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Abstract: In Ultisols and Oxisols, potassium (K) in the soil solution is leached from the rhizosphere
before it interacts with soil colloids, or exchanged with other cations at the exchange sites of the soils
because of the abundance of kaolinite clay minerals. These soils are highly weathered, low in organic
matter, and low in pH, but high aluminium (Al) and iron (Fe) ions. Hence, K becomes unavailable
for plants, and this compromises crop production and farmers’ profitability. The pH neutralizing
effects of sago (Metroxylon sagu) bark ash and the ability of charcoal to chelate Al and Fe could be
utilized to improve soil pH, reduce soil acidity, and improve K availability. The objective of this
study was to determine the effects of amending muriate of potash (MOP) with charcoal and sago
bark ash on selected soil chemical properties in a tropical acid soil (Typic Paleudults) over 90 days in a
laboratory incubation. The proportions of charcoal and sago bark ash were varied at 20%, 40%, 60%,
80%, and 100%, but the MOP was fixed at 100% of the recommended rate. Selected soil chemical
properties before and after incubation were determined using standard procedures. Results revealed
that co-application of the soil amendments with MOP increased soil-exchangeable K compared with
conventional practice. Moreover, amending the acid soil with charcoal and sago bark ash positively
enhanced the availability of other base cations and soil cation exchange capacity (CEC). This was
possible because the amendments increased soil pH and reduced exchangeable acidity, exchangeable
A1%*, and exchangeable Fe?*. However, there was no significant improvement in water-soluble K
(WSK) in the soil with or without charcoal and sago bark over the 90 days laboratory study. The
findings of this study suggested that increasing soil pH could potentially improve soil K sorption
capacity. Thus, the optimum rates of charcoal and sago bark ash to increase K availability were found
to be 80% charcoal with 80% sago bark ash, 60% charcoal with 60% sago bark ash, and 80% charcoal
with 40% sago bark ash, because these rates improved soil-exchangeable K* and CEC significantly,
besides minimizing soil-exchangeable acidity.

Keywords: kaolinite; adsorption; chelation; neutralizing compounds; exchange sites; functional
groups; leaching

1. Introduction

Maize (Zea mays L.) is one of the most important staple foods in the world. Maize
is acknowledged as the queen of cereals worldwide, and as a matter of fact, it ranks
second after wheat in terms of production and consumption. Maize is a source of food in
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Asian countries including Malaysia not only for human consumption, but also as livestock
feed. However, production of maize in Malaysia is far from self-sufficiency level, and
this is one of the reasons for maize importation in Malaysia. For example, Malaysia
imported approximately 3.7 million tons of grain corn valued approximately US$ 737
million in 2017 [1]. The dependency on importation of maize has negative effects, such
as the increased cost of corn-based food or livestock feed, and it can cause a deficit in
trade balance [2]. Reliance on imported produce could be overcome by improving the
present practices of maize production, mainly by ensuring efficient use of fertilizers, which
is consistent with achieving sustainable soil and productivity.

Potassium (K) is required by plants in approximately the same or slightly larger
amounts as nitrogen (N) and five to ten times as much as phosphorus (P). Uptake of
K occurs in K* form [3]. It plays an important role in photosynthesis, cellular energy
production, plant osmoregulation, enzyme activation, regulation of stomatal function,
transport of assimilates, cell wall synthesis, and protein synthesis [4]. Soil K can be
categorized into water-soluble K (WSK), exchangeable K, non-exchangeable K, and mineral
K or fixed K [5,6]. Water-soluble K is a K source that is readily available for plant uptake.
Exchangeable K is a K reserve that is easily mobilized. Both WSK and exchangeable K are
plant-available K, and they are approximately 1% to 2% of the total soil K. On the other
hand, non-exchangeable K is poorly mobilized in soils, and takes time to become available
for plants. Similarly, mineral K is inert and unweathered in soil. In tropical acid soils such
as Ultisols and Oxisols, the bioavailability of K is low because of intense weathering and
leaching [7,8]. Furthermore, weathering of sandstone usually produces soils that are low
in WSK, whereas soils originating from young volcanic rocks have highly available K [7].
The order of availability of the four fractions of K to plants are: WSK > exchangeable K >
non-exchangeable K > mineral K [4,5]. However, in Malaysian soils, WSK is easily leached
from the rhizosphere before it interacts with soil colloids or is exchanged with other cations
at the exchange sites of soils, because of the abundance of kaolinite clay minerals. Mineral
soils of Malaysia, such as Ultisols and Oxisols, are highly weathered and low in pH, hence
they are typically low in K, N, and P [9,10]. Aluminium (Al) and iron (Fe) toxicity and high
annual rainfall in Malaysia also contribute to further leaching of K from Ultisols and Oxisols.

To overcome the aforestated problem, extensive application of K fertilizers is required
to satisfy plants’ needs. This practice makes K available for plant uptake for a short period.
However, it is uneconomical and causes environmental pollution, which includes leaching
of K* into ground water, surface leaching, or run-off of these nutrients to water bodies [11].
Furthermore, in term of economics, it is important to manage K to minimize losses so as to
avoid extra or excessive fertilization [12]. Studies have been carried out to improve soil
pH through liming. This practice increases K fixation in acidic soils, because tightly held
hydrogen (H) and hydroxy aluminium ions in acid soils are reduced, if not completely
removed, and K* ion mobility is facilitated by the surfaces of soil colloids where K* ions are
fixed in clays. However, application of lime brings additional costs to farmers, and causes P
fixation by calcium (Ca) if undertaken excessively [13-15]. This has steered attention to the
application of soil amendments to minimize K loss. Soil-amendment utilization improves
soil physical and chemical properties such as moisture retention, the bioavailability of
nutrients, water infiltration, drainage, and aeration, cation exchange capacity (CEC), and
pH [16]. In addition, soil amendments are able to improve carbon (C) sequestration [17].
The high CEC of soil amendments can be exploited to improve the CEC of acid soils to
temporarily retain nutrients [18]. Simultaneously, the pH of the soil needs to be improved
to make the K available for the plants.

Forestry and agricultural sectors in Malaysia have developed significantly in line with
the economic growth spurt. Nevertheless, the increased activity in both sectors has led
to increased waste generation. To emphasize the severity of the issue, 43% of total tree
volumes (stumps, branches, defect-cuts) are left in the forest during logging operations in
Malaysia [19]. In Sarawak, 2.7 million tonnes of wood residue waste are generated from
plantations [20], whereas 3.4 million m® of waste are generated each year from primary
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wood manufacturing activities in Malaysia [21]. It is worth noting that these industries
usually opt to convert these wastes into charcoal, briquettes, or pellets.

In recent years, Sarawak, Malaysia has become the leading producer of sago starch
and one of the largest exporters of sago products in the world. Sarawak’s, exports of sago
products are approximately 25,000 tonnes annually, and this figure is expected to increase
in coming years to meet the increasing demand for sago starch [22,23]. This will not only
increase the production and processing of sago starch, but will also increase the amount
of waste generated. The waste can be classified as sago trunk bark, fibrous pith residue
(also known as hampas), and wastewater [24]. Sago trunk bark waste is generated during
the debarking of sago logs before pulping and starch extraction, whereas pith residue and
wastewater are the by-products of the starch extraction stage. The bark waste accounts
for up to 17% of the log processed, and approximately 0.75 tonnes of sago bark waste is
produced per ton of dried flour [25]. Ngaini et al. [26] enumerated 15.6 tonnes of sago
bark waste being produced daily from 600 logs of sago palm in Malaysia. Moreover, in a
more recent study it was emphasized that approximately 20,000 tonnes of sago bark are
generated by Malaysia’s sago industry per annum [27] and are not fully utilized as higher
value-added products.

Sago bark ash is the inorganic and organic residue remaining after the combustion of
sago bark waste. Previous studies on ash from different sources have indicated its potential
as a soil amendment [28-30]. For example, wood ash has been used on farms since its
potential to substitute for commercial lime was discovered [31]. Having a smaller particle
size makes ash materials superior in terms of time taken to improve pH. The presence of
calcite (CaCO3), lime (CaO), and magnesium oxides (MgO) enables ash to neutralize pH
changes in soils [32]. It may also dissociate H* from functional groups through the effects
of calcium (Ca) and magnesium (Mg).

Utilization of charcoal in soils with high K leaching enables K retention and also
provides a slow-release mechanism that can be enhanced by sago bark ash, to improve, for
example, soil pH. Charcoal is derived from the pyrolysis (thermal degradation in a low-
oxygen atmosphere) of lignocellulosic residues from either forestry (sawdust, woodchips,
and bark) or agricultural (corn stalks, coconut, rice husks, and manure) activities. Charcoal
has recently been heralded for its ability to increase plant productivity and ameliorate poor
soil conditions across a variety of systems [33] while mitigating anthropogenic climate
change by enhancing soil carbon sequestration [34]. Charcoal’s ability to enhance plant
growth is attributed to increased soil pH, the sorption of growth-inhibitory compounds,
and increased water retention or improved soil physical properties [35]. Charcoal has
a high initial carbon density (70-85%) relative to typical woody biomass (<50%), and
it is primarily made up of irregularly arranged aromatic rings, with a highly porous
structure [36]. Aromatic structures are stable and are responsible for the recalcitrance of
charcoal [37]. Surface oxidation of aromatic rings results in carboxylation, creating large
numbers of negative-charged sites. Negative surface charges increase cation exchange
capacity, adsorption of cations, and P, but reduce nutrient leaching [38].

Co-application of charcoal and sago bark ash in agriculture could be pivotal in improv-
ing physico-chemical properties and nutrient availability in tropical acid soils. Therefore, it
was hypothesized that amending potassic fertilizers such as muriate of potash (MOP) with
the right amount of charcoal and sago bark ash in tropical acid soils could significantly
improve K availability, because of their neutralizing effect and high CEC. To this end, a
laboratory incubation study was carried out to determine the effects of amending MOP
with charcoal and sago bark ash on K and other related soil chemical properties in a tropical
acid soil (Typic Paleudults) over 90 days.

2. Materials and Methods
2.1. Soil Sampling and Preparation

The soil used in this study was sampled from an uncultivated secondary forest at
Universiti Putra Malaysia, Bintulu Sarawak Campus (latitude 3°12’11.0” N and longitude
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113°04/25.0” E), which is a typical representative of Bekenu Series, Typic Paleudults [39].
Despite the high content of Al and Fe and abundance of kaolinite clay minerals, it is a
commonly cultivated soil in Sarawak, Malaysia. The area has an elevation of 27.3 m,
an annual rainfall of 2993 mm, a mean temperature of 27 °C, and relative humidity of
approximately 80%. The soil samples were collected at depth of 0-20 cm using a shovel.
The soil samples were then air dried, ground, and sieved through a 2 mm sieve, after which
they were bulked. One kg of soil was taken for each treatment, with triplicates based on
the soil’s bulk density.

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

With the exception of soil texture, the selected physical and chemical properties of the
soil (Bekenu Series, Typic Paleudults) used in this study were within the range reported by
Paramananthan [40]. However, the soil texture obtained was comparable to that reported
in the Soil Survey Staff [39]. The sago bark ash used in this present study was obtained
from Song Ngeng Sago Industries, Dalat, Sarawak, Malaysia, while the charcoal was
obtained from Pertama Ferroalloys Sdn Bhd, Bintulu, Sarawak, Malaysia. The selected
physico-chemical properties of the soil, charcoal, and sago bark ash are summarized in
Table 1.

Table 1. Selected physical and chemical properties of Bekenu Series (Typic Paleudults), charcoal, and
sago bark ash used in the incubation study.

Property Soil Charcoal Sago Bark Ash
pH (water) 3.95 7.74 9.99
pH (KCI) 4.61 7.31 9.66
EC (uScm™) 35.10 269.33 5753.00
Bulk density (g m~3) 1.25 nd nd
(%)
Total carbon 2.16 nd nd
Total N 0.08 nd nd
(mgkg™")
Total P 22.25 nd nd
Total K 101.27 nd nd
(cmol kg_l)
Cation exchange 467 nd 13.13
capacity
Exchangeable acidity 1.15 0.10 nd
Exchangeable Al 0.13 0.047 nd
Exchangeable H* 1.02 0.05 nd
(mgkg™")

Exchangeable K* 0.06 1435.20 9120.00
Exchangeable Ca?* 0.02 2346.67 3361.20
Exchangeable Mg?* 0.22 409.07 433.73
Exchangeable Na* 0.03 99.38 348.00
Exchangeable Fe?* 1.09 41.90 8.43

Sand (%) 71.90 nd nd
Silt (%) 13.50 nd nd
Clay (%) 14.60 nd nd

Texture (USDA) Sandy loam nd nd

Note: the values given are on a dry-weight basis; nd: not determined.

2.3. Incubation Set-Up

The percentages of charcoal and sago bark ash were derived from the respective
literature (charcoal [41,42] and sago bark ash [43-45]). The 100% recommended rate of
charcoal was 10 t ha~!, whereas that of sago bark ash was 5 tha~!. These recommendations
were scaled down to the equivalent proportions per one kg soil (Table 2). Charcoal and
sago bark ash rates were varied by 20%, 40%, 60%, 80%, and 100%, whereas MOP rate
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was kept constant at 100% of the recommended rate. The recommended rate of K fertilizer
used was 40 kg potassium oxide (K,O) ha=! (67 kg MOP ha—1). This rate was based on
the standard recommendation for maize (Zea mays L.) cultivation with planting distance
of 0.6 m x 0.6 m [46]. The recommended rate of the K fertilizer was calculated based on
planting density (planting density of 27,777 maize plants ha~!), which was equivalent
to 2.41 g of MOP per plant (Table 2). The soil, charcoal, sago bark ash, and MOP were
thoroughly mixed, after which the mixture was incubated in transparent polypropylene
containers with perforated lids for good aeration. The samples were incubated under
room temperature (26 °C) for 30, 60, and 90 days. Three replicates of each treatment were
arranged to suit completely randomized design (CRD) at the Soil Science Laboratory, Uni-
versiti Putra Malaysia Bintulu Sarawak Campus, Malaysia. The samples were moistened
to 60% of moisture content based on the soil’s field capacity. The soil moisture level was
maintained using distilled water when necessary.

Table 2. Amounts of muriate of potash, charcoal, and sago bark used in the incubation study.

Treatment Soil (kg) MOP (g) Charcoal (g) Sago Bark Ash (g)
g Container—1

T1 1 - - -
T2 1 241 - -
T3 1 241 51.4 25.7
T4 1 241 - 25.7
T5 1 241 51.4 -
T6 1 241 41.1 20.6
T7 1 241 30.8 20.6
T8 1 241 20.6 20.6
T9 1 241 10.3 20.6
T10 1 241 411 154
T11 1 241 30.8 154
T12 1 241 20.6 15.4
T13 1 241 10.3 154
T14 1 241 41.1 10.3
T15 1 241 30.8 10.3
T16 1 241 20.6 10.3
T17 1 241 10.3 10.3
T18 1 241 41.1 5.1
T19 1 241 30.8 5.1
T20 1 241 20.6 5.1
T21 1 241 10.3 5.1

Note: 2.41 g MOP refers to 100% of the recommended rate of the MOP fertilizer; 51.4 g charcoal: charcoal recommended
rate at 100%; 41.1 g charcoal: charcoal recommended rate at 80%; 30.8 g charcoal: charcoal recommended rate at 60%;
20.6 g charcoal: charcoal recommended rate at 40%, 10.3 g charcoal: charcoal recommended rate at 20%; 25.7 g sago
bark ash: sago bark ash recommended rate at 100%; 20.6 g sago bark ash: sago bark ash recommended rate at 80%;
15.4 g sago bark ash: sago bark ash recommended rate at 60%; 10.3 g sago bark ash: sago bark ash recommended rate
at 40%; 5.1 g sago bark ash: sago bark ash recommended rate at 20%.

2.4. Soil Chemical Analysis before and after Incubation

The soil samples were characterized for physical and chemical properties before and
after the incubation study. Soil pH in water and potassium chloride (KCl) and electrical
conductivity (EC) were measured in a 1:2.5 (soil: distilled water/KCl) using a digital
pH meter and an EC meter, respectively [47]. Soil texture was determined using the
hydrometer method [48]. Soil total carbon (TC) was calculated as 58% of the organic matter
that was determined using loss of weight on ignition method [49]. Soil samples were
analyzed for soil bulk density using coring method [50]. The soil CEC was determined
using leaching method [51] followed by steam distillation [52]. Exchangeable cations [Ca,
Mg, Sodium (Na), and Fe] were extracted with 1 M ammonium acetate (NH4OAc), pH
7 using the leaching method [51]. Afterwards, the cations were quantified using Atomic
Absorption Spectrophotometry (AAnalyst 800, Perkin Elmer Instruments, Norwalk, CT,
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USA). The fractions of the soil K evaluated in this study were total K, water-soluble K, and
exchangeable K. The extractions of the water-soluble K and exchangeable K fractions were
undertaken following the method of Wang et al. [3]. However, only total K was extracted
using Aqua Regia method [53]. Determination of K content in the extracts was conducted
using Atomic Absorption Spectrophotometry (A Analyst 800, PerkinElmer, Norwalk, CT,
USA). Soil-exchangeable acidity, H*, and AI>* were determined using acid-base titration
method [54].

2.5. Statistical Analysis

Data were analyzed statistically using analysis of variance (ANOVA) to detect treat-
ment effects. The means of the treatment were compared using Tukey’s HSD test at
p < 0.05. Statistical Analysis System (SAS) Version 9.4 was used for the statistical analysis.
A normality test was performed to ensure the data obtained fit the ANOVA assumption.

3. Results and Discussion
3.1. Treatments on pH in Potassium Chloride, Total Carbon, Cation Exchange Capacity,
Exchangeable Acidity, Exchangeable Aluminium, and Exchangeable Hydrogen

At 30 DAI (days after incubation), the pH levels in KCl of the soil control (T1), the nor-
mal fertilization (T2), the soil with charcoal only (T5), and the soil with 20% recommended
rate of charcoal and sago bark ash (T21) were similar but significantly lower than those of
T3, T4, Te, T7, T8, T9, T10, T11, T12, T13, T14, and T15 (Figure 1). At 60 DAI only T2 was
similar to T1 in terms of pH, and it had the lowest pH compared with other treatments.
This was due to the addition of amendments in the other treatments that were basic in
nature (Table 1). Although the soil with 100% of the recommended rate of charcoal and
sago bark ash (T3) had the highest value of pH at 60 DAL, statistically the effect was not
significantly different compared to soil with sago bark ash only (T4), and soil with 80% of
the recommended rate of charcoal and sago bark ash (T6). The high pH of these treatments
could be ascribed to their high ash content (Tables 1 and 2) because ash contains substantial
amounts of CaCO3, CaO, and MgO, which serve as pH-neutralizing compounds [55]. The
soil pH for T3 and T4 were similar at 90 DAI The soil with 20% of the recommended rate
of charcoal and sago bark ash (T21) improved pH significantly compared with T1 and T2
only from 60 DAI onwards. This was due to the low ash content in T21 and the charcoal’s
resistance to decomposition. According to Paustian et al. [56], charcoal is considerably
more recalcitrant than soil organic matter, and decomposes very slowly. A laboratory study
on charcoal produced from six different biomass sources—living wood portions of oak
(Quercus laurifolia), pine (Pinus taeda), cedar (Juniperus virginiana), and bubinga (Guibourtia
demeusei), stems and blades of Eastern gamma grass (Tripsacum dactyloides), and sugar cane
bagasse—reported half-lives ranging from 10 to 107 years [57]. The slow rate of charcoal
decomposition could also be regarded as the reason behind low pH in KCl of soil with
charcoal only (T5) throughout the incubation study. Nevertheless, the ability of the two
amendments to release organic anions as they decompose [58] can also be accredited as a
reason behind the increase in pH of amended treatments. Haynes and Mokolobate [59]
asserted that phenolic and humic substances produced via decomposition of soil amend-
ments are able to release organic anions which neutralize H* to reduce soil pH. Acidic soils
usually have very low levels of available nutrients, because nutrient availability depends
on soil pH. Most nutrients are available at pH 6.5-7.5. Thus, improving soil pH could
increase the nutrient uptake of crops. In this study, there was no significant difference
between normal fertilization (T2) compared to soil only (T1), regardless of incubation
period. This can be explained by the fact that the form in which K was added to the soil as
MOP has no effect on soil acidification. This conforms to the findings of Belay et al. [60]
who also reported no significant difference in the pH of soil applied with MOP compared
to the soil control.

The highest soil-exchangeable acidity in the soil control (T1) compared with other
treatments, irrespective of incubation period, was due to the acidic nature of Typic Paleudults
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(Table 1). Although there was no significant difference in terms of the pH of T1 and T2,
T2 demonstrated lower soil-exchangeable acidity compared with T1 (Figure 2). This was
due to the hydrolysis of Al and Fe creating inconsistent release of H* into the soil solution.
The application of amendments reduced the soil-exchangeable acidity significantly for all
of the incubation periods. This was attributable to the high affinity of sago bark ash and
charcoal for Al and Fe, which reduces the solubility of both ions. The addition of organic
matter in the form of charcoal causes chelation of soluble Al and Fe by organic molecules.
Organic matter is made up of humic substances comprising many negative charges and
functional groups such as carboxyl, hydroxyl, and carbonyl, which react with Al and Fe to
form stable complexes [61]. The affinity of ash for Al and Fe is associated with the presence
of Mg and Ca oxides, which are capable of neutralizing soil acidity [62—-64]. The effects of
T6, T11, and T14 on soil-exchangeable acidity increased from 60 to 90 DAI Reduction of
soil-exchangeable acidity decreases heavy metals such as AB* Fe?t, and Mn?* ions toxicity
and this improves maize growth, nutrients uptake, nutrients recovery efficiency, agronomic
efficiency, and yield [41].

Similar to soil-exchangeable acidity, the soil-exchangeable AI** in T1 and T2 were
higher than in other treatments regardless of incubation period (Figure 3), because of the
inherent content of AI** in Typic Paleudults (Table 1). According to Kochian et al. [65], the
solubility of AI>* increases at pH levels lower than 5.5, and this eventually becomes toxic
for plants. Although the soil-exchangeable AI** of T1 was higher than in T2 at 30 DAI and
90 DAI, T2 had a greater amount of soil-exchangeable AI** at 60 DAI compared to T1. This
could be attributed to the higher amounts of exchangeable H* at 30 DAI in T2 causing a
reverse reaction (condensation of H*). This resulted in higher Al production and lower
release of exchangeable H* at 60 DAI (Figure 4). Charcoal and sago bark ash mitigated Al
toxicity by inhibiting the increase of exchangeable Al** in amended treatments. In other
words, the amendments impeded Al** hydrolysis to produce more H* ions. For example,
a complete hydrolysis of one mole of AI>* released three moles of H* ions to decrease soil
pH. The improved pH of the soils with these treatments caused the solubility of AI** to
decrease during repeated deprotonation for Al>* precipitate [58]. This validates another
study where Al hydrolysis was reduced when the soil solution pH increased from 4.3 to
5.5 after application of char derived from manure [66]. In a study on the response of forest
soil to different rates of wood ash application in a 35-year-old pine (Pinus sylvestris L.)
stand in South Sweden, Bramyrd and Frashman [67] reported a decrease in soil acidity and
Al concentration in ash amended plot. Moreover, the highly porous structure of charcoal
is able to adsorb Al**, hence improving soil pH. Several studies reported the ability of
charcoal to trap AI** in their pores. Entrapment ultimately enhances the development of
fine roots and hyphae of arbuscular mycorrhizae and ectomycorrhizae [68-71]. Application
of charcoal and sago bark ash was effective in reducing soil-exchangeable acidity from 30
DAL This indicates that the amendments can also be used for short-term crops such as
radishes, turnips, and kale. A similar result was notable in another study that used biochar
to mitigate Al and Fe toxicity by fixing P [72].

The effects of treatments on soil-exchangeable H* at 30, 60, and 90 DAI are presented
in Figure 4. At 30 DAI, the soil-exchangeable H* levels in T2 and T10 were similar but
higher than the other treatments evaluated. However, the soil-exchangeable H* in these
two treatments was significantly reduced at 60 DAL Conversely, T1 demonstrated its
highest soil-exchangeable H" level at 60 and 90 DAI. At 60 and 90 DAI, T10 and T5 had
higher soil-exchangeable H* compared with other treatments that were amended with
sago bark ash and charcoal. The high soil-exchangeable H* of both treatments was due to
their high soil-exchangeable acidity (Figure 2). Apart from these treatments, the addition of
the amendments reduced soil-exchangeable H*, suggesting that the release of base cations
such as K*, Ca?*, Mg2+, and Na* from the amendments and MOP fertilizer contributed to
the increase in the soil pH and the immobilization of H*. This finding is comparable to
that of Cai et al. [73] who also reported that the addition of amendments with higher base
saturation to acidic soils can increase their base saturation, thus improving immobilization
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of H* via exchange reactions between soils and amendments. The differences between
the initial characterization of the soil and the incubated samples of T1 were caused by
the addition of water at 60% field capacity in the incubated samples. Water reacts with
aluminium to produce H* (hydrolysis reaction). Hence, the decrease in aluminium was
notable in the incubated sample, whereas exchangeable H* increased. However, the H*
released during the hydrolysis is lost through hydrogen gas. This was notable in the
present study, where H* initially increased from 30 DAI to 60 DAI, but decreased at 90 DAL
The loss of H* through its gaseous state caused reduction in total acidity throughout the
incubation study.

At 30 DAI and 60 DA, the effects of the soil control (T1) on CEC compared to normal
fertilization (T2), soil with charcoal only (T5), and soil with 80% of the recommended rate
of charcoal and 60% of the recommended rate sago bark ash (T10) were similar to each
other, but significantly lower than all the other treatments (Figure 5). In addition to T2, T5,
and T10, at 90 DAI the effects of T16, T17, T19, T20, and T21 on CEC were similar to that of
T1. Apart from these treatments, the addition of charcoal and sago bark bash improved
CEC. Surface oxidation of aromatic rings of charcoal results in carboxylation, thus creating
several negative-charged sites, to increase surface sorption ability [33,74], whereas sago
bark ash enhances soil pH to increase base saturation of soil [75-77]. This reasoning is
consistent with observations made by Mbah et al. [78] where CEC increased as a result of
increases in soil-exchangeable bases after the application of wood ash and coconut shell ash
on an Acrisol. Acrisols are defined by the presence of a subsurface layer of accumulated
kaolinitic clays that is responsible for low CEC. Improved soil CEC enables soils to hold
more cations such as K, Ca, and Mg [18] due to which these nutrients become available for
plant uptake for a longer period. The low CEC of T1 and T2 was due to the lack of addition
of soil amendments and to the inherent properties of Bekenu Series (Table 1). The effects of
T6, T11, and T14 on CEC decreased from 60 to 90 DAL

The TC of the soil control (T1) and normal fertilization (T2) were similar at 30 DAI
and 60 DAI because of the lack of organic matter addition (Figure 6). Soil with sago bark
ash only (T4), the soil with 20% of the recommended rate of charcoal and 60% of the
recommended rate of sago bark ash (T13), the soil with 20% of the recommended rate of
charcoal and 40% of the recommended rate sago bark ash (T17), and the soil with 20% of
the recommended rate of charcoal and 20% of the recommended rate of sago bark ash (T21)
had no significant effect on TC compared with T2 at 30 and 60 DAI This was ascribed
to the low or absence of charcoal in T4, T13, T17, and T21. Studies by Biederman and
Harpole [33] and Major et al. [73] emphasized charcoal’s ability to increase carbon content.
At 90 DA, soil only (T1) demonstrated the lowest TC among the treatments. The TC
of the soil with 20% of the recommended rate of charcoal and 60% of the recommended
rate of sago bark ash (T13), and that of the soil with 20% of the recommended rate of
charcoal and 40% of the recommended rate of sago bark ash (T17), were different from
that of normal fertilization (T2) at 90 DAL This was due to the slow decomposition rate of
charcoal [79,80]. Soil TC increased with the increasing rates of charcoal. Increased TC could
improve nutrient adsorption in the soil. Hence, more nutrients would be available for crop
uptake and not compromised by leaching loss. Charcoal is made up of aromatic carbon
resulting from loss of volatile matter and the conversion of alkyl groups to aryl groups [36].
The loss of volatile matter creates voids which form extensive pore networks in the charcoal
structure that could serve to retain nutrients. Moreover, surface oxidation of aromatic
rings of charcoal causes carboxylation, which results in the creation of large numbers of
negative-charged sites that increase soil CEC, causing adsorption of cations to increase,
while nutrient leaching is reduced [38]. In the current study, the addition of water at 60%
field capacity enhanced the degradation of organic matter in T1 compared with the initial
chemical properties before incubation. As a result, carbon content decreased, whereas
nutrients such as K and Mg increased. The released nutrients occupied the exchange sites
in the soil to reduce the soil CEC (T1).
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Figure 1. Effects of treatments on soil pH in potassium chloride over (a) thirty; (b) sixty; and (c) ninety days after incubation.

T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of
potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago
bark ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash, T9:
muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:
muriate of potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13:

muriate of potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15:
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muriate of potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17: muriate

of potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19: muriate of
potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21: muriate of
potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means using Tukey’s HSD

test at p < 0.05. The error bars are the & standard error of triplicates. Letters without any marks and letters with * and ” indicate

mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 2. Effects of treatments on soil-exchangeable acidity over (a) thirty; (b) sixty; and (c) ninety days after incubation.T1:
soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of potash +
100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago bark ash, T7:
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muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash, T9: muriate of
potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11: muriate of
potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13: muriate of
potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15: muriate of
potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17: muriate of
potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19: muriate of
potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21: muriate of
potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means using Tukey’s
HSD test at p < 0.05. The error bars are the =+ standard error of triplicates. Letters without any marks and letters with “ and ”
indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 3. Effects of treatments on soil-exchangeable aluminium over (a) thirty; (b) sixty; and (c) ninety days after
incubation. T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4:
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muriate of potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80%
sago bark ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash,
T9: muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:
muriate of potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17:
muriate of potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19:
muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:
muriate of potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means
using Tukey’s HSD test at p < 0.05. The error bars are the & standard error of triplicates. Letters without any marks and
letters with “ and ” indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Ninety days of laboratory incubation
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Figure 4. Effects of treatments on soil-exchangeable hydrogen over (a) thirty; (b) sixty; and (c) ninety days after incubation.
T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of
potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago
bark ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash,
T9: muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:
muriate of potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17:
muriate of potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19:
muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:
muriate of potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means
using Tukey’s HSD test at p < 0.05. The error bars are the & standard error of triplicates. Letters without any marks and
letters with “ and ” indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Sixty days of laboratory incubation
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Figure 5. Effects of treatments on soil cation exchange capacity over (a) thirty; (b) sixty; and (c) ninety days after incubation.
T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of
potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago
bark ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash,
T9: muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:
muriate of potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17:
muriate of potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19:
muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:
muriate of potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means
using Tukey’s HSD test at p < 0.05. The error bars are the & standard error of triplicates. Letters without any marks and
letters with “ and ” indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 6. Effects of treatments on soil total carbon over (a) thirty; (b) sixty; and (c) ninety days after incubation. T1: soil
control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of potash +
100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago bark ash, T7:
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muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash, T9: muriate of
potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11: muriate of
potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13: muriate of

potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15: muriate of

potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17: muriate of

potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19: muriate of

potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21: muriate of

potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means using Tukey’s

HSD test at p < 0.05. The error bars are the =+ standard error of triplicates. Letters without any marks and letters with “ and ”

indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.

3.2. Treatments on Soil-Exchangeable Calcium, Exchangeable Magnesium, Exchangeable Sodium,
and Exchangeable Iron

Application of MOP along with charcoal and sago bark ash increased soil-exchangeable
Ca?* (Figure 7). The soil control (T1) had the lowest soil-exchangeable Ca?* regardless of
incubation period; this is associated with the properties of Bekenu Series (Table 1). The calcium
ions in the ash in the treatments improved soil Ca. These results are consistent with those of
Unger and Fernandez [81] who also found that soil Ca improved with the application of ash.
Although having lower ash content in comparison with soil with 100% of the recommended
rate of charcoal and sago bark ash (T3), the soil-exchangeable Ca2* of T7, T8, T9, T10 T11,
T12, T13, and T14 was statistically similar to that of T3 at 30 DAL Also, at 60 DAI, the soil-
exchangeable Ca?* of T3 was not significantly different to those of T6, T7, T8, T9, T10 T11,
T12, T13, T14, and T15. This indicates that charcoal in substantial amounts could compensate
for the reduction in Ca®* because of the lower amount of ash applied. At 90 DAI, T10 had
significantly improved soil-exchangeable Ca?* compared with T3.

Figure 8 demonstrates that application of charcoal and sago bark ash improved soil-
exchangeable Mg?*. The soil with 100% of the recommended rate of charcoal and sago bark
ash (T3) had a high content of Mg?* at 30 DAI and 60 DAL Similar to soil-exchangeable
Ca?*, ash contributed to the increased exchangeable Mg?*. Despite having lower amounts
of the amendments compared with T3, in the soil with sago bark ash only (T4) and the
soil with 60% of the recommended rate of charcoal and sago bark ash (T11) the Mg?* ions
were similar at 30 DAI In addition to these two treatments, at 60 DAI, the effect of T3 on
soil-exchangeable Mg2+ was similar to those of T6, T7, T8, T9, T10, T12, T13, and T14. The
effect of T3 on soil-exchangeable Mg?* reduced with increasing incubation period, whereas
T6 exhibited increasing trend with time. The treatments with low ash content (T18, T19,
T20, and T21) had little influence on soil-exchangeable Mg?*, but co-application of charcoal
improved it. The ability of the charcoal to compensate soil-exchangeable Ca?* and Mg?*
when the amount of sago ash was reduced supported the claims made by Glaser et al. [82]
that charcoal contains a certain amount of ash that adds free bases such as K, Ca, and Mg
to soils. Nevertheless, there was no clear trend on the proportion of charcoal needed for
the deficit.

The treatments without sago bark ash (T1, T2 and T5) had no significant effect on soil-
exchangeable Na* (Figure 9). The soil amended with 60% of the recommended rate of charcoal
and 20% of the recommended rate of sago bark ash (T19) had similar Na?* to the normal
fertilization (T2), regardless of incubation period. The higher amount of sago bark ash increased
soil-exchangeable Na* (T3 and T4) because of the inherent Na of the sago bark ash (Table 1).
Therefore, application of sago bark ash at the rate of 100% is not a viable practice, as it could
increase soil salinity and sodicity for a long time following its application.

The soil control (T1) exhibited higher exchangeable Fe?* compared with other treat-
ments in this study (Figure 10), although there was no significant difference in the pH of T1
compared to normal fertilization (T2). This is due to the inconsistent release of H* exhibited
by the treatments. The treatments amended with charcoal and sago bark ash demonstrated
lower amounts of soil-exchangeable Fe?* compared with T1. The improved soil pH due to
these treatments (Figure 2) reduced the solubility of Fe and Al, thus resulting in the lower
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amounts of both ions in the soil solution. Exchangeable Fe decreased in the soils with
charcoal and sago bark ash because of precipitation and the formation of organo-metallic
complexes [83]. Nevertheless, the trends exhibited by soil-exchangeable Al (Figure 3) and
Fe were dissimilar for all the treatments, indicating differences in their solubility with the
application of charcoal and sago bark ash. This was due to the valency state of both ions.
Because Al occurs exclusively in the trivalent form, only pH and complex formation affect
the solubility of its oxides, but with Fe, more than one valency state could be involved,
thus redox potential could also be an important factor controlling its solubility [84].

Thirty days of laboratory incubation
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Ninety days of laboratory incubation
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Figure 7. Effects of treatments on soil-exchangeable calcium over (a) thirty; (b) sixty; and (c) ninety days after incubation.
T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of
potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago
bark ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash,
T9: muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:
muriate of potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17:
muriate of potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19:
muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:
muriate of potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means
using Tukey’s HSD test at p < 0.05. The error bars are the & standard error of triplicates. Letters without any marks and
letters with “ and ” indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 8. Effects of treatments on soil-exchangeable magnesium over (a) thirty; (b) sixty; and (c) ninety days after incubation.
T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of

potash + 100% sago bark ash, T5: muriate of potash + 100%

charcoal, T6: muriate of potash + 80% charcoal + 80% sago

bark ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash,
T9: muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:

muriate of potash + 60% charcoal + 60% sago bark ash, T12:
muriate of potash + 20% charcoal + 60% sago bark ash, T14:
muriate of potash + 60% charcoal + 40% sago bark ash, T16:
muriate of potash + 20% charcoal + 40% sago bark ash, T18:

muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 40% charcoal + 40% sago bark ash, T17:
muriate of potash + 80% charcoal + 20% sago bark ash, T19:

muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:

muriate of potash + 20% charcoal + 20% sago bark ash. Diff

erent letters indicate significant differences between means

using Tukey’s HSD test at p < 0.05. The error bars are the + standard error of triplicates. Letters without any marks and
letters with ‘ and ” indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 9. Effects of treatments on soil-exchangeable sodium over (a) thirty; (b) sixty; and (c) ninety days after incubation.
T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of
potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago bark
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ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash, T9:
muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:

muriate of potash + 60% charcoal + 60% sago bark ash, T12:
muriate of potash + 20% charcoal + 60% sago bark ash, T14:
muriate of potash + 60% charcoal + 40% sago bark ash, T16:
muriate of potash + 20% charcoal + 40% sago bark ash, T18

muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 40% charcoal + 40% sago bark ash, T17:

: muriate of potash + 80% charcoal + 20% sago bark ash, T19:

muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:
muriate of potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means
using Tukey’s HSD test at p < 0.05. The error bars are the + standard error of triplicates. Letters without any marks and

letters with “ and ”

indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 10. Effects of treatments on soil-exchangeable iron (a) thirty; (b) sixty; and (c) ninety days after incubation. T1: soil

control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of potash +
100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago bark ash, T7:
muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash, T9: muriate of
potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11: muriate of
potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13: muriate of
potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15: muriate of
potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17: muriate of
potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19: muriate of
potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21: muriate of
potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means using Tukey’s
HSD test at p < 0.05. The error bars are the & standard error of triplicates. Letters without any marks and letters with “and ”
indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.

3.3. Treatments on Soil Total Potassium, Exchangeable Potassium, and Water-Soluble Potassium

Total K levels in the treatments with MOP and soil amendments (T2, T3, T4, T5, T6,
T7, T8, T9, T10, T11, T12, T13, T14, T15, T16, T17, T18, T19, T20, and T21) were improved
compared with the treatment without MOP and soil amendments (T1) (Figure 11). The soil
with charcoal only (T5) had lower total K levels compared with other treatments with sago
bark ash or mixtures of sago bark ash and charcoal. This was due to the lower content of K in
charcoal in comparison with sago bark ash (Table 1) and its effect on total K was negligible
with the addition of MOP. Throughout the incubation study, the effect of T5 on soil total K was
not significantly different from that of T2. In addition to T5, the effects of the soil with 60% of
the recommended rate of charcoal and 40% of the recommended rate of sago bark ash (T15)
and the soil with 40% of the recommended rate of charcoal and 40% of the recommended rate
of sago bark ash (T16) were similar to that of T2 from 60 DAI onwards.
The treatments with K (T2, T3, T4, T5, T6, T7, T8, T9, T10, T11, T12, T13, T14, T15, T16,
T17, T18, T19, T20, and T21) showed significant increases in soil WSK compared with T1
(Figure 12). At 30 DAI, all amended treatments showed no significant difference in WSK
compared to T2, with the exception of T4 and T8, which exhibited significantly higher
WSK compared with T2. The high WSK of T4 can be explained by the high K content
of sago bark ash (Table 1) and the absence of charcoal to increase K sorption capacity,
which resulted in K* being mobilized in the soil solution. The effect on soil WSK of the
treatments with K were significantly similar at 90 DAI, indicating that the sorption of the
soils was at equilibrium. While the soil WSK of these treatments was high, this effect may
have been balanced by the presence of plants and also leaching losses. When WSK begins
to deplete, K in the exchangeable pool is needed to replenish the loss [85]. The effect of



Agronomy 2021, 11, 2222

23 of 31

3500
by 3000
2500
2000
1500
1000
500

Soil total K (mg kg™!)

—
=

treatment increased soil WSK for T6, T11, and T14 from 30 DAI to 60 DAI, but T6 and T14
had decreased soil WSK at 90 DAL

Soil-exchangeable K demonstrated different trends compared with soil WSK
(Figures 12 and 13). Co-application of charcoal and sago bark ash (T3, T6, T7, T8, T9,
T10, T11, T12, T13, T14, T15, T16, T17, T18, T19, T20, and T21) improved soil-exchangeable
K compared with the soil control (T1). Treatment 3 improved soil-exchangeable K through-
out the incubation study because of the high content of charcoal and sago ash. Nonetheless,
the effect was significantly similar to those of T4, T6, T7, T11, T13, and T14, which had lower
rates of amendments. The absence of charcoal and sago bark ash in T1 and T2 resulted in
low soil-exchangeable K, despite their high WSK contents as the incubation progressed.
This was due to the low CEC of T2 (Figure 5) which did not contain many exchange sites
in which K* could be held. Regardless of incubation period, T5, T15, and T19 exhibited
similar effects on soil-exchangeable K compared to normal practice (T2) because of low
levels or an absence of ash. Despite having high char content (60% of the recommended
rate of charcoal), T15 and T19 showed lower levels of pH improvement (Figure 1). This
suggests that the amount of ash in both treatments were not effective in increasing the
pH to an extent where the K* would be reactive to the exchange sites. Dissolution of
neutralizing compounds such as CaO, MgO, K,0O, and sodium hydroxide (NaOH) from the
ash is required to neutralize the protons bound on the cation exchange sites in the soil [55]
to create exchange sites for K*. The low soil total K, exchangeable K, and WSK of T1 was
related to the inherently low K content of Bekenu Series (Table 1). Soil-exchangeable K for
T6, T11, and T14 decreased from 30 DAI to 60 DAI, but increased at 90 DAL

Thirty days of laboratory incubation
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Figure 11. Effects of treatments on soil total potassium over (a) thirty; (b) sixty; and (c) ninety days after incubation.T1: soil
control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of potash +
100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago bark ash, T7:
muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash, T9: muriate of
potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11: muriate of
potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13: muriate of
potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15: muriate of
potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17: muriate of
potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19: muriate of
potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21: muriate of
potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means using Tukey’s
HSD test at p < 0.05. The error bars are the & standard error of triplicates. Letters without any marks and letters with “and ”
indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 12. Effects of treatments on soil water-soluble potassium over (a) thirty; (b) sixty; and (c) ninety days after incubation.
T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of
potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago bark
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ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash, T9:

muriate of potash + 20% charcoal + 80% sago bark ash, T10
muriate of potash + 60% charcoal + 60% sago bark ash, T12:
muriate of potash + 20% charcoal + 60% sago bark ash, T14:
muriate of potash + 60% charcoal + 40% sago bark ash, T16:
muriate of potash + 20% charcoal + 40% sago bark ash, T18:

: muriate of potash + 80 charcoal + 60% sago bark ash, T11:
muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 40% charcoal + 40% sago bark ash, T17:
muriate of potash + 80% charcoal + 20% sago bark ash, T19:

muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:
muriate of potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means
using Tukey’s HSD test at p < 0.05. The error bars are the + standard error of triplicates. Letters without any marks and
letters with  and ” indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.
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Figure 13. Cont.
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Figure 13. Effects of treatments on soil-exchangeable potassium over (a) thirty; (b) sixty; and (c) ninety days after incubation.
T1: soil control, T2: conventional practice, T3: muriate of potash + 100% charcoal + 100% sago bark ash, T4: muriate of
potash + 100% sago bark ash, T5: muriate of potash + 100% charcoal, T6: muriate of potash + 80% charcoal + 80% sago
bark ash, T7: muriate of potash + 60% charcoal + 80% sago bark ash, T8: muriate of potash + 40% + 80% sago bark ash,
T9: muriate of potash + 20% charcoal + 80% sago bark ash, T10: muriate of potash + 80 charcoal + 60% sago bark ash, T11:
muriate of potash + 60% charcoal + 60% sago bark ash, T12: muriate of potash + 40% charcoal + 60% sago bark ash, T13:
muriate of potash + 20% charcoal + 60% sago bark ash, T14: muriate of potash + 80% charcoal + 40% sago bark ash, T15:
muriate of potash + 60% charcoal + 40% sago bark ash, T16: muriate of potash + 40% charcoal + 40% sago bark ash, T17:
muriate of potash + 20% charcoal + 40% sago bark ash, T18: muriate of potash + 80% charcoal + 20% sago bark ash, T19:
muriate of potash + 60% charcoal + 20% sago bark ash, T20: muriate of potash + 40% charcoal + 20% sago bark ash, and T21:
muriate of potash + 20% charcoal + 20% sago bark ash. Different letters indicate significant differences between means
using Tukey’s HSD test at p < 0.05. The error bars are the + standard error of triplicates. Letters without any marks and
letters with “ and ” indicate mean comparison within thirty, sixty, and ninety days after incubation, respectively.

4. Conclusions

Co-application of charcoal and sago bark ash with MOP can improve soil K sorption
capacity significantly. Soil-exchangeable K was more pronounced in the soil with MOP,
charcoal, and sago bark ash compared with conventional practice. This was possible
because these soil amendments increased soil pH while reducing exchangeable acidity,
exchangeable Al, and exchangeable Fe. Amending acid soils with charcoal and sago bark
ash also improved the availability of other base cations (Ca, Mg, and Na). Although
there was no significant improvement in the WSK of soils with or without charcoal and
sago bark ash, it was believed that, in the field, K from this pool would be susceptible to
leaching. Therefore, the findings of this present study suggested that the optimum rates
of charcoal and sago bark ash to increase K availability in soils were 80% charcoal with
80% sago bark ash (8 t ha—! charcoal and 4 t ha~! sago bark ash), 60% charcoal with 60%
sago bark ash (6 t ha~! charcoal and 3 t ha~! sago bark ash), and 80% charcoal with 40%
sago bark ash (8 t ha~! charcoal and 2 t ha~! sago bark ash), because these rates improved
soil-exchangeable K* and CEC significantly, while minimizing soil-exchangeable acidity.
These treatments also significantly improved the TC of the soil compared with conventional
practice. Reduction of soil-exchangeable acidity prevents the Al and Fe toxicity that can
stunt maize root growth and compromise nutrient uptake. Improvements to CEC and
TC are important in maize cultivation, because they reflect the soil’s ability to hold more
nutrients and for a longer period. The application of sago bark ash at the rate of 100%
is deemed unsuitable, as it would increase soil salinity and sodicity. Incorporation of
sago bark ash with charcoal is essential, as charcoal has the ability to chelate Al and Fe
via its high negative charge density, whereas the sago bark ash is able to deprotonate the
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functional groups of charcoal. This study will be further evaluated in a pot trial with maize
plants to confirm its findings. Thereafter, a further study will be embarked on.
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