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Featured Application: This research focuses on using an environmentally friendly technology
(mixture of rice straw and rice husk biochars) to sustainably minimize ammonia volatilization,
increase soil nutrient retention, and improve rice plant nutrient uptake and use efficiency. The
mixture of rice straw and rice husk biochars has a larger surface area and numerous pores to
chelate ammonium and nitrate ions. This process will fundamentally reduce the loss of ammo-
nia via volatilization from urea fertilizer being applied, thus reducing the excessive use of urea
fertilizer in agricultural sector. The biochar at 5 and 10 t ha~! significantly minimized ammo-
nia volatilization by 33.5-40.7%. It resulted in an increase of nutrient uptake, use efficiency, and
dry matter production of rice plant. This work may not only contribute to the reduction of urea
fertilizer import bill of Malaysia, but also pave the way for better means of adding value to the
agricultural waste to avoid environmental pollution. It also contributes to increasing rice produc-
tion by solving the problem of ammonia loss from urea fertilizer in tropical acid soil.

Abstract: Nitrogen deficiency frequently occurs at agricultural soil because of NHj3 volatilization to
the environment which results in low urea-N use efficiency by rice plants. A pot experiment was
conducted to assess the synergistic effects of a mixture of rice straw and rice husk biochars (RSRH)
on (1) total N, soil exchangeable NH,*, and available NO3 ™, and (2) uptake of N, P, and K in rice
plant. RSRH biochar at 5 and 10 t ha—! had significantly minimized ammonia volatilization by 33.5%
and 40.7%. Further, RSRH biochars also had significantly increased available NH4*, NO3~, available
P, and available K in the soil over T1. In line to increase in soil nutrient availability, the rice plant
height, tiller number, greenness, and panicle number were increased. This resulted in an increase of
nutrient uptake, use efficiency, and dry matter production of the rice plant. RSRH biochar altered the
soil environment by minimizing NHj loss and increasing soil nutrients for efficient plant uptake.

Keywords: ammonia volatilization; biochar; nutrient uptake; urea

1. Introduction

Asian countries grow rice (Oryza sativa L.) in a huge acreage, where the production
and consumption is the highest. Rice is cultivated in different diverse ecosystems, and
irrigated lowland rice is the most important rice ecosystem in Malaysia [1]. Rice production
in Malaysia is the highest at the irrigated lowland rice system because it is more economical
and reliable. Although rice growers prefer irrigated lowland system for rice production,
there are many arising problems in rice fields, such as increased fertilizer application rate
due to volatilization or leaching of nitrogen (N), which leads to poor rice crop growth [2,3].
Plants need N the most during the vegetative stage for proper growth and cell division,
but the volatilization of N from applied urea fertilizer reduces the availability of N in
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the soil. To overcome the deficiency of N in the soil, rice growers tend to add excessive
and unreasonable amounts of inorganic fertilizer, which adversely affect the quality of
the environment [4]. These practices do not only waste the fertilizer and degrade nature,
but are also costly. Major N loss from applied urea in irrigated lowland rice systems
is due to the adoption of the surface applied method [5]. Due to surface application,
immediately upon contact with water, urea hydrolyses and is lost through ammonia (NH3)
volatilization [6]. It also agreed that a main pathway of applied N loss in cropping systems
is through NHj3 volatilization [7]. The urea-N volatilization process needs to be minimized
in the agricultural field in order to increase the rice plant N uptake and yield.

Agricultural waste can be used since it is cost effective, renewable, and abundant [8].
Rice residues such as rice straw and rice husk are one of the agricultural wastes that can be
found in abundance and are being burnt to avoid excessive accumulation. One promising
management approach is to convert the agricultural wastes into biochar. Recently, there has
been much renewed interest in using biochar in the agricultural field as a soil ameliorant [9].
Turning rice residues to biochar can reduce the wastage problem and environmental
pollution.

Biochar as an organic amendment offers a wide variety of benefits to the soil envi-
ronment. It is a carbon-rich product obtained from wood, paper, manure, or wheat straw
burned in a pyrolyzed condition [10]. Yeboah et al. [11] stated that biochar enhances soil
nutrient retention, which overall reduces the total fertilizer requirements in agricultural
soil. Further, a study by Yang et al. [12] concluded that biochar has a large surface area and
numerous pores which aids in ions” adsorption capacity. These properties of biochar might
increase the retention of ammonium (NH4 ") and nitrate (NO3 ™) in soil [13]. Retention of
NH,* and nitrate NO3 ™ in soil is crucial for plant uptake and utilization. Further, biochar
has a higher cation exchange capacity (CEC) value which further aids in more nutrient
retention and increases its potential to be an adsorptive agent [14]. Biochar application
reduces NHj volatilization successfully and retains more nutrients in soil.

Previously, rice husk biochar had been used for C sequestration and to minimize
greenhouse gas emission in rice fields [15]. Rice fields are known as a major source of
atmospheric greenhouse emission. Mohammadi et al. [16] stated that rice straw and rice
husk conversion into biochar and its application reduced methane gas emission in the
rice cultivation area. Much research has been conducted in rice fields by using biochar
for C sequestration and climate mitigation, but there is little research on soil amendments.
Hence, there is a need to know the efficacy of rice straw and rice husk biochar on soil
quality improvements. There is also a scarcity of information and research in amending
rice straw and rice husk biochars with the soil to minimize NHj loss in the agricultural
field. The interaction between rice straw, rice husk biochar, and urea fertilizer applied in a
soil cultivated with rice plant needs detailed research in order to integrate biochar in soil
properly to achieve a sustainable management of rice fields. Thus, the objectives of this
study were to: (i) Improve soil total N, soil exchangeable NH,*, and soil available nitrate
(NOs37) by using biochars produced from rice straw and rice husk, respectively, and (ii)
determine whether the use of biochars improves N, P, K, Ca, and Mg uptake, nutrient use
efficiency, and dry matter production of rice plant.

2. Materials and Methods
2.1. Soil Sampling and Characterization

The soil used in this study was sampled at 0-30 cm from an uncultivated land in Agro
Techno Park of University Malaysia Kelantan Jeli Campus, Malaysia (5.6955 latitude and
101.8389 longitude) which has not been cultivated since 2007. The soils were collected
randomly from a sampling area of 60 x 60 m. The collected soil samples were air-dried,
crushed, and sieved to pass through a 2-mm sieve for initial soil characterization. Soil
pH was measured in a ratio of 1:10 (soil:water) by using a digital pH meter [17]. Soil
organic matter, ash content, and soil total carbon were determined by using the loss-on
ignition method [18]. The total N was determined by using the Kjeldahl method [19].
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The double acid method described by Mehlich [20] was used to extract soil available P
and exchangeable cations (Ca, Mg, K, and Na), after which the cations were determined
by using an atomic absorption spectrophotometer (AAS) (Analyst 800, Perkin Elmer,
Norwalk, CT, USA), while soil available P was determined by using the molybdenum
blue method of Murphy and Riley [21]. The developed blue color was analyzed by a
UV-VIS spectrometer (Thermo Fisher Scientific Genesys 20, Waltham, MA, USA) at 882 nm
wavelengths. Soil CEC was determined with the ammonium acetate leaching method [22].
The exchangeable acidity and exchangeable Al>* were determined by the acid-base titration
method described by Rowell [23]. The method described by Keeney and Nelson [24]
was used to extract exchangeable NH;* and available NO;~, after which the ions were
determined via steam distillation [18].

2.2. Characterization of Rice Husk and Rice Straw

Rice straw collected from the Kemubu granary area, Kota Bharu, Malaysia, and rice
husk collected from Pasir Puteh Rice Mill, Malaysia were subjected to analysis of pH [17]
and total N [19]. The single dry ashing method [18] was used to extract nutrients from
rice husk and rice straw for analysis of Ca, Mg, Na, P, and K. The contents of Ca, Mg, Na,
and K were determined by using an AAS (Analyst 800, Perkin Elmer, Norwalk, CT, USA).
Meanwhile, total P content was determined by using the molybdenum blue method after
which the blue color developed was analyzed using a UV-VIS spectrophotometer (Thermo
Scientific Genesys 20, Waltham, MA, USA) [21]. Organic matter, ash content, exchangeable
NH,*, available NO3;~, and CEC were determined by using the aforementioned methods
in the soil characterization section.

2.3. Rice Husk and Rice Straw Biochar’s Production and Activation

Two cylindrical kilns, 200 L, with removable chimney caps and an air-tight 110-L
drum, were constructed for biochar production. Rice straw and rice husk were bulked
separately inside the 110-L drum and closed before being placed in the middle of the 200-L
drum, where the fire was kindled starting from the bottom of the drum. The burning time
was 4-6 h, with temperature ranging from 300—400 °C and left for cooling for 12 h. After
that, the pile of biochar samples was spread out for cooling. Next, activation of biochar
was carried out by soaking the biochar with 5% chicken slurry for 7 days, which later was
dried and stored in a big container for further use. Activation of biochar with chicken
slurry is crucial to further increase the nutrient content, alter the surface area, and increase
the pore size [25]. The analysis conducted for biochar characterization is similar to those
of aforementioned characterizations of soil and rice straw. Additionally, microanalysis
through scanning electron microscopy attached with energy dispersive X-ray spectroscopy
analysis (SEM-EDX JEOL JSM 6400) was carried out to analyze the surface morphology of
rice husk and rice straw biochars.

2.4. Ammonia Loss Incubation Study

The NHj loss incubation study was conducted by using a close-dynamic air flow
system [26-28]. The system came with an exchange chamber of a 250-mL conical flask
containing the soil mixture and a 250-mL conical flask containing 75 mL of boric acid, which
were both stoppered and fit with inlet/outlet pipes. The inlet of the chamber containing
water was connected to an air pump and the outlet was connected by pipe tubing to the
trap containing boric acid solution. This setup was done to create soil aeration and trap
NHj loss via the volatilization process.

Soil and the rice straw + rice husk biochar mixture (RSRH) at rates of 5, 10, 15, and
20 t ha—! were mixed well before being deposited into the 250-mL conical flask followed
by the addition of 175 kg ha~! of urea. The produced biochars were compared with a
commercial biochar potting media to compare the efficacy in reducing NHj loss. For
commercial biochar potting media mixture, 50% soil was mixed well with 50% commercial
biochar potting media, and in another treatment 100% commercial biochar potting media
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was used. Later, urea was added into the commercial biochar potting media mixture. Next,
water was added to create a waterlogged condition. The water level was marked in a
conical flask and maintained 3 cm above the soil throughout the incubation study period.
The boric acid solution was replaced every 24 h and back-titrated with 0.01 M HCI to
determine NHj loss from the applied urea. The measurement was continued until the NHs
decreased to 1% of the added N to the system [29]. After the ammonia volatilization study
period, the soil samples were taken and the pH, exchangeable NH4 ", and available NO3~
were determined. Treatments were arranged in a completely randomized design (CRD)
with three replications, as shown in Table 1.

Table 1. Treatments evaluated in ammonia volatilization study.

Treatment Description
TO 100 g soil only (negative control)
T1 100 g soil + 0.97 g urea (positive control)
T2 100 g soil + 0.97 g urea + 0.14 g rice straw biochar + 0.14 g rice husk biochar
T3 100 g soil + 0.97 g urea + 0.28 g rice straw biochar + 0.28 g rice husk biochar
T4 100 g soil + 0.97 g urea + 0.42 g rice straw biochar + 0.42 g rice husk biochar
T5 100 g soil + 0.97 g urea + 0.56 g rice straw biochar + 0.56 g rice husk biochar
T6 50 g soil + 50 g commercial biochar potting media + 0.97 g urea
17 100 g of commercial biochar potting media + 0.97 g urea

2.5. Pot Experiment

After the completion of the laboratory NHj loss incubation study, a pot experiment
was conducted in a netted house located at the University Malaysia Kelantan Jeli Campus,
Malaysia. Only 5 treatments were selected and carried forward to the pot experiment
from the ammonia volatilization study. Treatments with 15 and 20 t ha~! RSRH biochar
were excluded. Application of 15 and 20 t ha~! did not minimize NHj loss significantly
compared to 5 and 10 t ha~! RSRH biochars. Hence, low rates of RSRH biochar application
(5 and 10 t ha~!) were chosen since they were more economical. Treatments with soil only,
soil + urea, and 50% and 100% commercial potting media were carried forward to the pot
experiment to serve as a comparison to RSRH biochar effectiveness in minimizing NHj3
loss and nutrient retention in soil, and improving plant nutrient uptake.

Rice plant (cultivar MR297) was used as a test crop in the pot experiment and the
seedlings were planted in pots (23 height, 23 wide, and 23 cm diameter) which were filled
with 5 kg of 5-mm sieved soil. Before planting, MR297 rice seeds were germinated in plastic
trays filled with germination medium. The biochar rates of 5 and 10 t ha~! were mixed
thoroughly with the soil 24 h before transplantation of rice seedlings into the pot on the
seventh day. Three rice seedlings were planted in each pot, equivalent to three seedlings
per hill [30]. The water level in each pot was maintained at 3 cm from the soil surface. After
seven days of transplantation, N, P, and K fertilizers in the form of urea (46% N), Christmas
Island Rock phosphate (32% P>0Os), and Muriate of Potash (60% K,O) were applied at rates
of 175, 97.8, and 130 kg ha~ 1, respectively. These rates were scaled down based on the
recommendation of Muda Agricultural Development Authority, Malaysia [31] with some
modifications where the urea was increased to 175 from 151 kg ha~! for 5 kg soil per pot.
The fertilizers were applied in a three-equal split at 7, 30, and 55 days after transplantation
(DAT) by surface application. The lists of treatments evaluated in the pot experiment are
listed in Table 2.

The pot experiment was carried out in a completely randomized design with three
replications in a net house. Plants were checked regularly and monitored up to the heading
stage (70 days). The plants were harvested at 70 DAT. This is because the amount of soil
used in the pot was not sufficient to support rice plants up to the flowering and ripening
stage; thus, it was not economically practical to estimate the yield of rice based on pot
experiments. This was in agreement with Palanivell et al. [32].
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Table 2. Treatments evaluated in pot study.

Treatment Description

T0 5 kg soil (negative control)
T1 5 kg soil + 3.96 kg urea, 2.21 kg ha~! CIRP, and 2.94 kg ha~! MOP (positive control)
5 kg soil + 3.96 kg urea, 2.21 kg ha—! CIRP, and 2.94 kg ha~—! MOP + 0.06 kg rice

12 straw biochar + 0.06 kg rice husk
5 kg soil + 3.96 kg urea, 2.21 kg ha~—! CIRP, and 2.94 kg ha—! MOP + 0.12 kg rice
T3 . .
straw biochar + 0.12 kg rice husk
T4 2.5 kg soil + 2.5 kg commercial biochar potting media + 3.96 kg urea, 2.21 kg ha™!
CIRP, and 2.94 kg ha=! MOP (50% soil + 50% commercial biochar potting media)
T5 5 kg commercial biochar potting media + 3.96 kg urea, 2.21 kg ha~! CIRP, and 2.94

kg ha=! MOP (100% commercial biochar potting media)

At the heading stage (70 DAT), the plant height was measured by using a measuring
tape. Plant greenness was measured by using the SPAD Meter 502-nm. The number of
tillers and number of panicles were counted and recorded. The aboveground parts of
the plants were harvested and dried in an oven at 60 °C until a constant weight was
attained [33]. The oven-dried plant samples were then grounded by using a grinding
machine, after which they were analyzed for total N, P, and K. Total N was determined
by using the Kjeldahl method. Meanwhile, the single dry ashing method was used to
extract the total P and K in the plant tissues. The filtrates were analyzed by using AAS
to determine the total K, and total P was determined by using the molybdenum blue
colorimetric method. The concentrations of N, P, and K in the leaf were multiplied by the
dry weight of leaves to obtain the amount of N, P, and K uptake by the rice plants. Rice
plant nutrient use efficiency was calculated using the method of Dobermann [34].

Nutrient uptake = Nutrient concentration (%) X plant dry weight (g)
Nutrient use efficiency = % x 100

where A = plant nutrient uptake from fertilized soil, B = plant nutrient uptake from
unfertilized soil, and R = rate of fertilizer nutrients applied.

The soil samples from pots were collected immediately upon plant harvesting. The
soil was air-dried, crushed, and sieved to pass through a 2-mm sieve. Afterwards, the
soil samples were analyzed for pH, Electrical conductivity (EC), total N, available P, total
organic matter, total C, exchangeable acidity and Al, and exchangeable cations (K, Ca, Mg,
Zn, and Fe) by using the aforementioned procedures in Section 2.1 (Soil Sampling and
Characterization).

2.6. Statistical Analysis

Statistical analysis for all the data was performed by using SPSS software version 24.0
(SPSS Inc, Chicago, IL, USA). The effect of different rates of RSRH biochar addition on
all the treatments was subjected to one-way analysis of variance (ANOVA). Significant
differences among treatments were separated by Tukey’s test and considered significant at
p < 0.05.

3. Results
3.1. Characteristics of Soil, Rice Straw, and Rice Husk Biochar

Selected soil physico-chemical properties are profiled in Table 3. The soil was a sandy
clay loam and acidic, with a pH of 5.5. The exchangeable acidity, Al, and Fe were higher in
the soil. The readily available soil total N, NHs*, and NO3~ were found to be generally low.
Similarly, the available P, K, Ca, Mg, and Na were also low in the soil.
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Table 3. Selected soil physico-chemical properties.

Property Value Obtained
pH 55
EC (dSm™1) 0.022
Texture Sandy Clay Loam
Soil organic matter (%) 6.24
Total organic matter (%) 3.62
Ash content (%) 6.4
Cation exchange capacity (cmolc kg_l) 54
Ammonium (ppm) 89
Nitrate (ppm) 30
Total N (%) 0.07
Available P (ppm) 0.385
Total C (%) 45
Available K (cmol. kg~1) 0.084
Available Ca (cmol. kg™1) 0.10
Available Mg (cmol. kg™1) 0.082
Available Na (cmol. kg~1) 0.024
Available Fe (cmol. kgfl) 0.091
Exchangeable acidity (cmol. kgfl) 0.7
Exchangeable Al (cmolc kg™') 1.14

RSRH biochars which were observed under a scanning electron microscope showed
that biochar has a larger surface area and comes with numerous pores (Figures 1 and 2).
Both biochars had a (pH > 9) with a higher CEC value (Table 4). The available P (14.3%) was
very high in the RSRH biochar. The available cations K of RSRH biochar were considerably
higher, at 12,030 and 4925 mg kg !, respectively.

BES 10.0kV WD14mm B¢C.60 40Pa x700

Sample &

Figure 1. Rice husk biochar surface at 700 x magnification under SEM.
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'BES 10:0isV WD 14
Sample % 5

Figure 2. Rice straw biochar surface at 1000 x magnification under SEM.

Table 4. Selected physico-chemical properties of rice straw, rice husk, rice straw biochar, and rice
husk biochar.

. . Rice Straw Rice Husk
Property Rice Straw  Rice Husk Biochar Biochar

pH (water) 7.0 6.5 9.2 9.1

CEC (cmol kg~ 1) 38.0 34.5 75.6 66.6
Total nitrogen (%) 0.38 0.25 0.45 0.33
Available P (mg kg~1) 10.7 9.8 14.3 14.3
Exchangeable Ca (mg kg™!) 3205 320 3599 1048
Exchangeable Mg (mg kg~ !) 1288 2186 809 508
Exchangeable K (mg kgfl) 25,450 1945 12,030 4925
Exchangeable Na (mg kg_l) 52.1 59.3 246.3 256

3.2. Ammonia Loss Incubation Study

The daily loss of NHj from urea fertilizer during the period of the incubation study
over 28 days is shown in Figure 3. There was no activity of NHj volatilization in TO.
Meanwhile, in (soil with urea only) T1, NHj3 loss started on the second day after the
application of urea. The NHj volatilization started on third day in T6 and T7 (commercial
biochar potting media). The loss sped up and peaked on fifth, eighth, and ninth days in
T1, T6, and T7, respectively. The NHj3 loss in T1, T6, and T7 started early, and similarly it
ceased to 1% of added N early in the soil compared to the treatments amended with RSRH
biochars (T2, T3, T4, and T5). In T2 and T3, the NHj3 loss was delayed by up to 7 days while
the loss of NHj3 in T4 and T5 was delayed by up to 6 days. In T2 and T3, the loss peaked
up on the fourteenth and fifteenth days, respectively; meanwhile, in T4 and T5, the loss
peaked up on the twelfth day. The trend of the graph shows that the loss of NH3 peaked
up and reduced gradually up to twenty-ninth day, until added urea ceased up to 1%. The
treatments with biochar as an additive (T2, T3, T4, and T5) significantly minimized NHj
loss compared to urea without additives (T1) and commercial biochar potting media (T6
and T7) (Table 5). Treatment T3 was more distinct in minimizing NHj loss, which was
about 41% followed by T2, T4, and T5 at 33%, 30%, and 27%, respectively, over T1. Further,



Appl. Sci. 2021, 11,108

8 of 18

the pH of soil amended with RSRH biochars was significantly higher than that of T0, T1,
T6, and T7.

. o

Daily ammonia loss (% of applied N)

Days of incubation

Figure 3. Ammonia volatilization over 28 days of incubation under waterlogged condition.

Table 5. Effect of treatments during ammonia volatilization study on soil pH, exchangeable NH,*,
exchangeable NO3; ~, and ammonia loss.

Treatments pH NH,* NO;— Ammonia Loss
(Water) (ppm) (ppm) (%)

TO 5.53 + 0.06 106.67 £12.012  32.67 £2.333b 0.00 +0.002
T1 6.23 +£0.12b 256.67 £29.63>  37.67 +1.862 46.29 + 1.79 de
T2 8.06 + 0.06 ¢ 500.1 + 2.06 4 56.30 + 4.33 30.79 + 0.11 b¢
T3 7.95 + 0.02 de 458.5 + 17.96 <4 56.00 + 4.04 © 27.43 +0.71P
T4 7.88 + 0.02 de 394.67 + 6.12 ¢ 46.33 +2.19 b¢ 32.62+120°¢
T5 7.75 +0.03 4 289.33 £ 6.17P 41.0 + 0.58 abe 33.66 + 0.50
T6 7.38 £0.03 ¢ 276.67 + 8.82b 30.33 +4.982 4413 +£0.164
T7 7.36 £0.07 € 22333 +21.86° 30.34 +2.332 48.86 +0.23 ¢

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s

test at p < 0.05. Columns represent the mean values + SE.

Additionally, biochar successfully adsorbed nutrients from the soil. T2, T3, and T4
showed a significant NH4 " retention in soil (Table 5) by retaining the highest amount of
NH4* by 95% and 79%, respectively, over T1, followed by T4 and T5, which were 54% and
12%, respectively. Further, the NO3; ™ ions in the soil were found to be higher in T2 and T3.
Commercial biochar potting media T6 and T7 did not show any significant increment in
retention of NH;* and NO3 ™~ in comparison to treatments amended with RSRH biochars.

3.3. Soil Analysis in Pot Experiment

Data for soil physical and chemical properties under different biochar treatments
sampled after harvesting of rice plant at the heading stage (70 DAT) are presented in
Tables 6-9. The total N in the soil was significantly higher in T2 and T3 compared with that
in TO, T1, T4, and T5 (Table 6). However, there was no significant difference in soil total N
among treatments amended with RSRH biochar (T2 and T3). Similarly, the results showed
that there was no significant difference in the retention of NH4* and NO; ™ in between
T2 and T3. Both treatments amended with RSRH biochar significantly increased the soil
exchangeable NH;* and NO3 ~ over the rest of the treatments.
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Table 6. Effects of rice straw and rice husk (RSRH) biochar on soil N, NH*, and NO3;~ at harvest
(70 days after transplantation (DAT)).

Treatments N (%) NH;* (ppm) NO3~ (ppm)
TO 0.07 +0.022 2335+2.342 25.69 + 6.182
T1 0.15+0.01b 31.35 £ 5.242 38.52 + 2.02 2b
T2 021 +£0.07°¢ 122.59 +2.02b 97.07 +£321°¢
T3 0.18 & 0.08 b¢ 111.91 + 4.88 " 87.574+ 2.02¢
T4 0.07 £ 0.012 35.03 + 4.042 46.70 £ 2.34
T5 0.05 £+ 0.022 3152 £2.022 42.03 + 4.04 2b

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s
test at p < 0.05. Columns represent the mean values + SE.

Table 7. Effects of RSRH biochar on soil pH, EC, total organic matter, and total C at harvest (70 DAT).

pH EC Total Organic

Treatments (Water) (dsm™1) Matter (%) Total C
TO 5.81 4 0.13 2 0.006 4 0.001 2 0.70 & 0.06 2 041 +0.032
T1 6.17 4+ 0.032 0.007 + 0.001 @ 1.02+0.192 059 +£0.112
T2 7504+ 1.27°¢ 0.03 £ 0.002 be 6.63 £0.13¢ 2.10 +0.08 ¢
T3 7414 0.31°¢ 0.04 + 0.006 © 6.57 +0.24 ¢ 336+ 0.14°¢
T4 6.83 & 0.06 bc 0.02 & 0.001 abe 291 +059b 1.69 & 0.34 P
T5 6.67 +0.07b 0.01 & 0.001 @b 335+ 027b 1.94 +0.16°

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s

test at p < 0.05. Columns represent the mean values + SE.

Table 8. Effects of RSRH biochar on soil CEC, exchangeable acidity, exchangeable Al, and available P
at harvest (70 DAT).

Exchangeable

Treatments CEC Acidity Exchangeable Available P
(cmol kg 1) Al (ppm)

TO 2.95 4 0.26 0.33 +0.04P 0.26 + 0.022 2.57 + 0.68 2
T1 417 £+ 0.27 2 0.32+0.03b 0.31 + 0.03 2 29.38 +£3.99P
T2 9.83 +£0.20°¢ 0.17 £ 0.032 0.19 £ 0.02 @ 115.35 £ 3.03 4
T3 9.60 £0.32°¢ 0.18 +£0.012 014+ 0012 110.90 + 5.60 4
T4 447 +0.26b 032+0.01P 0.35+0.02b 51.37 + 0.97
T5 3.80 & 0.21 @b 052 +£0.04¢ 0.58 + 0.09 37.50 + 3.18 b¢

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s

test at p < 0.05. Columns represent the mean values + SE.

Table 9. Effects of RSRH biochar on available K, Ca, Mg, Zn, and Fe at harvest (70 DAT).

Treatments Available K Available Ca Available Mg Available Zn Available Fe
(mg kg1) (mgkg1) (mg kg~1) (mg kg~1) (mg kg1)
TO 0.36 £0.29 2 0.43 4 0.02 20 0.08 4 0.002 2 0.0020 + 0.0006° 0.11 + 0.0032%
T1 0.64 £0.14° 0.75 £ 0.17° 0.07 £0.001° 0.0023 £ 0.0003* 0.09 £ 0.006*
T2 0.89 +0.12° 247 +0.20°¢ 0.04 £ 0.003* 0.0053 + 0.0003¢ 0.07 & 0.006"
T3 1.25 £ 0.07° 230+0.15¢ 0.05 £ 0.002* 0.0120 =+ 0.0017"¢ 0.04 £ 0.003*
T4 0.254+0.05 0.10+0.01° 0.04 +0.0017 0.0050 + 0.00012b¢ 0.20 + 0.026°
5 0.29 £0.03° 0.61 £ 0.06 0.05 £0.001* 0.0047 + 0.0003% 0.35 £ 0.043°

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s
test at p < 0.05. Columns represent the mean values + SE.

The pH (HO) of the soil with organic amendments (RSRH biochar) (T2, T3, T4, and
T5) increased significantly compared with those without organic amendments (T0 and
T1) (Table 7). The increase in the soil pH was consistent with that of the incubation study
(Section 3.2). Soil EC was found to be significantly higher in treatments amended with
RSRH biochar (T2 and T3) over TO and T1. Further, T2 and T3 also showed a significant
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(p < 0.05) increment in total organic matter and total C compared to other treatments
(Table 7). In addition, treatments with RSRH biochar (T2 and T3) also significantly increased
the soil CEC compared to other treatments (Table 8).

The treatments with RSRH biochar (T2 and T3) significantly reduced the soil exchange-
able acidity over TO, T1, T4, and T5 (Table 8). However, T2 and T3 did not reduced the
soil exchangeable Al and Fe significantly in comparison to the soil alone (T0) and soil +
urea (T1), but the RSRH-amended treatments reduced the soil exchangeable Al and Fe
significantly compared to commercial biochar potting media (T4 and T5). Even though
there was no significant reduction in Al and Fe in T2 and T3, nevertheless T2 and T3
had increased the soil available P significantly over the rest of the treatments (Table 8).
Similar observations were observed in T2 and T3 for available K and Ca (Table 9). However,
there was no significant difference in retention of available Mg and Zn in between all
the treatments.

3.4. Rice Plant Growth and Nutrient Uptake Influenced by Rice Straw and Rice Husk Biochar

The rice plant dry weight, height, tiller number, panicle number, and greenness are
summarized in Table 10. Treatments T2 and T3 showed a significant increase in plant
dry weight, height, tiller number, panicle number, and greenness compared to other
treatments. Similarly, the total N and available P contents in T2 and T3 were significantly
higher than other treatments without biochar and treatments with potting media biochar
(Table 11). Available K in T2 was recorded to be the highest among all the treatments. The
concentrations of available Ca and Mg in treatments amended with RSRH biochar (T2 and
T3) did not show any significant increase over T1.

Table 10. Effects of RSRH biochar on dry weight, height, tiller number, panicle number, and greenness
at harvest (70 DAT).

Treatments Dry Weight (g) Height (cm) Tiller Number Panicle Number (%) Greenness (%)
TO 7.64 4 0.842 41,94 +0.19° 2.00 4 0.332 1.00 + 0.02 @ 100.00 4 0.97 2
T1 22.97 +2.99 € 76.18 292" 3.00+0.332 2.00 £0.332 106.31 + 3.47 b
T2 39.17 + 1.58 ¢ 101.57 4+ 1.95 8.00 = 0.88° 8.00 & 0.88® 158.11 4 3.88 4
T3 38.57 4+ 0.97 4 96.83 +1.84°¢ 9.00 + 0.89P 7.00 +0.89° 154.39 & 6.20 4
T4 17.54 +1.14 b¢ 7320 + 3.07P 3.00 4+ 0.332 3.00 £ 0.342 125.23 4+ 2.84 ¢
T5 14.62 +1.372b 67.67 £0.98° 2.00 +£0.34° 1.00 +0.332 123.31 & 3.58 b¢

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s
test at p < 0.05. Columns represent the mean values + SE.

Table 11. Effects of RSRH biochar on N, P, K, Ca, and Mg concentrations at harvest (70 DAT).

Treatments N P K Ca Mg

(%) (mg kg—1) (mg kg—1) (mg kg—1) (mg kg—1)
TO 0.31 +£0.022 387 +0352 3380 4+ 3.472 1616.7 + 4.44 2 780 +2.042
T1 0.89 £ 0.07° 6.77 £0.492 22392 +127P 3100+ 1.73Pd 1260 +1.29 2P
T2 1.48 £0.02¢ 44.00 + 1.55¢ 3276 + 3.38 4 4675 + 4.33 4 2000 + 2.85P
T3 1.41 +0.04°¢ 39.85 4 0.03 ¢ 2860 =+ 2.83 <d 3768 +£2.40<4 1275 + 2982
T4 0.90 + 0.03° 18.43 4 0.55 © 1849 + 1.26° 3050 + 2.02 be 1220 + 1.64 2P
T5 0.80 £ 0.15° 12.53 + 0.72 P 1593 + 1.38 P 2200 + 4.53 ab 1090 + 1.932

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s
test at p < 0.05. Columns represent the mean values + SE.

The rice plant N uptake in treatment amended with RSRH biochar at 5-10 t ha=! (T2
and T3) was significantly higher than other treatments (Figure 4). Further, in T2 and T3,
the plant P and K uptake showed a significant increase in comparison to T0, T1, T4, and T5
(Figures 5 and 6). Treatment T2 and T3 significantly increased total Ca uptake of rice plant
compared to other treatments (Figure 7). The total Mg uptake was significantly higher in
T2 compared to other treatments (Figure 8). Further, the treatments with RSRH biochars
(T2 and T3) significantly improved nutrient use efficiency in rice plant compared with T1
(Table 12).
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Figure 4. Effects of treatments on total N uptake at harvest (70 DAT). Mean values with different
letter(s) indicate significant difference between treatments by Tukey’s test at p < 0.05. Bars represent
the mean values + SE.
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Figure 5. Effects of treatments on available P uptake at harvest (70 DAT). Mean values with different
letter(s) indicate significant difference between treatments by Tukey’s test at p < 0.05. Bars represent
the mean values + SE.
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Figure 6. Effects of treatments on total K uptake at harvest (70 DAT). Mean values with different
letter(s) indicate significant difference between treatments by Tukey’s test at p < 0.05. Bars represent
the mean values + SE.
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Figure 7. Effects of treatments on total Ca uptake at harvest (70 DAT). Mean values with different
letter(s) indicate significant difference between treatments by Tukey’s test at p < 0.05. Bars represent
the mean values + SE.

c
] b
] ab
1 a
J a
] a l
T2 T3

TO T1 T4 T5

Mg uptake (mgplant!)

S = D W kA LU N N 0 O
1

Treatments

Figure 8. Effects of treatments on total Mg uptake at harvest (70 DAT). Mean values with different
letter(s) indicate significant difference between treatments by Tukey’s test at p < 0.05. Bars represent
the mean values + SE.

Table 12. Effects of RSRH biochar on N, P, and K use efficiency at harvest (70 DAT).

Treatments N Use Efficiency P Use Efficiency K Use Efficiency
T1 15.17 + 1.36 2 0.013 + 0.002 2 852 +3.892
T2 56.59 + 1.26 ° 0.17 £ 0.013" 97.07 4+ 3.43P
T3 53.08 +£2.82P 0.15 + 0.004 © 8757+ 1.32P
T4 14.45 + 1.652 0.03 + 0.003 2 46.70 £ 1.612
T5 10.68 + 3.19 2 0.02 + 0.002 2 42.03 +3.602

Mean values within column with different letter(s) indicate significant difference between treatments by Tukey’s
test at p < 0.05. Columns represent the mean values + SE.

4. Discussion
4.1. Ammonia Volatilization Study

The RSRH-amended biochars successfully minimized NHj volatilization by delaying
by up to 6-7 days. The total loss of NH3 in RSRH amended treatments was significantly
low compared to the treatments without biochar and treatments with biochar potting
media. The ability to minimize NHj lies in the nature of biochar. Biochars” porosity and
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larger surface area increase the adsorption rate of NH;* and NO3 ™~ ions and reduce the
volatilization of NHj3 [35]. The dual characteristics of biochar enhanced the adsorption of
both negatively and positively charged ions onto its exchange sites [36]. This was further
supported by the findings in this study where the treatments amended with RSRH biochar,
specifically 5 and 10 t ha~!, retained more NH;* and NO;~ ions in the soil (Table 5). The
increased NH;* and NO; ™ ions in the soil might be related to the CEC of RSRH biochar
which is >66.6 cmol. kg1 (Table 4). The higher retention of nutrients might also be due
to biochar that degrade very late and, as a result, the adsorbed nutrients being released
slowly. Sinclair et al. [37] reported that biochar in soil is very resilient and breaks down
only sparingly over the long term; thus, captured nutrients are released slowly. In addition,
biochar has significant carbonaceous components due to incomplete combustion of various
organic components; hence, biochar remains in the soil long term [38,39]. The presence of
biochar for a long period of time in the soil, and the slow release process of the adsorbed
nutrients increases the nutrients in the soil for plant uptake. The characteristic of RSRH
biochar acting as a slow release fertilizer means it is able to minimize NHj loss and benefit
the plant.

Moreover, biochar-amended treatments increased the soil pH. The pH of the soil
amended with RSRH biochar (T2-T5) was significantly higher than the rest of the treat-
ments. The soil pH increased during the period of the NHj volatilization study may have
been due to the inherent properties of biochar, which is alkaline in nature (>9) (Table 4).
Previously, it was reported that NHj volatilization is rapid in alkaline soils [40]. However,
the results in this study showed lesser NHj3 volatilization even though the soil was near
neutral. This may have been due to the increased adsorption and conversion to NH;* and
NOs~ over NH3 Additionally, Kelly [41] stated that the pH increase in soil amended with
biochar was not high enough to enhance NHj volatilization. Since there were no organic
amendments in the TO and T1, the soil remained acidic.

4.2. Soil Nutrients Improvement

The higher retention of soil total N, exchangeable NHs*, and NO3;~ were possible
because of the high CEC of RS (75.6) and RH (66.6 cmol kg ~!) biochar (Table 4). Further, the
use of biochar as an organic amendment increased the retention of N due to the deceleration
of N mineralization. This was possible due to the high organic matter of biochar. This
was in agreement with Latifah et al. [42] and He et al. [43]. Moreover, the higher soil total
N, exchangeable NH;* and NO3 ™ in T2 and T3 suggests that the use of RSRH biochar
was effective in reducing N, NH4*, and NO; ™ loss in soils, which is consistent with the
findings by Wang et al. [44]. Nitrogen ion retention by RSRH biochar is due to its nature of
having numerous pores and a larger surface area which adsorbs NH4* and NO3; ™~ onto its
surface (Figures 1 and 2). Zhang et al. [45] stated that biochar has a special porous structure
and surface functional group that adsorbs nutrient ions effectively. In addition, the ions’
adsorption capacity of biochar has been proven in a study conducted by Chen et al. [35].
The amorphous crystalline structure with numerous cracks on the surface area of biochar
creates a large volume of empty pores that can be filled with nutrients [46]. The cracks lead
to the formation of micro and macro pores during the heating time and the cracks formed
are too numerous to be sealed off. This increases the porosity of biochar, where the porosity
aids the adsorption capacity of the biochar. Additionally, the biochar has dual adsorption
capacity where it adheres both negative and positive charged ions on its surface [47]. This
strengthens the reasoning underlying the capacity of biochar to retain more N, NH*, and
NO3™ in soil.

The presence of biochar regardless of RSRH biochar or commercial biochar increases
the pH of the soil. The increase in soil pH was because of the rapid proton (H*) exchange
between soil and organic amendments (biochar) [48,49]. Further, the increase in soil pH was
also correlated with the further decomposition of biochar, where it enhanced the formation
of organic anions, which consumed the protons available in the soil and solubilized the
inherent K, Ca, Mg, and Na contents of biochar. Eventually, this increased the soil pH
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which was amended with biochars. This was in agreements to Ch'ng et al. [50] who stated
that soil pH increases with the addition of organic amendments. Increase in the soil pH
under T1 could be due to the dissolution of Ca and Mg contained in CIRP.

Further, reduction of soil exchangeable acidity in treatments amended with RSRH
biochar was partly related to the increase in soil pH. It has been reported by previous
researchers that soil pH increases as the exchangeable Al decreases [51,52]. This is due to
the precipitation of exchangeable and soluble Fe as insoluble Al and Fe hydroxides [53].
However, this is in contrast with the findings of this study, whereby the increase in soil
pH was not affected by the presence of exchangeable Al and Fe. Despite the highest level
of the exchangeable Al and Fe in T4 and T5, the soil pH was increased significantly. This
might be due to the alkaline nature of the biochars. Biochars are alkaline due to their ash
content which releases base cations; hence, biochar addition neutralizes soil acidity [54].
Biochars have abundant soluble and exchangeable basic cations (Ca?*, Mg?*, K*, and Na*)
which can be released into the acid soil easily. This suggests that the presence of biochar
increases soil pH and reduces exchangeable acidity, although biochar does not significantly
reduce the exchangeable Al and Fe.

The application of biochar increases the availability of soil organic matter. This
finding is consistent with that of Lehman et al. [55]. The RSRH biochar increased the soil
organic matter significantly, which might be due to slow mineralization and degradation
by microbes. This was supported by studies of Bruun et al. [56] and Lehmann et al. [57]
who stated that low mineralization rates of biochar underlines the biochar stability and its
inherent ability to resist microbial degradation. Bruun and El-Tehery [58] further concluded
that decreasing rates of soil organic matter mineralization may be caused by different
factors including aeration and N availability. Application of RSRH biochar increased
the soil organic C. The biochar role as a C storage in the soil was further confirmed by
Lehmann et al. [55] and Demisie et al. [59]. Biochar is a C rich substrate and resistant to
decomposition due to its aromatic structure [60]. The RSRH biochar interacts synergistically
with soil to enhance the soil organic matter and soil C. Treatments amended with RSRH
biochar also increased the soil EC. Higher soluble salt presence in the biochars might have
resulted in the higher EC values. Chintala et al. [61] stated that biochar increases soil EC
because cations on biochar surface may not bind strongly by electrostatic force, causing it
to dissolve as a soluble salt. Gundale and Deluca [62] and Chan et al. [63] further agree
that incorporation of biochar to acidic soil increases soil EC due to the release of weakly
bound cations and anions into soil solution which are available for plant uptake.

Soil amended with RSRH biochar increased the soil CEC (Table 8). This could be due to
the inherent characteristic of biochar which has a high surface area and porous nature [64].
The increase of soil CEC amended with RSRH biochar may also be due to the slow oxidation
of biochar material as a result of biotic and abiotic factors which oxygenate the biochar
surface functional group and boost the development of organo-mineral complexes [65-67].
Liang et al. [68] also stated that the charge density of per unit biochar surface was high, so
its incorporation could increase the cations’ sorption of soils.

In the presence of biochar, soil available P increased significantly, and this could be
attributed to the addition of biochar, which binds PO43~ ions. The presence of polar and
non-polar surface sites on biochar enabled it to adsorb more nutrients [36]. It was further
agreed by Nelson et al. [69] and Sarkhot et al. [70] that biochar adsorbed both NH4*, NO3~,
and PO4>~ onto its exchange sites. The adsorbed PO,3~ onto the biochar surface reduced
the P fixation to Al and Fe. Fixation of P with Al and Fe formed insoluble oxides and
hydroxides, causing it to become unavailable for plant uptake. However, application of
RSRH biochar into the soil successfully adsorbed P. Ch'ng et al. [71] stated that organic
amendments (compost and biochar) successfully reduced soil P fixation by Al and Fe.

Incorporation of RSRH biochar increased available K and available Ca significantly
(Table 9). The increase might be due to the inherent contents of these cations in the
treatments amended with RSRH biochar. The increase of available K and available Ca can
be associated with higher CEC of RSRH biochar (Table 4). Lehmann et al. [72] reported that
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the addition of biochar improved CEC of the soil, thus directly increasing the retention of
basic cations in soil. Further, the highest retention of available cations (K and Ca) might be
attributed to the presence of ash in biochar which helps in the immediate release of Ca and
K [64,73,74].

4.3. Rice Plant Growth, Nutrient Uptake, and Nutrient Efficiency

The rice plant height, tiller number, panicle number, and greenness in the treatments
amended with RSRH biochar were significantly higher than in the rest of the treatments.
This finding suggests a positive effect of biochar addition on the growth of rice plants.
The plant growth increased with the application of RSRH biochar. This was due to the
improvement of soil chemical properties such as increased availability of plant nutrients
(N, P, and K) and a decrease of soil acidity. The availability of N, P, and K was readily
available in soil for efficient plant uptake. Improved rice plant physical growth directly
increased the dry weight of the plants under RSRH biochar treatments.

In terms of rice plant N uptake, T3 (10 t ha~! RSRH biochar) significantly improved the
N concentration and uptake, and this indicated the reason for less N loss from the soil-plant
system. Similarly, the N use efficiency was the highest in T3 compared to other treatments
(Table 12). This was because the soil-biochar mixture might have encouraged the formation
of NH4* and NO3; ™~ over NH;. Ahmed et al. [29] reported similar observations. Omar
et al. [75] also stated that the plant N uptake and use efficiency could be related with the
ability of organic amendments to reduce NHj volatilization. Further, the adsorbed N,
NH,4*, and NO; ™~ in biochar exchange sites were being released slowly into the soil such
that it met the demand of rice plant growth stages. It was proven that biochar can be an
excellent alternative source for a slow release agent of nutrients [76]. However, there was
no significant difference in N uptake between T1, T2, T4, and T5. This might be due to the
lesser biochar application rate in T2, where the capability to adsorb nutrients was lesser
and almost equal to non-biochar-amended treatments (T1). Further, lesser adsorption
capability may have led to minor urea volatilization and denitrification. This may have
been the cause of lesser N uptake and use efficiency in T1, T2, T4, and T5.

The P, K, and Ca concentrations, uptake, and use efficiency of rice plant in T2 and
T3 were significantly higher compared to other treatments. Addition of RSRH biochar
increased the soil pH and adsorption of PO43~ onto its exchange sites by reducing fixation
by Al and Fe. The PO, ions ere not released immediately and this favored absorption
by the plant root system. This could have improved better root growth in the rice plants
which received biochar amendments (T2 and T3), thus increasing P, K, Ca, and Mg uptake
in rice plants. Similarly, the plant nutrient use efficiency increased in line with plant
nutrient uptake.

5. Conclusions

Incorporation of RSRH biochar effectively minimized NHj loss from being volatilized.
Biochar at an application rate of 5 and 10 t ha~! successfully adsorbed NH* and NO; ~,
and released them slowly for efficient rice plant uptake. It also improved soil organic
matter, C, CEC, soil available P, and available K, and reduced soil exchangeable acidity.
RSRH biochar also improved plant nutrient uptake and dry matter production of rice
plants. The increase in rice plant nutrient uptake and use efficiency increased in line with
the increase of readily available soil nutrients. Hence, RSRH biochar has a big potential to
minimize N loss and retain more nutrients for efficient plant uptake.
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