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a b s t r a c t
Although organic amendments could increase P use efficiency, unbalanced use of organic amend-
ments and P fertilizers in farming systems is uneconomical and environmental unfriendly. This 
study explored if the right combination of chicken litter biochar (CLB) and triple superphosphate 
(TSP) could improve soil P availability to minimize P losses through leaching to prevent ground 
water and other water bodies’ contamination through for example eutrophication (Algae bloom). 
Rates of 75%, 50%, and 25% of 5 t ha–1 chicken litter biochar and 75%, 50%, and 25% of 130 kg ha–1 
(existing TSP recommendation for Zea mays, L.), respectively were evaluated in a leaching study 
using standard procedures. Results revealed that CLB treatments minimized P leaching compared 
with the treatment without CLB. This resulted in significant improvement in available P. This was 
possible because CLB improved soil pH, P, K, Ca, Mg, and Na besides reducing P fixation by Al 
and Fe ions. Leaching of available P following application of chicken litter biochar only occurred 
within the first 10 d after which the leaching significantly reduced. This finding further suggests 
that if the availability P is not in synchrony with optimum crop uptake in agricultural systems, 
available P could be lost from the soil profile to contaminate or pollute water bodies. Chicken lit-
ter biochar can be used to improve P availability but it is not an excellent organic amendment to 
sorb P for a long period.
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1. Introduction

Mitigation of eutrophication of water bodies is becom-
ing a global challenge partly because of excessive use of P 
and N fertilizers in agriculture. Orthophosphates (P ions) 
are essential macronutrients which when they are taken up 
by plants as soluble inorganic P, they are able to regulate 
protein synthesis [1]. However, in most tropical mineral 
acid soils such as Ultisols and Oxisols, available P is low. 

Moreover, the low available P of these soils are fixed by 
Al and Fe ions (especially when the soil pH is less than 5). 
This chemical reaction makes P unavailable for crop use 
and this compels farmers to use more P fertilizers such as 
rock phosphates and triple superphosphate (TSP) to satu-
rate Al and Fe ions. This practice is neither economically 
viable nor environmental friendly. For example, excessive 
use of P fertilizers particularly TSP which is relatively sol-
uble in water could cause P ions to leach or diffuse into the 
rivers, streams, underground water, and other freshwater 
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bodies [2] to cause eutrophication [3]. Phosphorus in water 
bodies causes rapid growth of algae to negatively affect 
biological oxygen demand or dissolved oxygen. Aquatic 
ecosystems are affected most by eutrophication because 
it causes reduction of oxygen leading to death of algae. 
Afterwards, the dead algae decompose to change the 
aquatic ecosystems [2].

One of the promising interventions to ensure balanced 
use of P fertilizers is to explore if the right amount of organic 
amendments such as biochars, composts, vermicomposts, 
charcoals, among others could be used to timely sorb P 
to improve P fertilizers use efficiency agriculture. This is 
essential because the fact that organic amendments have 
the potential to increase P use efficiency does not necessar-
ily suggest they will not be over-used in farming systems. If 
they are not properly used in the tropics in particular where 
rainfall is high, the organic amendments and P will not 
only be lost through surface runoff, erosion, but they will 
also be leached down the soil profile to contaminate under-
ground water and other water bodies [4]. Thus, there is a 
need to determine the right amount of soil organic amend-
ments such as chicken litter biochar (CLB) to be used in 
conjunction P fertilizers such as TSP to minimize P losses 
in agricultural farming systems.

The use of organic amendments has proven to increase 
soil availability P [5–7] and plant nutrient uptake [8–10]. 
Ch’ng et al. [11] reported that amending tropical acid soils 
with biochar increased soil P fractions besides reducing soil 
exchangeable acidity, Fe, and Al ions. Although Coelho et al. 
[12] used chicken litter biochar to improve P availability of 
TSP, their study did not attempt to optimize chicken litter 
biochar and TSP as these materials were not varied. This 
present study focused on using different amounts of CLB 
and TSP to improve P availability. To date, there is dearth 
of information on the effects of different rates of CLB and 
TSP on leaching of available P into for example, fresh water 
bodies. It is therefore hypothesized the use of right amounts 
of CLB and TSP will improve soil P availability to min-
imize P leaching. The objective of this study was to deter-
mine if the right amounts of CLB and TSP could improve 
mineral acid soils’ P availability to reduce loss of P through  
leaching.

2. Experiment

2.1. Soil sampling and preparation

The soil (Nyalau Series, Typic Paleudults) which was 
used in this study was taken from an uncultivated second-
ary forest at Universiti Putra Malaysia Bintulu Sarawak 
Campus, Bintulu, Sarawak, Malaysia. Although this soil 
is high in Al and Fe, it is one of the most cultivated soils in 
Sarawak, Malaysia. The soil samples were taken at 0–20 cm 
using a shovel. Thereafter, they were air dried, ground, and 
sieved to pass a 2 mm after which they were bulked. A 7 kg 
of soil (based on bulk density method) was taken for each 
treatment with three replications.

2.2. Leaching experiment set-up

Treatments evaluated in this present study are summa-
rized in Table 1. The recommended rate of P fertilizer used 

was 60 kg P2O5 ha–1 (130 kg ha–1 TSP) and scaled down to 
per plant from the standard fertilizer recommendation 
by the Malaysian Agriculture Research and Development 
Institute (1993). The CLB rate was 5 t ha–1

 and it was also 
scaled to per plant. These rates (Table 1) were mixed thor-
oughly with the soil samples. Afterwards, the mixed soil 
and CLB were transferred into a pot (864.33 cm3). The treat-
ments were arranged in a Completely Randomized Design 
(CRD) at the Research Centre of Universiti Putra Malaysia 
Bintulu Sarawak Campus, Bintulu, Sarawak, Malaysia. 
Based on the soil’s field capacity, the mixed soil and CLB 
was moistened with distilled water to 60% moisture content 
after which the different rates of TSP (Table 1) were surface 
applied. A 1,600 mL distilled water was applied to the pots 
(Table 1) after which leachates were collected at a 3-d inter-
val. Volume of the distilled water used was based on rainy 
days in 30 d from a 10 y rainfall data recorded by Bintulu 
Meteorological Department, Bintulu, Sarawak, Malaysia.

2.3. Leachates analysis

Leachates were collected and analyzed every 3 d for 
pH using pH meter [13]. Available P was determined using 
Spectrophotometery after blue colour was developed using 
the Blue Method [14]. Available K, Ca, Mg, Na, and Fe 
were determined using Atomic Absorption Spectrometer 
(AAnalyst 800, Perkin Elmer Instruments, Norwalk, CT).

2.4. Soil chemical properties analysis after leaching study

At 30 d of the leaching study, soil samples were collected 
and air-dried. Thereafter, soil pH in water and KCl were 
determined in a 1:2.5 (soil: distilled water KCl) using a dig-
ital pH meter [15]. Soil total C was calculated as 58% of soil 
organic matter. Soil organic matter was determined using 
loss of weight on ignition method [16]. Soil cation exchange 
capacity (CEC) was determined using leaching method [17] 
followed by steam distillation [18]. Exchangeable cations 

Table 1
Soil weight, chicken litter biochar and triple superphosphate 
rates for leaching study

Treatments Soil Biochar rate Fertilizers

(kg pot–1) (g pot–1) N P K

T1 – – – –
T2 7 – – 4.8 –
T3 7 180 – – –
T4 7 135 – 3.6 –
T5 7 90 – 3.6 –
T6 7 45 – 3.6 –
T7 7 135 – 2.4 –
T8 7 90 – 2.4 –
T9 7 45 – 2.4 –
T10 7 135 – 1.2 –
T11 7 90 – 1.2 –
T12 7 45 – 1.2 –
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were extracted with 1 M NH4OAc, pH seven using the leach-
ing method [19] after which they were determined using 
Atomic Absorption Spectrometery (AAnalyst 800, Perkin 
Elmer Instruments, Norwalk, CT). Total N was determined 
using Kjeldhal method [20] and inorganic N (NO3

– and 
NH4

+) were determined using [21]. Soil total P was extracted 
using aqua regia method (Bernas, 1968) whereas soil avail-
able P was extracted using Mehlich No.1 Double Acid 
method [22]. Soluble P was extracted using deionized water. 
Afterwards, total P, available P, and water soluble P were 
determined using UV Spectrophotometer after blue colour 
was developed using the Blue Method [23]. Soil exchange-
able acidity, H+, and Al3+ were determined using acid-base 
titration method [24].

2.5. Statistical analysis

Analysis of variance (ANOVA) was used to test treatment 
effects whereas treatments means were compared using 
Tukey’s test. Statistical Analysis Software version 9.3 was 
used for the statistical analysis [25].

3. Findings

3.1. Different rates of chicken litter biochar and triple superphos-
phate on selected chemical properties of soil leachate

On day three of the leaching study, pH of the leach-
ates ranged between 4.09 and 6.08 (Fig. 1). The leachate of 
T3 (treatment with the highest amount of CLB) demon-
strated the highest pH. With the exception of T1, T2, and 
T6 (day 6 and day 9), pH of the leachate of the other treat-
ments ranged from 4.2 to 5.3 and 4.16 to 6.07 (Fig. 1). The 
increase in pH was possible because of the decomposition 
of CLB with time to release base cations such as K, Ca, 
Mg, and Na [26]. Although there was pH fluctuation with 
increas ing time, pH of the leachate of T10 was the highest 
(day 12 to day 30) compared with that of T2 which was con-
sistently lower during the leaching study because T10 had 
the highest amounts of CLB and TSP. The leachate pH of T2 

was lower because dissolution of TSP causes soil acidity (pH 
of the TSP ranges between one and three).

Phosphorus concentrations of T1 with increasing time 
of leaching were similar and these P concentrations were 
lower than other treatments (Fig. 2). Tropical acid mineral 
soils especially Oxisols and Ultisols are characterized by 
low pH, low CEC, and high contents of Al and Fe hydrox-
ides and because of this, P deficiency is common in the 
aforementioned soils due to strong sorption of phosphate 
(PO43–) to oxide surfaces in soils and the formation of insol-
uble Fe and Al phosphates [27]. This further supports the 
lower total P concentration observed after 30 d of leaching 
(Fig. 2) because soils with low CEC are unable to effec-
tively hold cations and this causes considerable leaching of 
nutrients [28] especially when Al and Fe ions are high to 
replace more cations such as K, Ca, Mg, Na, among others.

The cumulative amounts of P and total P leached during 
the 30 d of the leaching study are presented in Figs. 2 
and 3. Leachate of T2 (recommended fertilization) was con-
sistently higher in P (Fig. 2) because this treatment had no 
CLB to temporary sorb P from being leached. According to 
Verheijen et al. [29], pores and functional groups of biochars 
enable them to temporary sorb nutrients. Furthermore, the 
solubility of TSP is higher compared with Egypt, China, and 
Christmas Island Rock Phosphates. It was observed that P 
was higher during the last 9 d of leaching that is, the first 
21 d of the leaching study (Fig. 2) suggesting that during 
high rainfall, P will be leached if it is not well managed. 
According to [30], nutrients and water retained by biochars 
slowly become available to plants as biochars decompose. 
This suggests that the CLB used in this present study may 
not permanently retain nutrients but will rather reduce 
rapid leaching of nutrients from the soil profile. The total 
amounts of P leached under T2 and T10 were similar but 
lower than that of T11 (Fig. 3) because T10 had the high-
est rates of CLB and TSP and they might have released 
their water soluble P during the 30 d of the leaching  
study [31].

The cumulative amounts of K and Na leached during the 
30 d of the leaching study are shown in Figs. 4 and 6 whereas 
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the total amounts of these cations at 30 d of leaching are 
summarized in Figs. 5 and 7. The cumulative concentrations 
of K and Na of T1 and T2 (Figs. 4 and 6) and total amounts 
of K and Na (Figs. 5 and 7) were lower compared with the 

treatments with CLB because of the inherent contents of 
these cations in the CLB (Ch’ng et al., 2014). Among the soils 
with CLB, K and Na concentrations in the leachates of T3, T4, 
T5, T6, T7, T8, T9, T10, T11, and T12 increased significantly 
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on day 27 after which they decreased until day 30 because 
of decomposition of the CLB (Figs. 4 and 6). Among the 
treatments with CLB, K and Na concentrations of T10 were 
significantly higher than those of T3, T4, T5, T6, T7, T8, 
T9, T11, and T12 (Figs. 5 and 7). This observation suggests 

that even with the highest amounts of CLB and TSP of T10, 
the nutrients could not be retained in the soil.

The cumulative amounts of Ca and Mg leached during 
the 30 d of the leaching study are demonstrated in Figs. 8 
and 10 whereas the total amounts of these cations during the 
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period of this study are summarized in Figs. 9 and 11. The 
cumulative concentrations of Ca and Mg of T10 (Figs. 8 and 
10) and total amounts of Ca and Mg of T10 (Figs. 9 and 11) 
were significantly higher because of their contents in CLB 

of T10. The Ca and Mg of CLB might have increased the 
soil’s Ca and Mg contents to cause leaching of Ca and Mg 
because the soil exchange complexes might have been satu-
rated with these base cations. The TSP of T10 also contributed 
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to the higher content Ca in the soil because TSP contains 
approximately 15% Ca. Furthermore, Ca and Mg are high in 
water soluble TSP [32].

Leached Fe from T7 was similar to those of T5, T8, T9, 
T10, T11, and T12 but significantly higher than those of T1, 

T2, T3, T4, and T6 (Figs. 12 and 13). Although tropical acid 
soils are high in Al and Fe to fix P as Al-P and Fe-P [33], 
the leached Fe from T1 and T2 were lower because Al-P and 
Fe-P minerals in acid soils of the tropics are insoluble in 
soil solution and this resulted in the reduction of Fe. Also, 
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the amending tropical acid soil with CLB increased base 
cations such as Ca, Mg, and K which in turn increased soil 
pH to minimize formation of insoluble Fe-P minerals [33]. 
Moreover, the CLB used in this present study has higher 
affinity for Fe and Al and during the leaching study, the tiny 
organic particles which absorb the Fe were leached thus, 
resulting in the increase of Fe in the leachates of the treat-
ments with CLB.

3.2. Different amounts of chicken litter biochar and phosphorus 
fertilizer on soil total carbon and pH of soil at 30 d of leaching

Soil total carbon of T3 was similar to those of T4, T6, T7, 
and T10 but significantly higher than those of T1, T2, T5, 
T8, T9, T11, and T12 (Fig. 14). Soil total C of T4, T6, T7, and 
T10 were similar but significantly higher than those of T1, 
T2, and T9 (Fig. 14). Generally, soil total carbon of T1 and 
T2 were similar but lower than those with chicken litter 
biochar (Fig. 14).

The soil pH in water and KCl of T1 and T2 at 30 d of 
leaching were lower than those with biochar (T3, T4, T5, 
T6, T7, T8, T9, T10, T11, and T12) (Figs. 15 and 16) because 
tropical mineral acid soils inherently have significant 
amounts of Al and Fe hydrous oxides (Figs. 15 and 16). 
These findings are comparable to those reported by [34,35]. 
Furthermore, leaching of base cations such as Ca, Mg, K, 
and Na during the 30 d of the leaching experiment might 

have increased the acidity of the soils with the treatments 
without chicken litter biochar. The reaction is through 
exchange of the base cations with for example excessive 
H+ produced during Fe3+ and Fe2+ hydrolysis. Hydrolysis 
of Al3+ and Fe2+ ions result in production of many hydrogen 
ions [36]. Among the treatments with chicken litter biochar, 
the acidity (in water) of the soils with T3 and T7 were not 
significantly different from those of T4, T5, T8, T11, and 
T12 but lower than those T6, T9, and T10 because of the 
differences in the amount of base cations leached within 
the 30 d of the leaching study [36]. In addition, the treat-
ments with higher amounts of chicken litter biochar demon-
strated lower acidity because of the increased contents of 
phenolic and humic-like materials. The negatively charged 
complexes of these humic substances are able to attract 
or neutralize H+ [37,38], suggesting that 50% of 5 t ha–1 of 
chicken litter biochar could be used to reduce soil acidity.

3.3. Different amounts of chicken litter biochar and phosphorus 
fertilizer on soil phosphorus at 30 d of leaching

Available P of T1 was significantly lower than those of 
T2, T3, T4, T5, T6, T7, T8, T9, T10, T11, and T12 (Fig. 17). 
However, total P and water soluble P of T1, T2, T6, T8, T9, 
and T12 at 30 d of leaching were similar but significantly 
lower than those of T3, T4, T7, T10, and T11 (Figs. 17 and 19). 
This was due to insufficient positively charged exchange 
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sites (low anion exchange capacity) to impede or minimize 
P movement in the soil [33]. Moreover, the electrostatic 
repulsion of the negative charge sites on surfaces of the soil 
colloid resulted in rapid movements of the orthophosphates 
because they are negatively charged. This partly explains 
the higher loss of P in T1 [38]. Available P of T7 and T10 
were similar but significantly lower than those of T1, T2, 
T4, T5, T6, T8, T9, T11, and T12 (Fig. 18) whereas total P 
and available P of T7 were higher than those of T1, T2, T3, 
T4, T5, T6, T8, T9, and T12 but similar to T10 (Figs. 17 and 
18). Although water soluble P of T3 and T7 were similar, 
they were higher than those of T1, T2, T4, T5, T6, T8, T9, 

and T12 (Fig. 19) because of the inherent content of nutri-
ents in the chicken litter biochar apart from this organic 
amendment’s relative ability to sorb.

The chicken litter biochar is more effective in increas-
ing the soil carbon pool [39,40]. This enhances soils to sorb 
P from excessive leaching. In addition, the resident time of 
the chicken litter biochar used in this present study cannot 
be overlooked, it is resistant to oxidation [41] principally 
because of the chicken litter biochar’s pyrolytic C and con-
densed aromatic structure [33,25]. Although the chicken 
litter biochar could not effectively reduce leaching of P 
because of low P sorption [33], soil P at 30 d of leaching 
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Fig. 17. Different rates of chicken litter biochar and triple superphosphate on soil total phosphorus at 30 d of leaching.
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Fig. 18. Different rates of chicken litter biochar and triple superphosphate on soil available phosphorus at 30 d of leaching.
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was significantly higher than the soils without chicken lit-
ter biochar, and this observation confirms the findings of 
[33]. Moreover, the P leached relative to that retained in the 
soil after leaching indicates that the chicken litter biochar 
significantly increased P availability in the soil.

3.4. Chicken litter biochar on total soil acidity, aluminium, iron, 
and hydrogen ions after 30 d of leaching

Total acidity of T3, T4, T5, T6, T7, T8, T10, T11, and T12 
were significantly lower than those of T1 and T2 (Fig. 20). 
Total acidity of T3 was significantly lower than the other 
treatments with chicken litter biochar (T4, T5, T6, T7, T8, 
T9, T10, T11, and T12) (Fig. 20) because of the liming effect 

of the chicken litter biochar as it has significant amounts of 
Ca and Mg [33]. In addition, buffering capacity of biochars 
enables them to form complexes with Al and Fe in acid 
soils to reduce Al and Fe ions hydrolysis to produce more 
hydrogen ions [22]. Amending soils with biochar has been 
reported to increase soil organic matter (OM) (Ch’ng et al., 
2014) and it also increases soils’ ability to resist their natu-
ral tendency to become acidic [41]. Soil exchangeable Al and 
Fe of T1 and T2 were significantly higher than those of the 
treatments with chicken litter biochar (T3, T4, T5, T6, T7, 
T8, T10, T11, and T12) (Figs. 21 and 23). The exchangeable 
hydrogen ions of T8 and T9 were significantly higher than 
those of T1, T2, T3, T4, T5, T6, T7, and T10 (Fig. 22) because 
most tropical mineral acid soils are highly weathered due 
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Fig. 19. Different rates of chicken litter biochar and triple superphosphate on soil water soluble phosphorus at 30 d of leaching.
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Fig. 20. Different rates of chicken litter biochar and triple superphosphate on soil total acidity at 30 d of leaching.
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Fig. 21. Different rates of chicken litter biochar and triple superphosphate on soil exchangeable aluminium at 30 d of leaching.
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to high temperature and rainfall besides the fact that such 
soils such as Ultisols and Oxisols are high in Fe2+ and H+ 
ions. Also, the soils with chicken litter biochar were lower 
in H+ and Al3+ because of the higher affinity of the chicken 
litter biochar for the Al and H ions.

In general, total acidity, exchangeable Al, and exchange-
able Fe of the soils with chicken litter biochar decreased with 
increasing amount of this organic amendments (Figs. 20, 21, 
and 23). The soils with 25% chicken litter biochar (T6, T9, 
and T12) demonstrated higher total acidity, exchangeable 
Al, and exchangeable Fe than those with 75% (T4, T7, and 
T10) and 100% (T3) (Figs. 20, 21, and 23) and this was due 
to the increased content of phenolic, humic-like, and affin-
ity of the chicken litter biochar for Al and Fe because the 
increasing the amount of this organic amendment caused 
significant reduction of Al and Fe in the soil. This reaction 
also caused reduction of the soil total acidity.

3.5. Different amounts of chicken litter biochar and phosphorus 
fertilizer on soil total nitrogen, cation exchange capacity, and 
cations at 30 d of leaching

Total N of all of the treatments were similar (Fig. 24). 
The total K, Ca, Mg, Na, and CEC of T1 and T2 were signifi-
cantly lower than those with chicken litter biochar (T3, T4, 
T5, T6, T7, T8, T9, T10, T11, and T12) (Figs. 25–29) because 

the nutrients which dissolved in the pore water near the soil 
surface were retained by the chicken litter biochar to reduce 
cation mobility.

Total K, Ca, Mg, Na, and CEC of the soils with chicken 
litter biochar (T3, T4, T5, T6, T7, T8, T9, T10, T11, and T12) 
(Figs. 25–29) were similar in spite of the different amounts of 
the organic amendment used because the functional groups 
of the chicken litter biochar such as hydroxyl, carbonyl, 
carboxylate, hydrogen, and ether influenced the electrical 
charges, dipole, and H-bond of the biochar with water and 
solutes. The carboxylate, ether, and hydroxyl functional gro-
ups primarily affected the CEC of the chicken litter biochar 
because of the negative charges of this organic amendment. 
This resulted in the increased contents of the cations of in the 
soils with chicken litter biochar (T3, T4, T5, T6, T7, T8, T9, 
T10, T11, and T12) than in the soils the without chicken litter  
(T1 and T2).

4. Conclusion

Although organic amendments could increase P use effi-
ciency, unbalanced use of organic amendments and P fertiliz-
ers in farming systems is uneconomical and environmental 
unfriendly. This study explored if the right combination of 
chicken litter biochar (CLB) and triple superphosphate (TSP) 
could improve soil P availability to minimize P losses through 

bcd bcd

e de de

bcde cde

a
a

bcd
abc

ab

0.0

0.1

0.2

0.3

0.4

0.5

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

So
il 

ex
ch

an
ge

ab
le

 H
+

(c
m

ol
 k

g-1
)

Treatment evaluated in leaching study

Fig. 22. Different rates of chicken litter biochar and triple superphosphate on soil exchangeable hydrogen at 30 d of leaching.
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Fig. 23. Different rates of chicken litter biochar and triple superphosphate on soil exchangeable iron at 30 d of leaching.
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leaching. Rates of 75%, 50%, and 25% of 5 t ha–1 chicken lit-
ter biochar and 75%, 50%, and 25% of 130 kg ha–1 (existing 
TSP recommendation for Zea mays, L.), respectively were 
evaluated in a leaching study using standard procedures. 
Results revealed that CLB treatments minimized P leaching 
compared with the treatment without CLB. This resulted in 
significant improvement in available P. This was possible 
because CLB improved soil pH, P, K, Ca, Mg, and Na besides 
reducing P fixation by Al and Fe ions. Leaching of available P 
following application of chicken litter biochar only occurred 
within the first 10 d after which the leaching significantly 

reduced. This finding further suggests that if the avail-
ability P is not in synchrony with optimum crop uptake, 
available P could be lost from the soil profile. Chicken lit-
ter biochar can be used to improve P availability but it is 
not an excellent organic amendment to sorb P for a long  
period.

Acknowledgment

Authors would like to acknowledge Universiti Putra 
Malaysia for Putra Grant 9622000, and Ministry of Higher 

a
ab

ab
ab

ab
ab ab

ab ab
ab

ab

b

0.00

0.05

0.10

0.15

0.20

0.25

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

So
il 

to
ta

l N
 (%

)

Treatment evaluated in leaching study

Fig. 24. Different rates of chicken litter biochar and triple superphosphate on soil total nitrogen at 30 d of leaching.

d d

a abc c bc ab bc bc ab abc bc

0.00

1.00

2.00

3.00

4.00

5.00

6.00

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

So
il 

ex
ch

an
ge

ab
le

 K
+

(c
m

ol
 k

g-1
)

Treatment evaluated in leaching study

Fig. 25. Different rates of chicken litter biochar and triple superphosphate on soil exchangeable potassium at 30 d of leaching.

h
g

abc cd
de

f

a
cd

ef

a ab
bc

0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

So
il 

ex
ch

an
ge

ab
le

 C
a2+

 

(c
m

ol
 k

g-1
)

Treatment evaluated in leaching study

Fig. 26. Different rates of chicken litter biochar and triple superphosphate on soil exchangeable calcium at 30 d of leaching.



O.H. Ahmed et al. / Desalination and Water Treatment 264 (2022) 40–5352

Education Malaysia for Fundamental Research Grant Scheme 
(FRGS/1/2016/WAB01/UPM/02/2) for funding this research 
project.

References
[1] E.A. Akinrinde, Strategies for improving crops’ use-efficiencies 

of fertilizer nutrients in sustainable agricultural systems, Pak. J. 
Nutr., 5 (2006b) 185–193.

[2] H. Andersson, L. Bergström, F. Djodjic, B. Ulén, H. Kirchmann, 
Topsoil and subsoil properties influence phosphorus leach-
ing from four agricultural soils, J. Environ. Qual., 42 (2013)  
455–463.

[3] L.A. Biederman, W. Stanley Harpole, Biochar and its effects 
on plant productivity and nutrient cycling: a meta-analysis, 
GCB Bioenergy, 5 (2013) 202–214.

[4] J.M. Bremner, Chapter 83 – Total Nitrogen, C.A. Black, 
D.D. Evan, L.E. Ensminger, J.L. White, F.E. Clark, R.D. Dinauer, 
Ed., Method of Soil Analysis Part 2, American Society of 
Agronomy, Madison, Wisconcin, 1965, pp. 1149–1178.

[5] H.Y. Ch’ng, O.H. Ahmed, N.M. Ab. Majid, Improving 
phosphorus availability in an acid soil using organic amend-
ments produced from agroindustrial wastes, Sci. World J., 
2014 (2014a) 506356, doi: 10.1155/2014/506356.

[6] B. Chefetz, P.G. Hatcher, Y. Hadar, Y. Chen, Chemical and 
biological characterization of organic matter during composting 
of municipal solid waste, J. Environ. Qual., 25 (1996) 776–785.

g fg

a
ab

bcde
ef

ab

bcde
def

bc bcd
cde

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

So
il 

ex
ch

an
ge

ab
le

 M
g2+

 

(c
m

ol
 k

g-1
)

Treatment evaluated in leaching study

Fig. 27. Different rates of chicken litter biochar and triple superphosphate on soil exchangeable magnesium at 30 d of leaching.

d
d

a

b

c
bc bc bc

bc bc
b

bc

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

So
il 

ex
ch

an
ge

ab
le

 N
a+

(c
m

ol
 k

g-1
)

Treatment evaluated in leaching study

Fig. 28. Different rates of chicken litter biochar and triple superphosphate on soil exchangeable sodium at 30 d of leaching.

e
de

a
a

bc
bcd

b
bcd cde

b
cde de

0
2
4
6
8

10
12
14

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 T11 T12

So
il 

CE
C 

(c
m

ol
 k

g-1
)

Treatment evaluated in leaching study

Fig. 29. Different rates of chicken litter biochar and triple superphosphate on soil CEC at 30 d of leaching.



53O.H. Ahmed et al. / Desalination and Water Treatment 264 (2022) 40–53

[7] C.H. Cheng, J. Lehmann, M.H. Engelhard, Natural oxidation of 
black carbon in soils: changes in molecular form and surface 
charge along a climosequence, Geochim. Cosmochim. Acta, 
72 (2008) 1598–1610.

[8] H.Y. Ch’ng, O.H. Ahmed, N.M.A. Majid, Biochar and compost 
influence the phosphorus availability, nutrients uptake, and 
growth of maize (Zea mays L.) in tropical acid soil, Pak. J. Agric. 
Sci., 51 (2014) 797–806.

[9] H.Y. Ch’ng, O.H. Ahmed, N.M.A. Majid, Improving phosphorus 
availability, nutrient uptake and dry matter production of Zea 
mays L. on a tropical acid soil using poultry manure biochar and 
pineapple leaves compost, Exp. Agric., 52 (2016) 447–465.

[10] H.Y. Ch’ng, O.H. Ahmed, N.M.A. Majid, Minimizing 
phosphorus sorption and leaching in a tropical acid soil using 
Egypt rock phosphate with organic amendments, Philippine 
Agric. Sci., 99 (2016b) 176–185.

[11] H.Y. Ch’ng, O.H. Ahmed, N.M.A. Majid, M.B. Jalloh, Reducing 
soil phosphorus fixation to improve yield of maize on a tropical 
acid soil using compost and biochar derived from agro-
industrial wastes, Compost Sci. Util., 25 (2016c) 1–13.

[12] B.B. Coelho, R. Murray, D. Lapen, E. Topp, A. Bruin, 
Phosphorus and sediment loading to surface waters from liquid 
swine manure application under different drainage and tillage 
practices, Agric. Water Manage., 104 (2012) 51–61.

[13] A. Cottenie, Soil testing and plant testing as a basis of fertilizer 
recommendation, FAO Soils Bull., 38 (1980) 70–73.

[14] X. Fang, T. Chua, K. Schmidt-Rohr, M.L. Thompson, 
Quantitative 13C NMR of whole and fractionated Iowa Mollisols 
for assessment of organic matter composition, Geochim. 
Cosmochim. Acta, 74 (2010) 584–598.

[15] L. Han, K.S. Ro, Y. Wang, K. Sun, H. Sun, J.A. Libra, B. Xing, 
Oxidation resistance of biochars as a function of feedstock and 
pyrolysis condition, Sci. Total Environ., 616 (2018) 335–344.

[16] Y. Hoseini, R.D. Taleshmikaiel, Comparison of phosphorus 
adsorption isotherms in soil and its relation to soil properties, 
Int. J. Agric., 3 (2013) 163–171.

[17] D.A. Laird, The charcoal vision: a win–win–win scenario 
for simultaneously producing bioenergy, permanently 
sequestering carbon, while improving soil and water quality, 
Agron. J., 100 (2008) 178–181.

[18] J. Lehmann, J.P. da Silva, C. Steiner, T. Nehls, W. Zech, B. Glaser, 
Nutrient availability and leaching in an archaeological 
Anthrosol and a Ferralsol of the Central Amazon basin: 
fertilizer, manure and charcoal amendments, Plant Soil, 
249 (2003) 343–357.

[19] J. Major, C. Steiner, A. Downie, J. Lehmann, Biochar Effects on 
Nutrient Leaching, In: Biochar for Environmental Management, 
Routledge, 2012, pp. 303–320.

[20] J. Major, C. Steiner, A. Downie, J. Lehmann, Biochar Effects on 
Nutrient Leaching, In: Biochar for Environmental Management: 
Science and Technology, 2009, p. 271.

[21] Malaysian Agricultural Research and Development Institute 
(MARDI), Jagung Manis Baru (New Sweet Corn): Masmadu, 
MARDI, Kuala Lumpur, Malaysia, 1993.

[22] J.D. Mao, R.L. Johnson, J. Lehmann, D.C. Olk, E.G. Neves, 
M.L. Thompson, K. Schmidt-Rohr, Abundant and stable char 
residues in soils: implications for soil fertility and carbon 
sequestration, Environ. Sci. Technol., 46 (2012) 9571–9576.

[23] D. Maranguit, T. Guillaume, Y. Kuzyakov, Land-use change 
affects phosphorus fractions in highly weathered tropical soils, 
Catena, 149 (2017) 385–393.

[24] A. Mehlich, Determination of P, Ca, Mg, K, Na and NH4, North 
Carolina State University Soil Test Division, Raleigh, NC, 1953.

[25] M.S. Mkhabela, P.R. Warman, The influence of municipal 
solid waste compost on yield, soil phosphorus availability and 
uptake by two vegetable crops grown in a Pugwash sandy loam 
soil in Nova Scotia, Agric. Ecosyst. Environ., 106 (2005) 57–67.

[26] J. Murphy, J.P. Riley, A modified single solution method for 
the determination of phosphate in natural waters, Anal. Chim. 
Acta, 27 (1962) 31–36.

[27] F.X. Narambuye, R.J. Haynes, Effect of organic amendments 
on soil pH and Al solubility and use of laboratory indicates to 
predict their liming effect, Soil Sci., 17110 (2006) 754–763.

[28] T. Ohno, A. Amirbahman, Phosphorus availability in boreal 
forest soils: a geochemical and nutrient uptake modeling 
approach, Geoderma, 155 (2010) 46–54.

[29] T. Ohno, I.J. Fernandez, S. Hiradate, J.F. Sherman, Effects of 
soil acidification and forest type on water soluble soil organic 
matter properties, Geoderma, 140 (2007) 176–187.

[30] H.M. Peech, Hydrogen-Ion Activity, C.A. Black, D.D. Evan, 
L.E. Ensminger, J.L. White, F.E. Clark, R.C. Dinauer, Eds., 
Method of Soil Analysis, Part 2, American Society of Agronomy, 
Madison, Wisconsin, 1965, pp. 914–926.

[31] T.C. Reis, A.A. Rodella, Dynamics of organic matter degradation 
and pH variation of soil under different temperatures, Revista 
Brasileira de Ciência do Solo, 26 (2002) 619–626.

[32] J.O. Reuss, D.W. Johnson, Acid Deposition and the Acidification 
of Soils and Waters (Vol. 59), Springer Science & Business 
Media, 2012.

[33] D.L. Rowell, Soil Science: Methods and Applications, 
Department of Soil Science, University of Reading, 1994.

[34] SAS, SAS/STAT Software, SAS Institute, (2nd ed.) Cary, NC.16, 
Cary, NC, USA, 2013.

[35] S.B. Sharma, R.Z. Sayyed, M.H. Trivedi, T.A. Gobi, Phosphate 
Solubilizing Microbes: Sustainable Approach for Managing 
Phosphorus Deficiency in Agricultural Soils, Springer Plus, 
2013, p. 587.

[36] D. Solomon, J. Lehmann, J. Thies, T. Schäfer, B. Liang, 
J. Kinyangi, E. Neves, J. Petersen, F. Luizao, J. Skjemstad, 
Molecular signature and sources of biochemical recalcitrance of 
organic C in Amazonian Dark Earths, Geochim. Cosmochim. 
Acta, 71 (2007) 2285–2298.

[37] K.H. Tan, Soil Sampling, Preparation and Analysis, (2nd ed.), 
Taylor and Francis Group, Boca Raton, Florida, USA, CRC 
Press, 2005, pp. 154–174 (1–623).

[38] Y. Tang, H. Zhang, J.L. Schroder, M.E. Payton, D. Zhou, Animal 
manure reduces aluminium toxicity in an acid soil, Soil Sci. 
Soc. Am. J., 71 (2007) 1699–1707.

[39] F. Verheijen, S. Jeffery, A.C. Bastos, M. Van der Velde, I. Diafas, 
Biochar Application to Soils – A Critical Scientific Review of 
Effects on Soil Properties, Processes and Functions, EUR 24099 
EN, European Commission, Luxembourg (Luxembourg), 2010.

[40] C. Vohla, M. Kõiv, H.J. Bavor, F. Chazarenc, Ü. Mander, 
Filter materials for phosphorus removal from wastewater in 
treatment wetlands – a review, Ecol. Eng., 37 (2011) 70–89.

[41] Y. Wang, Y. Lin, P.C. Chiu, P.T. Imhoff, M. Guo, Phosphorus 
release behaviors of poultry litter biochar as a soil amendment, 
Sci. Total Environ., 512 (2015) 454–463.


	_Hlk507761464
	_Hlk535226895
	_Hlk535227126
	_Hlk535227208
	_Hlk535227826
	_Hlk525198915
	_Hlk525199064
	_Hlk535227895
	_Hlk1337240
	_Hlk564061
	_Hlk23664931
	_Hlk525223175
	_Hlk23664370
	_Hlk525223386
	_Hlk525223090

