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Abstract: Adsorption and desorption of nitrogen (N), phosphorus (P), and potassium (K) soils are
controlled by pH, pH buffering capacity, organic matter, and cation exchange capacity (CEC). These
factors optimized to improve timely availability of N, P, and K crop use using organic amendments
such as chicken litter biochar (CLB). The objective of this study was to determine the effects of CLB
on N, P, K sorption and pH buffering capacity of an acid soil. Different rates of CLB were mixed with
an acid soil for N, P, and K sorption and pH buffering capacity determination. The CLB increased soil
pH and pH buffering capacity, but unlike P and K adsorption, the different rates of CLB significantly
increased N adsorption, suggesting that this soil amendment has high affinity for N than P and K.
Also, because CLB reduced N, P, and K desorption, it suggests that N in particular will be slowly
released with time. The reduced N desorption but higher N adsorption further indicates that N can be
temporary fixed by CLB. This work has revealed CLB is more effective controlling soil N availability
for timely crop use to avoid losses.

Keywords: Sorption; acid soils; nutrient release; nutrient availability; soil pH; organic amendments

1. Introduction

Biochar is a carbon-rich material which is produced through thermal decomposition (pyrolysis)
of organic biomass under limited oxygen or no oxygen at relatively low temperature (<700 °C) [1].
Biochars are recalcitrant because of their aromatic and crystalline graphing sheet and this explains why
they decompose slower than organic matter [2,3]. Biochars can improve soil and crop productivity
because they reside in soils from a few years to thousands of years. As they reside in soils, they are
gradually degraded or lost through biotic degradation, abiotic degradation, non-oxidative abiotic
degradation, leaching, erosion, and fires. Pyrolytic temperatures produce different honey-comb-like
structures because of the original tubular structure of plant cells [4,5]. Moreover, increasing pyrolytic
temperature decreases O-H, C=C, C=0 stretching, aromatic C=C, C-H deformation modes of alkenes,
C-O-C symmetric stretching of cellulose, and hemicellulose [1]. A conceptual model structure of
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biochar is presented in Figure 1. The functional groups of biochars are reputed to improve soil structure,
soil organic matter, cation exchange capacity (CEC), soil pH, and buffering capacity.
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Figure 1. A conceptual structure of biochar [5].

Biochars adsorb nutrients through electrostatic interaction, ionic exchange, chemical precipitation,
and complexation [1]. The pores of biochars do not only serve as habitat for microorganisms but they
also stimulate microbial growth because have significant amount of nutrients for microbes to feed on.
Their pores also protect microorganisms from their predators and desiccation [3]. It has been reported
that biochars can increase N fixation in soils [6]. Additionally, biochars are noted for improving soil
microbial respiration by creating spaces for soil microbes [7]. This increases soil microbial biodiversity
and density [7]. Increasing soil fungi improves soil aggregation through increased fungal hyphae.
Moreover, microorganisms which survive in biochars are able to produce polysaccharides and these
polysaccharides have been associated with good soil aggregation [2].

Although fertilizers play an important role in crop growth and yield production, their usefulness
partly depends on how their nutrients are adsorbed and desorbed. Adsorption is the process by which
nutrients in their ionic forms, especially the positive charged ions such as K*, Ca™*, Mg**, NH,* and
so on get attached to the negative charged surfaces of minerals such as clinoptilolite zeolite and organic
amendments [8]. Functional groups such as carboxyl, phenolic, and alcoholic of organic amendments
use to adsorb the aforementioned ions followed by their gradual release (desorption) for timely use by
plant. Desorption occurs when adsorbed nutrients are released from the surface of soil organic matter
and inorganic minerals [9]. Studies on NH4* adsorption are essential to enable determination of the
ability of soils to respond to N fertilization. Adsorption of NH4 ™" in soils is important for crop uptake
besides minimizing groundwater contamination (for example, eutrophication). Adsorbed nutrients
are the most important nutrients because they are available for plant uptake compared with absorbed
nutrients. Adsorption of nutrients are significantly controlled by soil pH, temperature, flooding, redox
potential, and pH buffering capacity [10]. There is limited information on the effects of soil organic
amendments on ammonium, phosphorus, and potassium ions adsorption and desorption [10-13].

The most common isotherms used in adsorption studies are Langmuir, Freundlich, and Temkin.
These isotherms were used in this present study. Langmuir isotherm indicates quantitative formation
of a monolayer nutrient (adsorbate) on the outmost surface of the adsorbent and no further adsorption.
Therefore, Langmuir is only valid for a monolayer surface adsorption mechanism with fixed number
of adsorption sites [14,15]. Freundlich isotherm is an empirical relationship describing adsorption of
nutrients to adsorbent surface. It assumes that there are different sites or heterogeneous adsorbent
surface with several adsorption energies [10]. Temkin isotherm is used to determine binding energies
of the adsorption process. Temkin isotherm assumes that heat of adsorption decreases linearly with
increasing adsorbent coverage. The adsorption process occurs with uniform binding energies [16,17].
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Among the existing isotherms, the well-fit isotherm is chosen using an error function assessment
such as coefficient of determination (R?). This is done to determine fit of isotherm to experimental
and experimental equilibrium data. An isotherm is considered well-fit if coefficient of determination
(R?) values are greater than 0.9 [12,16]. Although, R? is the most common error function used to select
optimum isotherm in most studies, Chi-square analysis is more appropriate [18]. In this study, because
of the high affinity of chicken litter biochar (CLB) for ionic forms of N, P, and K, it is hypothesized that
amending acid soil (Typic Paleudults, Bekenu Series) will improve sorption of N, P, and K for optimum
crop use. However, there is dearth of information on the N, P, and K sorption characteristics of CLB.
The objective of this study was to determine if CLB could be used in acid soils to regulate N, P, and K
adsorption and desorption for optimum use of these nutrients by crops.

2. Materials and Methods

2.1. Soil Sampling, Preparation, and Selected Physico-Chemical Analyses

The soil used in this study was Ultisols, Typic Paleudults (Bekenu Series). This soil is fine loamy;,
siliceous, isohyperthermic, red-yellow to yellow. It has an argillic horizon with fine sandy clay
loam texture. The structure is generally weak medium to coarse sub-angular blocky and friable [18].
Although Bekenu Series is less fertile, proper fertilization and management can improve its fertility
to support a wide range of crops such as rice, oil palm, rubber, and fruit trees [18]. The soil was
sampled at 0 to 25 cm in an uncultivated area of Universiti Putra Malaysia Bintulu Sarawak Campus,
Malaysia. Thereafter, the soil samples were air-dried, crushed, and sieved to pass a 2 mm sieve for
the adsorption and desorption studies. Soil texture, field capacity, and bulk density were determined
using the method described by Tan [19]. pH of the soil was determined in a ratio of 1:2 (soil: distilled
water suspension) using a pH meter. Soil total C and N were determined using Leco CHNS Analyzer
(LECO Truspec Micro Elemental Analyzer CHNS, New York). Afterwards, the soil C was divided by
0.58 to obtain soil organic matter.

Available P of the soil was extracted using the double acid method [19] followed by the
molybdenum blue method [20]. Exchangeable Ca, Mg, and K were extracted using the leaching
method [21] after which the contents of these soil cations were determined using Atomic Absorption
Spectrophotometry (Analyst 800, Perkin Elmer, Norwalk, CT, USA). Cation exchange capacity was
determined using the leaching method [19] followed by steam distillation. The method of Keeney and
Nelson [22] was used to extract exchangeable NH; " and available NO; ™ after which the concentrations
of these soil ions were determined using the steam distillation method. The selected soil properties
were comparable to those reported by Paramananthan [18] except CEC, sand, silt, and clay contents.
The selected chemical and physical properties of the soil are summarized in Table 1.

Table 1. Selected physical and chemical properties of Bekenu Series.

Property Current Study (+S.D) Range * (0-36 cm)
pH 4.41 (x0.01) 4.6-4.9

EC (uScm™1) 53.90 (+0.10) NA

Bulk density (Mg m~3) 1.16 (+0.03) NA

Total organic carbon (%) 1.43 (+0.11) 0.57-2.51
Organic matter (%) 2.47 (£0.19) NA

Total N (%) 0.08 (+0.00) 0.04-0.17
Exchangeable NH;* (mg kg™') 21.02 (+0.00) NA
Available NO3~ (mg kg™1) 7.01 (+0.00) NA
Available P (mg kg™!) 2.28 (+0.48) NA

cmol4) kg™!
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Table 1. Cont.

Property Current Study (+S.D) Range * (0-36 cm)
Cation exchange capacity 11.97 (+0.68) 3.86-8.46
Exchangeable K* 0.10 (+0.01) 0.05-0.19
Exchangeable Ca%* 0.25 (x£0.01) NA
Exchangeable Mg?* 0.34 (+0.01) NA
Exchangeable Na* 0.22 (+0.01) NA
Exchangeable Fe?* 0.19(x0.01) NA
Exchangeable Cu?* Trace NA
Exchangeable Zn%* 0.01 (£0.00) NA
Exchangeable Mn?* 0.02 (+0.00) NA
Total titratable acidity 0.86 (£0.02) NA
Exchangeable H* 0.22 (+0.01) NA
Exchangeable AI3* 0.64 (+0.01) NA
Sand (%) 71.04 (+0.14) 72-76
Silt (%) 14.58 (£0.38) 8-9
Clay (%) 14.38 (+0.50) 16-19

Texture (USDA)

Sandy loam

Sandy loam

40f18

Note: the values given are on dry-weight basis; NA: not available; * subjected to the soil development, range as
found in Paramananthan [18].

The CLB used in this study was imported from Australia and its selected chemical properties are

listed in Table 2.

Table 2. Selected chemical properties of chicken litter biochar.

Property Chicken Litter Biochar (CLB)
pH 9.54
EC (mS cm™) 3.50
Moisture (%) 46.08
CEC (cmol (+) kg™1) 59.27
Molarity (M) nd
Organic matter (%) 71.67
Total organic carbon (%) 41.57
Humic acids (%) nd
Crude humins (%) nd
Total N (%) 2.39
Total P (%) 4.52
Total K (%) 6.05
Total Ca (%) 4.80
Total Mg (%) 1.77
Total Na (%) 1.75
Total Fe (mg kg’l) 0.49
Total Zn (mg kg™') 772
Total Mn (mg kg_l) 1479
Total Cu (mg kg™') 264

Note: nd is not determine.

2.2. Nitrogen Adsorption and Desorption Determination

Two grams sample of each treatment was weighed into a 250 mL centrifuge bottle. Each treatment
had three replicates. Nitrogen solutions (0, 50, 100, 200, 300, and 400 mg N L) were prepared by
dissolving ammonium chloride (NH4Cl) in a 0.2 M NaCl solution after which 20 mL of these isonormal
N solutions were added to the centrifuge bottles to give 0, 500, 1000, 2000, 3000, and 4000 pg of added
N sample~!. Isonormal solutions were used in this adsorption study to preserve constant ionic strength
in the mixture (adsorbent and solution) and also to provide competing ions for exchange sites [23].
Two drops of toluene were added to each sample to suppress microbial activities [13]. The samples
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were shaken 24 h at 180 rpm using an orbital shaker. Afterwards, the samples were centrifuged at
10,000 rpm for 15 min. Nitrogen in the supernatants (equilibrium solutions) was determined using
steam distillation method [24]. The amount of N adsorbed per gram soil was calculated as the difference
between the initial amount of N added and the amount in the equilibrium solution. The adsorbed
N was calculated in pg g~! soil. The sediments in the centrifuge bottles) were washed with ethanol
and centrifuged at 10,000 rpm for 10 min [24]. Thereafter, the ethanol was discarded. A 20 mL of 2M
KCl was added and shaken for 24 h at 180 rpm using an orbital shaker. Afterwards, the samples were
centrifuged at 10,000 rpm for 15 min. The supernatants were collected and their N contents were
determined using steam distillation method [24].

2.3. Phosphorus Adsorption and Desorption Determination

Phosphorus solutions (0, 50, 100, 200, 300, and 400 mg P L‘l) were prepared by dissolving
potassium dihydrogen phosphate (KH;PO4) in 0.01 M CaCl, solution after which 25 mL of these
isonormal P solutions were added to the centrifuge bottles to give 0, 652, 1250, 2500, 3750, and 5000 p.g
of added P sample~!. The supernatants (equilibrium solution) which were collected after centrifugation
were analyzed for P using the Blue Method [20]. For the P desorption study, the same samples or
the sediments after centrifugation were used. A 20 mL of 0.01 M CaCl, was added to each sample
and shaken for 24 h at 180 rpm using an orbital shaker. Afterwards, the samples were centrifuged at
10,000 rpm for 15 min. The supernatants were collected and their P were determined using the Blue
Method [20].

2.4. Potassium Adsorption and Desorption Determination

Potassium solutions (0, 50, 100, 200, 300, and 400 mg K L‘l) were prepared by dissolving potassium
chloride (KCl) in 0.01 M CaCl, solution, and 20 mL of after which isonormal K solutions were added to
the centrifuge bottles to give 0, 500, 1000, 2000, 3000, and 4000 ug of added K sample‘l. The portions
were designed based on the justification of the ionic form for example potassium ions (at difference
concentration and equilibrium) dissociates and adsorbed on the surface of adsorbent (in the case of
the study, using chicken litter biochar). Difference portions were designed to determine relationship
between the adsorbate and adsorbent subject to the equilibrium relationship at a given condition known
as an isotherm. The supernatants (equilibrium solution) which were collected after centrifugation was
analyzed for K using atomic absorption spectrophotometery (AAnalyst 800, Perkin Elmer Instruments,
Norwalk, CT, USA). Potassium desorption was carried out on the same samples after the sediments
were washed with ethanol and centrifuged at 10,000 rpm for 10 min after which the ethanol was
discarded. A 20 mL of 0.01 M CaCl, was added and shaken for 24 h at 180 rpm using an orbital shaker.
Afterwards, the samples were centrifuged at 10,000 rpm for 15 min. Potassium in the supernatants were
determined using atomic absorption spectrophotometery (AAnalyst 800, Perkin Elmer Instruments,
Norwalk, CT, USA).

2.5. Nitrogen, Phosphorus, and Potassium Adsorption Isotherms

The N, P, and K adsorption data were fitted to Langmuir types 1-4, Freundlich, and Temkin
adsorption isotherms (Table 3) [16,25,26].
The linear form of the Langmuir isotherm is reported as:

Ce/qe = Ce/qm + 1/(quL) (1)

where: C, is the equilibrium concentration in liquid phase (mg L™1); qe is the maximum amount of the
ions adsorbed at equilibrium (mg g™!); gm is maximum theoretical adsorbed amount at equilibrium
(mg g~1); Ky is the sorption equilibrium constant (L mg™).
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The linear form of the Freundlich isotherm is reported as:

log (qe) = log (Kg) + 1/n log (Ce) @)

where: C. is the equilibrium concentration in liquid phase (mg L1 ge is the maximum amount of
ions adsorbed at equilibrium (mg g~!); K is the Freundlich adsorption capacity; 1/n is the sorption
constant having a value range between 0 and 1.

The linear form of the Temkin isotherm is reported as:

de = BrIn(K1Ce) 3)

where: qe is the amount of ions sorbed (mg L™!); Byln is the equilibrium concentration of adsorbate
(mg L~1); K1Ce is the parameters.

Table 3. List of adsorption isotherms models used in this study and their nonlinear and linear forms.

Isotherm Nonlinear Form Linear Form Plot Variables
lope
K, — slope_
Langmuir-1 % = g_e + Kqu % vs. Ce L = intercept
e m m e A = slope_l
K — intercept
Langmuir-2 1 _ ( 1 )L + L 1 yg L L = Tslope
. ) o (1% 9o KL = - slope™
Langmuir-3 de = 9m (K] )Ce Je VS- q, = intercept
Kp = —slope
Langmuir-4 g—z = Kpq,, —Krq, g—i VS. g, 4 = intercept
m — ~ " slope
I = log(K Kg = til int t
Freundlich Q= KFC% f’g(qe) og(Kg) + 10g(qe) vs. log(Ce) lF antilog(intercept)
€ ¢ 5 log(Ce) + = slope
. KT — exp(mtercept)
Temkin g = BrIn(KrCe) de = Brln K7 + Brln Ce g vs. InCe Br
Bt = slope

2.6. Treatments for Adsorption, Desorption, and pH Buffering Capacity Studies

The treatments evaluated in this study were prepared by mixing chicken litter biochar at different
rates with 250 g of soil.
Details of the treatments were as follows:

Soil : Soil Alone

CLB : chicken litter biochar alone
Bl :250 g soil + 20 g chicken litter biochar
B2  :250 g soil + 40 g chicken litter biochar
B3 :250 g soil + 60 g chicken litter biochar

2.7. pH Buffering Capacity of Amendments and Soil Determination

pH buffering capacity of the amendments and soil were determined using titration method [26].
Titration curves were plotted by adding incremental mmol H* kg~! samples in water. The ratio of
1:2.5 sample:water (w:v) was used for soil alone, B, B2, and B3, whereas 1:5 sample:water (w:v) ratio
was used for CLB because of the high water absorption capacity of CLB. For each titration, 10 g of soil,
B1, B2, and B3 were weighed into 100 mL plastic vials using a digital weighing balance after which
25 mL of distilled water were added. A 5 g of CLB was weighed into a 100 mL plastic vial using a
digital weighing balance after which 25 mL of distilled water were added. All the samples were in
triplicate. For each sample, 1 mL of 0.05 M CaCl, was added to minimize variations in ionic strength.
A 0.2 mL of toluene was added to inhibit microbial activities [27]. The suspension was shaken for
15 min at 180 rpm using an orbital shaker and equilibrated for seven days at 25 °C because it takes
approximately three to six days for the suspension to equilibrate [27-29].
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At seven days of equilibration, the initial pH of the suspensions was determined using a digital
pH meter (SevenEasy pH, Mettler-Toledo GmbH, Switzerland). A 0.1 M NaOH was added to the
samples with very low initial pH (pH less than 5.5) using Eppendorf pipette. This was also done to
reduce suspension effect [26]. A 0.1 M HCl was used on the samples with slightly acidic to basic initial
pH (pH higher than 6). In all of the samples, 1, 2, 3, 4, 6, 8, and 10 mL of 0.1 M HCl or 0.1 M NaOH
were used. After addition of 0.1 M HClI or 0.1 M NaOH, the suspensions were stirred thoroughly
using a glass rod for 10 s after which pH of the suspensions were determined using a digital pH meter.
The quantity of mmol H* which can change pH by one unit was calculated as the negative reciprocal
of slope of the linear regression, where, slope = fitted slope of linear regression line for each sample as
given in Formula (1).

1
slope

Sample pH buffering capacity (mmol H "kg ™! sample) = — 4)

2.8. Statistical Analysis

Analysis of variance (ANOVA) was used to detect significant differences between treatments and
added N, P, and K, whereas Tukey’s Test was used to compare treatments and added N, P, and K means.
PROC REG was used to test linear regression and to as well obtain coefficient of determination (R?) for
each linear regression equation. Statistical Analysis System version 9.2 was used for the afore-stated
statistical analyses (SAS, 2008). Chi-square analysis (x?) was done for N, P, and K adsorption isotherm
equations to choose the best-fit isotherm. The isotherm model that gave the lowest chi-square value
was considered the best best-fit isotherm. Chi-square value was calculated using the following formula:

(de = em)
XZ _ Z qeq qe,m (5)

where, qe is the equilibrium capacity from the experimental data and gem is the equilibrium capacity
obtained by calculation from model.

3. Results

3.1. Nitrogen, Phosphorus, and Potassium Concentrations in the Solution

Nitrogen, P, and K in the equilibrium solution increased with increasing addition of N, P, and K
(Tables 4-6). Nitrogen in the equilibrium solution of CLB was the lowest N compared with those in B1,
B2, and B3 solutions (Table 4). However, P and K in the equilibrium solutions of CLB were highest
compared with those in soil, B1, B2, and B3 solutions (Tables 5 and 6). Increasing amount of CLB (B1 <
B2 < B3) decreased N and K in the equilibrium solutions (Tables 4 and 6).

Table 4. Added nitrogen concentration on equilibrium solution nitrogen concentration in
different treatments.

Nitrogen Remaining in the Equilibrium Solution (ug mL-1) C,

Treatment 0 500 1000 2000 3000 4000
Added N (ug)

Soil 2335Fa  6222FEa  9574Da  17419Ca  24004Ba 29421 Ab

CLB 1028Fb  2755Ec  5277Dd  99.00Ce  14664Bd 18587 Ad

Bl 2755Fa  5884Fa  89.66Db  15925Cb  233.04Bb 31335Aa

B2 2522Fa  5511Eb  9153Dab 15504Cc  23210Bb 28534 Ac

B3 2522Fa  5417Eb  7939Dc  14757Cd  217.62Bc  289.08 Ac

Note: Treatment and added N rate interaction was significant at F probability level of <0.0001. Different capital
letters in a row and different small letters in a column are significantly difference between means using Tukey’s test
atP <0.05.
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Table 5. Added Phosphorus concentration on equilibrium solution phosphorus concentration in
different treatments.

Phosphorus Remaining in the Equilibrium Solution (ug mL~1) C,

Treatment 0 675 1250 2500 3750 5000
Added P (ug)

Soil 0.06 Fd 1676Ee  5510Dd  14746Cc  23617Bb 33338 Ac

CLB 7449Fa  11108Ea 13200Da 18483Ca 23493Bb  347.00 A be

Bl 090Fd  3023Ed  7209Dc 16465Cb  25613Ba  358.13 Aab

B2 277Fc 3496Ec  7830Db  16877Cb  26521Ba 35850 Aab

B3 508Fb  3894Eb  80.64Db 17321Cb 26457Ba  365.13Aa

Note: Treatment and added P rate interaction was significant at F probability level of <0.0001. Different capital
letters in a row and different small letters in a column are significantly difference between means using Tukey’s test
atP <0.05.

Table 6. Added potassium concentration on equilibrium solution potassium concentration in
different treatments.

Potassium Remaining in the Equilibrium Solution (ug mL-1) C,

Treatment 0 500 1000 2000 3000 4000
Added K (ug)

Soil 392Fe 4537Ee 8580 De  10920Ce 26887Be 362.80Ae

CLB 83633Ea  880.33Da  902.67CDa 91667Ca 105200Ba 113433 Aa

Bl 6615Fd  10457Ed  14807Dd  16567Cd 31467Bd  400.60 A d

B2 12155Fc  14837Ec 19450Dc  21483Cc  36293Bc  44627Ac

B3 17017Fb  20947Eb  24300Db  26880Cb 417.40Bb  500.07 Ab

Note: Treatment and added K rate interaction was significant at F probability level of <0.0001. Different capital
letters in a row and different small letters in a column are significantly difference between means using Tukey’s test
at P <0.05.

There was a linear relationship between N, P, and K concentrations in the equilibrium solution and
N, P, and K addition (Table 7). Compared with soil alone, there was marginal N, P, and K increase in the
remaining equilibrium solutions of CLB because of the relatively higher N, P, and K of CLB (Table 2).
However, increasing rate of the CLB (B1 < B2 < B3) decreased the rate of N, P, and K remaining in the
equilibrium solutions (Table 7).

Table 7. Regression equations and R? values in relation to nitrogen, phosphorus, and potassium
concentrations and nitrogen, phosphorus, and potassium contents remaining in the equilibrium
solutions of treatments.

Treatment Regression Equation R? Value
N
Soil y =28.128 + 0.067x 0.9954 **
CLB y = 8.286 + 0.045x 0.9983 **
Bl y =22.108 + 0.071x 0.9975 **
B2 y = 24.415 + 0.066x 0.9975 **
B3 y =19.390 + 0.066x 0.9972 **
P
Soil y = =19.377 + 0.069x 0.9902 **
CLB y =69.369 + 0.051x 0.9640 **
Bl y = -11.827 + 0.072x 0.9958 **
B2 y =-=7.338 + 0.072x 0.9976 **
B3 y = —4.832 + 0.073x 0.9974 **
K
Soil y = -9.004 + 0.089x 0.9456 **
CLB y = 827.660 + 0.072x 0.9273 **
Bl y = 55.744 + 0.082x 0.9459 **
B2 y = 105.507 + 0.081x 0.9456 **
B3 y = 158.210 + 0.082x 0.9477 **

Note: ** significant at P = 0.01, * significant at P = 0.05.
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3.2. Nitrogen, Phosphorus, and Potassium Adsorption

Generally, N, P, and K adsorbed increased with increasing rates of N, P, and K (Tables 8-10).
Unlike K, adsorbed N and P increased with increasing rate of CLB (B1 < B2 < B3) (Tables 8-10).

Table 8. Nitrogen addition to nitrogen adsorption based on different treatments.

Adsorbed N (ug g~1) qe

Treatment 500 1000 2000 3000 4000
Added N (ug)

Soil 11239 E 276.15D d 49159 C d 833.12Bd 1291.40 A ¢

CLB 32717Ea 57499 Da 111266 Ca  163632Ba 224404 A a

Bl 187.08 Eb 378.86 D ¢ 683.03 C ¢ 94517 B ¢ 114193 A d

B2 201.14Eb 336.88 D ¢ 701.76 C ¢ 93121 B ¢ 1398.83 A b

B3 21048 E b 45830 Db 776.48 Cb 1075.98Ba 136147 Ab

Note: Treatment and added N rate interaction was significant at F probability level of <0.0001. Different capital
letters in a row and different small letters in a column are significantly difference between means using Tukey’s test
at P <0.05.

Table 9. Phosphorus addition to phosphorus adsorption based on different treatments.

Adsorbed P (ug g1) qe

Treatment 625 1250 2500 3750 5000
Added P (ug)

Soil 41631Ca 562.00 B a 67552 B b 798.68 A b 83356 Ab

CLB 167.58 D d 531.13Ca 112071Ba 174446 Aa  1593.63Aa

B1 258.40 C b 360.14BCb  453.18 ABc 559.69 A c 534.69 A c

B2 22261 Cc 305.87 C ¢ 42499 B ¢ 469.52 AB ¢ 55337 A ¢

B3 201.83 D ¢ 305.59 C ¢ 398.40 B ¢ 505.17 A ¢ 499.44 A c

Note: Treatment and added P rate interaction was significant at F probability level of <0.0001 and added P rate
interaction was not significant at P = 0.05. Different capital letters in a row and different small letters in a column are
significantly difference between means using Tukey’s test at P < 0.05.

Table 10. Potassium addition to potassium adsorption based on different treatments.

Adsorbed K (ug g1) qe

Treatment 500 1000 2000 3000 4000
Added K (ug)

Soil 85.53 E be 18120 Db 947.20 A ¢ 350.53 C ¢ 41120 B c

CLB 59.97 C ¢ 336.63Ca 1196.63 A a 84330Ba  1019.97 ABa

B1 11583 Eb 180.83Db 100483 Abc  514.83 C be 655.50 B b

B2 231.83Ea 27050 Dab  1067.17 Ab 586.17Cb 752.83 B b

B3 107.03Ebc  27170Dab 101370 Abc  527.70 C be 701.03 B b

Note: Treatment and added K rate interaction was significant at F probability level of <0.0001. Different capital
letters in a row and different small letters in a column are significantly difference between means using Tukey’s test
at P <0.05.

3.3. Nitrogen Adsorption Isotherms

The experimental data on Langmuir N adsorption isotherms 1, 2, and 3 showed negative slopes or
intercepts (Table 11). This suggests that N adsorption in this present study does not follow Langmuir
approach [30].
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Table 11. Regression equations, Coefficient of determination (R?), and Chi-square analysis (x2) for the
fit of the Langmuir type 1, 2, and 3 isotherms to the nitrogen adsorption data of the treatments.

Treatment Regression Equation R? X2

Langmuir-1

Soil y = 0.101 — 0.0002x 0.7476 * 2.71x 1073

CLB y = 0.034 — 0.00002x 0.8722 * 2.77 x 1070

B1 y = 0.079 — 0.0001x 0.2879 s 3.88 x 1073

B2 y = 0.079 — 0.0001x 0.7506 * 1.20 x 1073

B3 y = 0.068 — 0.0001x 0.1152 18 414 %1073
Langmuir-2

Soil y = —0.00023 + 0.111x 0.9720 ** 417 x 1072

CLB y = —0.00002 + 0.034x 0.9997 ** 3.65 x 1077

B1 y = —0.00016 + 0.090x 0.9661 ** 5.76 x 107>

B2 y = —0.00014 + 0.085x 0.9934 ** 1.35 x 107°

B3 y = —0.00014 + 0.079x 0.9461 ** 7.06 x 107>
Langmuir-3

Soil y = —5825.393 + 596.686x 0.8848 * 5726

CLB y = —40678.00 + 1404.194x 0.8928 ** 655

B1 y = —6716.326 + 613.878x 0.3966 "¢ 2001

B2 y = —8864.319 + 724.346x 0.8200 * 873

B3 y = =5918.898 + 502.169x 0.2374 1 2434

Note: ** significant at P = 0.01, * significant at P = 0.05, ™ not significant at P = 0.05.

Nitrogen adsorption followed Freundlich approach because of significant coefficient of
determination (R?) and lower x? values compared with Langmuir (type 4) and Temkin adsorption
equations (Table 12).

Table 12. Regression equations, Coefficient of determination (R?), and Chi-square analysis (x?) for
the fit of the Langmuir type 4, Freundlich, and Temkin isotherms to the nitrogen adsorption data of
the treatments.

Treatment Regression Equation R? X

Langmuir-4

Soil y =10.154 + 0.0015x 0.8848 * 0.273
CLB y =29.157 + 0.0007x 0.8928 ** 0.023
B1 y =12.981 + 0.0009x 0.3966 "¢ 0.595
B2 y =12.762 + 0.0012x 0.8200 * 0.210
B3 y = 15.063 + 0.0009x 0.2374 18 0.849
Freundlich
Soil y = 0.414 + 1.337x 0.9932 ** 9.45 x 1074
CLB y = 1.392 + 1.054x 0.9990 ** 112 x 1074
B1 y =0.779 + 1.188x 0.9844 ** 1.85x 1073
B2 y =0.722 + 1.225x 0.9963 ** 413 x107%
B3 y =0.888 + 1.166x 0.9773 ** 2.77 x 1073
Temkin

Soil y = —11411 + 2820.63x 0.8989 ** 870.84
CLB y = —8756 + 2724.17x 0.8929 ** 1427.34
B1 y = —10303 + 2630.85x 0.9666 ** 253.64
B2 y = —=10699 + 2738.67x 0.9161 ** 847.66
B3 y = —10253 + 2689.34x 0.9648 ** 192.75

Note: ** significant at P = 0.01, * significant at P = 0.05, ™ not significant at P = 0.05.
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Higher Kg values of CLB, B1, B2, and B3 (Table 13) indicate that the CLB has higher N adsorption

capacity than soil alone. This is possible because of higher CEC of the CLB (Table 2).

Table 13. Freundlich adsorption capacity (Kp) and Freundlich adsorption isotherm constant related to

adsorption condition (1/n) for nitrogen adsorption of different treatments.

Freundlich
Treatment
Kr (ug g™ o

Soil 2.594 1.337
CLB 24.660 1.054

6.012 1.188

5.272 1.225

7.727 1.166

3.4. Adsorption Isotherms of Phosphorus

For CLB, the negative intercept or slope and insignificant R? of the Langmuir regression equations
(types 1, 2, 3, and 4) suggest that the P adsorption data did not fit Langmuir isotherms (Tables 14
and 15). Phosphorus adsorption data on soil alone, B1, B2, and B3 fit Langmuir type 2 isotherm.
This was because of their significant coefficient of determination (R?) with lower x? values compared
with those of Freundlich and Temkin (Tables 14 and 15). Soil alone showed the highest P adsorption
bonding energy constant (Ky,) (Table 16).

Table 14. Regression equations, Coefficient of determination (R?), and Chi-square analysis (x?) for the

fit of the Langmuir type 1, 2, and 3 isotherms to the phosphorus adsorption data of the treatments.

Treatment  Regression Equation R? x>
Langmuir-1

Soil y = 0.021 + 0.0001x 0.8371* 430%x 1073

CLB y = 0.128 — 0.0003x 0.2314 "™ 0.050

Bl y = 0.037 + 0.0001x 0.8631* 1.33 x 1073

B2 y =0.043 + 0.0001x 0.8463 * 8.21x 1074

B3 y = 0.047 + 0.0001x 0.9193* 270 x 107
Langmuir-2

Soil y =0.0002 + 0.013x 0.9362** 563 x107°

CLB y = —0.0005 + 0.169x 0.7613*  -2.02x 1073

Bl y =0.0001 + 0.031x 0.9862**  1.60 x 107°

B2 y = 0.0001 + 0.039x 0.9920 **  9.70 x 107°

B3 y = 0.0001 + 0.045x 0.9985** 234 x107°
Langmuir-3

Soil y =5948.693 — 87.142x 0.5825 ¢ 1685

CLB y = —1750.443 + 327.270x  0.6296 "* 1639

Bl y =9324.597 — 307.835x 0.7526 * 1631

B2 y = 11990 — 483.039x 0.7643 * 1822

B3 y = 15810 — 724.140x 0.8879 * 653

Note: ** significant at P = 0.01, * significant at P = 0.05, ™ not significant at P = 0.05.
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Table 15. Regression equations, Coefficient of determination (R?), and Chi-square analysis (x2) for the

fit of the Langmuir type 4, Freundlich, and Temkin isotherms to the phosphorus adsorption data of

the treatments.

Treatment Regression Equation R? X2
Langmuir-4
Soil y = 56.484 — 0.008x 0.5825 s 14.057
CLB y = 8.453 + 0.002x 0.6296 s 2.700
Bl y = 28.447 — 0.003x 0.7526 * 1.069
B2 y = 23.716 — 0.002x 0.7643 * 0.476
B3 y =21.484 — 0.001x 0.8879 * 0.119
Freundlich
Soil y =2.289 + 0.574x 0.9868 ** 1.07 x 1073
CLB y = —0.651 + 1.809x 0.8494 * 0.019
Bl y = 1.833 + 0.745x 0.9984 ** 1.54 x 1074
B2 y = 1.675 + 0.806x 0.9991 ** 9.30 X 107>
B3 y = 1.573 + 0.846x 0.9997 ** 2.67 x 107>
Temkin
. y = —3779.082 + \
Soil 1527 953x 0.8630 853
CLB y = —24024 + 5298.410x 0.9710 ** 115
y = —5819.288 + .
Bl 1832.917x 0.9040 729
y = —6552.631 + .
B2 1953.183x 0.9036 789
y = —7057.821 + -
B3 2083.674x 0.9202 637

Note: ** significant at P = 0.01, * significant at P = 0.05, ™ not significant at P = 0.05.

Table 16. Variables from Langmuir and Freundlich isotherms for phosphorus adsorption of

different treatments.

Langmuir Freundlich
Treatment

KL (ugg™) qm MBC (ugg™)  Kr (ugg™) a
Soil 0.015 5000 75 nd nd
CLB nd nd 0.22 1.809
B1 0.003 10,000 30 nd nd
B2 0.003 10,000 30 nd nd
B3 0.002 10,000 20 nd nd

Note: nd: not determined.

3.5. Potassium Adsorption Isotherms

Based on the significant coefficient of determination (R?) and lower x? values, K adsorption
data on soil alone, B1, and B2 fit Freundlich (Table 17) whereas K adsorption data on CLB and B3
fit Langmuir type 4 isotherm. Chicken litter biochar only showed lower Langmuir bonding energy
constant (Ky) compared with that of B3 (Tables 17 and 18). The maximum adsorption capacity (qm) of
B3 was higher than with CLB (Table 19).
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Table 17. Regression equations, Coefficient of determination (R?), and Chi-square analysis (x2) for the

fit of the Langmuir type 1, 2, and 3 isotherms to the potassium adsorption data of the treatments.

R2

2

Treatment Regression Equation X

Langmuir-1

Soil y = 0.060 + 0.00006x -0.1017 "¢ 0.018

CLB y = 3.884 — 0.0034x 0.2331 "¢ 1.072

Bl y = 0.145 — 0.0002x 0.0083 "® 0.049

B2 y = 0.194 — 0.0003x 0.1547 "¢ 0.051

B3 y = 0.345 — 0.0005x 0.2021 "¢ 0.129
Langmuir-2

Soil y = —0.00008 + 0.078x 0.9072* 244 x107*

CLB y = —0.0036 + 4.163x 0.3106 ™ 1.87 x 1073

Bl y = —0.0004 + 0.189x 0.7715* 5.68 x 1074

B2 y = —0.0004 + 0.241x 0.7550 * 3.62x 1074

B3 y = —0.0008 + 0.429x 0.5983 1 9.53 x 1074
Langmuir-3

Soil y = 2765.355 — 4.025x —-0.3332 "¢ 5328

CLB y = —472.558 + 1172.972x ~ 0.9817 ** 119

Bl y = —912.392 + 320.233x 0.2222 18 2447

B2 y = —1501.352 + 458.057x  0.5804 "® 1151

B3 y =-1315.974 + 521.343x ~ 0.7081 * 928

Note: ** significant at P = 0.01, * significant at P = 0.05, ™ not significant at P = 0.05.

Table 18. Regression equations, Coefficient of determination (R%), and Chi-square analysis (x?) for

the fit of the Langmuir type 4, Freundlich, and Temkin isotherms to the potassium adsorption data of

the treatments.

RZ

Treatment Regression Equation X
Langmuir-4
Soil y = 16.050 — 0.00002x -0.3332 18 3.687
CLB y = 0.441 + 0.001x 0.9817 ** 0.079
B1 y =7.890 + 0.001x 0.2222 s 2.836
B2 y =5.211 + 0.002x 0.5804 s 1.695
B3 y = 3.732 + 0.002x 0.7081 * 1.257
Freundlich
Soil y =1.362 + 0.911x 0.7972 * 0.025
CLB y = —16.374 + 6.596x 0.5384 s 0.068
B1 y =0.163 + 1.367x 0.7426 * 0.033
B2 y = —0.382 + 1.550x 0.7530 * 0.027
B3 y = —1.646 + 1.993x 0.6925 s 0.039
Temkin
Soil y = —6074.48 + 1752.61x 0.8527 * 513.40
CLB y = —100384 + 14997x 0.7650 * 1368.23
B1 y = —12348 + 2819.12x 0.8369 * 678.28
B2 y = —16236 + 3422.73x 0.8439 * 613.18
B3 y = —21619 + 4226.44x 0.8393 * 719.51

Note: ** significant at P = 0.01, * significant at P = 0.05, ™ not significant at P = 0.05.
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Table 19. Variables from Langmuir and Freundlich isotherms for potassium adsorption of
different treatments.

Langmuir Freundlich
Treatment
KL (ugg™) qm MBC (ugg™)  Kr(ugg™) a
Soil nd nd nd 23.01 0.911
CLB 0.0010 441 0.44 nd nd
B1 nd nd nd 1.46 1.367
B2 nd nd nd 0.41 1.550
B3 0.0020 1866 3.73 nd nd

Note: nd: not determined.

3.6. Nitrogen, Phosphorus, and Potassium Desorption

There was a linear relationship between N and P desorption and addition of N and P (Table 20).
Nitrogen and P desorption increased with increasing rate of CLB (B1 < B2 < B3) increased N and P
desorption rates but the opposite was true for K desorption (Table 20).

Table 20. Regression equations and R? values relating added nitrogen, phosphorus, and potassium as
well as desorbed nitrogen, phosphorus, and potassium in treatments.

Treatment Regression Equation R? Value
N
Soil y =9.576 + 0.0034x 0.9758 **
CLB y = 8.285 + 0.0107x 0.9991 **
Bl y = 10.066 + 0.0056x 0.9976 **
B2 y =10.698 + 0.0061x 0.9965 **
B3 y = 10.548 + 0.0068x 0.9979 **
P
Soil y =0.217 + 0.0037x 0.9678 **
CLB y =19.293 + 0.0058x 0.9545 **
Bl y = 1.610 + 0.0036x 0.9921 **
B2 y = 2.558 + 0.0042x 0.9950 **
B3 y =4.106 + 0.0043x 0.9928 **
K
Soil y =4.100 + 0.0045x 0.9559 **
CLB y = 243.808 + 0.0055x 0.8549 **
Bl y =21.183 + 0.0052x 0.9521 **
B2 y = 37.163 + 0.0049x 0.9415 **
B3 y = 51.267 + 0.0039x 0.9447 **

Note: ** significant at P = 0.01, * significant at P = 0.05, ™ not significant at P = 0.05.
3.7. Soil Buffering Capacity

The effects of soil alone, CLB, and B1, B2, and B3 on soil pH buffering capacity are shown in
Figure 2 and Table 21. Regardless of treatment, there was a negative linear relationship between soil
pH and added mmol H*. Soil alone showed the lowest soil pH and pH buffering capacity (Figure 2).

Table 21. Effects of treatments on initial suspension pH and pH buffering capacity.

Treatment Initial pH pH Buffering Capacity (mmol H* kg~1 pH~1 Sample)
Soil 4.52 17.86
CLB 7.61 62.50
Bl 6.41 29.41
B2 6.89 27.78

B3 7.06 31.25
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4. Discussion

4.1. Concentrations of Nitrogen, Phosphorus, and Potassium in Equilibrium Solution

The higher P and K of the equilibrium solution of CLB were because of the initial contents of
these nutrients in the CLB (Table 2). The lower N of the CLB was due to N loss during pyrolysis [31].
However, the decreasing contents of N, P, and K in the equilibrium solution with increasing rate of CLB
(B1, B2, and B3) suggest that addition of this organic amendment increased N, P, and K adsorption.
The increasing or similar amounts of P or K remaining in the equilibrium solution with increasing
amount of CLB indicate that addition of CLB to the acid soil used in this present study did not maximize
adsorption of these nutrients.

4.2. Adsorption of Nitrogen, Phosphorus, and Potassium

The CLB adsorbed more N, P, and K than with soil alone because of the higher CEC of the organic
amendment (Table 2). The increase in N, P, and K adsorption with increasing rate of the CLB, the lowest
rate of the CLB is enough adsorb significant amounts of P and K because the adsorption of these ions
with higher amounts of the CLB were similar to the lower CLB rate.

4.3. Adsorption Isotherms of Nitrogen, Phosphorus, and Potassium

The fact that N adsorption followed only Freundlich isotherm (Tables 11 and 12) suggests that N
adsorption in all of the treatments occurred on the heterogeneous adsorbent surfaces of the samples [10].
Moreover, 1/n > 1 in all of the samples suggests that the N adsorption is an unfavorable adsorption
reaction [25]. In terms of P adsorption isotherms, soil alone showed the highest bonding energy
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constant (Kp) (Table 16) because P fixation by exchangeable A3 and Fe?*. This reaction transforms for
example, orthophosphates or soluble P into insoluble P [32]. Moreover, highly weathered tropical soils
tend adsorb P ions because of their anion exchange capacity [33]. On the other hand, B1, B2, and B3
showed lower K} compared with soil alone because of the high CEC of the CLB (Table 2). This suggests
that the negative charges of the CLB might have repelled phosphate ions [34].

Maximum adsorption capacity (qm) is the maximum mass adsorbed at saturation conditions per
mass unit of adsorbent in monolayer manners where, high qn, requires less P saturation maximum
mass adsorbed at saturation conditions per mass unit of adsorbent [35]. Thus, the higher maximum
adsorption capacities (qm) of B1, B2, and B3 compared with soil alone suggest that B1, B2, and B3
required less P to saturate the adsorbent because of the highly negative charged exchange sites of
the chicken litter biochar repelled P from being adsorbed. Furthermore, the relatively higher P of the
chicken litter biochar (Table 2) reduced P requirement from other sources to saturate the adsorbent.
Langmuir P adsorption isotherm on soil alone, B1, B2, and B3 indicates that P was adsorbed by
formation of a monolayer on the outermost surface of the adsorbent [12,13]. Phosphorus adsorption
was consistent with Freundlich isotherm because of lower x? value compared with Temkin isotherm.
This finding suggests that P adsorption occurred on the heterogeneous adsorbent surface of CLB and
this is inconsistent with Langmuir monolayer formation assumption [10]. Maximum buffering capacity
(MBC) is defined as the ability of an adsorbent to replenish ions in for example, soil solution [35].
This explains why soil alone showed the highest release P into the soil solution compared with B1, B2,
and B3.

In terms of K, the lower Langmuir bonding energy constants (K ) of B1, B2, and B3 (Table 17)
was due to the initial K content of the chicken litter biochar (Table 2) which might have saturated the
adsorption sites with K. The higher maximum adsorption capacity (qm) of B3 compared with CLB
suggests that the soil with B3 required less K to saturate the adsorbent [35] because of lower exchange
sites to adsorb K (Table 19). The soils with B3 showed higher maximum buffering capacity (MBC)
compared with CLB because soils with low CEC can easily release K into soil solution (Table 19).
According to Salarirad and Behnamfard [25], 1/n > 1 of B1 and B2 indicate unfavorable K adsorption.

4.4. Desorption of Nitrogen, Phosphorus, and Potassium

The higher N and P desorption rates of CLB relative to soil alone (Table 20) suggest that the
biochar chicken litter is able to temporary retain these ions (Table 2). The decreasing K desorption
with increasing rate of CLB was consistent with the preceding finding where it was noticed that higher
amendment rate lowered adsorption capacity.

4.5. Soil Buffering Capacity of Bekenu Series Soil

The lowest soil pH and pH buffering capacity (Figure 2) in soil alone compared with soil with
CLB was due to the lower organic matter and CEC of the soil (Table 1). pH buffering capacity of the
soil used in this study is typical of Ultisols and Oxisols (9 to 27 mmol kg~! pH™!) [27]. Because the CLB
was higher in organic matter and CEC, pH buffering capacity of the soil with this organic amendment
was higher than that of soil alone (Table 21 and Figure 2) [35]. pH buffering capacities of soil alone and
the soils with amendments B1, B2, and B3 were within the standard range of 10 to 100 mmol H* kg™
pH™! [26].

5. Conclusions

Chicken litter biochar increased soil pH, and pH buffering capacity but unlike P and K adsorption,
the different rates of CLB significantly increased N adsorption, suggesting that this soil amendment has
high affinity for N than P and K. Also, because CLB reduced N, P, and K desorption, it suggests that N
in particular will be slowly released with time. The reduced N desorption but higher N adsorption
further indicates that N can be temporary fixed by CLB. This work has revealed that CLB is more
effective in controlling soil N availability for timely crop use to avoid losses than P and K.
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