of adsorbing detrimental ions (Al3+ and Fe2+), resulting in delayed P adsorption or precipitation in soils [19,20]. Furthermore, the reaction is enhanced by the increase in soil pH because of the application of the sago bark ash. The pertinent research question this study addressed is how much P can be adsorbed and desorbed by charcoal and sago bark ash in response to the soil solution’s equilibrium? Understanding the basic P chemistry and interactions in soils would enable designing appropriate agronomic management strategies and predict the amount of fertilizers required in applications in soils. Therefore, the objective of this sorption study was to determine the ability of charcoal and sago bark ash to regulate P adsorption and desorption in highly weathered acid soil.




2. Materials and Methods


2.1. Soil Sampling and Preparation


The soil used in this present study was collected from an uncultivated secondary forest at Universiti Putra Malaysia Bintulu Sarawak Campus (UPMKB) with geographical coordinates of 3°12′20″ N, 113°04′20″ E (Figure 1). The soil belongs to the Bekenu series (Typic Paleudults). This soil series was selected because it is commonly cultivated with different crops in Malaysia despite its acidity high P fixation characteristics. The high P fixation is due to its high Al and Fe contents. The area has an elevation of 27.3 m, an annual rainfall of 2993 mm, a mean temperature of 27 °C, and relative humidity of approximately 80%. The soil was randomly sampled at 0–20 cm depth. Thereafter, the soil samples were air-dried, crushed, and sieved to pass through a 5 mm sieve to remove twigs, plant roots, and ironstone concretions. Afterwards, the soil samples were bulked and homogenized before being used for the sorption study.




2.2. Soil, Charcoal, and Sago Bark Ash Characterization


The soil was analyzed for its bulk density using coring methods [21]. The texture of the soil was determined using the hydrometer method [22]. The soil pH in water and KCl and soil electrical conductivity (EC) were determined in a 1:2.5 (soil: distilled water / KCl) using a digital pH meter and a digital EC meter [23]. The soil pH in water represents the acidity of the soil solution, whereas the soil pH in KCl indicates the acidity of the soil solution and the reserve acidity of the soil colloids. The soil’s total carbon was calculated as 58% of the organic matter and determined using the loss on ignition method [24]. Total N was determined using Kjeldahl method [25]. The soil’s cation exchange capacity (CEC) was determined using the leaching method [26] followed by steam distillation [25]. Soil exchangeable acidity, Al3+, and H+ were determined using acid–base titration method [27].



Soil total P was extracted using aqua regia method [28]. Aqua regia solution was prepared by mixing concentrated HCl and concentrated HNO3 in a ratio 3:1. Soil weighing 2 g was weighed into a 250 mL conical flask after which 20 mL of aqua regia solution was added. Thereafter, the suspension was heated on a hot plate until the solution turned clear. The suspension was filtered through a filter paper into a 100 mL volumetric flask and distilled water was added to the desired volume. Soil available P and exchangeable cations (K+, Ca2+, Mg2+, Na+, Mn2+, and Fe2+) were extracted using Mehlich No.1 Double Acid method [29]. A double acid solution (mixture of 0.05 M HCl and 0.025 M H2SO4) was prepared by mixing 4.12 mL of concentrated HCl with 1.40 mL of concentrated H2SO4 in a 1000 mL volumetric flask and distilled water was added to the desired volume. A 5 g of soil was weighed and placed into a plastic vial after which a 20 mL of double acid solution was added. Afterwards, the suspension was shaken at 180 rpm for 10 min. The suspension was filtered into a plastic vial using filter paper.



Soil total P and available P were determined using UV-VIS Spectrophotometer (Perkin Elmer Lambda 25, USA) at 882 nm wavelength after a blue colour developed based on the molybdenum blue method described by Murphy and Riley [30]. Acid molybdate (Reagent A) and ascorbic acid stock solutions (Reagent B) were prepared for the blue colour development procedure. A standard P solution (standard solution 1) and a standard solution 2 were prepared and used to prepare working solutions ranging from 0 to 0.6 ppm. Standard solution 2 measuring 1 to 6 mL was pipetted into a 50 mL volumetric flask containing 8 mL of Reagent B and diluted to the volume with distilled water. Therefrom, 8 mL of Reagent B was pipetted into a different 50 mL volumetric flask after which the sample was added depending on the intensity of the blue colour to be developed. The solution was diluted to mark with distilled water. Soil exchangeable cations were determined using Atomic Absorption Spectrometry (AAS) (Analyst 800, Perkin Elmer, Norwalk, CT, USA). The physico-chemical properties of the soil used in the sorption study was within the range reported by Paramananthan [31] except for soil texture.



The charcoal used in this present study was obtained from Pertama Ferroalloys Sdn Bhd, Bintulu, Sarawak, Malaysia, whereas sago bark ash was purchased from Song Ngeng Sago Industries, Dalat, Sarawak, Malaysia. Therefrom, these amendment materials were analyzed for pH in water and in KCl and EC [23]; available P [29,30]; and exchangeable K+, Ca2+, Mg2+, Na+, and Fe2+ [29]. Surface morphologies of the charcoal and sago bark ash were determined using scanning electron microscopy (SEM) (JEOL JSM 6930 LA). The results of the initial characterization the soil, charcoal, and sago bark ash are presented in Table 1, whereas the SEM images of the charcoal and sago bark ash are shown in Figure 2 and Figure 3, respectively.




2.3. Phosphorus Adsorption and Desorption Determination


The phosphorus sorption study was carried out in the Soil Science Laboratory at Universiti Putra Malaysia Bintulu Sarawak Campus. Prior to the P sorption determination, a 300 g of soil (Bekenu Series, Typic Paleudults) (from the 2 mm bulked soil sample) was mixed thoroughly with charcoal and sago bark ash in a container based on the treatments evaluated in this present study. The amount of the amendments used was deduced from the literature (charcoal [32,33] and sago bark ash [34,35,36]), where 10 t ha−1 and 5 t ha−1 were equivalent to 15.42 and 7.71 g, respectively, for 300 g of soil per container. The treatments tested in this study were as follows:




	
S: Soil only;



	
C: Charcoal only;



	
A: Sago bark ash only;



	
SC: 300 g soil + 15.42 g charcoal;



	
SA: 300 g soil + 7.71 g sago bark ash;



	
SCA: 300 g soil + 15.42 g charcoal + 7.71 g sago bark ash.








Phosphorus sorption determination was based on the standard procedure described by Graetz and Nair [37] with slight modifications on the concentrations of potassium dihydrogen phosphate (KH2PO4) used. The original procedure uses a low and narrow range of dissolved inorganic P concentrations because these are the concentrations likely to be encountered in natural systems. However, higher concentrations of P (up to 500 mg P L−1) can be used for isotherm determinations on soils and sediments [38,39,40,41,42]. A 2 g sample of each treatment was weighed into a 250 mL centrifuge bottle. Each treatment had three replicates. A range of P solutions (0, 100, 200, 300, and 400 mg P L−1) was prepared by dissolving KH2PO4 in 0.01 M CaCl2 solution after which 25 mL of these isonormal P solutions was added to the centrifuge bottles to attain 0.0, 2.5, 5.0, 7.5, and 10.0 mg of added P sample−1. Isonormal P solutions were used in this adsorption study to preserve a constant ionic strength in the mixtures (adsorbent and solution) in addition to providing competing ions for exchange sites [43]. The samples were shaken for 24 h at 180 rpm using an orbital shaker. Thereof, the samples were centrifuged at 10,000 rpm for 15 min. The supernatants (equilibrium solution) were collected after centrifugation after which they were analyzed for the P content using UV-VIS Spectrophotometer (Perkin Elmer Lambda 25, USA) at 882 nm wavelength after blue colours developed using molybdenum blue method [30]. The P adsorption at equilibrium (qe) was calculated using the formula described by Peng et al. [44]:


qe = [(Co − Ce) × V] ÷ m








where




	
qe = P adsorption at equilibrium (mg g−1);



	
Co = Initial concentration of P (mg L−1);



	
Ce = P concentration at adsorption equilibrium (mg L−1);



	
V = Volume of P solution used (L);



	
m = Mass of sample (g).








The P adsorption data for the samples tested in this study were fitted to the Langmuir equation. This equation was used because it enables the estimation of maximum P sorption (qmax) and a constant related to P binding strength (KL) [45]. Additionally, the amount of nutrients in the form of a single layer on the soil’s surface is determined using Langmuir isotherms, suggesting that this method is suitable for single-layer surface adsorption reactions with fixed adsorption sites [46,47]. The linear form of the Langmuir equation is given by the following expression:


Ce/qe = Ce/qmax + 1/qmaxKL








where




	
qe = P adsorption at equilibrium (mg g−1);



	
qmax = Maximum adsorption capacity (mg g−1);



	
KL = Langmuir constant related to the binding energy (L mg−1);



	
Ce = P concentration at adsorption equilibrium (mg L−1).








A plot of Ce/qe against Ce produces a straight line; qmax can be obtained from the slope of the line and KL can be obtained from the intercept. The slope of the line gives 1/qmax, whereas the intercept gives 1/qmaxKL. The maximum P buffering capacity (MBC) of the sample was calculated from products of KL and qmax [48].



For the P desorption study, the same samples or the sediments after the centrifugation were washed with ethanol and centrifuged at 10,000 rpm for 10 min. Afterwards, ethanol was discarded. Twenty-five millilitres of 0.01 M CaCl2 was added to each sample and shaken for 24 h at 180 rpm using an orbital shaker. Therefrom, the samples were centrifuged at 10,000 rpm for 15 min. The supernatants were collected, and their P contents were determined using UV-VIS Spectrophotometer (Perkin Elmer Lambda 25, Middlesex County, Massachusetts, USA) at 882 nm wavelength after blue colours developed using molybdenum blue method [30]. The P desorption at equilibrium (qde) was determined using the formula described by Peng et al. [44]:


qde = [(Cdo − Cde) × V] ÷ m








where




	
qde = P desorption at equilibrium (mg g−1);



	
Cdo = P concentration on sample (mg L−1); Cdo = Co − Ce;



	
Cde = P concentration at desorption equilibrium (mg L−1);



	
V = Volume of 0.01 M CaCl2 solution used (L);



	
m = Vass of sample (g).









2.4. Experimental Design and Statistical Analysis


The treatments were arranged in a completely randomized design (CRD) with three replications. An analysis of variance (ANOVA) was used to detect treatment effects, whereas treatment means were compared using Tukey’s Studentized Range (HSD) Test at p ≤ 0.05. PROC REG was used to test linear regression and to obtain coefficient of determination (R2) for each linear regression equation. The statistical software used was Statistical Analysis System (SAS, Cary, NC, USA) version 9.4.





3. Results and Discussion


3.1. Phosphorus Concentration at Adsorption Equilibrium


Phosphorus concentrations in the equilibrium solution (Ce) increased gradually with increasing concentrations of added P up to 400 mg P L−1 (Table 2). The increasing trend of the equilibrium solution P concentration occurred because of P addition, and this observation is in agreement with previous findings [49,50]. The soil with charcoal and sago bark ash (SCA) demonstrated significantly higher P in the equilibrium solution at 100 mg P L−1 compared with sago bark ash alone (A). The P concentrations at adsorption equilibrium for charcoal alone (C), soil with charcoal (SC), soil with sago bark ash (SA), and soil with both amendments (SCA) were similar but significantly higher than soil alone (S) when 200 mg P L−1 was used as an isonormal solution. Although SCA had the highest P concentration in the equilibrium solution at 300 mg P L−1, the effect was not significantly different compared to those of S, C, and SC. Generally, A had the lowest P concentration at adsorption equilibrium at 100 and 300 mg P L−1, S at 200 mg P L−1, and C at 400 mg P L−1, whereas SCA consistently recorded the highest P concentration at the adsorption equilibrium, irrespective of the concentration of added P. The increase in the concentration of P remaining in the equilibrium solution of the soil with amendments suggests that the addition of the charcoal and sago bark ash decreased the adsorption of P.




3.2. Phosphorus Adsorption


Among the treatments, soils with charcoal and sago bark ash (SCA) had the lowest P adsorption at equilibrium (qe) regardless of the concentration of isonormal P solution used (Table 3 and Figure 4). There were no significant differences in the amount of P adsorbed for S, C, SC, and SA at 100 and 300 mg P L−1. In comparison to soil alone (S), P adsorption at 200 mg P L−1 reduced significantly when charcoal and sago bark ash were applied to the soil separately (SC and SA) or together (SCA). The effect of sago bark ash alone (A) on the amount of P adsorbed was significantly higher compared with the soil with charcoal and sago bark ash (SCA) when the P solution’s concentration increased to 300 mg P L−1. The inclusion of charcoal and sago bark ash had no significant effects on P adsorption at 400 mg P L−1.



In acid soils, the adsorption of P occurs principally via the formation of an inner-sphere complex between orthophosphate anions and a metal cation or metal oxyhydroxide such as Fe and Al. The decrease in P sorption resulting from the co-application of charcoal and sago bark ash is related to the complexation of Al and Fe on the highly negative charged functional group surfaces of the charcoal when the soil pH increase was caused by the addition of sago bark ash. This is consistent with what has been reported for other weathered acid soils with low levels of exchangeable Al3+ [51]. Furthermore, this observation relates to the increase in electrostatic repulsion because of the increased negative surface charges of the charcoal. The Coulombic repulsive forces (same charge repulsion) reduced the ability of the soil to adsorb P [52]. Moreover, low molecular weight organic acids produced during the breakdown of charcoal, such as citric, oxalic, tartaric, and malic acids, served as anions that strongly competed with P for the adsorption sites on soil colloids. Organic acid anions are rapidly adsorbed on soil colloids compared with P, and this increased the concentration of P in the soil solution. Moreover, the enveloping effects of charcoal might have reduced the P adsorption of the soil [53,54,55]. Thus, the findings of this present study suggest that the dominant reaction of charcoal which could significantly decrease P loss via leaching is absorption, although adsorption might still occur but not to the same extent as absorption.



In contrast, the high P sorption in the soil with sago bark ash could be associated with an increase in positive charges and decrease in net negative charges of the soil [56,57]. The effects of liming on P sorption and bioavailability are conflicting, and the ability of lime to promote or inhibit P adsorption is mostly determined by these two opposing forces [58]. For example, the addition of lime increases soil pH to cause the surface charge conferred on soil oxide surfaces to become more negative (thus decreasing P adsorption), whereas the precipitation of exchangeable Al as hydroxy-Al polymers results in the formation of new and highly active adsorption surfaces (thus increasing P adsorption) [59,60]. A decrease in the concentration of P in the equilibrium soil solution and increase in P adsorption with liming had also been reported by Paliyal and Verma [61].




3.3. Langmuir Adsorption Isotherm


Langmuir equation parameters, which are maximum adsorption capacity (qmax), Langmuir bonding energy constant (KL), and regression coefficient (R2) values computed from the plotting of Ce/qe against Ce, are summarized in Table 4. R2 values ranged from 0.10 to 0.85, indicating a non-apparent high conformity of the adsorption data to the Langmuir adsorption model. Hence, the insertion of sorption data into other P adsorption models such as Freundlich, Temkin, Redlich–Peterson, and Van Huay isotherms is recommended to better describe the relationship between equilibrium P added and P sorbed by the soil.



The maximum adsorption capacity (qmax) reflects the number of P adsorption sites per mass unit of adsorbent in monolayer manners and is widely used to evaluate the adsorption capacity of soils for P [62,63]. High qmax requires less P saturation maximum mass adsorbed at saturation conditions per mass unit of adsorbent. qmax increased from 0.44 mg g−1 for soil alone (S) to 1.28, 2.38, 2.44, 2.56, and 3.70 mg g−1 for soil with charcoal (SC), sago bark ash alone (A), soil with charcoal and sago bark ash (SCA), charcoal alone (C), and soil with sago bark ash (SA), respectively. This finding is consistent with that of Yang et al. [64] who reported a directly proportional relationship between soil organic matter (SOM) content and the maximum adsorption capacity (qmax). Moreover, this observation corroborates the findings of Palanivell [65] who found that crude humic substances, chicken litter biochar, and clinoptilolite zeolite treatments had higher qmax than untreated soil, implying that less P is required to saturate the adsorbent because the negatively charged exchange sites of these amendments repelled P from being adsorbed. The comparison of Langmuir adsorption maximum values with those obtained from the sorption data suggests that the values determined from Langmuir equation were relatively greater than those calculated from sorption data. This suggests that the adsorption sites were not occupied by the adsorbate [12].



The Langmuir bonding energy constant (KL) is one of the most important parameters which describes the affinity of soil for P. Among the treatments, soil alone (S) demonstrated the highest KL, whereas the soil with charcoal and sago bark ash (SCA) had the lowest KL. According to Tamungang et al. [12] and Wang and Liang [48], the higher the binding energy (KL), the higher the amount of P fixed (lower P desorbed), and the stronger P adsorption. Between the soil with charcoal (SC) and the soil with sago bark ash (SA), the former treatment (SC) recorded higher KL. This finding contrasted that of Yang et al. [64] who found that the KL and maximum P buffering capacity (MBC) values decreased with increasing SOM content. However, the contradictory results for SC and SA are possible because of the large difference in R2 values. In addition, it might have been caused by other factors such as the soil type, clay content, equilibrium pH, and the Al and Fe chemical forms present.



The maximum P buffering capacity (MBC) is a capacity factor which measures the ability of the soil to replenish phosphate ions in the soil solution as they are depleted [66]. It is an indirect index of soil P availability because a higher MBC means more P will be adsorbed. In this present study, the MBC values followed the decreasing order of S > A > SA > C > SC > SCA. The higher value of MBC for the soil without any amendment suggests that higher applications of P fertilizers are required to mitigate soil P sorption affinity and to maintain a desired P concentration in soil solutions. Azeez and Averbeke [67] revealed that when poultry, cattle, and goat manure were applied to highly weathered tropical soil, P sorption efficiency of the soil and P buffering capacity decreased with increasing incubation periods.




3.4. Phosphorus Concentration at Desorption Equilibrium


The influence of treatments on P concentrations at desorption equilibrium (Cde) is presented in Table 5. At 100 mg P L−1, sago bark ash alone (A) had significantly higher P in the equilibrium solution compared with the soil with charcoal and sago bark ash (SCA). Although P concentrations in the equilibrium solution at 200 mg P L−1 were similar for C, A, SC, SA, and SCA, their effects were significantly lower compared with S. The trend of P concentrations at desorption equilibrium was the opposite of the trend of P concentration at adsorption equilibrium. For example, in the adsorption study, SCA had the highest P concentration at the adsorption equilibrium, whereas in the desorption study, SCA recorded the lowest P concentration at desorption equilibrium. Moreover, similar results were observed for A, which showed the highest P concentrations at desorption equilibrium at 100 and 300 mg P L−1, S at 200 mg P L−1, and C at 400 mg P L−1. The decrease in P concentration at desorption equilibrium indicates an increase in P desorption.




3.5. Phosphorus Desorption


Amending the soil with charcoal and sago bark ash (SCA) enhanced the desorbed P at equilibrium (qde) relative to the soil alone (S) (Table 6 and Figure 4) because desorption was positively affected by increased soil pH. Results from a study by Sato and Comerford [68] confirmed the hypothesis that P desorption increases with increasing soil pH. Irrespective of treatment, there were no significant differences in the amounts desorbed P at 100 mg P L−1. This finding suggests that P desorption is more sensitive at high P loading (> 200 mg P L−1). At 200 mg P L−1, the effects of A and SCA on P desorption at equilibrium were significantly higher compared with S, C, SC, and SA. Although there were no significant differences in the amounts of P desorbed at 300 mg P L−1 for S and C, their effects were significantly lower than those of SC, SA, and SCA. Among the treatments, SCA demonstrated the highest P desorption at 400 mg P L−1.



Lower amounts of P desorbed for soil alone (S) at 200, 300, and 400 mg P L−1 were consistent with the preceding findings where it was noticed that S had the highest bonding energy constant (KL) and maximum P buffering capacity (MBC) (Table 4). Furthermore, this observation is ascribed to the high amount of sesquioxides in the soil. The finding is congruent with that of Hartono et al. [69], who also reported that P desorbed passively in soils with high amounts of A1 and Fe oxides and a high clay content than soils with relatively low amounts of A1 and Fe oxides and a low clay content. The C content, which is believed to reduce bonding energy, could also promote P desorption from soil surfaces, as evidenced by SC and SCA.



Apart from increasing the amount of P adsorbed in the soil (Table 3), the use of sago bark ash increased the amount of P desorbed. This confirms the findings of leaching studies which demonstrated that if sago bark ash is not applied in combination with charcoal, the added P in the soil leaches because the primary reaction between sago bark ash and soils is an acid neutralization reaction [70], and properties related to soil acidity may be controlling the adsorption and desorption processes between this amendment and soils.



In general, the amount of P desorbed was significantly lower compared with the amount of P adsorbed. The low P desorption at equilibrium relates to irreversible reactions of adsorbed P with soil compounds that lead to stronger bond via the rearrangement of phosphate ions on the surface [71]. Phosphorus desorption is controlled by the type of P complexation with the surface: monodentate, bidentate mononuclear, and bidentate binuclear. Bidentate complexes require more activation energy to break the bond than monodentate complexes; hence, it can be more difficult for P desorption to take place in environments where bidentate complexes predominate between phosphate and the soil surface. In addition, it might be because the desorption equilibrium was not achieved, and desorption is a slower process than adsorption [72].





4. Conclusions


In soils where yield is limited because of P-deficient soils, the application of a relatively higher amount of mineral P fertilizers is the only way to enhance the soil’s available P status. However, continuous applications of P fertilizer for meeting plant needs can lead to a significantly large reserve of residual P in soils, and this raises ecological and environmental concerns because the presence of excess soluble P affects water quality, biodiversity, and human health. Thus, by determining the maximum adsorption capacity and P buffering capacity of soils, the effectiveness of P fertilizers could be predicted. The results of this present study suggest that the combined use of charcoal and sago bark ash in soils can decrease P adsorption and increase P desorption relative to untreated soils. The organic matter of the aforestated amendment reduces P sorption capacities by blocking P binding sites, increasing the negative electric potential in the plane of adsorption, causing steric hindrance on mineral surfaces, and decreasing goethite and hematite specific surface areas. However, there is a need for the inclusion of more soil chemical, physical, and mineralogical properties in predicting soil P sorption to enhance the reliability of the findings. In future studies, analyzing the fraction of organic matter and humic substance to estimate the real sorption capacity of amendments is recommended. In-depth information on P sorption efficiency could also be obtained by determining the number of acidic and basic active sites in addition to the functional composition of organic matter in the amendments and the structure and stability of soil aggregates.
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Figure 1. Aerial view of location where soil sampled for this study in Universiti Putra Malaysia Bintulu Sarawak Campus, Malaysia. 
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Figure 2. Scanning electron micrographs of charcoal at 1500× and 500× magnifications. 
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Figure 3. Scanning electron micrographs of sago bark ash at 1500× and 1000× magnifications. 
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Figure 4. Summary of the amounts of phosphorus adsorbed and desorbed at different potassium dihydrogen phosphate concentration as affected by soil alone, amendments alone, and soil with the amendments. Means with different letter(s) within the same font colour indicate significant differences between treatments according to Tukey’s HSD test at p ≤ 0.05, i.e., a > b > c. Bars represent the mean values ± SE. 
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Table 1. Initial characterization of the Bekenu Series (Typic Paleudults), charcoal, and sago bark ash.
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Property

	

	
Value Obtained

	
Paramananthan [31]

	
Charcoal

	
Sago Bark Ash






	
pH (H2O)

	

	
4.61 ± 0.05

	
4.6–4.9

	
7.74 ± 0.02

	
9.99 ± 0.03




	
pH (KCl)

	

	
3.95 ± 0.01

	
3.8–4.0

	
7.31 ± 0.05

	
9.66 ± 0.02




	
EC (dS m−1)

	

	
0.04 ± 0.00

	
NA

	
0.270 ± 0.006

	
5.75 ± 0.02




	
Bulk density (g cm−1)

	

	
1.25 ± 0.04

	
NA

	
NA

	
NA




	
Total carbon (%)

	

	
2.16 ± 0.05

	
0.57–2.51

	
NA

	
NA




	
Total N (%)

	

	
0.08 ± 0.01

	
0.04–0.17

	
NA

	
NA




	
Total P (mg kg−1)

	

	
23.65 ± 1.09

	
NA

	
NA

	
NA




	
Available P (mg kg−1)

	

	
1.13 ± 0.02

	
NA

	
31.25 ± 1.15

	
55.83 ± 1.32




	
CEC

	
cmol kg−1

	
4.67 ± 0.29

	
3.86–8.46

	
NA

	
NA




	
Exchangeable acidity

	
1.15 ± 0.03

	
NA

	
NA

	
NA




	
Exchangeable Al3+

	
1.02 ± 0.03

	
NA

	
NA

	
NA




	
Exchangeable H+

	
0.13 ± 0.02

	
NA

	
NA

	
NA




	
Exchangeable K+

	
0.060 ± 0.002

	
0.05–0.19

	
3.67 ± 0.06

	
23.33 ± 0.25




	
Exchangeable Ca2+

	
0.020 ± 0.001

	
0.01

	
11.71 ± 0.32

	
16.77 ± 0.48




	
Exchangeable Mg2+

	
0.220 ± 0.003

	
0.07–0.21

	
3.37 ± 0.03

	
3.57 ± 0.03




	
Exchangeable Na+

	
0.030 ± 0.001

	
0.01

	
0.43 ± 0.01

	
1.51 ± 0.03




	
Exchangeable Mn2+

	
0.010 ± 0.001

	
NA

	
NA

	
NA




	
Exchangeable Fe2+

	
1.09 ± 0.02

	
NA

	
0.150 ± 0.003

	
0.030 ± 0.001




	
Soil texture

	

	
Sand (%): 71.9

	
Sand (%): 72–76

	
NA

	
NA




	
Silt (%): 13.5

	
Silt (%): 8–9




	
Clay (%): 14.6

	
Clay (%): 16–19




	
Sandy loam

	
Sandy clay loam








Note: The values given are mean ± standard error; NA: not available; EC: electrical conductivity; CEC: cation exchange capacity.
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Table 2. Effects of treatments on phosphorus concentration at adsorption equilibrium at different isonormal phosphorus solutions.
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Treatment

	
Phosphorus Concentration at Adsorption Equilibrium, Ce (mg L−1)




	
0

	
100

	
200

	
300

	
400




	
Added P (mg P L−1)






	
S

	
nd

	
83.48 ab ± 1.41

	
143.45 b ± 10.06

	
267.88 a ± 5.00

	
365.21 a ± 5.77




	
C

	
nd

	
83.56 ab ± 1.01

	
170.92 a ± 2.12

	
268.88 a ± 8.62

	
335.96 a ± 10.96




	
A

	
nd

	
80.96 b ± 2.03

	
166.98 ab ± 5.50

	
235.55 b ± 7.91

	
343.02 a ± 11.60




	
SC

	
nd

	
85.51 ab ± 0.56

	
177.00 a ± 3.36

	
268.21 a ± 6.95

	
358.29 a ± 7.44




	
SA

	
nd

	
83.21 ab ± 1.96

	
170.29 a ± 2.38

	
250.58 ab ± 11.26

	
343.75 a ± 9.63




	
SCA

	
nd

	
89.88 a ± 1.77

	
181.58 a ± 1.46

	
271.42 a ± 4.50

	
365.42 a ± 4.08








Note: S: soil only; C: charcoal only; A: sago bark ash only; SC: soil + charcoal; SA: soil + sago bark ash; SCA: soil + charcoal + sago bark ash; nd: not detected; different letters within a column indicate significant difference of means ± standard error using Tukey’s test at p ≤ 0.05.
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Table 3. Effects of treatments on the amounts of phosphorus adsorbed at equilibrium at different concentrations of added phosphorus.
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Treatment

	
Phosphorus Adsorption at Equilibrium, qe (mg g−1)




	
100

	
200

	
300

	
400




	
Added P (mg P L−1)






	
S

	
0.21 ab ± 0.02

	
0.72 a ± 0.13

	
0.40 b ± 0.06

	
0.44 a ± 0.07




	
C

	
0.21 ab ± 0.01

	
0.36 b ± 0.03

	
0.39 b ± 0.11

	
0.80 a ± 0.14




	
A

	
0.24 a ± 0.03

	
0.41 ab ± 0.07

	
0.81 a ± 0.10

	
0.71 a ± 0.14




	
SC

	
0.18 ab ± 0.01

	
0.29 b ± 0.04

	
0.40 b ± 0.10

	
0.52 a ± 0.09




	
SA

	
0.21 ab ± 0.02

	
0.37 b ± 0.03

	
0.62 ab ± 0.14

	
0.70 a ± 0.12




	
SCA

	
0.13 b ± 0.02

	
0.23 b ± 0.02

	
0.36 b ± 0.06

	
0.43 a ± 0.05








Note: S: soil only; C: charcoal only; A: sago bark ash only; SC: soil + charcoal; SA: soil + sago bark ash; SCA: soil + charcoal + sago bark ash; different letters within a column indicate significant difference of means ± standard error using Tukey’s test at p ≤ 0.05.
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Table 4. Effects of treatments on phosphorus sorption parameters of the isotherm described by Langmuir equation.
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Treatment

	
Estimated by Langmuir Equation




	
Regression Equation

	
R2

	
qmax

(mg g−1)

	
KL

(L mg−1)

	
MBC

(L mg−1)






	
S

	
y = 2.28x + 93.26

	
0.72

	
0.44

	
0.02

	
8.80 × 10−3




	
C

	
y = 0.39x + 414.06

	
0.10

	
2.56

	
9.42 × 10−4

	
2.41 × 10−3




	
A

	
y = 0.42x + 293.49

	
0.32

	
2.38

	
1.43 × 10−3

	
3.40 × 10−3




	
SC

	
y = 0.78x + 440.17

	
0.85

	
1.28

	
1.77 × 10−3

	
2.27 × 10−3




	
SA

	
y = 0.27x + 380.68

	
0.46

	
3.70

	
7.09 × 10−4

	
2.62 × 10−3




	
SCA

	
y = 0.41x + 682.31

	
0.75

	
2.44

	
6.01 × 10−4

	
1.47 × 10−3








Note: S: soil only; C: charcoal only; A: sago bark ash only; SC: soil + charcoal; SA: soil + sago bark ash; SCA: soil + charcoal + sago bark ash; R2: regression coefficient; qmax: maximum adsorption capacity; KL: Langmuir constant related to the binding energy; MBC: maximum P buffering capacity.
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Table 5. Effects of treatments on phosphorus concentration at desorption equilibrium at different isonormal phosphorus solutions.
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Treatment

	
Phosphorus Concentration at Desorption Equilibrium, Cde (mg L−1)




	
0

	
100

	
200

	
300

	
400




	
Added P (mg P L−1)






	
S

	
nd

	
15.22 ab ± 1.04

	
55.08 a ± 9.91

	
31.16 a ± 4.80

	
32.91 a ± 5.73




	
C

	
nd

	
14.43 ab ± 1.13

	
26.80 b ± 2.19

	
29.64 a ± 8.68

	
62.23 a ± 11.06




	
A

	
nd

	
17.68 a ± 1.91

	
28.39 b ± 5.26

	
57.99 a ± 8.32

	
54.37 a ± 11.89




	
SC

	
nd

	
12.34 ab ± 0.50

	
21.03 b ± 3.23

	
26.75 a ± 6.95

	
37.63 a ± 7.38




	
SA

	
nd

	
15.63 ab ± 1.96

	
27.69 b ± 2.37

	
45.05 a ± 10.96

	
52.52 a ± 8.81




	
SCA

	
nd

	
9.20 b ± 1.71

	
14.87 b ± 1.20

	
24.95 a ± 4.18

	
27.71 a ± 4.06








Note: S: soil only; C: charcoal only; A: sago bark ash only; SC: soil + charcoal; SA: soil + sago bark ash; SCA: soil + charcoal + sago bark ash; nd: not detected; different letters within a column indicate significant difference of means ± standard error using Tukey’s test at p ≤ 0.05.
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Table 6. Effects of treatments on the amounts of phosphorus desorbed at equilibrium at different concentrations of added phosphorus.
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Treatment

	
Phosphorus Desorption at Equilibrium, qde (mg g−1)




	
100

	
200

	
300

	
400




	
Added P (mg P L−1)






	
S

	
0.016 a ± 0.005

	
0.018 b ± 0.003

	
0.012 c ± 0.003

	
0.024 b ± 0.001




	
C

	
0.025 a ± 0.006

	
0.029 b ± 0.004

	
0.019 c ± 0.003

	
0.023 b ± 0.002




	
A

	
0.017 a ± 0.002

	
0.058 a ± 0.003

	
0.081 a ± 0.007

	
0.033 b ± 0.004




	
SC

	
0.027 a ± 0.001

	
0.025 b ± 0.003

	
0.063 ab ± 0.001

	
0.051 b ± 0.001




	
SA

	
0.015 a ± 0.001

	
0.025 b ± 0.001

	
0.055 b ± 0.004

	
0.047 b ± 0.010




	
SCA

	
0.012 a ± 0.001

	
0.044 a ± 0.001

	
0.045 b ± 0.004

	
0.086 a ± 0.002








Note: S: soil only; C: charcoal only; A: sago bark ash only; SC: soil + charcoal; SA: soil + sago bark ash; SCA: soil + charcoal + sago bark ash; different letters within a column indicate significant difference of means ± standard error using Tukey’s test at p ≤ 0.05.
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