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Abstract: Background: Loss of nutrients and organic carbon (OC) through leaching or erosion may
degrade soil and water quality, which in turn could lead to food insecurity. Adding biochar to
soil can effectively improve soil stability, therefore, evaluating the effects of biochar on OC and
nutrient retention and leaching is critical. Methods: We conducted a 42-day column leaching
experiment by using sandy loam soil samples mixed with 2% of biochar pyrolyzed from Honduran
mahogany (Swietenia macrophylla) wood sawdust at 300 ◦C (WB300) and 600 ◦C (WB600) and a
control sample. Leaching was achieved by flushing the soil column on day 4 and every week during
the 42-day experiment and adding a water volume for each flushing equivalent to the field water
capacity. Results: Biochar application increased the final soil pH and OC, NH4

+-N, NO3
−-N, available

P concentrations but not exchangeable K concentrations. In particular, WB600 exhibited superior
performance in alleviating soil acidification; WB300 engendered high NO3

−-N concentrations. Biochar
application effectively retained water in soil and inhibited the leaching of the aforementioned nutrients
and dissolved OC. WB300 reduced NH4

+-N and K leaching by 30%, and WB600 reduced P leaching
by 68%. Conclusions: Biochar application can improve nutrient retention and reduce the leaching
potential of soils and connected water bodies.
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1. Introduction

Nutrients (nitrogen, phosphorus, and potassium) and soil organic carbon (SOC) are critical
components of a healthy soil, which is the foundation of a strong food system [1]. Tropical ecosystems
are particularly susceptible to the loss of nutrients through soil erosion or leaching processes [2].
Intense rainfall in tropical or subtropical areas results in the leaching of fertilizer containing N, P,
and K from soil bodies. Nutrient leaching could diminish soil fertility, accelerate soil acidification,
increase fertilizer costs for farmers, and reduce crop yields [3]. The deposition of leached nutrients into
water bodies adversely affects aquatic environments because of potential risks such as eutrophication.
Leaching of N and P and agricultural runoffs are among the leading contributors to non-point source
(NPS) pollution, which has a detrimental effect on drinking and ground water, aquatic habitats, and
other water resources. Agricultural runoffs often contain several contaminants, including nutrients,
pesticides, pathogens, sediment, salts, trace metals, and other substances, which contribute to biological
oxygen demand [4]. Moreover, SOC, comprising nutrient and soil biota, leaches out over time [5],
which could aggravate nutrient losses and water pollution. An enormous quantity of fertilizers must
be applied to counter the dwindling fertility of agricultural soil.
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Biochar is a solid bioresource obtained through the pyrolysis of organic waste. Residues from
agricultural and forestry production processes are suitable raw materials for the production of
high-quality biochar [6,7]. Biochar is a porous substance containing high levels of carbon and various
functional groups. Accordingly, the addition of biochar to agricultural soil has emerged as a feasible
strategy to enhance soil water retention capacity [8–10], soil quality [11–14], soil organic matter stability
and nutrient retention [15,16], organic carbon (OC) sequestration [17], and greenhouse gases emission
reduction [18–21]. Furthermore, biochar can affect soil microbial properties, including microbial
activity [22] and microbial diversity [23]. However, the interactions between biochar and microbial
properties in soil are not fully understood [24]. The application of biochar to soil could increase soil
fertility and crop productivity by reducing leaching or even supplying nutrients [25–27]. However,
the effects of biochar on nutrient leaching and OC retention has been reported to vary with the
applied biochar pyrolysis temperature, raw material, and soil type [28,29]. Biochar produced from
secondary forest residues could reduce fertilizer leaching and increase plant growth and nutrition [26].
Furthermore, the addition of biochar produced from hardwood to a typical Midwestern agricultural soil
in the United States considerably reduced the leaching of total N and P by 11% and 69%, respectively [3].
Yao et al. [29] reported that the effect of biochar on nutrient retention and release varied with the
nutrient and biochar type.

In this study, we conducted a 42-day column leaching experiment by using loamy sand soil
samples that were obtained from a tropical/subtropical area and treated with two types of wood dust
biochar pyrolyzed at 300 and 600 ◦C. The objective of this study was to determine the effects of biochar
application on water, nutrient, and OC retention and leaching from the observed soil. The results are
expected to be valuable for assessing the potential of biochar for the retention and immobilization of
nutrients in soils and inhibition of water body contamination.

2. Materials and Methods

2.1. Collection of Soil Samples and Preparation of Biochars

Surface soil samples (0–15 cm) were collected from a field in Pingtung, Southern Taiwan
(22◦31′57.9′′ N 120◦33′38.1′′ E). As of April 2016, pineapple (Ananas comosus (L.) Merr.) was the
dominant crop on this land. The soil samples were air-dried, sieved through a 2-mm screen,
and stored at room temperature. The biochar used in this study comprised Honduran mahogany
(Swietenia macrophylla) wood sawdust obtained from the Department of Wood Design, National
Pingtung University of Science and Technology. Two biochar materials were used in this study, namely
WB300 and WB600, that were produced at pyrolysis temperatures of 300 and 600 ◦C, respectively.
The biochar used in this study was supplied by the Industrial Technology Research Institute (ITRI) of
Taiwan. Before being charred, the wood sawdust was dried at 60 ◦C for 24 h to < 10% moisture and cut
to a particle size of 2 cm. For pyrolysis, the samples were placed in a tubular furnace (ITRI, Tainan,
Taiwan) equipped with a corundum tube (diameter, 32 mm; length, 700 mm) and a N2 purging
mechanism (flow rate, 1 L/min) to ensure an oxygen-free atmosphere. Heat treatments were performed
at temperatures of 300 and 600 ◦C, with the heating rate being 5 ◦C min−1. The temperature was
maintained for 2 h before cooling to an ambient temperature under an N2 flow. After the pyrolysis,
the biochar materials were ground to pass through a 2-mm sieve, followed by homogenization
through stirring.

2.2. Preparations of Leaching Column

Similar to the procedures applied by Lo [30], the biochar materials were thoroughly mixed with
the collected sandy loam soil at application rates of 0% (Control, 0 tons ha−1) and 2% (40 tons ha−1) w/w
for Bok choy (Brassica rapa chinensis) cultivation in Taiwan. Briefly, nutrient solutions of ammonium
sulfate ((NH4)2SO4), calcium dihydrogen phosphate (Ca(H2PO4)2), and potassium chloride (KCl) were
added to the soil at application rates of 2076, 227, and 191 kg ha−1, respectively (approximately 220, 30,
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and 100 kg ha−1 for N, P, and K, respectively). The fertilizers were dissolved in deionized (DI) water
and then mixed thoroughly with the soil samples. The volume of the nutrient solution applied was
60% of the water retention capacity of the treated soil samples. The treatment samples are outlined
as follows: (1) control, comprising soil only (CK); (2) WB300, comprising soil to which 2% of the
biochar pyrolyzed at 300 ◦C was added; and (3) WB600, comprising the soil to which 2% of the
biochar pyrolyzed at 600 ◦C was added. A leaching experiment was conducted for each treatment
in three replicates. As illustrated in Figure 1, a soil column with an internal diameter of 20.6 cm was
constructed. The column was composed of two polyvinyl chloride (PVC) tubings of equal length,
which were connected through a PVC fitting with a 5-cm interval. A nylon mesh (1 mm2) with filter
paper (Whatman grade no. 42) above was placed between the joints to separate the soil in the upper
part from the quartz sand (~2 mm in diameter) filled in the center PVC fitting. At a soil depth of 15 cm,
the volume of the soil column was approximately 5000 cm3. All the columns were packed with the
tested soil samples to obtain an initial bulk density of 1.2 g cm−3.
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Figure 1. Schematic of the soil column constructed for the leaching experiment.

2.3. Soil Column Incubation and Leaching

The soil columns were subjected to a 42-day incubation process conducted at room temperature
(25–28 ◦C) and humidity (60%–80%) with repeated leaching in order to investigate the effects of biochar
application on (1) the physicochemical properties of, (2) the hydraulic properties of, and (3) nutrient
retention and leaching from the soils. Short-term duration of incubation period was chosen based on
Yoo et al. (2013) [31], where the leaching experiment was finished within 60 days. Likewise, based on
our previous studies, the variation of chemical and physical properties [13] and dynamic changes
of N and P [7] after biochar addition might occur and finish within 8 weeks, therefore, a short-term
experiment period (42 days) was selected in this study. Table 1 lists the analysed items.

According to the soil porosity and volume determined for the studied soil column, we used a
leaching volume of 700 mL for each flushing process. A fine sieve was placed above the columns
to minimize water disturbance to the soil surfaces during flushing. Throughout the experimental
period, all columns were leached seven times (on days 4, 7, 14, 21, 28, 35, and 42) using DI water.
The leachates were collected using 1000-mL measuring cylinders, and the volumes of the leachates
were recorded. Leachates were then subjected to chemical analyses. After the final leaching event,
the soil of each column was collected, air-dried, and ground to pass through a 2-mm sieve before
further chemical analysis.
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Table 1. Analysis items and relevant abbreviations for the leachates and soils.

Properties Leachate Soil

Leachate Volume VL X
pH pH X

Bulk Density DB X
Organic Carbon OC X X

Ammonium Nitrogen NH4
+-N X X

Nitrate-Nitrogen NO3
−-N X X

Available Phosphorus Ava. P X X
Exchangeable Potassium Ex. K X X

2.4. Analytical Methods

The bulk density (DB) was determined using the core method [32]. The pH values of the soil
samples and biochar materials mixed with DI water (1:2.5 and 1:20 w/v, respectively) were determined
using a Horiba F-74 BW meter [33]. We performed electrical conductivity measurements on saturated
paste extracts of the soil samples by using a Horiba F-74 BW meter [34]. The soil particle size distribution
was determined using the pipette method [35]. Cation exchange capacity (CEC) was determined using
the ammonium acetate method (pH 7.0) [36]. Exchangeable K was extracted using 1 mol L−1 NH4OAc
(1:10 w/v for the soil samples; 1:20 w/v for the biochar materials), and the extract was analyzed through
atomic absorption spectrometry (Z-2300, Hitachi, Tokyo, Japan). The OC concentration was determined
through wet oxidation [37]. Available P was determined using the Bray P-1 extract test [38]. Inorganic
N was extracted using 2 M KCl (1:10 w/v), and the concentrations of NH4

+-N and NO3
−-N were

determined though steam distillation conducted using MgO and Devarda’s alloy [39]. The microscale
structure of the biochar materials was characterized through optical microscopy using reflected light,
followed by scanning electron microscopy (SEM; Hitachi, S-3000N, Japan). A backscattered electron
image representing the mean atomic abundance in a black-and-white image was observed on the
surface of the samples coated with Au. The C components of biochar horizons were examined through
solid-state CPMAS 13C nuclear magnetic resonance (DSX 400-MHz solid-state NMR, Bruker, Karlsruhe,
Germany). Data acquisition was executed under the following conditions: spectrometer frequency,
100.46 MHz; spinning speed, 7000 Hz; contact time, 1 ms; and pulse delay time, 1 s. We determined the
total signal intensity and the proportion contributed by each C functional group by integrating the
spectra in the chemical-shift region: 0–50 ppm (aliphatic C), 50–110 ppm (O-alkyl-C), 110–165 ppm
(aromatic C), and 165–190 ppm (carboxyl C). Methoxyl C contributed a wide shoulder between 50 and
60 ppm within the O-alkyl-C range (Alpha-T, Bruker).

2.5. Statistical Analysis

Data were analyzed using IBM SPSS Statistics 22 for Windows (IBM Corp., Armonk, NY, USA). Data
sets were subjected to mean separation analysis using one-way analysis of variance, with significance
being set to a p value of 0.05. The differences between mean values under different treatments were
identified using Duncan’s test.

3. Results

3.1. Properties of the Soil and Biochar Materials

Table 2 lists the properties of the soil samples and biochar materials. The texture of the studied
soil was sandy loam; the soil was determined to have a neutral pH and low OC content. The porosity,
bulk density, and particle density were in the normal ranges for the coarse-textured soil samples. The soil
used in this study was sourced from an intensively cultivated field with high human input, which may
result in high nutrient concentrations. The pH values of WB300 and WB600 (Honduran mahogany
wood sawdust pyrolyzed at 300 and 600 ◦C) were 6.5 (neutral) and 10.4 (alkaline), respectively. The OC
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content in WB300 was 6.8%, which was higher than that in WB600 (2.0%). By contrast, the total carbon
content was 69% in WB300, which was lower than that in WB600 (79.5%). These results indicate that
WB600 contained a higher level of inorganic carbon than W300 did. The higher pyrolysis temperature
reduced the concentrations of oxygen, nitrogen, ammonium–nitrogen, nitrate–nitrogen, available
phosphorus, and exchangeable potassium in the biochar materials. Figure 2 depicts SEM images of both
biochar materials. WB300 exhibited coarser pores than WB600 did but had a lower number of pores
for the same volume. Because of its more porous structure—signifying a larger surface area—WB600
could have distinct effects on the physicochemical properties of soil and groundwater when compared
with WB300.

Table 2. Properties of the studied soil and Honduran mahogany (Swietenia macrophylla) wood sawdust
biochar samples pyrolyzed at 300 ◦C (WB300) and 600 ◦C (WB600).

Properties Soil
Wood Biochar (WB)

300 ◦C (WB300) 600 ◦C (WB600)

pH 6.2 6.5 10.4
EC (dS m−1) 0.35 - -

Sand (%) 72.5 - -
Silt (%) 18.1 - -

Clay (%) 9.4 - -
Texture SL - -

DB (g cm−3) 1.44 - -
DP (g cm−3) 2.69 - -
Porosity (%) 42.8 - -

CEC (cmol(+)/kg) 10.2 55.1 20.4
OC (%) 0.33 6.8 2.0
TC (%) - 69.0 79.5
H (%) - 4.5 2.9
O (%) - 24.7 14.6
N (%) - 0.92 0.82
H/C - 0.06 0.04
O/C - 0.36 0.18

NH4
+-N (mg/kg) 82.4 56.7 41.7

NO3
−-N (mg/kg) 131 548 341

Ava. P (mg/kg) 6.63 5.29 3.30
Ex. K (mg/kg) 259 449 323

EC: electrical conductivity; SL: sandy loam; DB: bulk density; DP: particle density; OC: organic carbon; TC: total
carbon; H: hydrogen; O: oxygen; N: nitrogen; NH4

+-N: ammonium-nitrogen; NO3
−-N: nitrate-nitrogen; Ava. P:

available phosphorous; Ex. K: exchangeable potassium; -: Not determined.
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Figure 2. Scanning electron microscope (SEM) images of Honduran mahogany (Swietenia macrophylla)
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Figure 3 illustrates the functional groups of C within the structures of the WB300 and WB600.
O-alkyl-C is the major C group in the natural composition of Honduran mahogany. By pyrolyzing at
300 ◦C, the WB300 consisted of more aromatic-C, less O-alkyl-C, more alkyl-C, and more carboxylic-C
than the raw wood dust. At 600 ◦C, the pyrolysis process resulted in the predominating aromatic-C
in the WB600, and the other C groups became less observable. The results of the physical and
chemical properties of the biochars as affected by pyrolysis temperature are consistent with previous
studies [7,13,40,41].
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3.2. Soil Physicochemical Properties

Table 3 shows the major soil properties under different treatments before and after the 42-days
experiment. The pH value of the untreated soil (before mixing with fertilizer) was 6.8, as shown in
Table 2. After fertilization, the pH value under control dropped to 6.1. The pH of soil treated with
WB300 was ~6.2, whereas WB600 had the highest pH value of 6.5. At day 42, the soil pH values
of both biochar treatments were significantly higher than that of the control (pH 4.6), as shown in
Table 3. The WB600 treated soil still revealed the highest pH value (5.8) at day 42 among all treatments.
Although the soil under WB300 treatment had the similar pH value (6.2) with the control on day 0,
it revealed a higher pH than the control at day 42.

The DB values observed on day 42 for all the treated samples were lower than the initial DB of
1.20 g cm−3 (achieved when the soil columns were packed). The control exhibited the highest DB

(1.11 g cm−3); the WB600-treated sample had the lowest value (1.05 g cm−3). However, the differences
in DB between the treated samples were not significant (p = 0.05) (Table 3). Because biochar typically
contains low levels of OC, the SOC levels observed for all treatments were low (0.21%–0.46%).
The WB300-treated sample had the highest SOC content levels on both day 0 and day 42 (0.46% and
0.39%, respectively), indicating an SOC content loss of only 0.7% throughout the experiment (Table 3).
The SOC levels observed for the WB600-treated sample did not differ significantly from that observed
for the control (Table 3).

The NH4
+-N concentration did not differ significantly between any of the treated samples on day

0 (Table 3). On day 42, the NH4
+-N concentration in all treated samples decreased drastically from

approximately 205 mg kg−1 to less than 6.5% of the initial concentrations. On day 42, the control had
the lowest concentration (5.87 mg kg−1), and the WB300- and WB600-treated samples had significantly
higher concentrations (12.7 mg kg−1). The NO3

−-N and inorganic N concentrations in the treated
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samples exhibited similar trends to the NH4
+-N concentrations. On day 42, all treated samples

exhibited considerably lower NO3
−-N concentrations when compared with the initial concentrations;

the NO3
−-N concentrations were high in the samples treated with the two biochar materials, particularly

the WB300-treated sample.

Table 3. The Soil physicochemical properties on day 0 and day 42 (n = 3).

Properties Day Treatments

CK WB300 WB600

pH 0 6.1 ± 0.1 a 6.2 ± 0.1 a 6.5 ± 0.1 b

42 4.6 ± 0.1 a 5.2 ± 0.2 b 5.8 ± 0.1 c

DB (g cm−3) 42 1.11 ± 0.24 a 1.09 ± 0.11 a 1.05 ± 0.10 a

SOC (%) 0 0.33 ± 0.05 a 0.46 ± 0.03 b 0.36 ± 0.05 a

42 0.21 ± 0.05 a 0.39 ± 0.05 b 0.31 ± 0.07 a,b

NH4
+-N (mg kg−1)

0 206 ± 6.28 a 205 ± 6.16 a 205 ± 6.35 a

42 5.87 ± 1.19 a 12.7 ± 1.15 b 12.7 ± 1.21 b

NO3
−-N (mg kg−1)

0 131 ± 8.35 a 138 ± 8.98 a 135 ± 8.14 a

42 7.52 ± 1.14 a 33.0 ± 1.31 c 28.0 ± 3.63 b

Inorganic N (mg kg−1)
0 336 ± 8.61 a 343 ± 9.60 a 339 ± 8.38 a

42 13.4 ± 0.82 a 45.7 ± 0.11 c 40.7 ± 3.42 b

Ava. P (mg kg−1)
0 19.6 ± 0.27 a 19.6 ± 0.26 a 19.8 ± 0.28 a

42 4.08 ± 0.45 a 5.10 ± 0.28 b 5.36 ± 0.75 b

Ex. K (mg kg−1)
0 488 ± 46.2 a 457 ± 30.6 a 497 ± 45.2 a

42 302 ± 3.02 a 315 ± 0.24 b 351 ± 0.13 c

DB: bulk density; SOC: soil organic carbon; NH4
+-N: ammonium–nitrogen; NO3

−-N: nitrate–nitrogen; N: nitrogen;
Ava. P: available phosphorous; Ex. K: exchangeable potassium. The values followed by the same superscript letters
within a row are not significantly different (p > 0.05) between relevant treatments.

On day 0, the Ava. P concentrations did not differ significantly between the three treated
soil samples (19.6–19.8 mg kg−1). On day 42, the Ava. P concentration decreased to 4.08, 5.1,
and 5.36 mg kg−1 in the control, WB300-treated, and WB600-treated samples, respectively. On day
0, the Ex. K concentrations in the control, WB300-treated, and WB600-treated samples were 302,
315, and 351 mg kg−1, respectively. After the experiment, the Ex. K concentrations increased to
457–488 mg kg−1 in all treated samples and did not differ significantly between the samples.

3.3. Properties of Leachate

Both biochar-treated samples exhibited significantly smaller leachate volumes than that of the
control for each flushing event (Table 4; Figure 4). On day 4 (the day of the first flushing event), the soil
column with the control sample had a leachate volume of 530 mL, and both WB300- and WB600-treated
samples retained approximately 150 mL more water than the control did (i.e., the leachate volume
decreased by 28%). At the end of the experiment, the cumulative leachate volumes observed for
the WB300- and WB600-treated samples were lower than that observed for the control by 9.2% and
13.7%, respectively.

Figure 5 displays the cumulative level of dissolved OC (DOC) in the leachate. This was highest in
the control and lowest in the WB600-treated sample after the experiment (188 and 154 mg, respectively).
After 42 days of incubation, the level of DOC leached from the soil column decreased by 6.50% and
20.0% in the WB300- and WB600-treated samples, respectively, compared with the control. The biochar
materials contained low levels of OC. Accordingly, biochar introduces a negligible level of DOC
into soils.
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Table 4. Volume of the leachate from the soil columns after each flushing with DI water (n = 3).

Treatments

Volume of the Leachate (mL)

Incubation Time (Days)

4 7 14 21 28 35 42

CK 530 ± 45 b 539 ± 55 579 ± 39 598 ± 287 625 ± 21 624 ± 82 633 ± 08 b

WB300 378 ± 63 a 459 ± 53 539 ± 23 577 ± 18 600 ± 22 598 ± 08 597 ± 11 a

WB600 377 ± 05 a 426 ± 55 488 ± 110 525 ± 64 570 ± 05 598 ± 10 578 ± 24 a

The values followed by the same superscript letters within a column are not significantly different (p > 0.05) between
the relevant treatments.
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The cumulative quantities of NH4
+-N and NO3

−-N leached from the soil columns are illustrated
in Figure 6. WB300 remarkably reduced NH4

+-N leaching by 30.5% relative to the control (69.6 mg).
Although the inhibitory effect of WB600 on NH4+-N leaching was relatively weak, it still reduced the
total quantity of NH4

+-N leached from the soil by 10.6%, which was approximately one-third of that
observed for the WC300-treated sample. The WB300- and WB600-treatments reduced the quantities of
NO3

−-N leached from the soil samples by 13.8% and 16.4%, respectively, compared with the control
(83.9 mg).
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The cumulative quantity of inorganic N (summation of the quantities of NH4
+-N and NO3

−-N)
leached from the soil samples subjected to the different treatments differed significantly (Figure 7).
The control exhibited the highest quantity of inorganic N leached from the soil (154 mg), and the
WB300-treated sample exhibited the lowest quantity (33.3% lower than the control). Furthermore,
WB600 treatment decreased the quantity of inorganic N leached from the soil by 13.7% only.
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Figure 8 displays the cumulative quantities of P leached from the soil columns. The total quantity
of P leached from the WB600-treated sample decreased significantly (68.0%) compared with that from
the control (12.2 mg). For the WB300-treated sample, the total quantity of P leached from the soil
decreased by 45.2%. Compared with the control, the WB300 and WB600 treatments reduced the total



Water 2020, 12, 2012 10 of 15

quantities of P leached from the soil by 29.71% and 7.70% (156 and 210 mg leached), respectively
(Figure 9).Water 2020, 12, x FOR PEER REVIEW 10 of 15 
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4. Discussion

Compared with the original soil (control on day 0), the pH value of the fertilized soil decreased
from 6.8 to 6.1, which could be attributed to the acidic properties of the two fertilizers, namely
(NH4)2SO4 and Ca(H2PO4)2. The pH value of the control decreased to 4.6 on day 42, and those of the
WB300- and WB600-treated samples were considerably higher (Table 3). The results indicate that both
WB300 and WB600 could alleviate soil acidification. When biochar undergoes pyrolysis at a higher
temperature, it generally has a higher pH [42]. Singh et al. [43] revealed that the CaCO3 equivalence
of biochar increased with the pyrolysis temperature. Accordingly, the application of biochar could
engender liming effects. For biochar, a higher application rate or higher pyrolysis temperature could
increase the pH or alkalinity of the biochar-treated soil [11]. The alleviation effects of biochar on soil
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acidification could contribute to the retardation of the movement of several nutrients and pollutants
from soils to groundwater and lower water bodies.

Applying biochar could decrease the DB of a soil sample [13]. However, this phenomenon was
not observed in this study; a possible reason is that the reorganization of the soil structure for mixing
the materials and packing the soil columns neutralized the soil properties. A similar condition can be
achieved in the field through intensive tilling. For a less- disturbed sandy loam soil, the application of
biochar could improve the soil structure, increase the infiltration rate, and reduce runoff water and soil
erosion, thus improving soil and water conservation [7,13,41]. The volumes of leachates increased
with repeated leaching for all treatments in this study. Although the differences in leachate volume
between the control and biochar-treated samples decreased gradually in this study, the biochar-treated
samples still retained a significantly higher amount of water in the soil columns on day 42 (Table 4).
The WB300 and WB600 treatments reduced the level of water loss by 9.2% and 13.7%, respectively.
Our results demonstrate that the biochar materials, particularly WB600, exhibited a strong ability to
conserve water in the soil samples when applied at a rate of 2%.

The OC contents in both of the biochars were much lower than that of other organic materials
commonly used in farmland. The biochar applications displayed significantly affect the SOC in the
WB300 treatment only in this study (Table 3). Accordingly, the effects of biochar on DOC leaching are
the results of the sorption of organic carbon onto the biochar, either within the pores of the biochar or
onto the external biochar surface [7]. The biochar-applied soils retained more water than the control
(Figure 4), as illustrated earlier, which could also contribute to DOC retention since DOC move down
and leach out from the soil column along with the soil water. Our results illustrated that the highest
amounts of DOC and leachate were found in CK indicating biochar addition could effectively retain
DOC in the soils. However, the highest DOC concentration (47.0 mg/L, DOC amount/leachate volume)
was found in the leachate of WB300 treatment indicated that biochar might release solube C components
into soil solution, particularly in biochar pyrolized with low temperatures [7,44]. The results implicated
that soluable C components onto the biochar itself might increase DOC concentration in output water
(runoff or eluate from soil pedon) duing rainfall events in the biochar-amended soils. The WB300
treatment revealed the efficiency of 9.2% for water retention and the lower efficiency of 6.5% for DOC
retention (Figures 4 and 5). Under WB600 treatment, the retention efficiencies were 13.7% for water
and a higher of 20.0% for DOC. This result indicates that WB600 had a stronger affinity to DOC than
WB300. Kasozi et al. [45] reported that the organic matter sorption onto biochar surfaces is kinetically
limited by slow diffusion into the subnanometer-sized pores dominating biochar surfaces. The various
organo-mineral interactions lead to aggregations of soil and organic materials, which stabilizes both
soil structure and the carbon compounds within the aggregates. Furthermore, the increase in the
diversity and density of carbon groups within WB300 biochar may result in the slightly increased SOC
but did not prevent the leaching of DOC as effective as the WB600 biochar.

Although the NH4
+-N and NO3

−-N concentrations in the soil columns were low on day 42
(Table 3), the WB300- and WB600-treated samples, especially the WB300-treated sample, exhibited
higher inorganic N concentrations than the control did. These results could be attributed to the high
surface area and diverse functional groups, such as carboxyl C, O-alkyl-C, and alkyl C, of WB300
(Figure 3). Obvious higher CEC was also fould in WB300 than in WB600 in this study indicating that
more NH4

+-N and K could be retained in the soil treated with WB300, and which were demonstrated
by our results in Figures 6 and 9 [46,47]. Addtionally, improvement in soil physical properties such
as promotion of soil aggregation and increasing of water holding capacity might also bring positive
effects in nutrient leaching. Yoo et al. [31] suggested that increasing formation of aggregates by biochar
addition could effectively promoted retention of NO3

−. Furthermore, they also indicated that increased
water holding capacity after biochar addition was also a factor to reduce N leaching.

Overall, both biochars can effectively reduce N leaching and provide a potential N source of
nutrient delivery to plants [48]. Agricultural non-point source (NPS) pollution is the leading source of
water quality impacts to rivers and lakes. Nitrogen from fertilizers, manure, waste and ammonia turns
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into nitrite and nitrate. High levels of these toxins deplete waters of oxygen, killing all of the animals
and fish. Nitrates also soak into the ground and end up in drinking water. Health problems can occur
as a result of this and they contribute to methemeglopbinemia or blue baby syndrome which causes
death in infants. Base on our results, application biochar might be a useful managememt practice
to reduce NPS pollution in watersheds, particularly in tropical/subtropical climate regions. In this
study, we measured the N losses through leaching. The N losses through denitrification and ammonia
volatilization, which may form NH3, N2, or N2O, were not accessed. As the soil was pH 6.8 and the
soil columns were nearly water-saturated during the experiment, we used acidic fertilizer, (NH4)2SO4

and Ca(H2PO4)2 intentionally to minimize ammonium volatilization.
Applying the biochar materials engendered only a slight increase in the available P in the soil

samples after the leaching experiment (Table 3). Both biochar materials, particularly WB600, could
retain soil P, according to the leaching results (Figure 8). This effect also resulted in the higher
concentrations of Ava. P in the soil samples after the experiment, as mentioned. P tends to precipitate
with Fe under acidic conditions. However, the application of the biochar materials increased the soil
pH, which could enhance the release of P. Therefore, the biochar materials were likely to have contained
numerous bonding sites or other co-precipitation elements, resulting in considerably higher P retention
efficiency levels compared with their water retention efficiency levels. During soil pH 4 to 6, increasing
of soil pH might unlock P “adsorbed on soluble and hydrous Fe/Al oxides” into an available form,
however, the unlocked P might be adsorbed again onto biochar to form a potential available form.
Our results was consistence with the resuld of Laird et al. [3] who indicated that biochar addition could
effectively reduce leaching of dissolved P in the soil column due to adsorption of orthophosphate and
adsorption of organic P compounds by biochar.

The Ex. K concentration was higher in the biochar-treated soil samples, particularly the
WB600-treated sample, than in the control at the beginning of the experiment; this could be attributed to
the high mobility of K in plant ash. A higher pyrolysis temperature may result in a higher concentration
of soluble K in biochar. However, the Ex. K concentrations did not differ significantly between the
samples on day 42. Both biochar materials considerably reduced the total quantity of K leached from
the soil samples. The efficiency levels of WB300 and WB600 in inhibiting K leaching were 29.7% and
7.7%, respectively. WB600 inhibited K leaching mainly through holding the soil solutions, and WB300
possibly had additional K sorption mechanisms mainly related to C functional groups.

Our results indicated that both WB300 and WB600 could effectively reduce the leaching of soil
water, DOC, NH4

+-N, NO3
−-N, P, and K. After incubation, not only nutrient concentration but also

leachate volume were found lower in biochar-treated soil compared with those in control (Table 4).
Reharding the strong water retention capacity of the biochar-treated soils, two possible reasons were
speculated, which were (1) high degree of evaporation (about 30 ◦C in average during summer in
southern Taiwan) for the soil column after water adding; therefore, the biochar treatments might
still effectively retain water after water addition; (2) the volume of adding water (700 mL) to the
soil column at each date still did not match the pore volume (~2000 cm3) of soil column; therefore,
the biochar treatments might still effectively retain water after water addition at day 7 and other dates.
Nutrient leaching could be inhibited through increased water retention. Moreover, the inhibitory
effect of the biochar materials on the mineralization of organic N, in terms of physical protection
of organic matter [7,40], can reduce the quantity of nutrients released and thus reduce subsequent
leaching. Our results reveal that WB300 exhibited a high NH4

+-N and K (predominately cations)
retention efficiency, and WB600 exhibited a high water, DOC, and P (predominately anions) retention
efficiency. These results indicate that WB300 was negatively charged, which was most likely due to the
distribution of various carbon functional groups. Overall, the biochar-induced retention of soil water,
DOC, and nutrients could be considered to positively affect nutrient and water conservation and to
improve soil quality. Reducing the leaching of water, DOC, and nutrients from soils could conserve
groundwater and connected water bodies. Therefore, biochar application can benefit both soil and
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water conservation. Further research should be conducted to investigate whether these positive effects
can be extended to the field and to downstream water bodies at the catchment level.

5. Conclusions

The results of this study demonstrate that the incorporation of Honduran mahogany
(Swietenia macrophylla) wood sawdust biochar into sandy loam soil samples could improve soil health
by increasing the capacity of the soil to retain nutrients and reduce nutrient leaching. The biochar
materials applied in this study, particularly WB600, alleviated soil acidification. The incorporation of
the biochar materials considerably increased SOC, inorganic N (NH4

+-N and NO3
−-N), and ava. P

concentrations in the soil samples. The biochar application did not significantly affect DB or Ex. K in
the soil. Furthermore, the total volume of leachates and cumulative quantity of DOC, inorganic N, P,
and K leached from the soil samples decreased significantly in the biochar-treated samples. WB300
engendered the least quantities of NH4

+-N and K, both of which are cations. Thus, WB300 could be
more negatively charged than WB600 because of its inhibitory effects on cation leaching. By contrast,
WB600 was likely to have a higher density of P-bonding sites, which resulted in a stronger inhibitory
effect on P leaching. Although the ability to retain various nutrients in soil differed with pyrolysis
temperatures, both biochar materials effectively contributed to the conservation of groundwater and
subsequent downstream water bodies. Increased retention of these nutrients in soils can increase
the probability of absorption by plant roots, thereby decreasing the risk of leaching into rivers or
groundwater reservoirs. In future studies, the on-site effects of biochar application on underground
and water bodies should be determined in terms of eutrophication and potential pollution, especially
for intensively fertilized cropped fields.
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