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Abstract

:

The assessment of water-extractable organic matter using an autoclave can provide useful information on physical, chemical, and biological changes within the soil. The present study used virgin forest soils from Chini Forest Reserve, Langkawi Island, and Kenyir Forest Reserve (Malaysia), extracted using different extraction methods. The dissolved organic carbon (DOC), total dissolved nitrogen (TDN), total dissolved phosphorus (TDP), and ammonium-nitrate content were higher in the autoclave treatments, up to 3.0, 1.3, 1.2, and 1.4 times more than by natural extraction (extracted for 24 h at room temperature). Overall, the highest extractable DOC, TDN, TDP, ammonium and nitrate could be seen under autoclaved conditions 121 °C 2×, up to 146.74 mg C/L, 8.97 mg N/L, 0.23 mg P/L, 5.43 mg N mg/L and 3.47 N mg/L, respectively. The soil extracts became slightly acidic with a higher temperature and longer duration. Similar trends were observed in the humic and nonhumic substances, where different types of soil extract treatments influenced the concentrations of the fractions. Different soil extraction methods can provide further details, thus widening the application of soil extracts, especially in microbes.
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1. Introduction


Dissolved organic matter (DOM) is ubiquitous in aquatic environments and plays a critical role in the interplay between the hydrosphere, biosphere, and atmosphere [1]. Water is the standard and most widely used solvent, and water-extractable organic matter is considered a readily available substrate in soil extraction for the preparation of enriched soil-media for algae cultivation [2,3]. Even though the extraction comprised only <2% of the total soil organic matter, the process signified important roles in many chemical and biological processes in topsoil and subsoil [4]. Soil organic matter (SOM) is the largest carbon pool in the terrestrial ecosystem [5]. SOM can exist in different forms of fractions as simple as amino acids and monomeric acids to complex molecules such as protein, lignin, cellulose, and it all comes together with decomposed and partially decomposed plant and microbial residues [6]. Numerous studies have focused on carbon cycle modelling to improve the understanding of carbon stabilization in soils [5,7,8].



The organic component of soil can be divided into SOM and DOM. DOM is identified to include a broad spectrum of organic constituents with molecular weights ranging from hundreds to more than 300,000 Da [9]. It represents a small but highly important fraction of the SOM carbon due to its high reactivity [10]. DOM is a mixture of various organic aromatic compounds derived from fulvic acids, lignin, oligomeric and monomeric sugar derivatives, amino acids, and fatty acids between C14 and C54 originating from plant and dead bacteria [4,11]. Two major types of DOM can be identified as nonhumic and humic substances. Nonhumic substances are the compounds of well-described classes such as amino acids, lipids, proteins, waxes, and carbohydrates [12]. Humic substances are supramolecular (a complex of molecules), rich in oxygen-containing functional groups, commonly COOH, phenolic and enolic OH, alcoholic OH, and C=O of quinones [13]. However, DOM and DOC are used differently when the dissolved fraction of organic matter is used. DOM can be defined as the entire organic molecule, while DOC is only specific to the carbon fraction. Since DOM is difficult to quantify, carbon measurements are preferred [14]. However, DOM can be assumed as 45–50% organic carbon by mass [15]. The presence of humic substances greatly influences the natural organic material, as they are very soluble and provide complex groups such as carboxylic and phenolic hydroxyls [16]. They form stable complex compounds and act as carriers for toxic metals, vital for the bioavailability and mobility of metals in soil, sediment, and aquatic systems.



Besides water, commonly used solvents are NaOH, Na4P2O7, EDA (ethylenediamine), DMSO (dimethylsulfoxide), and other organic solvents that can dissolve insoluble organic matter under natural condition [17]. However, these solvents contribute to the alteration of the chemical characteristics of the extracted DOM. NaOH and Na4P2O7 stimulate the oxidation process, while EDA enriches the recovery nutrients with nitrogen [18]. Thus, water, a natural solvent, should be used to limit the chemical alteration of extracted SOM [19]. However, water is less efficient than other solvents in extracting a high amount of DOM because the complex humus hinders the ability of water to solubilize soil nutrients. Previous research has demonstrated a wide range of extraction temperatures (20 °C to 100 °C), with extraction times from 1 h to 24 h [19]. However, the possibility of aqueous soil extraction methods using an autoclave has been overlooked. Hence, the purpose of our study was to evaluate the effect of elevated temperature and extraction times on the chemical composition of organic matter in water extraction. This study focuses on the concentrations of hydrophobic and hydrophilic fractions of soil organic matter using the designated extraction methods.




2. Results


2.1. Physicochemical Analysis of Soils


The physicochemical analysis of soils is recorded in Table 1 and Table 2. All soils are distinguished as acidic (low pH ranging from 3.97 to 4.83). The texture of Chini lake and Kenyir soils are composed of silt (94.89–94.91%), sand (4.47–4.57%), and clay (0.52–0.63%). Meanwhile, the Langkawi Island soil is mainly composed of sand (95.00%), silt (0.00%), and clay (4.00%). The obvious physical observation can be made based on the soil color, where Chini was dark brown, while Kenyir and Langkawi Island soils were light yellowish-brown. The color of soils can be an indicator of the availability of organic matter content in the soil.



The chemical contents in the soil are listed in Table 2. Chini soil exhibited the highest concentrations of organic matter in most parameters, i.e., soil organic carbon (SOC), nitrogen (N), and phosphorus (P) as 1.03–55.78%, 0.11–0.41%, and 1.62–24.23%. Meanwhile, no significant differences (p < 0.05) are noted in the Langkawi and Kenyir soils in terms of total carbon (C), N, and P content. The heavy metal results vary, and some parameters could not be determined due to the very low (out of range) concentrations. The level of iron (Fe) ranged from 755.47 to 771.98 mg/kg, with no significant difference (p < 0.05) between the soils. Kenyir soil recorded very high concentrations of lead (Pb), cadmium (Cd), and zinc (Zn) at 33.83, 0.27, and 27.09 mg/kg but the levels of arsenic (As), mercury (Hg), and silver (Ag) cannot be determined due to concentrations fall below range of measurement.




2.2. Chemical Characterization of Different Aqueous Soil Extraction Methods


Table 3 summarizes the results of selected chemical parameters using five different extraction methods. In general, autoclaved soil extracts always showed higher extractable nutrients than for 24 h room temperature extraction (p < 0.05). The percentage of DOC extracted using autoclaved temperature, 105 °C 1×, ranged from 195.67% to 331.85%. In comparison, the autoclaved extract at 121 °C 1× exhibited a significantly higher percentage (414.94–669.44%) than at 105 °C 1×. Total dissolved nitrogen (TDN) also showed a similar trend, where the autoclaved temperature at 121 °C 1× always yielded a higher percentage of nitrogen (89.52–161.30%), which was significantly different to the autoclaved temperature at 105 °C 1× (31.88–114.57%). Extractable total dissolved phosphorus (TDP) was also significantly higher when autoclaved at 121 °C 1× (46.88–1800%) than at 105 °C 1× (40.63–1175%). Similarly, the ammonia content showed the highest percentage, ranging from 98.10–204.15% when autoclaved at 121 °C 1× than at 105 °C 1×, ranging from 35.24–84.33%, which was significantly lower (p < 0.05).



Another approach to aqueous extractable organic matter of soil focuses on autoclave duration at different temperatures, 105 °C and 121 °C. Prolonging the autoclave process duration from 1 h to 2 h increased the amount of extractable nutrient slightly, whereby an enhanced extractable percentage of DOC (21.70–37.76%) was noted (Table 3). The results indicate that prolonged autoclave duration from 1 h to 2 h did not significantly increase or decrease the TDN, except for autoclaved Chini lake soil at 121 °C. The extractable amount of TDP significantly increased upon the prolonged duration of the autoclave process at 121 °C (41.73–44.68%), except for Langkawi soil, where both autoclave temperatures did not enhance extractable TDP. Next, autoclaving at 121 °C showed a significant increase in three soil samples ranging from 20.7–81.73%. Autoclaving at 105 °C did not show any significant enhancement except for the Chini soil, which showed a percentage increase of about 34.50%. Meanwhile, the Chini and Langkawi soils showed a significant increase at 105 °C and 121 °C (37.58–41.17%) for nitrate, but not in the Kenyir soil.



Concentrations of total N in soil extracts were dominated by ammonia (NH3) in all soil samples (Figure 1). NH3 contributed to 27% to 54% and 33% to 74% of total N for natural extractions and autoclaved extractions, respectively. Nitrate concentrations contributed to about 10% to 34% of total N for natural extractions. Meanwhile, the nitrate amount for autoclaved extraction increased to some extent, i.e., from 16% to 54% of total N.



Figure 2 shows the significant difference of in the pH of the soil using natural extraction compared to the autoclave extraction, except for Langkawi soil, where the pH changes were unnoticeable. When autoclaved, the soil extract became more acidic (lower pH value). Although increasing the autoclave duration from 1 h to 2 h decreased the pH value slightly, the value was too small to notice.



In general, the autoclaved extracts always showed a higher amount of extractable DOM than the 24 h incubation at room temperature. Moreover, autoclaving at 121 °C exhibited the highest range of DOM achieved. The prolonged autoclave duration of aqueous soil extracts at 121 °C 2× achieved the highest amount of extractable DOM than other treatments, although the trend indicated various patterns among the soils tested.




2.3. Hydrophobic and Hydrophilic Fraction


Table 4 and Figure 3, Figure 4 and Figure 5 show the chemical characterization of the soil extract fractions. In general, the hydrophilic fraction (HiF) dominated in all soil extract treatments, with the percentage accounting for more than 54% of their DOM as DOC. Humic substances (HS) were the second most abundant fraction, ranging from about 23–32%. All treatments of soil extracts were mainly in acidic conditions. Meanwhile, the hydrophobic neutral fraction (HoN) was considered very low (0–6%) of the total DOM. The HoN value greatly declined in number (74% to 100%) upon prolonged autoclave duration. Overall, Chini soil contained the highest HS and HiF fractions, averaging between 19.86–200.25 mg C/L and 57.08–506.69 mg C/L. In contrast, the HS and HiF soil fractions for Langkawi ranged between 45.63–60.79 mg C/L and 66.27–150.13 mg C/L. The Kenyir DOM fraction indicated the lowest range from 10.43 to 33.57 mg C/L for HS and 31.2 to 109.20 mg C/L for HiF.



The extractable fraction DOM at room temperature showed a lower range of HS and HiF fractions, ranging from 10.43–19.86 mg C/L and 31.25–57.08 mg C/L. Meanwhile, both autoclave temperatures (105 °C and 121 °C) showed increasing DOM fractions in DOC, i.e., about 83–588% and 3–530% for HS and HiF. The autoclave temperature at 121 °C indicated a higher DOM fraction content, i.e., 1.4–2.4 times higher than 105 °C. The prolonged autoclave duration from 1 h to 2 h exhibited a greater increment for both HS and HiF fractions. The autoclave temperature of 105 °C denotes the increased percentage of about 37–55% for HS fraction and 30–128% for HiF. Apart from that, 121 °C 2× always showed the highest DOM fractions, with increased percentage (15–46% for H and 37–45% for HiF), except for HoN.





3. Discussion


3.1. Physicochemical Analysis of Soils


Based on the study by [20], the average pH of the three types of soil (inland, seasonal flood, and riverine) of the Chini forest ranged from 3.60 to 4.24, 3.80 to 4.37, and 3.82 to 4.16. The pH indicated that most of the soils from their study were acidic, and it is very common due to weathering and the leaching process occurring within the soil. Other than that, the decomposition of organic matter due to biological process also contributed to the soil acidity [21].



The solubility, bioavailability, and mobility of trace elements are controlled by soil pH; thus, affecting translocation in plants. Soil pH is also largely influenced by the partition of elements between the solid and liquid phases through precipitation−dissolution reactions [22]. It causes the mineral and organic soil fraction depending on the pH charges, where negative charges dominate in high pH and positive charges exist in low pH. At low pH, trace elements become soluble due to high desorption and low adsorption. This phenomenon could be explained by the competition between cation and the exuberance of H+ ions for available permanent charged sites restricting the sorption of potentially toxic metal cations onto these sites at low pH values. In contrast, at high pH values, the competition becomes feeble; thus, more metal is adsorbed [23,24]. In other words, the solubility of most trace metals becomes limited, leading to their low concentrations as the soil pH becomes higher [25]. In [26], they demonstrated the solubility of Zn at different levels of pH. At pH 7, only 1 mg/L of Zn of the 1200 mg/kg total Zn was present in soil solution, while at pH 6 and 5, the concentrations of Zn in soil solution were observed at 100 mg/L and 40 mg/L. From the current study, the Chini soil (pH 3.97) and Langkawi soil (pH 4.23) exhibited low concentrations of Pb and Zn, while the Kenyir soil (pH 4.83) contained higher concentrations of Pb and Zn. Besides adsorption, soil pH is also affected by the precipitation of carbonates, chlorides, phosphates, hydroxide, and sulphates. The application of lime and apatite causes high pH, directly decreasing Cu and Cd concentrations [27].



Soil quality indicators are physical, chemical, and biological properties that can be assessed to monitor soil changes [28,29]. The color of soils indicates the availability of soil organic matter, i.e., organic-mineral complexes. Commonly, dark soil contains more humus than light soil. Andosols (dark soils) are characterized by a low L* value, indicating higher C, N, and Fe concentrations. In contrast, yellowish soil has a higher L* value, representing lower C, N, and Fe [30].




3.2. Extractable Organic Matter Using Autoclaved Methods


Extraction technologies are often based on temperature and pressure strength using organic or aqueous solvents [31]. Bioactive compounds exhibit varying polarity, solubility, and chemical stability; thus, the appropriate pressure and solvent type should be selected to extract targeted bioactive compounds [32]. Temperature is another parameter that influences the extraction process. More organic matter could be extracted when autoclaved than from 24 h room temperature extraction. This is due to the disintegration of polysaccharide structures, alteration processes that influence the soil surface, and unknown reactions or nutrients within the soil matrix. Thus, the dissolved organic matter and ion concentrations could be enhanced in the liquid form [33]. Incubation at 20 °C from 1 h to 24 h showed minimal changes in extractable organic carbon [34]. The author also found that increasing the temperature could narrow the C:N ratio, indicating a higher composition of extractable organic nitrogen and NH4. A shorter extraction duration at room temperature was more desirable as the amount of extractable C and N did not change drastically. The carbohydrate and N (mineral) concentrations were significantly higher than with the longer extraction time [34]. Soil weathering is usually a slow process at low temperature (~28 °C) and might not significantly change within a day [35].



The low temperature might not be sufficient to extract high OM because the heat energy is too low to surpass the activation energy and allows the disrupted molecules to be released to the extracts [36]. Water-extractable organic carbon and nitrogen indicated a huge difference between 45 °C and 90 °C, exhibiting a constant exponential profile in response to the increasing temperature [37]. The extracted DOM yield could be enriched by the elevated temperature [33,38]. Besides, extractable organic carbon can be enhanced by the autoclaving processes [39,40]. The incidence of highly extractable organic matter at the autoclave temperature of 121 °C is probably due to the disintegration of heat to the stable compounds (C, N, P, and other compounds), releasing them into the extract. This process surpasses the activation energy of certain molecules to cleave the chemical bonds [41,42].



Total organic N was contributed the most by NH4+ (about 27–74%), followed by NO3 (10–54%). Based on a study by [43], the concentration of free N in soil extracts was dominated by NH4+, with 54–72% of total N, while NO3 contributed about 1–4% total N in forest and grassland soils. In [44], it was suggested that the increase of extraction temperature might promote the breakdown of organic N to more soluble molecules such as peptides, amino acids, and amino sugars, creating a pool rich in these molecules.



The pH changes in the autoclaved soil extract were probably due to the release of organic acids from the DOM pool, and the data was supported by the spectrum using C-CP/MS spectra, where the carboxylic peak declined [33]. The immensity of the decrease can be seen upon the soils’ initial acid-base conditions [45]. Two different studies reported that autoclave could reduce the pH of clay soil, whereas the other study observed no pH changes in silt loam soils [46]. Since the initial soils were already in acidic form, the results were expected. In contrast, Eutric Fluvisol soil with an initial pH of 7.44 changed to 7.77 after double steam sterilization due to the release of bases from the organic matter [47].




3.3. Hydrophobic and Hydrophilic Fractions of Soil Extracts


Our results suggested that the concentrations of humic and nonhumic substances could be increased by autoclaving and prolonging the process duration, supported by the analysis obtained from Table 3 and Table 4. The carbon content in humic acid from four different Mumbai regions ranged from 17% to 53% [48]. Meanwhile, [49] conducted a thermodynamics stability study of humus at 10, 20, 40, and 55 °C. The author observed that the transformation of fulvic acids to humic acids were significantly higher at 40 and 55 °C. The authors of [50] reported considerable changes were observed in the UV−Vis spectra (280 nm) of humic acid solutions at a temperature of 95 °C for 24 h storage than at 80 °C. The study also compared the storage time at 24 h and a week, where the substantial changes observed at 95 °C for 24 h was comparable to the storage time for 1 week at 80 °C. The temperature-dependent changes signified more condensed polyaromatic structures by condensing phenolic and carboxylic groups of the humic acids [51]. Humic acids under higher temperature and extended durations underwent irreversible changes at 80 °C through water loss. At 95 °C and above, the changes were probably due to the release of chemisorbed water molecules or water molecules from the condensation process, which could exist among the adjacent carboxylic and alcoholic groups of humic acids [50]. In [52] and [53] it was revealed that the humic fraction became the main organic component with 2- to 3-fold increase upon increased heating times at <250 °C. The study by [53] also concluded that at high temperature (300 °C), humic fraction decreased with increased heating time, and at 200 °C, the proportion of the humic fraction increased with increased heating time. The main factor in humic structure changes was demonstrated by [54,55], i.e., structural changes at a high temperature (350 °C) were due to various factors, including increased aromatic content, removal of oxygen-containing functional groups, heterocyclic formation N compounds, and the reduction of the chain length of alkyl compounds. The 13C NMR spectra results showed that unheated soils contained high alkyl and O-alkyl with low aromatic and carboxyl C contents, while heated samples contained high aromatics and carboxyl C with low alkyl and O-alkyl. The basic structure of humic acids remained unchanged up to 250 °C, and decarboxylation occurred above 300 °C. These studies concluded that the increase of temperature and heating duration might extract more humic substances without altering their structure.





4. Materials and Methods


Three mineral soil samples from Peninsular Malaysia were collected for this study, Sg. Beruang near Chini Lake, Pahang (3°26′01.3″ N 102°55′08.0″ E), Singa Besar Island, Langkawi Island, Kedah (6°12′51.2″ N 99°44′47.9″ E) and Sah Kecil Island, a small island located at Kenyir Lake (5°05′01.7″ N 102°48′08.6″ E). The location of sampling sites was illustrated based on Figure S1. The random technique was conducted for soil sampling, according to the United State Department of Agriculture (USDA) method suggested by [56]. Figure 6 illustrates the process of soil collection. Soil surface or O horizon of about 15 cm from the soil surface was removed before the sample was collected. Five cores with uniform characteristics were collected about 1 kg each before being homogenized into one composite. Coarse particles such as stones, wood, and roots were removed, and the samples were dried at 60 °C until moisture was completely removed. Upon completion, the dried soils were ground to powder and sieved using a 2-mm stainless steel sieve. The selected soil characteristics and analytical method are shown in Table 5.



4.1. Soil Extraction


The extraction process was carried out in triplicate. Aqueous extraction was done according to previous studies with slight modification [57,58]. Five different aqueous extraction treatments were conducted (Table 6). Approximately 20 g of each processed soil sample was put into Schott bottles with 200 mL ultra-pure water (1:10) and hand-shaken vigorously (end to end) for 5 min. For the room temperature extraction, samples were incubated for 24 h (24 h) in the dark. Meanwhile, for the high-temperature aqueous extraction, the autoclave SX-500 (Tomy Seiko Co., Ltd., Tokyo, Japan) was used. The samples were autoclaved for 1 h and 2 h with a slight change of temperature, i.e., 105 °C and 121 °C. Details about the procedure are listed in Table 6. After incubation, the bottles were hand-shaken for 1 min to resuspend the soil. The samples were centrifuged using the Beckman Allegra X-30R (Beckman Coulter, Indianapolis, IN, USA) centrifuge at 2500 rpm for 15 min. The supernatant was filtered using 0.7 µm Whatman Glass Microfiber Filter (GF/F) (Cytiva, Maidstone, United Kingdoms), and the filtrate was stored at −20 °C in Revco, ULT-390-10 freezer (Thermo Fisher Scientific, Waltham, Massachusetts, United States) for further analysis.




4.2. Macronutrient Analysis


Total dissolved nitrogen (TDN) and total dissolved phosphorus (TDP) of the extracts were measured using a portable spectrophotometer, Lovibond MD600 (The Tintometer Limited, Amesbury, UK). Each parameter was measured using designated reagents and procedure according to the given instructions in the manual. Dissolved organic carbon (DOC) of extracts was measured as nonpurgeable organic carbon (NPOC) using Shimadzu TOC-L CSH (Shimadzu, Kyoto, Japan) The sample was transferred into a 9 mL vial, and 1% of the total volume of the sample was added with 2 M hydrochloric acid (HCl) to remove volatile carbon. Since the NPOC was measured using high sensitivity catalyst, manual dilution of the concentrated samples was done. Triplicate samples (n = 3) for each treatment were measured for statistical analysis.




4.3. Hydrophobic and Hydrophilic Fraction


In this study, the DOM fractionation was conducted based on hydrophobic and hydrophilic interactions using ion-exchange resins (XAD-8 resins, obtained from National of Environmental Studies, Tsukuba, Ibaraki, Japan). DOM fractionation was obtained by a two-step procedure described in Figure 7 [59,60]. Fractionation of samples was described based on hydrophobic (absorbed, known as HS) and hydrophilic (nonabsorbed, known as HiF) fractions. All glassware used in this operation was precombusted at 450 °C for 4 h. In the first step, DOM 1 (sample) was acidified to pH 2 using 6 M HCl and then pumped through the Amberlite XAD-8 resin (20–60 mesh) using a peristaltic pump with Tygon tubing. The column was rinsed with a 1–2 bed volume of 0.1 M HCl to elute the HiF. HS was then eluted with 0.1 M of sodium hydroxide (NaOH). Both HiF and HS were collected and stored in Schott bottles. Figure 8 shows the schematic system of the auto fractionation system used in this experiment.



In this experiment, the column capacity factor k′ through XAD-8 resin was set at 50. Factor k′ can be defined as the ratio between the sum of organic matter absorbed onto XAD resin/the sum of organic matter not absorbed onto XAD resin. Every organic matter has its own k′ factor and breaking the hydrophobic/hydrophilic fraction could be defined in a situation where 50% of organic matter with k′ = 50–100 was absorbed onto XAD resin. Two different experiments were conducted where [61] used k′ = 50, and [62] used k′ =100. So, k′ has been used as the parameter for defining HS in the fractionation process. The following equation has been suggested by [59] regarding the relationship between sample volume and k′:


  k ′ =    V el    2  V 0    − 1  



(1)




where,




	
Vel = sample volume



	
V0 = volume of XAD-8 resin (65% bulk column volume)








In this experiment, the volume of XAD-8 resin was measured at 9 mL and k′ = 50. Therefore, the calculation of total volume of sample should be:


Vel = (50 + 1) × (2 × (9 mL × 0.65))



(2)








4.4. Statistical Analysis


All results were analyzed using one-way analysis variance (ANOVA) and Tukey post hoc at p < 0.05. The significant difference between treatment was calculated using SPSS Software at a 95% interval level. All samples were analyzed in triplicate to obtain the average values for each analysis.





5. Conclusions


In conclusion, the results suggest that the composition of extractable organic matter varies using different extraction methods, and the recovery of organic matter depends on the initial conditions of soil and heat provided during the autoclaving process. Soil extracts using the autoclave yielded more DOC, TDN, TDP and ammonium nitrate compared to natural extraction, up to 3.0, 1.3,1.2 and 1.4 times higher, respectively. Nevertheless, the autoclave treatment can be proposed as a standard procedure to extract high organic matter, at least in this study. The best treatment in terms of the highest extractable organic matter was noted in the 121 °C 2× autoclave approach. A higher fraction of soil extracts can also be recovered in autoclaved soil without altering the basic structure of humic and nonhumic substances. The recovered organic matter information can be utilized to understand its various applications, especially as a growth promoter for targeted microorganisms. The study could also reduce the cost and increase the effectiveness of existing artificial media for microbial growth.
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Figure 1. Total contribution of ammonia, NH4+ and nitrate, NO3 to total organic N for (a) Chini Forest Reserve (b) Langkawi Island and (c) Kenyir soil, respectively. Bars represent average value of concentrations at (n = 3). 
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Figure 2. The pH of different extraction methods. Bars on the graph represent the standard error at n = 3. a,b,c Same letter on top of graph indicated significant difference using one-way ANOVA (p > 0.05) and Tukey post hoc. Comparison between treatments; (24 h—105 °C 1×, 24 h—121 °C 1×, 105 °C 1×–105 °C 2× and 121 °C 1×–121 °C 2×). 
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Figure 3. Fraction of dissolved organic matter for Chini soil extracts. DOM fractions are DOC, total dissolved organic carbon; HS, humic substances; HoA; hydrophobic neutral and HiF, hydrophilic fraction. Bars represent standard error with n = 3. Same letter on top of graph indicated no significance difference using one-way ANOVA (p > 0.05) and Tukey post hoc. Comparison between treatments; (24 h—105 °C 1×, 24 h—121 °C 1×, 105 °C 1×–105 °C 2× and 121 °C 1×–121 °C 2×). 
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Figure 4. Fraction of dissolved organic matter for Langkawi soil extracts. DOM fractions are DOC, total dissolved organic carbon; HS, humic substances; HoA; hydrophobic neutral and HiF, hydrophilic fraction. Bar represents standard error at n = 3. Same letter on top of graph indicated no significance difference using one-way ANOVA (p > 0.05) and Tukey post hoc. Comparison between treatments; (24 h—105 °C 1×, 24 h—121 °C 1×, 105 °C 1×–105 °C 2× and 121 °C 1×–121 °C 2×). 
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Figure 5. Fraction of dissolved organic matter for Kenyir soil extracts. DOM fractions are DOC, total dissolved organic carbon; HS, humic substances; HoA; hydrophobic neutral and HiF, hydrophilic fraction. Bars represent standard error with n = 3. Same letters on top of graph indicate no significance difference using one-way ANOVA (p > 0.05) and Tukey post hoc. Comparison between treatments; (24 h—105 °C 1×, 24 h—121 °C 1×, 105 °C 1×–105 °C 2× and 121 °C 1×–121 °C 2×). 
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Figure 6. Random sampling method at 5 different points in a designated area [53]. 
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Figure 7. Experimental procedure for separation into absorbed fractions and unabsorbed fractions using soil samples. Details procedures explained and described in Figure 8. 
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Figure 8. Schematic of Auto Fractionation System. 
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Table 1. Physical properties of soils.
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	Soil Sample
	Chini Lake
	Langkawi Island
	Kenyir Lake





	pH
	3.97 ± 0.03 a
	4.23 ± 0.03 b
	4.83 ± 0.03 c



	Sand (%)
	4.47 ± 0.06 a
	95 ± 0.00 b
	4.57 ± 0.00 a



	Silt (%)
	94.89 ± 0.06 a
	0.00 ± 0.00 b
	94.91 ± 0.00 a



	Clay (%)
	0.63 ± 0.01 a
	4.00 ± 0.00 b
	0.52 ± 0.00 c



	Soil type
	Silt loam
	Sandy loam
	Silt loam



	Color
	Dark brown
	Light yellowish brown
	Light yellowish brown







The value shows as mean value with (n = 3) followed by standard deviation, ±. a,b,c within rows, mean values followed by the same letter are not significantly different according to one-way ANOVA (p > 0.05) and Tukey post hoc.
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Table 2. Chemical Analysis of soils.
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	Soil Location
	Chini Lake
	Langkawi Island
	Kenyir Lake





	Total Organic Carbon (%)
	55.78 ± 1.29 a
	2.34 ± 0.02 b
	1.03 ± 0.02 b



	Nitrogen (%)
	0.41 ± 0.05 a
	0.17 ± 0.00 b
	0.17 ± 0.00 b



	Phosphorus (%)
	24.23 ± 0.84 a
	2.27 ± 0.01 b
	1.62 ± 0.01 b



	Trace Metals (mg/kg)
	
	
	



	Iron
	755.47 ± 16.15 a
	767.09 ± 1.57 a
	771.98 ± 2.21 a



	Arsenic
	ND < 1
	ND < 1
	ND < 1



	Cadmium
	0.20 ± 0.03 a
	0.25 ± 0.03 a
	0.27 ± 0.08 a



	Chromium
	34.45 ± 3.92
	ND < 2
	ND < 2



	Chromium VII
	2.98 ± 0.18
	ND < 3
	ND < 3



	Lead
	3.06 ± 0.31 a
	3.52 ± 0.23 a
	33.83 ± 1.90 b



	Copper
	5.26 ± 0.43 a
	1.23 ± 0.08 b
	1.65 ± 0.03 b



	Nickel
	5.50 ± 0.33 a
	8.98 ± 0.54 b
	5.42a ± 0.29 a



	Zinc
	5.67 ± 1.05 a
	8.56 ± 0.45 b
	27.09 ± 1.07 c



	Mercury
	ND < 1
	ND < 1
	ND < 1



	Silver
	ND < 10
	ND < 10
	ND < 10







ND = not determined; a,b,c within rows, mean values followed by same letter are not significantly different according to one-way ANOVA (p > 0.05) and Tukey post hoc.
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Table 3. Selected chemical analysis of soil extracts using various extraction methods.
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Site

	
Treatments

	
Dissolved Organic Carbon, C (mg/L)

	
Total Dissolved Nitrogen, N (mg/L)

	
Total Dissolved Phosphorus, PO4 (mg/L)

	
Ammonia Concentrations, NH3 (mg/L)

	
Nitrate, NO3− (mg/L)






	
Chini Forest Reserve

	
24 h

	
74.15 ± 5.21 a

	
6.63 ± 0.3 a

	
0.20 ± 0.03 a

	
3.50 ± 0.53 a

	
0.67 ± 0.58 a




	
105 °C 1×

	
303.22 ± 17.19 b

	
14.23 ± 1.65 b

	
0.67 ± 0.3 b

	
4.73 ± 0.12 b

	
3.40 ± 0.61 b




	
105 °C 2×

	
404.48 ± 24.11 c

	
12.80 ± 1.9 b

	
0.73 ± 0.2 b

	
6.37 ± 0.21 c

	
4.73 ± 0.40 c




	
121 °C 1×

	
503.11 ± 39.99 d

	
17.33 ± 2.0 b

	
1.04 ± 0.06 c

	
6.93 ± 1.01 d

	
5.50 ± 0.78 d




	
121 °C 2×

	
677.95 ± 69.10 e

	
23.47 ± 4.0 c

	
1.47 ± 0.17 d

	
12.60 ± 0.40 e

	
7.57 ± 0.32 e




	
Langkawi Island

	
24 h

	
19.92 ± 1.26 a

	
5.33 ± 1.89 a

	
0.01 ± 0.02 a

	
1.45 ± 0.07 a

	
NA




	
105 °C 1×

	
86.03 ± 4.62 b

	
7.03 ± 0.15 a

	
0.17 ± 0.01 b

	
2.67 ± 0.23 b

	
1.13 ± 0.15 a




	
105 °C 2×

	
108.55 ± 5.61 c

	
7.37 ± 0.23 a

	
0.21 ± 0.05 b

	
3.00 ± 0.20 b

	
1.60 ± 0.10 b




	
121 °C 1×

	
153.27 ± 6.44 d

	
12.33 ± 1.89 b

	
0.25 ± 0.03 c

	
4.40 ± 0.53 c

	
1.67 ± 0.31 c




	
121 °C 2×

	
206.55 ± 3.23 e

	
13.93 ± 2.16 b

	
0.27± 0.03 c

	
6.47 ± 0.12 d

	
2.30 ± 0.44 d




	
Sah Kecil Island (Kenyir)

	
24 h

	
22.80 ± 1.25 a

	
4.13 ± 1.32 a

	
0.11 ± 0.01 a

	
2.23 ± 0.21 a

	
1.43 ± 0.12 a




	
105 °C 1×

	
67.40 ± 8.97 b

	
6.30 ± 0.82 b

	
0.13 ± 0.03 b

	
3.43 ± 0.35 b

	
2.57 ± 0.15 b




	
105 °C 2×

	
92.84 ± 27.23 b

	
7.83 ± 1.12 b

	
0.16 ± 0.03 b

	
3.87 ± 0.21 b

	
2.77 ± 0.15 b




	
121 °C 1×

	
117.38 ± 3.25 c

	
6.03 ± 1.08 b

	
0.13 ± 0.01 c

	
4.50 ± 0.30 c

	
3.23 ± 0.31 c




	
121 °C 2×

	
146.74 ± 4.00 d

	
8.97 ± 0.55 b

	
0.23 ± 0.03 d

	
5.43 ± 0.47 d

	
3.47 ± 0.15 c








The values shown as mean with (n = 3) followed by ± (standard deviation); NA = not available; a,b,c,d,e within column, same alphabets indicated no significant difference between treatments within same group using one-way ANOVA (p > 0.05) and Tukey post hoc. Comparison between treatments; (24 h—105 °C 1×, 24 h—21 °C 1×, 105 °C 1×–105 °C 2× and 121 °C 1×–121 °C 2×).
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Table 4. Chemical characterization of dissolved organic matter fractions.
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	Site
	Treatments
	Total DOC (mg C/L)
	Hydrophobic Fractions (mg C/L)
	Hydrophobic Neutrals (mg C/L)
	Hydrophilic Fractions (mg C/L)





	Chini
	24 h
	82.54 ± 11.16 a
	19.86 ± 7.40 a
	5.61 ± 8.09 a
	57.08 ± 15.07 a



	
	105 °C 1×
	343.69 ± 23.81 b
	80.38 ± 14.28 b
	14.34 ± 24.69 b
	248.95 ± 4.21 b



	
	105 °C 2×
	444.95 ± 9.90 c
	125.19 ± 13.20 c
	0.86 ± 1.49 c
	325.54 ± 25.07 c



	
	121 °C 1×
	525.83 ± 14.10 d
	136.84 ± 10.23 d
	29.33 ± 6.34 d
	359.66 ± 25.04 d



	
	121 °C 2×
	715.32 ± 31.60 e
	200.25 ± 0.76 e
	8.48 ± 11.92 e
	506.69 ± 29.80 e



	Langkawi
	24 h
	19.53 ± 1.23 a
	13.90 ± 1.30 a
	1.06 ± 0.93 a
	5.36 ± 1.98 a



	
	105 °C 1×
	84.94 ± 6.66 b
	33.24 ± 7.93 b
	8.81 ± 10.93 a
	47.64 ± 20.68 b



	
	105 °C 2×
	101.70 ± 14.1 0 b
	45.63 ± 9.13 c
	0.16 ± 0.27 a
	66.27 ± 7.19 b



	
	121 °C 1×
	151.55 ± 18.51 c
	50.91 ± 4.55 d
	7.21 ± 12.49 a
	104.03 ± 34.93 c



	
	121 °C 2×
	210.93 ± 11.18 d
	60.79 ± 2.48 d
	0.89 ± 0.99 a
	150.13 ± 13.28 d



	Kenyir
	24 h
	42.23 ± 0.90 a
	10.43 ± 2.25 a
	1.17 ± 1.16 a
	31.25 ± 4.40 a



	
	105 °C 1×
	59.81 ± 19.18 a
	19.18 ± 3.32 a
	8.33 ± 6.03 b
	32.30 ± 5.02 a



	
	105 °C 2×
	93.60 ± 43.62 a
	26.44 ± 11.33 a
	0.00 ± 0.00 c
	73.70 ± 31.78 b



	
	121 °C 1×
	105.21 ± 3.80 b
	29.07 ± 0.77 b
	0.00 ± 0.12 d
	79.49 ± 6.96 c



	
	121 °C 2×
	135.18 ± 1.08 b
	33.57 ± 1.70 b
	0.00 ± 0.00 d
	109.20 ± 3.0 d







The values shown as mean with (n = 3) followed by ± (standard deviation). a,b,c,d,e within row, same low letter case indicated no significant difference between treatments within same group using one-way ANOVA (p > 0.05). Comparison between treatments; (24 h–105 °C 1×, 24 h–121 °C 1×, 105 °C 1×–105 °C 2× and 121 °C 1×–121 °C 2×).
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Table 5. Selected parameters and analytical method.






Table 5. Selected parameters and analytical method.





	
Parameters

	
Unit

	
Analysis Method






	
pH

	
-

	
APHA 4500-H B




	
Nitrogen, N

	
%

	
MS 417L PART 3: 1994




	
Phosphorus, P

	
%

	
MS 678: PART 8




	
Potassium, K

	
%

	
(MS 417: PART 3: 1994): MS 678: PART VI to IX: 1980 (APHA 3500 K))




	
Total organic carbon

	
%

	
MS 678: PART 3A: 1980




	
Arsenic, As

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Iron, Fe

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Cadmium, Cd

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Chromium, Cr

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Chromium Hexavalent

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Lead, Pb

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Copper, Cu

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Nickel, Ni

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Zinc, Zn

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Mercury, Hg

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Silver, Ag

	
mg/kg

	
USEPA 1311 (APHA 3111-B)




	
Particle Size Distribution (PSD)




	
Sand

	
%

	
USDA/NRCS Soil Taxonomy




	
Silt

	
%

	
USDA/NRCS Soil Taxonomy




	
Clay

	
%

	
USDA/NRCS Soil Taxonomy
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Table 6. Type of soil extraction methods and the procedure used.






Table 6. Type of soil extraction methods and the procedure used.





	Extraction Methods
	Procedure





	Natural Extraction 24 Hours (24 h)
	Extracted at room temperature for 24 h incubation



	Autoclave 105 °C (105 °C)
	Extracted at 105 °C using autoclave for 1 h



	Autoclave 121 °C (121 °C)
	Extracted at 121 °C using autoclave for 1 h



	Autoclave 105 °C (105 °C 2×)
	Extracted at 105 °C using autoclave for 1 h, cooled (≈30 min) and autoclaved for another 1 h



	Autoclave 121 °C (121 °C 2×)
	Extracted at 121 °C using autoclave for 1 h, cooled (≈30 min) and autoclaved for another 1 h
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