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Abstract: Excessive N fertilizer use in agriculture results in the release of inorganic N contaminants into
surface and groundwater bodies, and other negative environmental effects. The combined application of
N fertilizers with charcoal and sago bark ash could help reduce these negative impacts. The objective of
this sorption study was to examine the effects of the co-application of charcoal and sago bark ash with
ammonium chloride in regulating the adsorption and release of NH* in an acid soil. This soil used in
the laboratory study was Bekenu series (Typic Paleudults). The treatments evaluated were: (i) 300 g soil
only, (ii) 300 g charcoal only, (iii) 300 g sago bark ash only, (iv) 300 g soil + 15.42 g charcoal, (v) 300 g
soil + 7.71 g sago bark ash, and (vi) 300 g soil + 15.42 g charcoal + 7.71 g sago bark ash. Regardless of
the concentration of the isonormal solution, sago bark ash (T3) showed the highest NH," adsorption at
equilibrium (Q.) and NH4* desorbed (Qge). The results for T3 for Q. and Qg were 3.88 mg L tand
3.80 mg g~ !, respectively, for the 400 mg N L~ isonormal solution followed by T2 with values of 3.46 mg
L~!and 3.30 mg g~ !, respectively. For treatments T2 and T3 that resulted in higher Qe and Qg for NH,*,
soil was not included. However, in practical terms, any of the treatments T4, T5 and T6 that included
mixing the amendments with soil are better since the results of these treatments were not significantly
different in terms of Q. and Qg for NH, ™. This is despite the fact that T4, T5 and T6 resulted in lower Qe
and Qg for NHy* compared to T2 and T3. The results also showed a positive linear relationship between
NH,* adsorption and the addition of N. This indicates that NH,* can be retained temporarily by the
amendments. The insignificant R? (ranging from 0.10 to 0.38) of the Langmuir regression equations
suggest that the NH,* adsorption data did not fit the Langmuir isotherms well. Future studies could
explore fitting the NH,* sorption data into other sorption models. The higher adsorption of NH4* by
the treatment with charcoal is related to its high number of adsorption sites or negative charges of these
materials. Incorporating charcoal and sago bark ash as soil amendments in agriculture has the potential
to reduce the usage of chemical fertilizers. The reliance on commercial lime could also be reduced due to
the alkaline characteristics of these materials. Therefore, the co-application of charcoal and sago bark ash
could contribute to improve the utilization of N fertilizer by effectively controlling NH4* availability for
timely crop use, reducing losses, and preventing soil and water pollution.

Keywords: nutrient release and retention; sorption; soil nitrogen; fertilizer use; carbonaceous materials;
soil amendments
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1. Introduction

Fertilizer use in agriculture is important for plant growth and yield. However, exces-
sive fertilizer use on agricultural soils leads to inorganic N pollutants being released into
surface and groundwater bodies [1,2]. Kumar and Padhye [3] reported that high amounts
of NH,* concentration causes eutrophication. Nutrients applied to soils can be retained
through sorption (Adsorption and absorption). The nutrients that are adsorbed are essential
fractions due to their availability for uptake by plants. Soil pH, pH buffering capacity,
temperature, redox potential, and floods have significant effects on nutrient adsorption [4].
Although the average NH4* concentration of soils is often lower than NO;~, NH,4* is the
predominant source of N that is available for plant nutrition [5]. Furthermore, because of
its positive charge, NH,4* is attracted to negatively charged soil particles, and therefore it
is retained as an exchangeable cation in soils and is not easily leached, making it readily
available for plant uptake. This is possible through temporary NH4" retention on the
exchange sites of the amendments. The sorption of NH4* to black carbon, particularly
activated C, has been studied [6]. Pliassas et al. [7] reported that adsorption of NHs* onto
activated C has attracted scholarly attention and is regarded as one of the most effective
and well-established methods. However, activated C is expensive and it cannot be renewed
or reactivated after usage. Therefore, alternative low-cost, environmentally friendly, and
effective adsorbents are required and need to be researched.

Recently, the use of natural adsorbents such as agricultural waste as alternative adsor-
bent materials has gained popularity [8]. Charcoal and sago bark ash are produced from
agricultural wastes under anaerobic combustion. These materials contain cellulose, oxides,
hydroxides, carboxyl, and phenolic compounds. Charcoal has a unique pore structure and
high capacity for sorption because of its high carboxylic acid content and also its resistance
to biodegradation. When amendments such as charcoal or biochar are applied to soils,
their interaction with soils is governed by many factors including the properties of the
amendments, the soils” properties, and the nutrient retention and leaching characteristics
of the mixture [9]. Therefore, this study attempted to find out whether using a combina-
tion of charcoal and sago bark ash improves NH;* sorption and how much NH4* can be
adsorbed and desorbed to reduce NH;* leaching from soils. It was hypothesised that the
combination of charcoal and sago bark ash could retain and release NH;*. Thus, sorption
studies were carried out to examine the ability of charcoal and sago bark ash to regulate
soil N availability through adsorption and release of NHy*.

2. Materials and Methods
2.1. Description of the Soil Studied, Its Collection and Analysis

The soil (Bekenu series, Typic Paleudults) used in this study was sampled at Universiti
Putra Malaysia Bintulu Sarawak Campus (3°12'20.0” N, 113°04/20.0” E) at 0-20 cm from
an uncultivated secondary forest. Afterwards, the soil was air-dried, crushed, and sieved
to pass through a 2 mm sieve for characterisation for the sorption study. The sorption
study was carried out in the Soil Science Laboratory of Universiti Putra Malaysia Bintulu
Sarawak Campus. Before commencing the sorption study, soil samples were analysed for
their bulk density [10], texture [11], pH and electrical conductivity [12], total C [13], total
N [14], exchangeable NH;* and available NO3; ™~ [15], exchangeable acidity, exchangeable
Al, exchangeable H* [16], and soil exchangeable cations [17] using standard procedures.

2.2. Initial Characterisation of Soil, Sago Bark Ash, and Charcoal

Table 1 summarizes the selected physical and chemical properties of the soil, charcoal,
and sago bark ash. The selected soil properties of the examined soil (Bekenu series, Typic
Paleudults), except for soil texture, were similar to the results of Paramananthan [18]. The
soil texture obtained is comparable to that reported by the Soil Survey Staff [10]. The
charcoal was obtained from Pertama Ferroalloys Sdn Bhd, Bintulu, Sarawak, Malaysia. The
sago bark ash used in this study was obtained from Song Ngeng Sago Industries, Dalat,
Sarawak, Malaysia.
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Table 1. Selected physical and chemical properties of soil, sago bark ash, and charcoal used in the
sorption study.

Properties Soil Sago Bark Ash Charcoal
pH (H,O) 4.61 9.99 7.74
pH (KCl) 3.95 9.66 7.31
EC (uS cm™1) 35.10 5.75 0.27
Bulk density (g m~3) 1.25 nd nd
Total C (%) 2.16 nd nd
Total N (%) 0.08 1.37 1.54
Exchangeable NH4* (%) 0.00049 0.00026 0.00023
Available NO3 ™ (%) 0.00049 0.00026 0.00023
CEC (cmol kg™ 1) 4.67 13.13 nd
Exchangeable K* (cmol kgfl) 0.06 9120.00 1435.20
Exchangeable Ca®* (cmol kg™1) 0.02 3361.20 2346.67
Exchangeable Mg?* (cmol kg 1) 0.22 433.73 409.07
Exchangeable Na* (cmol kg™1) 0.03 348.00 99.38
Exchangeable Fe?* (cmol kg~ 1) 1.09 8.43 41.90
Exchangeable Mn?2* (cmol kgfl) 0.01 nd nd
Total titratable acidity (cmol kgfl) 1.15 nd 0.10
Exchangeable H* (cmol kg~!) 0.13 nd 0.05
Exchangeable AP (cmol kgfl) 1.02 nd 0.047
Sand (%) 71.90 nd nd
Silt (%) 13.50 nd nd
Clay (%) 14.60 nd nd
Texture (%) Sandy loam nd nd

Note: the values are on a dry weight basis; nd = not detected.

2.3. Soil Ammonium Adsorption and Desorption

Two grams of soil were placed into a 250 mL centrifuge bottle for each treatment.
There were three replicated for each treatment. A range of N solutions (0, 100, 200, 300, and
400 mg N L) was prepared by dissolving ammonium chloride (NH4Cl) in 0.2 M NaCl
solution in distilled water. Subsequently, 20 mL of the prepared isonormal N solutions
were poured into the centrifuge bottles to give 0, 1000, 2000, 3000, and 4000 pg of added
N sample~!. The isonormal solutions were used in this adsorption study to provide
competing ions for exchange sites, in addition to preserve a constant ionic strength in the
mixtures between the adsorbent and the solution [19]. The samples were then shaken
using an orbital shaker for 24 h at 180 rpm, after which the samples were centrifuged at
10,000 rpm for 15 min. The N content in each supernatant (equilibrium solution) was then
determined using the steam distillation method [14]. The amount of N adsorbed per g soil
was determined by subtracting the initial amount of N supplied from the amount in the
equilibrium solution. The adsorbed N was calculated as pg per g soil. The amount of NH,*
adsorbed at equilibrium (Q.) was calculated using the following formula:

Qe = ((Co — Ce) x V)/(M)

where C, = the initial concentration of the isonormal solution (mg L), Ce=the equilibrium
concentration of the isonormal solution (mg L~1), V = the volume of the isonormal solution
(L), and M = the mass of the sample (g).

After the N adsorption part of the experiment, the same samples (sediments in cen-
trifuge bottles) were rinsed with ethanol and centrifuged for 10 min at 10,000 rpm [19].
Thereafter, the ethanol was discarded. Then, a 20 mL of 2 M KCl was added and shaken
using an orbital shaker for 24 h at 180 rpm. Thereafter, the samples were centrifuged for
15 min at 10,000 rpm. Then, the supernatants were collected, and the N contents determined
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as the desorbed N content using the steam distillation method [14]. The amount of NH,*
desorbed at equilibrium (Qg4.) (mg g’l) was calculated using the following formula:

Qde = (Cao — Cae) X V)/(M)

where C4, = NH4" concentration on the sample (mg L™1); Cy4o = Co — Ce, Cge = NH,*
concentration at the desorption equilibrium (mg L~!), V = the volume of the isonormal
solution (L), and M = the mass of the sample (g).

The amounts of the materials used were calculated based on the literature for char-
coal [20,21] and sago bark ash [22-24] where 10 and 5 t ha—!are equivalent to 15.42 g and
7.71 g, respectively. The treatments evaluated in the sorption study and their initial pH are
summarised in Table 2.

Table 2. Sorption study treatments and their initial pH.

Code for the Treatments Details of the Treatments Initial pH
T1 Soil only (300 g) 5.31
T2 Charcoal only (300 g) 7.76
T3 Sago bark ash only (300 g) 9.78
T4 Soil + charcoal (300 g + 15.42 g) 6.51
T5 Soil + sago bark ash (300 g + 7.71 g) 6.41
Soil + charcoal + g sago bark ash
16 (300 g +15.42 g +7.71) 665

2.4. Experimental Design and Statistical Analysis

The treatments were arranged in Completely Randomized Designed (CRD) in trip-
licates. Analysis of Variance (ANOVA) was used to determine treatment effects whereas
means of treatments were compared using Tukey’s Studentized Range (HSD) test at
p < 0.05. PROC REG was used to test linear regression analysis and to obtain coeffi-
cients of determination (R?) for each linear regression equation. The Statistical Analysis
System (SAS) version 9.4 was used for the statistical tests.

3. Results and Discussion
Effects of Amendments on Ammonium Adsorption and Desorption

The amount of ammonium in the equilibrium solution increased with increasing
the amount of N (Table 3). For the ammonium content in the equilibrium solution of
the sago bark ash, only (T3) was the lowest (Table 3), which could be attributed to the
inherent nutrients in the sago bark ash of CaCOs;, CaO, and MgO. The dissolution of
these compounds releases Ca?* and Mg?* cations, which results in a low negative charge
density in acid soils and inhibits NH4* adsorption because of the competition with the
divalent cations. Moreover, there is limited N in the sago bark ash (Table 1). In addition, the
lower N in the ash was because the N was lost during pyrolysis. At 100 mg N L~! for the
equilibrium solution, the effects of T1, T4, T5, and T6 were not significantly different but
their effects were significantly higher than those of T2 and T3. A similar trend was shown
by the T1, T4, T5, and T6 treatments for the 300 mg N L~1 NH4" concentration, where T2
and T3 resulted in a significantly lower NH4* concentration at the equilibrium solution
compared with T1, T4, T5, and T6. At 200 mg N L~!, T3 resulted in the lowest NH,*
concentration with the equilibrium solution. At 400 mg L=}, T4 resulted in significantly
higher NH* concentration than T3, but its effect was similar to T1, T5, and Té.
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Table 3. Treatments effects on ammonium concentration adsorbed at equilibrium for different
concentrations of added nitrogen.

Ammonium Concentration at Adsorption Equilibrium, C, (mg L—1)
Treatments 0 100 200 300 400
Added N (mg NL-1)

T1 nd 38762 +£522 68.652+11.64 100642 +1333 91302 +17.2
T2 nd 17512 +£1.07 35963 + 674  32.69b + 244 54.17 bc + 8.57
T3 nd 280P 4+ 040 537 +1.17 537b 4+ 1.02 11.68 € + 3.99

T4 nd 46472 +£367 68183 + 11 104612 +991  116.752 +9.76
T5 nd 42262 4+353 51373 +7.28 88.032 +748 81493 + 1275
Té6 nd 38533 4+596 53.942 +7.19 77992 +6.06 92233 41335

Note: nd = not detected. Means with different letter(s) indicate significant differences between treatments
according to Tukey’s HSD test at p < 0.05, thatis * > b 5 ¢ Mean values + standard error.

Generally, the amount of ammonium adsorbed increased with increasing concentration
of the isonormal solution (Table 4). This result is consistent with that of Jellali et al. [25]
who also reported that the increased driving forces of the NH;* concentration gradient
and an increase in the contact probability between the NH;* and the adsorbent explain the
higher sorption capacity observed at the initial concentrations.

Table 4. Treatments effects on the amount of ammonium adsorption for different initial concentrations
of isonormal solution (NH4CI-NaCl).

Ammonium Adsorption under Different Initial Concentration of
Isonormal Solution, Qe (mg L—1)

Treatments 100 200 300 400
Added N (mg NL-1)
T1 0.61° +0.05 131 +0.12 1.99b +0.13 3.09bc +0.17
T2 0.822 4+ 0.01 1.6423b 4+ 0.07 2.67240.02 3.46 2P +0.09
T3 0.97 2 4 0.00 1.952 + 0.01 2953 4 0.10 3.883 + 0.04
T4 0.54° + 0.04 132 +0.11 1.95P +0.10 2.83¢+0.10
T5 0.58P +0.04 1.49° +0.07 2.12° 4+ 0.07 3.19b¢ +0.13
T6 0.61° +0.06 1.46° +0.07 222P 4 0.06 3.08bc +0.13

Note: Means with different letter(s) indicate significant differences between treatments according to Tukey’s HSD
testat p < 0.05, thatis @ > b 5 ¢ Mean values =+ standard error.

Regardless of the concentration of the isonormal solution used, T3 had the highest
NH,* adsorption at equilibrium (Q.). Among the treatments, T2 and T3 resulted in a
significantly higher amount of NHy* adsorbed in the 100 mg L~! isonormal solution
compared with T1, T4, T5, and T6. This trend was similar to that for the 300 mg L1
isonormal solution. At 200 mg N L™, the combined use of charcoal and sago bark ash
(T6) resulted in similar effects compared to those of T1, T2, T4, and T5. The sago bark ash
only (T3) adsorbed higher NH,* than the soil with charcoal only (T2), but the effect of T2
was comparable to those of T1, T5, and T6. This observation is related to the initial pH of
the treatments because pH is one of the important variables in the sorption process and it
impacts the surface charge of the sorbent, degree of ionisation, and adsorbate speciation [26].
Treatment 2 and T3 had pH values greater than 7. When the pH was greater than 7, the
sorption capacities were higher than the values at low pH, indicating that neutral or alkaline
conditions are favourable for NHs* removal. In solution, NH, " is present in ionised (NHy*)
and the non-ionised (NHj3) forms. According to Mararion et al. [27], N exists as NHs* when
pH is below 7. When the pH decreases, competition between H* and the NH;* in the
solution increases at the exchange sites of the sorbents surface. This results in low NH,*
sorption capacity by the adsorbents. At high pH, NHy* is transformed to NH; which could
be lost through volatilization.
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There was a positive linear relationship between NH,;* adsorption and the addition
of N (Table 5). This suggests that charcoal and sago bark ash are capable of improving N
adsorption. The insignificant R? (ranging from 0.10 to 0.38) of the Langmuir regression
equations suggest that the NH4* adsorption data did not fit the Langmuir isotherms
(Table 5). This is because the Langmuir isotherm is the simplest theoretical model for a
monolayer adsorption, and this model assumes that all the sorption sites have an equal
adsorbate affinity [28]. This finding is consistent with that of Palanivell [4] who also
reported that N adsorption, regardless of treatment (crude humic, biochar, and clinoptilolite
zeolite), does not fulfil the assumptions of the Langmuir approach [29]. Therefore, it
is advised to incorporate the NH4" sorption data into other sorption models such as
Freundlich, to have a better understanding of the relationship between equilibrium and
NHy* adsorption.

Table 5. Langmuir isotherms variables for ammonium adsorption for the different treatments.

Treatment  Regression Equation R? qm (mgg—1) b (mgg—1) MBC
T1 y =0.24x + 24.62 0.18 4.16 9.74 x 1073 0.04
T2 y =0.36x + 5.72 0.38 2.78 0.063 0.18
T3 y = 0.09x + 1.48 0.30 11.11 0.061 0.68
T4 y =0.229x + 33.57 0.12 4.37 6.82 x 1073 0.03
T5 y =0.235x +21.43 0.11 4.26 0.011 0.05
T6 y = 0.26x + 23.093 0.10 3.85 0.011 0.04

The maximum NHy " uptake (qm) per unit mass of the adsorbent in the monolayer
context is highest in sago bark ash only (T3). This suggest that T3 required less NH;* to
saturate the adsorbent because of its lower adsorption sites. Kithome et al. [19] also found
that the amount of NH,* sorption increased with increasing the pH (4 to 7). The lower
maximum NHy* uptake (qm) for T2 and T6 suggests that charcoal has higher adsorption
sites and it requires more NH;* to saturate the charcoal. In terms of bonding energy
constant (b), soil only demonstrated the lowest. The sago bark ash reduced the bonding of
energy constant (b) because of the contribution of the acid functional groups, the carbonate
dissolutions, and the CEC on the soil buffering capacity, particularly at a pH above 4.5 [30,31].
A similar finding has been reported by Luo et al. [32] who revealed that the changes in
the buffering capacity are influenced by the CEC, the carbonates concentration, and the
base saturation. The sago bark ash only (T3) resulted in the highest maximum buffering
capacity (MBC). This is possible because of the charge characteristics of the amendments.

The treatment effects on the amount of NH; " desorbed at equilibrium at the different
concentrations of the added N are summarised in Table 6. Among the treatments, there
were no significant differences in NHy " desorbed for T2, T4, and T6, but the effects of these
treatments were significantly higher than T3 at 100 mg N L~!. Similar results on NH4*
desorbed were observed at 200 mg N L~!. At 300 mg N L}, charcoal only (T2) resulted in
a significantly higher desorbed NH,* than sago bark ash only (T3). At 400 mg N L™, the
combined use of charcoal and sago bark ash with soil (T6) resulted in a similar effect on
the desorbed NH4* as those of soil only (T1), soil with charcoal only (T4), and soil with
sago bark ash only (T5). The higher NH4 " desorption for the treatments with charcoal (T2,
T4, and T6) compared with those for soil only (T1) and sago bark ash only (T3) suggests
that these treatments can release NH4* into the solution. The higher NH4* desorption of
the charcoal suggests that charcoal can temporary retain NH4 ", although the CEC of the
charcoal is high.
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Table 6. Treatments effects on the amount of ammonium desorbed at equilibrium for different

concentrations of added nitrogen.

Ammonium Concentration at Desorption Equilibrium, Cg4, (mg g~1)

Treatments 0 100 200 300 400
Added N (mg NL-1)
T1 nd 6303 +081 9.573b 4 (.84 11912 + 0.4 12.61 3P +0.40
T2 nd 72434023  10.742 4+ 1.30 16.812 £ 3.59 15.882 + 1.63
T3 nd 3.04% 4+ 0.23 490° +0.00 6.77° +0.62 8.64° + 2,69
T4 nd 8412 + 146 10742 4+023 14713 4+253  14.013 £ 0.00
T5 nd 6073 +062 9573418 12143 +168  13.083P +0.23
T6 nd 6772 +£023 10972 £+ 0.62 15.18 3P + 1.63 14713 +1.62

Note: nd = not detected. Means with different letter(s) indicate significant differences between treatments
according to Tukey’s HSD test at p < 0.05, thatis * > b 5 ¢ Mean values + standard error.

Table 7 summarises the effects of treatments on the amount of NHy* desorbed for the
different concentrations of the isonormal solution (Qge). Among the treatments, charcoal
only (T2) and sago bark only (T3) resulted in no significant differences for the amount of
NH,* desorbed at the 100 mg N L~! isonormal solution, but they were significantly higher
than others (T1, T4, T5, and T6). At 200 mg N L1 with the exception of T3, the effects of
the rest of the treatments on the amount of NHs* desorbed were similar. Sago bark ash
only (T3) resulted in the highest amount of desorbed NH,* at 300 mg N L~ followed by
charcoal only (T2). However, at 300 mg N L~!, the NH,* desorbed due to soil only (T1),
soil with charcoal (T4), soil with sago bark ash (T5), and soil with the combined use of
charcoal and sago bark ash (T6) were similar. At 400 mg N L™}, there was no significant
difference between T2 and T3 for NH;* desorption. The insignificant findings between
soil only and soil with amendments suggest that these amendments are more effective in
absorbing NH4* than adsorbing this ion.

Table 7. Treatments effects on the amount of ammonium desorption for different initial concentrations
of isonormal solution (NH4CI-NaCl).

Ammonium Desorption under Different Initial Concentration of
Isonormal Solution, Q4. (mg g—1)

Treatments 100 200 300 400
Added N (mg NL-1)
T1 0.55P +0.05 1.22b +0.12 1.87¢+0.13 296 +0.18
T2 0.752 4+ 0.01 1533 +0.06 2500 +0.02 3.303P +0.09
T3 0.94 2 4 0.00 1.902 + 0.01 2.883 4 0.02 3.802 + 0.04
T4 0.45° + 0.05 121 +0.11 1.81¢ + 0.08 2.69 €+ 0.09
T5 0.52° 4+ 0.04 1.39P +0.08 2.00¢ + 0.07 3.05b¢ +0.13
T6 0.55° 4+ 0.06 1.35P +0.07 2.07°¢ 4+ 0.07 2.93bc 4 (.14

Note: Means with different letter(s) indicate significant differences between treatments according to Tukey’s HSD
testat p < 0.05, thatis @ > b 5 ¢, Mean values =+ standard error.

4. Conclusions

This study revealed that the combined use of charcoal and sago bark ash improves
NH,* adsorption but reduces NH;* desorption. This indicates that these soil amendments
have a high affinity for NH,4*, which enables temporary retention of NH;* by the amend-
ments. The results for T3 for Q. and Qg4 were 3.88 mg L' and 3.80 mg g’l, respectively,
for the 400 mg N L~! isonormal solution followed by T2 with values of 3.46 mg L~! and
3.30 mg g~ !, respectively. For treatments T2 and T3, which resulted in higher Q. and Qg
for NHy4*, soil was not included. However, in practical terms, any of the treatments T4,
T5 and T6 that included mixing the amendments with soil are better since the results of
these treatments were not significantly different in terms of Q. and Qg for NH,4*. This is
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despite the fact that T4, T5 and T6 resulted in lower Qe and Q. for NH4* compared to T2
and T3. The results also showed a positive linear relationship between NH,;* adsorption
and the addition of N. This indicates that NH4 " can be retained temporarily by the amend-
ments. The insignificant or low R? (ranging from 0.10 to 0.38) of the Langmuir regression
equations suggest that the NH,* adsorption data did not fit the Langmuir isotherms well.
Future studies could explore fitting the NH4* sorption data into other sorption models.
The negatively charged surface of the charcoal aided nutrient retention due to the high
number of adsorption sites. It is envisaged that the sorption efficiency could be enhanced
by changing the processing conditions such as the pyrolysis temperature during the pro-
duction of these soil amendment materials. The incorporation of charcoal and sago bark
ash has the potential to reduce the use of chemical fertilizers and reliance on commercial
lime. Therefore, the co-application of these amendments could contribute to improving
the use of N fertilizer by effectively controlling NH,* availability for timely crop uptake,
reduced losses, and prevention of soil and water pollution.
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