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Abstract: Rapid ammonia volatilization from surface applied urea in waterlogged condition is one
of the drawbacks as it leads to poor nitrogen use efficiency by plants. Thus, a laboratory scale closed
dynamic air flow system was carried out in this study to assess the effect of rice husk biochar on
ammonia volatilization, soil exchangeable ammonium and available nitrate in comparison to the urea
without additives under waterlogged conditions. The study conducted consists of 6 treatments, soil
alone (T0), soil + 175 kg ha * urea (T1), soil + 175 kg ha * urea + 5 t ha * rice husk biochar (T2), soil
+ 175 kg ha * urea + 10 t ha * rice husk biochar (T3), soil + 175 kg ha * urea + 15t ha " rice husk
biochar (T4) and soil + 175 kg ha* urea + 20 t ha * rice husk biochar (T5). T2, T3, T4, and T5
significantly minimized ammonia volatilization by 23.8%-34.5% compared to T1. However, only T2,
T3, and T4 had significantly retained more soil exchangeable ammonium by 14%-43% compared to
urea without biochar (T1). Additionally, soil available nitrate was lower in all treatments except T1.
This clearly gives an idea that rice husk biochar minimize ammonia volatilization, retaining more
ammonium and slowing down the conversion of ammonium to nitrate under waterlogged
environment. Mixing urea with rice husk biochar at rate of 5t ha * and 10 t ha* offers a significant
advantage over urea alone. The mixture successfully increased formation of ammonium ions in soil
over ammonia. Additionally, it has retained more ammonium and nitrate ions in the soil. Hence,
biochar amended soil with urea is a promising approach to minimize ammonia loss and increase
plant N use efficiency and uptakes.
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1. Introduction

Nitrogen (N) is one of the primary essential plant nutrients for both crop growth and serves as a
key element for environmental sustainability. It is required in a large amount and remains as a
critical nutrient supplement throughout a plant lifecycle. Due to this, agricultural field needs
additional N fertilizer application to increase the crop growth and yield production. However, rapid
volatilization of ammonia (NHs3) from applied N fertilizers creates drawback to agricultural
sectors [1,2], especially, surface applied urea fertilizer [3], where its efficacy constantly reduces.
Upon application, urea hydrolyses in water and urease triggers NHs loss [4]. The conversion of NH3
to ammonium ions (NH4") speeds up during hydrolysis process. It is also known that high amount of
NH," ions in soil without good retention can lead to N loss [5]. The retention of NH4" ions in soil
depends on many factors such as clay content, organic matter, irrigation and precipitation. These
factors always varies and unable to retain the NH," in soil for plant uptake [4]. The NH;
volatilization causes poor N use efficiency by agricultural crops and simultaneously increases the air
pollution. Not only that, to overcome the N loss and increase the agricultural crop N uptake, farmers
tend to apply excessive N which creates environmental problem and it is costly.

In order to minimize NHjs loss, biochar can be used as one of the possible option. Biochar,
namely biomass-derived charcoal is highly aromatic substance that has been thermally decomposed
under charring condition [6]. Biochar is usually being produced in a small scale using low-cost
modified stoves or kilns or through large-scale, cost-intensive production [7]. Agricultural waste
such as rice husk can be utilized to produce biochar. Annual production of rice husk exceeds 926,
886 tonnes [8]. The rice husk is always being bulked and burned in landfill which creates hazardous
environment. Hence, exploitation of rice husk to biochar can be a promising approach to minimize
waste and increase agronomical benefits. Biochar is categorized as highly porous, usually alkaline
and exhibit large surface area. Large surface of area of biochar helps in binding anions and cations
which directly increase cation exchange capacity (CEC) [9]. Studies have shown that biochar adsorb
NH," ion predominantly by cation exchange and extended biochar potential as a nutrient-retaining
additive which can work synergistically with chemical fertilizers [10]. Increase in CEC aids soil
fertility as nutrients remained attached to soil. This might increases the urea-N retention and reduces
the total fertilizer requirement in biochar-amended agricultural soil.

Studies had shown a complex biochar and soil interaction with respect to nutrient retention.
Previous research demonstrated that biochar comes in different properties based on feedstock,
charring condition and activation. This is in agreement with Spokas et al. [11] who stated that
different source of biochar materials and charring temperature influenced the biochar properties that
in turn increased soil fertility and nutrient retention. Further Clough et al. [12] stated that NH," and
NO;z adsorption depends on the temperature and feedstock material used for biochar production.
Wheat straw biochar charred at 350-550 °C tested in paddy field had increased soil total N [13]. The
Eucalyptus marginata biochar had increased the sorption of NH;" and NOs ™ effectively [14]. Jones et
al. [15] reported that wood trunks biochar pyrolyzed at 450 °C minimize NH3 loss and increased
NH," retention in soil. However, crop residue and manure biochar had shown negative effect on
NH;" and NOs retention in the soil, but increased soil available P [16]. These suggest that the
capability of biochar in nutrient retention varies. There is also scarcity of information on different
types of feedstock biochar such as rice husk biochar in amending soil fertility by preventing urea-N
loss either in rice, cash crop or other agricultural field. Generally, the urea volatilization is rapid in
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waterlogged soil such as rice field. Lin et al. [17] stated that the NH; volatilization occurs rapidly at a
rate of 60%-80% of the total urea fertilizer applied. The NH3 volatilization from applied urea in
waterlogged soils needs to be minimized. Therefore, this study was carried out to determine the
effect of mixing urea with rice husk biochar on NHs volatilization, soil exchangeable NH;" and
available nitrate (NO3 ) contents, compared with applied urea without additives under waterlogged
condition depicts the actual rice field conditions.

2. Materials and methods
2.1. Soil sampling, preparation and characterization

The soil used in this study was sampled at 30 cm of depth from an uncultivated land in Agro
Techno Park of Universiti Malaysia Kelantan Jeli Campus, Malaysia (5.6955 latitude and 101.8389
longitudes) which has not been cultivated since 2007. The collected soil samples was 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 [18]. Organic matter content, ash
content, and total organic carbon (C) were determined by using loss-on ignition method [19]. The
total N was determined by using Kjeldahl method [20]. Double acid method described by Mehlich [21]
was used to extract soil available P and exchangeable cations (Ca, Mg, K, Na), after which the
cations were determined by using an Atomic Absorption Spectrophotometer (AAS) (Analyst 800,
Perkin Elmer, Norwalk, USA) while soil available P was determined by using molybdenum blue
method [22]. The developed blue colour was analyzed by a UV-VIS spectrophotometer (Thermo
Scientific Genesys 20, USA) at 882 nm wavelengths. Soil cation exchange capacity (CEC) was
determined by ammonium acetate leaching method [23]. The exchangeable acidity and exchangeable
AP were determined by acid base titration method described by Rowell [24]. The method described
by Keeney and Nelson [25] was used to extract exchangeable NH," and available NOs~, after which
the ions were determined via steam distillation [19].

2.2. Characterization of rice husk

Rice husk collected from Pasir Puteh Rice Mill was analyzed for pH [18] and total N [20].
Single dry ashing method [19] was used to extract nutrients from rice husk for analysis of Ca, Mg,
Na, P, and K. The content of Ca, Mg, Na, and K were determined by using an AAS (Analyst 800,
Perkin Elmer, Norwalk, USA), meanwhile total P content was determined by using molybdenum
blue method [16] after which the blue colour developed was analyzed by using a UV-VIS
Spectrophotometer (Thermo Scientific Genesys 20, USA) [22]. Organic matter, ash content,
exchangeable NH," and available NOs;, and CEC were determined by using the aforementioned
methods in soil characterization section.

2.3. Biochar production, activation and characterization
Two cylindrical kiln, 200 L with removable chimney caps and air tight 110 L drum was

constructed for biochar production. Rice husk was bulked inside the 110 L and closed before placed
in the middle of 200 L drum, where the fire was kindled starting from the bottom of the drum. The
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burning time was 4-6 hours with temperature ranging from 300—400 °C and left for cooling for 12
hours. Later, the pile of biochar sample was spread out for cooling. After that, activation was carried
out by soaking biochar in a 5% chicken slurry solution, also known as chicken litter waste, for 7 days.
Then biochar was dried and stored in a big container for further use. Activation of biochar with
chicken slurry was crucial to further increase the nutrient content, alter the surface area and increases
the pore size [26]. The analysis conducted for biochar characterization is similar to those of
aforementioned characterizations of soil and rice husk. Additionally, microanalysis through Scanning
Electron Microscopy-attached with Energy Dispersive X-ray Spectroscopy analysis (SEM-EDX
JEOL JSM- 6400) was carried out to analyze surface morphology of rice husk biochar.

2.4. Ammonia volatilization study

For laboratory scale NH; volatilization study, the actual amount of urea applied was 0.97 g,
scaled down from the 175 kg ha * application rate. The rice husk biochar actual application for 100 g
of soil, scaled down from 5, 10, 15, and 20 t ha " was 0.28 g, 0.55 g, 0.83 g, and 1.11 g, respectively.
The treatments evaluated were as follows:

TO: 100g soil only;

T1: 100g soil + 175 kg ha * urea;

T2: 100g soil + 175 kg ha *urea + 5t ha " rice husk biochar;

T3: 100g soil + 175 kg ha * urea + 10 t ha " rice husk biochar;

T4: 100g soil + 175 kg ha ‘urea + 15 t ha™* rice husk biochar;

T5: 100g soil + 175 kg ha *urea + 20 t ha * rice husk biochar.

Soil, urea and biochar were mixed well before it was deposited into 250 mL conical flask after
which water was added to create a waterlogged condition. The water level was maintained 3 cm
above the soil throughout the study. This set up was done to depict the waterlogged condition in
actual rice field. The system was set to be closed dynamic air flow system and the NH3 loss from
urea was measured daily [27-29]. The system includes a 250 mL conical flask exchange chamber
containing soil mixture and a trap 250 mL conical flask chamber containing 75 mL of boric acid
which were stoppered and fit with inlet/outlet pipes. The inlet of the chamber containing the water
was connected with an aquarium air pump and outlet was connected with pipe tubing to the trap
containing boric acid solution. Air was passed through the chambers at a rate of 2.75 L™ min*
chamber ™. This setup was done to create soil aeration and trap NHj3 loss via volatilization process.
The released NH3 was captured in the trapping solution containing 75 mL of boric acid with colour
indicator. The incubation chambers Boric acid-indicator traps were replaced every 24 h and back
titrated with 0.01 M HCI, to estimate the NHjreleased. Measurement was continued until the loss
declined to 1% of the N added with urea [30]. After the ammonia volatilization was evaluated, the
soil samples were used for pH, exchangeable NH,;" and available NO3; ™ determinations.

2.5. Statistical analysis
The experiments were arranged in a completely randomized design with three replicates. An
independent t-test was conducted by using SPSS software version 24.0 (SPSS Inc, US) to compare

the significant difference between non-activated biochar and activated biochar. The effect of
different rates of rice husk biochar addition was subjected to one-way analysis of variance (ANOVA).
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Significant differences among treatments were separated by Tukey’s HSD test and considered
significant at P < 0.05. Statistical analysis for all the data was performed using SPSS software
version 24.0 (SPSS Inc, US).

3. Results and discussion
3.1. Characteristics of soil

The selected physical and chemical properties of soil used are summarized in Table 1. The soil
showed: sandy-clay-loam texture, pH 5.5, N (0.07%), NH," (89 ppm) and NO3z (30 ppm). Acidic
soil slows down the mineralization process which causes lower N content in the soil. Khalil et al. [31]
reported that acidic soil causes N immobilization and reduces N mineralization. The low soil
available P (0.385 ppm) was the result of high exchangeable Al (1.14 cmolc kg™), and Fe (0.091
cmolc kg ™) and low pH. Generally, all tropical soils in Malaysia have relatively low soil available P,
due to its immobilization as oxides Al and Fe. Exchangeable K, Ca, Mg, and Na were found to be
low in the soil (Table 1). This might be due to incapability of the soil to retain and hold nutrients
effectively because of low CEC (5.4 cmol. kg ™). The CEC readily influences the nutrient availability,
soil pH, and soil structure stability. Low soil CEC indicates the lower the negative charge and the
lesser the cations that can be held on the surface of the soil. The CEC of the soil used in this study
was low, however the soil organic matter was relatively high.

Table 1. Selected physico-chemical properties of the soil used in this experiment.

Property Value obtained
pH 55

Electrical conductivity (EC) (dS m™) 0.022

Texture Sandy Clay Loam
Soil organic matter (%) 6.24

Total organic C (%) 3.62

Ash content (%) 6.4

Cation exchange capacity (CEC) (cmol, kg™) 5.4
Ammonium (ppm) 89

Nitrate (ppm) 30

Total N (%) 0.07

Available P (ppm) 0.385
Exchangeable K (cmol. kg ™) 0.084
Exchangeable Ca (cmol kg ™) 0.10
Exchangeable Mg (cmol, kg™) 0.082
Exchangeable Na (cmol. kg ™) 0.024
Exchangeable Fe (cmol, kg™) 0.091
Exchangeable acidity (cmol, kg ™) 0.7
Exchangeable Al (cmol, kg™) 1.14
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3.2. Surface morphology and selected physico-chemical properties of rice husk biochar

The surface morphological characteristics of rice husk biochar before activation and after
activation are shown in Figure 1 and Figure 2, respectively. The porosity and surface area of biochar
is influenced by the temperature, heating rate, burning hours, and activation method [26,32]. The rice
husk biochar showed porous structure and large surface area [33], which is useful in binding ions [34].
After activation, most of the empty pores of rice husk biochar were compacted with nutrients and
there were some pores that were still free (Figure 2). The unbounded free pores are useful for further
nutrient adsorption in the soil and potentially NHs; produced by soil applied urea from being
volatilized. The rice husk biochar inherent nutrients and externally adsorbed nutrients will be
released slowly, preventing an immediate loss in the environment.

In addition, the rice husk biochar also had higher CEC which was 66.6 cmol kg™ (Table 2). The
CEC of biochar depends on the types of feedstock used. Van Zwieten et al. [35] and Carrier et al. [36]
stated that paper mill waste biochar has lower CEC than sugarcane bagasse biochar. The difference
in CEC was observed because feedstock with higher ash content can produce biochar with a higher
CEC [37]. Besides, the low temperature pyrolysed biochars at 400 °C also increase the CEC value [38].
With this property, rice husk biochar produced at the temperature ranging from 300 to 400 °C has
higher affinity to adsorb more ions onto its surface. Major et al. [39] stated that CEC, surface area,
and nutrients content interlinked together in improving soil fertility. Xie et al. [40] stated that
production temperature more than 500 °C increases the biochar structure aromaticity, which
enhances resistance to microbial decomposition. Resistance to microbial degradation causes
impediments in N mineralization. According to Deenik et al. [41] and Spokas et al. [42], biochar
produced at temperature higher than 500 °C, contributed to the N immobilization which could inhibit
plant growth.

. > e 7
pP.C.65:50Pa x7504."  20um

Figure 1. Rice husk biochar surface before activation at 750x and 330x magnification under SEM.
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Figure 2. Rice husk biochar surface after activation at 550x magnification under SEM.

Rice husk biochar total N absorption was increased by almost 18% compared to before
activation (Table 2). Exchangeable Ca and Na also showed increment after the activation. There was
also an increase of available P after activation which accounted for 37%. This shows that the
structure and surface of the rice husk biochar generated in this experiment captured nutrients from
the chicken slurry activation. The pH of rice husk biochar was alkaline (9.1) and favorable to
increase and modify the pH of the soil which will reduces the practice of liming at a certain level of
biochar application rate [43]. Wang et al. [44] stated that wheat straw biochar significantly reduces
the soil acidity in tea garden soil. This indicates that rice husk biochar packed with nutrient can act as
one of the organic amendments to reduce liming process, increase soil fertility, decrease NHj3
volatilization and enhance plant growth.

Table 2. Selected physico-chemical properties of non-activated and activated rice husk biochar.

Property Non-activated rice husk biochar Activated rice husk biochar
pH (water) 8.0 +0.03° 9.1 +0.05

CEC (cmol kg% 65.5 +0.06° 66.6 +0.05"

Total N (%) 0.28 +0.005 0.33 +0.017°

Available P (%) 10.4 +0.23° 14.3 +0.06"

Exchangeable Ca (cmol, kg ) 86.1 +0.05 1048 +2.30°
Exchangeable Mg (cmol, kg™) 734.8 +0.5° 508 +0.04"

Exchangeable K (cmol, kg ™) 5686 +1.15° 4925 +2.89"
Exchangeable Na (cmol, kg™) 121.4 +0.35 256 +3.46°

Note: Means between columns with different letters indicate significant difference between non-activated and activated
rice husk biochar by independent t-test P < 0.05. Columns represent the mean values £SE.

3.3. Effect of rice biochar on minimizing ammonia volatilization

The daily volatilization rate of NH3 from urea fertilizer over a period of 29 days incubation is
presented on Figure 3. The NHj3 loss in T2 and T3 started at day 6, meanwhile T4 and T5 started at
day 5. As for the TO, there was no activity of NH3 loss while for T1, the loss started on the 3rd day.
In a study by Omar et al. [3], NH3 loss was delayed for 3-6 days during incubation study. The
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maximum NHs loss for T1 occurred on the day 6, meanwhile T2 and T4 NHj3 loss peaked up at day
12 and 13, respectively. Figure 3 shows that T3 increased NHjs loss in the first 11 days but suddenly
there was a decrease of NH3 loss at day 12, and then the loss increased back on day 13. Afterwards,
the NHj3 loss declined gradually until it ceased to lesser than 1% of the N added as urea. The decrease
of NHjs loss on day 12 might be due to the rapid drying of soil surface due to aeration given by the air
pump. The NHs; loss decreased when soil moisture was not sufficient for chemical reaction and it
increased at day 13 upon addition of the water. This observation is consistent with a study conducted
by Palanivell et al. [45]. The fluctuation in NH; loss during the period of incubation study was a
result of reaction between urea and soil in forming NH;" over NHs.

All the treatments with rice husk biochar (T2, T3, T4, and T5) had significantly minimized NH3
loss compared to urea without additives (T1) (Table 3). The total amounts of NH3 lost at the end of
the incubation period as a percentage of urea-N added were 0, 44.52, 29.18, 29.44, 33.92, and
32.84% for TO, T1, T2, T3, T4, and T5, respectively. Noticeably, T2 was significantly effective in
minimizing NH; loss over T1. Despite of the application rate, rice husk biochar had successfully
reduced the percentage of NH; loss. However, biochar at 5t ha™* and 10 t ha™* minimized NH; loss
even more effectively than 15 t ha *and 20 t ha *. Lower application rate of biochar can act as one of
the cost effective option because farmers can achieve the goal of minimizing N loss with lesser
amount of biochar application. It also has been proven that higher rate of biochar can inhibit the plant
growth performance [46]. Besides, the rice husk biochar with higher porosity increases the soil
volume and alters the soil texture to be more porous. Lehmann and Joseph [47] stated that
application of biochar alters the physical nature of soil such as structure, surface area, and pore size
which will have direct impact on plant growth. The soil fertility increased following the application
of biochar to the soil. Biochar increased the retention of N in soil by minimizing NH3; loss. It also
was proven to overcome the soil mineral depletion, especially N in waterlogged soils [48]. The N
which is easily volatilized [49] can be minimized by the application of biochar since biochar act as
slow release fertilizer [50].

Rice husk biochar can naturally lower the acidity of soil and can reduce the necessity of liming.
All the treatments with biochar had improved the pH of soil (Table 3). This is consistent with other
study that also used crop residue biochar and concluded the soil pH increment related to acid
buffering capacity by biochar [51]. The increase in soil pH is also related to the release of organic
anions from rice husk biochar, where organic anions undergo decarboxylation and consume proton.
Rukshana et al. [52] also reported that anions released from organic material amendment increases
soil pH. Additionally, Tang and Yu [53] and Xu et al. [54] stated that organic anions and other
negatively charged functional groups present in organic matter can react with H* ions. Biochar
addition increased soil pH and on the whole can improve the growth performance of the plants [7].
Soil pH needs an utmost consideration because crop vary in their tolerance to acidity and nutrient
needs different optimal pH ranges to be successfully utilized by the respective plants [55]. It is well
known that NH3 volatilization speeds up in soil with higher pH. The soil pH (5.5) used in this study
was found to delay the NH; loss and increase the formation of NH," ion (Table 4) because urea
hydrolyses slowly in acidic soil, except TO [56]. In previous studies, it has been reported that NH3
loss speeds up in soil upon addition of alkaline biochar [57]. Contrastingly rice husk biochar used in
this study minimized the NHj losses. Dougherty [58] stated that NH3 volatilization significantly
reduced with the addition of biochar mostly because of the NH3 adsorption at the oxygen containing
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surface functional group or biochar micropores. Studies also have shown that pH increase with
biochar is usually not high enough to enhance NH3 volatilization [59].
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Figure 3. Ammonia volatilization over 29 days of incubation under waterlogged condition.

Table 3. Total ammonia loss and soil pH after incubation study under waterlogged conditions.

Treatment Total NH; loss (%) Soil pH (water)
TO 0.00 #0.00° 5.52 +0.06°
T1 44.52 +0.95 6.27 +0.12°
T2 29.18 +0.03" 7.94 +0.03°
T3 29.44 +0.06™ 7.97 +0.01°
T4 33.92 +0.40° 7.92 +0.03°
T5 32.84 +0.30™ 7.94 +0.02°

Note: 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.

Biochar had been proven in many studies to efficiently sorb nutrients from the soil. In the present
study, T2, T3, and T4 had shown a significant NH,4" retention in soil over TO and T1 (Table 4). T2
and T3 had retained highest amount of NH4" by 74% and 81% respectively over T1, followed by T4
and T5 which was 49% and 31%. This clearly gives an idea that rice husk biochar increased the
formation of NH4" ions over NHs. Biochar readily adsorb NH;" to its surface due to abundance of
negatively charged sites [60]. Another reason for the higher retention of NH4" could be associated to
the higher CEC of rice husk biochar (66.6 cmol. kg™*) which absorbs the ions and release it slowly.
This was in agreement with Omar et al. [3]. Besides, the adsorption capacity of rice husk biochar had
increased the presence of NH," ions in the soil.
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Table 4. Rice husk biochar effectiveness in retaining NH;" and NO3 .

Treatment NH," (ppm) NO; ™ (ppm)
TO 106.67 +£12.01° 14.67+5.49%
T1 256.67 +29.63" 56.00 +4.62°
T2 447.67 +3.33% 33.33 +2.33"
T3 464.33 +26.30" 39.67 +2.33™
T4 383.33 +31.80% 44.33 +6.17™
T5 335.00 +27.84™ 50.00 +4.93™

Note: 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. Conclusions

The result of this study suggests that mixing urea with rice husk biochar at rate of 5 t ha* and
10 t ha* offers a significant advantage over urea alone. The mixture successfully increased formation
of NH," ions in soil over NH; as well as soil retention of NH,;" and NOs ™ ions. The findings in this
present study suggest that urea can be properly managed if it is applied with rice husk biochar. Field
application of our findings is currently being evaluated in our ongoing field experiment.
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