Ayenew et al. Environ Syst Res (2018) 7:17
https://doi.org/10.1186/540068-018-0121-1

® Environmental Systems Research

RESEARCH Open Access

Phosphorous status and adsorption

® CrossMark

characteristics of acid soils from Cheha
and Dinsho districts, southern highlands

of Ethiopia

Bereket Ayenew!'”, Abi M. Tadesse?, Kibebew Kibret® and Asmare Melese?

Abstract

Background: Though soils in the study areas are characterized by higher iron and aluminum oxides, and low
available P contents, study on P adsorption characteristics is limited. The purpose of this experiment was to evalu-
ate adsorption properties of selected soils and determine the standard phosphorous requirements of the soils. In

this experiment, separately weighed 2 g soil samples were equilibrated in 50 ml of 0.01 M CaCl, solution containing
KH,PO, atrates of 0, 1, 2.0,4.0, 8.0, 16.0, 24.0, and 32.0 mg P L.

Results: The Freundlich model was found to be the best model for the description of the P adsorption characteristics
of the soils. The Freundlich coefficient K¢ ranged from 123.32 t0 315.31 mg P kg~". The Goha-1 soil had the highest K,
(315.31 mg P kg™') as Ketasire had lowest K, (12332 mg P kg™') values. The value of SPR¢ was ranged from 50.50 to
154.02 mg P kg™ for soils of the study area. Highly significant (P <0.01) correlation was observed between the Freun-
dlich adsorption parameters and soil physicochemical properties.

Conclusion: The standard P requirement of the studied soils was higher than the blanket P fertilizer rate recom-
mendations in Ethiopia. Lack of inadequate knowledge about internal and external P requirement of each crop might
have decreased yield in the study areas as it could have resulted in under-application of fertilizer P. The presence of
high correlation between the adsorption parameters and the soil properties suggested the indices prominent role in
explaining P adsorption characteristics of the soils. Since higher dose of P is required by soils in the study area because

of fixation, alternative P management strategies is needed to reduce P adsorption and enhance P availability.
Keywords: Fertilizer, Freundlich model, Isotherm, Oxyhydoxides, Phosphorous requirement

Background

Phosphorus (P) in soils is important because adequate
availability of this nutrient among other nutrients is
required for plant growth and crop production. How-
ever, in acidic soils, leaching of elements such as Ca, Mg,
K and Na, silicates and carbonates, and transformations
of Fe and Al into oxides or oxyhydroxides creates new
functional groups for P adsorption (Jesse et al. 2016).
Phosphorus (P) deficiency is particularly widespread in
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and indicate if changes were made.

rain-fed upland farming systems throughout the tropics
and remains a major plant nutrient constraint (Asmare
et al. 2015). Similar to the other agricultural soils of the
tropics Ethiopian soils are generally low in P (Mamo
and Haque 1987) and hence P is one of the limiting ele-
ments in crop production in the highlands of the coun-
try. Therefore, P application has become an essential part
of crop production systems in order to provide adequate
food and fiber for human consumption (Jalali 2007).
Phosphorous reacts readily with metallic species and
in highly weathered acidic soils, Fe and Al oxyhydrox-
ides are the dominant species with which adsorption of
P occurs principally via the formation of an inner-sphere
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complex between orthophosphate anions and amor-
phous oxides [Fe,, and Al , (Tan 2000; Sims and Pierzyn-
ski 2005; Ahmed et al. 2008; Rayment and Lyons 2011)].
These short range crystalline oxyhydroxides (amorphous)
are well known to affect P sorption in soils (Janardhanan
and Daroup 2010). Phosphorus adsorption depends
on the nature and quality of sites available on the min-
eral surfaces and is therefore affected by high clay con-
tents (Bahia et al. 1983). Studies also revealed that (Bedin
et al. 2003; Moreira et al. 2006) the presence of large
proportions of sesquioxides on clays, pH, exchange-
able aluminum and organic matter influence phosphate
adsorption and precipitation with iron and aluminum.

The extent of P adsorption and availability greatly
varies from soil to soil owing to their differences in
physicochemical properties (Muindi et al. 2015) and
management (Moazed et al. 2010). Thus, understand-
ing the P-sorption characteristics of soils are important
for designing appropriate management strategies and
predicting fertilizer requirements that are needed to be
applied (Zhang et al. 2005). Most of the current manage-
ment strategies rely on measuring P availability by leach-
ing the soil with an extractant (Hansen and Strawn 2003).
However, sorption reactions and phosphorous buffer
capacity (PBC) of soils play an important role in both
agronomic and environmental P management aspects.
Sorption isotherms are much used to characterize the
retention of P and the PBC of soil (Yli-halla et al. 2002).

Phosphorus availability to plants is mainly ruled by
three factors: (i) the concentration of P in the soil solu-
tion (‘intensity’ factor, I), (ii) the amount of P in the solid
phase that can be easily made available to plants (‘quan-
tity’ factor, Q), and (iii) the capacity of soil to keep the P
concentration in soil solution sufficiently high (P buffer
capacity, PBC) (Sanchez-Alcala et al. 2014). The capacity
of the soil to adsorb P greatly influences plant responses
to applied P fertilizers and the calibration of soil tests for
P (Amrani et al. 1999). Therefore, knowledge of the abil-
ity of the soil to adsorb P fertilizer is required to provide
an accurate estimate on the P fertilizer requirements of
soils (Jalali 2007). This could be obtained by determin-
ing the amount of P adsorbed by soils at a concentration
of phosphorus in solution known to be non-limiting to
plant growth (Henry and Smith 2003).

Although most highland soils are characterized by
soil acidity and high P fixation capacity due to intensive
weathering and leaching attributed to high rainfall condi-
tions (Desta 2015), little is known about soil P adsorption
capacity and P fertilizer requirements of soils in Ethio-
pian highlands. Moreover, factors affecting the adsorp-
tion capacity of the soils and appropriate amount of P
fertilizer required by the soils of the study area have not
yet been investigated. Thus, the objective of the present
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work was to evaluate the P adsorption characteristics
of soils and estimate the adequate amount of fertilizer
P required by the soils and relate the coefficients of the
adsorption models to the soil chemical properties.

Methods

Description of the study area

The study was conducted in Ethiopian highlands of
Dinsho district in Bale zone and Cheha district in Gur-
age zone, Ethiopia (Fig. 1). Dinsho district lies between
6°58’40" and 7°20'0” N, and 39°44/0” and 40°26’40" E.
Physiographically, most of the land area of the district
is situated above 2000 m above sea level (masl). The dis-
trict is classified into three agro-climatic zones: highlands
(2300-2600 masl), midlands (1500-2300), and lowlands
(1200-1500). The district has a bimodal rainfall distribu-
tion with mean annual rainfall of about 1150 mm. The
maximum and minimum mean annual temperatures of
the District are 17.5 and 6 °C, respectively. Wheat and
barley are some of the major cereal crops grown in the
area. The major reference soil groups in the district are
Pellic Vertisols, Eutric Cambisols, Eutric Nitosols (now
Nitisols), and Chromic Luvisols (FAO 1984).

Cheha district is situated between 8°32’0” and 8°20'0"
N, and 37°41'20” and 38°2/40"” E, at an elevation that
ranges from 900 to 2812 masl. EIAR (2011) classified
the area into three agro-ecological zones i.e. highlands
(2300—-3200 masl), midlands (1500—-2300 masl), and low-
lands (500—-1500 masl) based on the bimodal rain fall sys-
tem. The 10 years mean annual rainfall of the district is
about 1268 mm. The mean annual maximum and mini-
mum temperatures are 24.97 and 10.69 °C, respectively.
The dominant soil types are Eutric Nitosols, Leptosols,
and Pellic Vertisols (FAO 1984).

Site selection, soil sampling, and soil analysis

A preliminary soil survey and field observation was
made using topographic map (1:50,000) of the study
area. Soil pH (potentiometer), altitude (GPS), and slope
(clinometer) were used as criteria for selection of soil
sampling sites. Fifteen (15) sub-samples were collected
from each sampling site to make one composite sample.
Accordingly, twelve composite soil samples (0—15 cm),
seven from Cheha district (Goha 1, Goha 2, Goha 3,
Aftir, Abret, Kechot, and Moche), and five from Din-
sho district (Doyomarufa 1, Doyomarufa 2, Tulu, Weni,
and Ketasire) having pH values of less than 5.5 were
obtained within an altitudinal range of 2000—3000 masl
and slope less than 8% (Table 1). Soil pH was measured
at field condition using portable pH meter to select soils
having a pH of less than 5.5. The soil samples were put
in plastic bag, tagged, and transported to laboratory for
analysis during the 2014/15. Consequently, adequate
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Fig. 1 Location Map of the Study Areas, a Oromia and SNNP regions in Ethiopia, b Cheha district in SNNP region, ¢ Dinsho district in Oromia region,
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Table 1 Sampling locations and site description

Sampling Longitude Latitude (N) Altitude Slope (%)
Sites (E) (masl)

S 037°93/891”  08°033'45" 2426 4
SC2 037°94/389”  08°032/35" 2508 3
SC3 037°947134”  08°030'78" 2498 2
SC4 037°917180”  08°052/36” 2302 5
SC5 037°92/114"  08°043/58" 2401 3
SC6 038°02/572"  08°038'63" 2603 5
SC7 038°02/377"  08°038/23” 2563 5
SD1 039°51/934”  07°075'65" 2819 4
SD2 039°517900”  07°072/28" 2832 5
SD3 039°52/387"  07°066'39" 2790 3
SD4 039°52/450”  07°071701" 2768 2
SD5 039°52/714"  07°080'40" 2719 5

SC1 Goha 1, SC2 Goha 2, SC3 Goha 3, SC4 Aftir, SC5 Abret, SC6 Kechot, SC7
Moche, SD1 Doyomarufa 1, SD2 Doyomarufa 2, SD3 Tulu, SD4 Weni, SD5 Ketasire

(about 1 kg) amount of composited soil samples were
air dried and ground to pass through a 2 mm sieve for
analysis of selected soil chemical and physical proper-
ties except organic carbon and total nitrogen in which
case the samples were passed through a 0.5 mm sieve.

Analysis of soil physical and chemical properties

Soil particle size distribution was analyzed by the Bouy-
oucus hydrometer method (Day 1965). Soil bulk den-
sity was measured from three undisturbed soil samples
collected using a core sampler following the proce-
dure described by Jamison et al. (1950). Soil pH meas-
ured potentiometrically in H,O and 1 M KCI solution
at the ratio of 1:2.5 for soil: water and soil:KCl solu-
tions using a combined glass electrode pH meter (Van
Reeuwijk 1992). Cation exchange capacity (CEC) of the
soils was determined by making use of the method sug-
gested by Lavkulich (1981). Exchangeable acidity was
determined by saturating the soil samples with 1 M KCl
solution and titrating with 0.02 M NaOH as described
by Rowell (1994). Soil organic carbon was determined
by the dichromate oxidation method as described
by Walkley and Black (1934). Available P was deter-
mined as Mehlich-3 P by shaking the soil samples with
an extracting solution of 0.2 M CH;COOH+0.25 M
NH,NO;+0.015 M NH,F+0.013 M HNO3;+0.001 M
EDTA for 5 min (Mehlich 1984) and total soil P was
determined using the method stated by Olsen and Som-
mers (1982).

The P fractions were successively extracted with 1 M
NH,CI (available Pi), 0.5 NaHCO; (labile P; and Po
adsorbed on the soil surface), 0.1 M NaOH (moderately
labile Pi and Po held more strongly by chemisorption to
surfaces of Al and Fe oxides), Sonicate+0.1 M NaOH
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(Pi and Po adsorbed within surfaces of Al and Fe oxides
of soil aggregates-occluded P), 1 M HCI (P associated to
Ca, derived from primary mineral-apatite) and a mix-
ture of HNO; and HCIO, (residual P-non-labile, stable
Po forms and relatively insoluble Pi forms) as described
by Hedley et al. (1982) and modified by Chen et al
(2000). The oxalate extractable P, Al and Fe (P, Al,, and
Fe,,) were determined with 0.05 M ammonium oxalate
((NH,),C,0,4.2H,0, pH 3.3) for 2 h in the dark (Mck-
eague and Day 1966). Citrate bicarbonate dithionite-
extractable Fe and Al (Fey and Al,) were determined by
the method of Mehra and Jackson (1960). The degree of P
saturation (DPS) was determined as the percentage of the
ratio of the different forms of P to the oxalate extractable
Al and Fe (Al,, and Fe_,) as follows (Van der Zee et al.
1988).

Phosphorous adsorption characteristic study

In view of the results of several studies on adsorption
characteristics of acidic soils of Ethiopia (Birru et al
2003; Asmare 2014; Zinabu et al. 2015) and P adsorption
kinetics of the studied soils (Bereket 2017) (unpublished)
it was decided to use low initial P concentrations for
adsorption experiments. Data for plotting P adsorption
isotherms were obtained by equilibrating triplicate sam-
ples of 2 g of each soil. Following the procedure of Fox
and Kamprath (1970), separate air-dried ground soil was
equilibrated in 50 ml of 0.01 M CaCl, supporting elec-
trolytes containing KH,PO, at rates of 0.0, 1.0, 2.0, 4.0,
8.0, 16.0, 24.0, and 32.0 mg P L. Three drops of toluene
were added to each container to inhibit microbial activ-
ity. Three similar sets of containers for each soil were
prepared and equilibration was carried out in 50 ml tube
for 24 h at 25 °C. Each tube was covered with stopper to
check the water losses through evaporation. Immediately
after equilibration, the tubes were centrifuged and the
supernatant solution was filtered through Wattman 42
filter paper and P content of the supernatant was deter-
mined using the ascorbic acid molybdenum blue color
method (Watanabe and Olsen 1965). The quantities of
P adsorbed by the soil were calculated from the differ-
ence between the initially applied P and the equilibrium
soil solution P concentration (Yli-Halla et al. 2002). The
P adsorption properties of the soil samples were studied
with the Q/Ce (Q=adsorbed P and Ce=equilibrium P
concentration) plot technique. Meanwhile, soil exter-
nal P requirements were determined by substituting the
desired P concentration into the fitted equations (Dodor
and Oya 2000). The adsorption data were fitted to the
Langmuir and Freundlich models and coefficients of the
equations which best describe the sorption data has been
used for a correlation study. The linear form of the Lang-
muir model could be written as:
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1/Q =1/Qpax + 1/ (KL Qpax Ce)

where Q=amount of P adsorbed (mg P Kg™),
Q. = maximum amount of P adsorbed (mg P Kg~* soil),
Ce = equilibrium P concentration (mg P L), K; =affin-
ity coeflicient between phosphate ions and the surface
of soil particles, which is related to the bonding energy
(Lmg Y.

The linear form of the Freundlich model can be written
as:

logQ = logKf + N logCe

where Q=amount of P adsorbed (mg P kg™!), Ce =equi-
librium solution P concentration (mg P L™') and K; and
N are fitting parameters (buffer power). The K; values
represents the amount of P adsorbed (mg kg™') at unit
equilibrium concentration.

From the adsorption isotherms, the standard P require-
ment (SPR) (mg kg™') of the soil was determined. The
SPR is the amount of P required to maintain an equi-
librium concentration of 0.2 mg P L™! in soil solution
which has been shown to be a threshold for many crops.
The PBC was derived by the first derivative of Q to Ce,
from the non-linear Q-Ce curve (Ehlert et al. 2003) i.e.
the slope of the curve at 0.2 mg P L™! concentration of P
(Morel et al. 2000).

The dQ/dCe of the Freundlich model is computed as:

dq/dCe = K¢ x N x CeN~!

Similarly, the dQ/dCe of the Langmuir model is as
follows:

dq/dC = Qay X Kr/(1 + Ce x K1)?

Statistical analysis

The experimental data were statistically analyzed using
SAS version 9.00 (SAS 2004). The fit of each adsorption
model was evaluated by the determination coefficient
(R?) and root mean square error (RMSE) at a confidence
level of 95%. Furthermore, the coefficients of the Freun-
dlich model were correlated with the chemical properties
of the studied soils.

Results and discussion

Physicochemical properties of the studied soils

The textural class of studied soils was predominantly
clayey. In this regard, the clay content of the studied
soils ranged from 36.6 to 49.8% and the highest clay
content was recorded from SC3 soil, while the lowest
was obtained from SD3 soil. The variation in percent
clay among the soils studied could be attributed to land
use history, the intensity of cultivation. On this subject
Onweremadu et al. (2007) noted slight temporal tex-
tural differences in arable soils resulting from continuous
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cultivation. The pH (H,0O) value of the soils varied
between 4.65 and 5.45. Based on the rating suggested
by Jones (2003), very strongly acidic soils accounted for
58%, while 42% of the studied soils could be categorized
as strongly acidic suggesting the presence of substantial
quantities of exchangeable hydrogen and aluminum ions
which are associated with acidity (Table 2).

The cation exchange capacity of the studied soils
ranged from 21.15 to 36.03 cmol, kg™*. According to
Hazelton and Murphy (2007) the CEC of the soils were
in the range of moderate to high values. The variation in
CEC among the soils might be due to the differences in
OM content, clay mineral content and pH range of the
soils (Table 2). In agreement with the current study Pei-
nemann et al. (2002) reported that clay and organic mat-
ter are the main sources of CEC and the more clay and
organic matter (humus) a soil contains, the higher its
CEC. The exchangeable acidity and exchangeable Al of
the studied soils were found to be in the range of 0.56—
2.61 cmolc kg™! and 0.21-1.54 cmolc kg™, respectively.
The variability in exchangeable Al in soils was probably
due to the different soil types and other soil chemical
properties, such as pH, the organic matter content and
CEC of the soils (Al Baquy et al. 2017).

The percentage of organic carbon in soils in the study
area was ranged from 1.58 to 2.58% (Table 2). In gen-
eral, as per the rating developed by Hazelton and Mur-
phy (2007) OC content of soils of the study area were
ranged from moderate with average structural condition
and stability (1.00-1.80%) to high (1.80-3.00%) with a
good structural condition and stability. The variation in
percent organic carbon in soils of the study area could
be attributed to the management practices. Many stud-
ies confirm that carbon retention in soil is influenced
by crop management systems, such as crop rotation
(Saljnikov-Karbozova et al. 2004), tillage (Saljnikov et al.
2009), residue management (Rasmussen et al. 1980) and
fertilization and fertility (Saljnikov et al. 2005).

The amount of P extracted with Mehlich-3 ranged
from 8.90 to 25.75 mg kg . However, there was a con-
siderable variation among soils of the districts in terms
of the available P. As per the rating established by Ethio-
SIS (2014), Mehlich-3 extractable P contents of studied
soils could be qualified as very low (0-15 mg kg™!) and
low (15-30 mg kg ™) for soils. Soils of the study area were
appeared to have different concentrations of dithionite-
citrate-bicarbonate (DCB) and oxalate extractable Fe,
Al and P. Consequently, Al , contents of the soils varied
between 78.148 and 147.37 mmol kg™'; Fe_,, 73.75 and
174.69 mmol kg™'; Pox, 5.51 and 12.29 mmol kg~*; DPS,
4.13 and 18.62%. In view of the cut off point for loss of P
due to runoff (Ige et al. 2005) all the studied soils, showed
DPS values less than 20% indicating no risk of P loss from
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soil. These low values might be attributed to the higher
adsorption capacity of these soils for applied P fertilizer.
The relative abundances of P forms in the studied soils
were in the following order: Res-P>NaOH-Po>NaOH-
Pi>HCI-P > (NaOH-Pi)sn > (NaOH-Po)sn > NaHCO,-
Po>NaHCO;-Pi>NH,CI-P in soils from Cheha District
and HCI-P>Res-P>NaOH-Po >NaOH-Pi > (NaOH-Po)
sn>(NaOH-Pi)sn > NaHCO;-Po > NaHCO;-Pi > NH,CI-P
for soils of Dinsho district. The labile P (Pi in NH,Cl+ Pi
and Po in NaHCO,) varied between 1.09 and 2.15% sug-
gesting plant growth could be affected due to the pres-
ence of low biologically available P forms (Kiflu et al.
2017). The moderately labile P (Pi+ Po in NaOH) called
the Fe—Al associated P was varied between 22.88 and
48.77% and appeared to be very high compared to other
fractions. The relatively higher abundance of Al and Fe
bound P could be as a result of the presence of variable Al
and Fe contents in soils at various stages of relative devel-
opment and their reaction with soil P (Kiflu et al. 2017).
On the other hand the P associated to Ca (HCI-Pi) varied
between 11.00 and 35.75% which could be attributed to
the difference in Ca contents of the studied soils and the
residual-P varied between 26.78 and 30.34% (Table 2).

Phosphorous adsorption characteristics

Phosphorous adsorption isotherms

The preliminary investigation we carried out on phos-
phorous adsorption kinetics exhibited a period of 24 h
for maximum P adsorption. Furthermore, the kinetic
models also pointed out that the best linear regression
was observed at lower initial P concentrations. There-
fore, Phosphate adsorption isotherms of the studied soils
were determined by plotting the equilibrium concentra-
tion of phosphate (Ce) against the amount of phosphate
adsorbed (Q) which was resulted from 24 h equilibration
period.

A graphical illustration of the adsorption isotherms
of the studied soils with different curves followed a
smooth plateau pattern depicting variation in data set,
where shape of isotherms appeared to vary with soil
characteristics was presented in Figs. 2, 3 and 4. It can
be seen that the phosphorous adsorption and equi-
librium P concentrations were found to increase with
increasing levels of added P (0.5-32 mg P L) in all the
soils under investigation. In this regard Barrow (2015)
reported that the amount of phosphate adsorbed by soil
increases with increases in the solution concentration
of phosphate. However, a sharp increase in phospho-
rous sorption was showed at lower concentrations and
eventually approached a stable state at higher concen-
trations. This might be attributed to the unavailability
of more adsorption sites for P to be adsorbed as P is



Ayenew et al. Environ Syst Res (2018) 7:17

Page 7 of 14

Adsorption Isotherms
21000 -
2
o 800
E 600 ——5C1
: 400 ~8@—-SD1
W
-g 200 sc2
S 0 : . : : = f=5C6
< 000 2 4 6 8 10 12 14
Equilibrium concentration (mg L")
Fig. 2 Adsorption Isotherms of SC1, SD1, SC2 and SC6 soils
Adsorption Isotherms
1000 -
5 800 )
o0 T A
£ 600 b e —4—5C4
A 400 < I =@-5D4
TIA—A
g 200 - 44T A—SD5
5 o . : y —@-5C5
2 2009 5 10 15 20 25
Equilibrium Concentration (mg L)
Fig. 3 Adsorption Isotherms of SC4, SD4, SD5 and SC5 soils
Adsorption Isotherms
To
=
=1
g —4—5D2
= ——S5C7
T A—5C3
=
s o . . ' . —-5D3
S 200 9 5 10 15 20 25
Equilibrium Concentation (mg L")
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further added to the soil. In concurrent with the present
study Bai et al. (2012) also found that the P adsorption
on the three soils consistently showed a sharp increase
at lower initial P levels, and then approached a steady
state at higher phosphorus levels. The slopes of the
sorption curves showed that the amount of P adsorbed
by the soils differed among the studied soils. Therefore,
it is evident from these isotherms (Figs. 2, 3 and 4) that
soils in the study area exhibited different adsorption
characteristics. The probable reason for this variation
in adsorption capacity may be the disparity among the
soils in terms of soil properties which control the avail-
ability of P such as pH, clay content, organic matter,

Freundlich Adsorption Curves
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Fig. 5 Freundlich adsorption curves and equations for SC1, SC6, SD2
and SD5 soils

and oxides of Al or Fe (Bedin et al. 2003; Moreira et al.
2006).

Phosphorous adsorption indices

Fitting adsorption data to the adsorption equations was
carried out by plotting the data in the linearized forms
of the adsorption equations. The goodness of fit was
evaluated by simple linear regression coefficients calcu-
lated for the linear transforms (Figs. 5, 6, 7). Plotting the
adsorption data of the studied soils in the linear form of
the Langmuir and Freundlich equations resulted in com-
parable and highly significant relationships between P in
equilibrium solution and P adsorbed by soil.

The adsorption indices (coefficients) of linearized form
of both models are presented in Table 3. Accordingly, the
adsorption maxima (Q,,,,) of the soils were ranged from
680.22 to 1112.11 mg kg ! at 24 h equilibration period
(Table 3), indicating different concentration of the strong
sites (Fe,, and Al ) might have influenced the adsorp-
tion capacity of the soils (Chunye et al. 2009). The lowest
(680.22 mg P kg™!) and the highest (1112.11 mg P kg™?)
Q,..x Values were observed in SD1 and SC1 soils from
the adsorption study respectively. The variations in
Q,nox might be associated with the amount of Fe,, and
Al,, present in the soils. In agreement with the present
study, Campos et al. (2016) examined tropical soils with
Q,.., ranging from 60 to 5500 mg kg~!, and found that
Al and Fe were critical ions in controlling P sorption in
these soils. Moreover, very inconsistent Q,,,, values have
been reported by several studies from different parts of
the country, of which Birru et al. (2003) selected 16 soil
samples from Northwestern Highlands of Ethiopia and
reported very low value (5-108 mg P kg~!) compared
to the current study. On the other hand, soils under the
present study appeared to have lower Q,,, as compared
to acidic soils in Wonago district, southern Ethiopia
(Zinabu 2015). Likewise, the PBC; determined at the
standard P concentration in the 24 h of equilibration
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Fig. 6 Freundlich adsorption curves and equations for SC2, SC3, SD1,
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Fig. 7 Freundlich adsorption curves and equations for SC4, SC5, SD7,
and SD4 soils

period ranged from 85 to 398 L kg~! and was within the
range found by Asmare (2014) and Zinabu et al. (2015) in
different acidic soils of the country.
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The result of the regression analysis of the data from
the Langmuir model showed that the adsorption energy
coeflicient or binding energy constant of P on the adsorp-
tion sites (K;) values ranged from 0.09 to 1.13 L mg*
at 24 h equilibration period indicating the studied soils
had variable adsorption energy coefficient. Lin and Banin
(2005) reported 0.25-0.26 and 0.02—0.05 L mg~' of the
binding energy constants on the strong sites and weak
sites, respectively, in the clayey sand with 0.02-0.32%
of carbonate content. Therefore, the values measured in
the present study roughly fall within the same magnitude
as those for clayey soils. In agreement with, this study
Asmare (2014) also noted that the binding energy of P on
the adsorption sites of clayey acidic soils of Farta district
in northwestern highlands of Ethiopia was ranged from
0.21t00.96 L mg™".

It is evident from the data that the energy of adsorp-
tion (K;) value was found to be greater for soils that
had higher contents of oxyhydroxides of Fe and Al
higher sorption capacity (PSC), higher exchangeable Al
(exAl) and lower oxalate extractable Phosphorous (P
(Tables 3).

The maximum buffering capacity (MBC) of the soil,
which is the product of Q,,,, and K;, is a capacity fac-
tor that measures the ability of the soil to replenish
phosphate ions to the soil solution (Asmare 2014). The
MBC is potentially useful as a tool to characterize soil
types especially for low concentration range because it
describes both the nature and the capacity of P adsorp-
tion. According to the data presented in Table 3, the
values of the MBC of the soils were ranged from 86.82

ox)

Table 3 The Freundlich and Langmuir model parameters, SPR, PBC, MBC, RMSE and r? values after 24 h equilibration

period

Sampling  Freundlich parameters Langmuir parameters

Sites K¢ N RMSE  r? SPRfo2 PBCio2  Qmax K RMSE  r? SPR02 PBCloz MBCyy
SC1 31531 044 1.52 099 15402 34282 68027 113 5691 096 12547 769.23 627.35
SC2 24041 048 238 099 11095 266.54 78125 045 3266 0.99 65.02 354.61 298.04
SC3 26475 046 211 099 12639 29033 74627 061  29.88 0.99 81.69 458.71 363.77
SC4 250.14 047 2.25 099 11791 27549 76336 052 3553 0.99 71.63 395.26 32456
SC5 21895 049 278 0.99 9837 244.51 83333 033 2807 0.99 5128 27322 240.63
SC6 21214 050 293 0.99 94.04 23767 88496 028 2127 0.99 46.34 24449 219.56
SC7 227.07 048 259 099 10444 251.99 76923 041 3074 0.99 5831 31546 26944
SD1 20371 054 344 0.99 85.23 230.71 111211 019 1822 098 39.92 207.04 19243
SD2 21351 050 3.01 0.99 9533 23881 84746 029 3344 098 46.99 24876 22193
SD3 12437 055 643 0.99 50.85 141.29 94339 009 1488 097 17.69 90.17 86.82
SD4 20204 053 323 0.99 86.13 228.14 92593 024 1961 098 4205 220.26 200.71
SD5 12332 055 5.88 0.99 50.50 140.06 86956  0.11 12.39 098 18.62 95.15 91.11
Mean 21631 0502 321 0.99 97.85 240.69 84634 039 2780 0.98 5542 306.03 261.36

K:amount of P adsorbed, N slope, RMSE root mean square error, SPR, standard P requirement from Freundlich model, PBS; phosphorous buffering capacity from
Freundlich model, Q,,,, maximum adsorption, K, affinity coefficient, SPR standared P requiremnts, PBC phosphorous buffering capacity, MBC maximum buffering

capacity
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to 627.35 L kg% It can be seen that soils with higher
adsorption capacity, Fe,, and Al , concentration, clay
percent and exchangeable Al were appeared to have
higher maximum buffering capacity. The soils with the
highest MBC (SC1 and SC3) have higher adsorption
capacity, reflecting low P supply into soil solution for
a longer period as compared to the less buffered soils
which can supply ample P to soil solution. On the other
hand, soils with low buffering capacity will have more P
in soil solution and will enhance P mobility in such soils.
The Freundlich adsorption capacity (Kg), which is a
measure of the reactive surface area (relative adsorp-
tion capacity) of the soil, is presented in Table 3. It has
been shown that the K; values ranged from 123.32 (SD5)
to 315.31 (SC1) mg kg~ respectively. It may be seen that
the K; value was higher for the high P adsorbing soils
that adsorb more P per kg soil than the low P adsorbing
soils indicating strong affinity of adsorbate (P) towards
the adsorbent surfaces (soil). The variation observed in
P sorption capacities (K;) among soils from the assorted
sites might be ascribed to differences in oxides of Al and
Fe and clay content in soils (Obura 2008). Moreover, the
K values of the current study were in the range found by
Birru et al. (2003) who reported 904915 mg P kg™ for
acidic soils of north western highland of Ethiopia.
Phosphorous buffer capacity (PBC) of soils plays an
important role in both agronomic and environmental
aspects of P management (Ehlert et al. 2003). Sorption
isotherms are much used to characterize the retention
of P and the PBC; of soil (Yli-halla et al. 2002). Accord-
ingly, the phosphorous buffer capacity was obtained for
soils of each district from the slope of the linear equation
by plotting P adsorbed against P equilibrium concentra-
tion at 0.2 mg L' The result of this study indicated that
PBC; values determined at the standard P concentration
of 0.2 mg P L ™! increased with increase in the K; values.

Model validation and interpretation

The P adsorption data fitted to the linearized Langmuir
and Freundlich models are shown in Table 3. The coef-
ficients of determination (R?) for the Freundlich model
(0.99-1.00) were almost slightly greater than the Lang-
muir model (0.98-0.99) in the studied soils. Further-
more, the average distance at which the observed values
deviated from the regression line (RMSE) of the Fre-
undlich model (5.4-9.8) was smaller than that of the
Langmuir model (19.8-28.0) (Table 3). Hence, the Fre-
undlich model can be considered as a superior model
for the description of the P adsorption characteristics
of the soils in this particular study because of its lower
(RMSE) and slightly higher R* values. Moreover, the Fre-
undlich model, although originally empirical, implies that
the affinity for adsorption decreases exponentially with
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increasing saturation of the surface which is closer to
reality than the assumption of constant bonding energy
inherent in the Langmuir equation. Therefore, phospho-
rous sorption by the studied soil was well described by
the Freundlich equation.

The Freundlich constants K; and N, which represent
the intercept and slope of the log-transformed sorption
isotherm, may be taken as a measure of the extent of
adsorption and the energy of adsorption, for the thought-
out soils respectively. The former could also be consid-
ered as capacity factor implying that a soil having larger
K¢ value has superior adsorbing capacity than otherwise.
The Freundlich coefficient K; ranged from 123.32 to
315.31 mg P kg™' (Table 3). In this study, SC1 exhibited
the highest K; (315.31 mg P kg™') value where as SD5 did
show the lowest K; (123.32 mg P kg™!). The order of soils
according to their adsorption capacities is found to be:
SC1>SC3>SC4>SC5>SC6>SC2>SC7>SD2>SD4>S
D1>SD3>SD5. The observed difference in K, value of the
soils in the study area might be due to the disparity in the
distribution of oxyhydroxides of Fe and Al It has been
noted that adsorption of P in soils is controlled to a large
extent by the presence of amorphous Fe and Al (Agbenin
2003; Yan et al. 2013). These values are relatively high and
comparable with those found by Asmare (2014) for the
acidic soils of Farta district, northwestern highlands of
Ethiopia which varied from 80 to 259 mg P kg™'. On the
other hand the soils were found to have lower K; value
compared to the one reported and by Zinabu et al. (2015)
in acidic soils from Bule district, southern Ethiopia,
which varied from 479 to 487 mg P kg™!. The exponent
term (N) in the Freundlich relationship describing solid
phase P and solution P at equilibrium is less than one for
all of the soils (Table 3). This indicates that the relation-
ship is not curvilinear and suggests that adsorption of P is
controlling solution P concentrations in most of the soils
(Bertrand et al. 2003).

Phosphorus buffer capacity was obtained for each
soil from the slope of the linear equation by plotting
P adsorbed against P concentration at equilibrium for
the adsorption dominated part of the isotherm (0.5—
32 mg P L™1). Phosphorous buffer capacity (PBC,) of the
soils varied from 140.06 to 342.82 L kg™! (Table 3). In
the current study, all the studied soils appeared to have a
very high PBC; (Moody and Bolland 1999), the soils from
Cheha being higher. It can be inferred that more added
fertilizer P could be adsorbed, as I or Q is increased
(Jensen and Jakobsen 1970) in soil samples from Cheha
district compared to soils from Dinsho district. Moreover,
the soils with the highest PBC (SC1) have higher adsorp-
tion capacity and would maintain low P supply in soil
solution for a longer period as compared to least (SD5)
buffered soils which can supply ample P to soil solution.
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On the other hand, soils with low buffering capacity will
have more P in soil solution and will enhance P mobility
in such soils. About 75% of the studied soils were within
the range found by Asmare (2014) for eight acidic soils of
northwestern highlands of Ethiopia.

Standard phosphorus fertilizer requirements (SPR)
The SPR; of the soils calculated from the Freundlich equa-
tion (Table 3) at 0.2 mg P L™ is an estimate of P sorption
potential (Jackman et al. 1997; Wang et al. 2000). The
amount of P adsorbed at an equilibrium concentration of
0.2 mg P L™! was between 50.50 and 154.02 mg P kg~* of
soil. Fox (1981) and Afif et al. (1993) indicated that this
concentration (0.2 mg P L™!) is an adequate external P
requirement for most crops. The value of SPR; ranged
from 94.04 to 154.02 mg P kg™! for the soils of Cheha dis-
trict. Similarly, the SPR; of soils in Dinsho district varied
from 50.50 to 95.33 mg kg~!. The distinction in adsorp-
tion capacities of these soils might be ascribed to the dif-
ference in abundance and distribution of strongly reactive
P adsorption sites on amorphous Fe and Al oxides (Chu-
nye et al. 2009). In this regard different studies realized
that Fe , and Al were considered to be the key factors
in regulating P adsorption due to its large surface area,
variable-charge surface and high reactivity, especially in
redox-changing environments (Makris et al. 2005; Wang
et al. 2009; Yan et al. 2016). The higher values of SRP; in
case of Cheha soils indicate the need for application of
more P fertilizers to maintain optimum crop production
compared to soils collected from Dinsho district.

According to Sanchez and Uehara (1980), soils (SC2,
SC3, SC4, SC5, SC6, SC7, SD1, SD2, SD3, SD4 and SD5)
that adsorb less than 150 mg P kg™ soil to meet the SPR;
value of 0.2 mg L' in soil solution were considered to
be low adsorbing soil and the other adsorbing an amount
exceeding this value was high P adsorbing ones (SC1).
Furthermore, the results of the current study on the sub-
ject of SPR of these soils presented a comparable result
with those found by Asmare (2014); Zinabu (2015) and
Duffera and Robarge (1999) in different highly weathered
acidic soils of Ethiopia (42—175 mg P kg™!) in West Africa
(Abekoe and Sahrawat 2001). As a case in point Duffera
and Robarge (1999) reported that the amount of added
P required maintaining a concentration of 0.2 mg P L™*
in solution (SPR) ranged from 50 to 201 mg P kg~! for
surface soil samples from non-cultivated and non-fer-
tilized areas in Ethiopia. Likewise, Zinabu et al. (2015)
has found that the SPR values of acidic soils of Bule and
Wonago districts in southern Ethiopia ranging from 71.8
to 211 mg kg™

The consumption of fertilizers in sub Saharan Africa
was estimated to be 8 kg P ha™! (Morris et al. 2007) and
the blanket recommendation for cereal crops in Ethiopia
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was 20 kg P ha™'. However, in the present study at the
24 h of equilibration time, the SPR; of the soils ranged
from 50.50 to 154.02 mg P kg~* which was equivalent to
the application of 115.64 to 352.71 kg P ha™! and supe-
rior than the blanket recommendation in Ethiopia by
about a factor of 6—18.The differences in the SPR; of the
soils in the study sites indicate that application of blan-
ket P fertilizer rates for all study sites is not feasible. The
blanket recommendation of P fertilizer for Ethiopian
soils is therefore, inadequate for optimal crop produc-
tion at all the sites. This is because it can supply at most
only 20 kg P ha™!, which is much below the soils SPR;
of 115.64—-352.71 kg P ha™. Soils of the study area were
found to have analogous SPR; values with soils appraised
by Asmare (2014), where the application of P fertilizers
based on the blanket recommendation in the northwest-
ern highlands of Ethiopia could result in a substantial
yield deficit. Therefore, a mechanism has to be devised
to increase availability of P by attenuating the P high
adsorption capacity of the soils in order to increase pro-
ductivity especially for soils with relatively high P fixing
capacity (Cheha district).

The SPR; (0.2 mg L) levels for the studied soils that
were obtained after 24 h equilibration periods were not
remain similar and the soil solution P (intensity fac-
tor) depends on the adsorbed P (capacity factor) or the
buffering capacity of the soils (Fox 1981). Consequently,
the use of soil test P fertilizer recommendation based
on the adsorption curves together with plant response
for the applied P for different crop varieties should be
done for the soils of the study area rather than using the
usual conventional practice which could underestimate
or overestimate the amount P fertilizer to be applied.
Since the SPR; of the soils calculated from the Freundlich
equation (Table 3) is an estimate of P sorption potential
(Wang et al. 2000) and an adequate external P require-
ment for most crops (Afif et al. 1993), diverse crop varie-
ties in the study area could require different amount of P
fertilizer. Thus it could be inferred that the external and
internal P requirement of a crop as well as variety has to
be investigated to find a reasonable amount of fertilizer
to be applied to a particular soil with respect to crops and
sites.

Correlation between Freundlich adsorption indices and soil
properties

The correlation analysis was done between the Fre-
undlich adsorption indices (K; PBC; and SPRy) and
the various soil properties (Clay, exAl, CEC, OC, P,
Al,, Fe,,, Mhlich 3 P, NH,CI-P, NaOH-Pi and HCI-P)
and presented in Table 4. Adsorption parameters were
strongly and positively correlated with soil properties
ie, [r=0.89, P<0.01(K, and Fe,); r=0.87, P<0.01
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Table 4 Correlation table for Freundlich model coefficients and soil properties

CEC M-3P Al Feo oc Clay HCI-P NaOHPi  NH,C-P P, exAl
Ke —081™  —079% 087 089%  —086* 084%  —075% 062* —084*  —091% 0.78%
PBC;  —080%  —078% 0.86** 088*  —085* 084%  —074% 061% —084*  —091% 0.77%
SPR —084  —083* 0.89% 091%  —089* 085%™  —077* 065* —086™  —091% 081%
N 0.90% 004% 094"  —094% 093*  —090% 088%  —077* 093% 093%  —079%

CEC cation exchange capacity, M-3 P Mehlich-3 P, Al oxalte extractable Al, Fe,, oxalate extractable Fe, OC organic carbon, HCI-P HCl extractable P, NaOH-Pi NaOH
extractable inorganic P, NH,CI-P NH,Cl extractable P, Pox oxalte extractable P, exAl exchangeable Al

(Kfand Al ,); r=0.89, P <0.01 (Al , and SPR); r=0.84,
P <0.01 (K¢ and Clay); r=0.62, P <0.05 (NaOH-pi and
Kp); r=0.81, P <0.01 (exAl and SPR¢); r=0.91, P <0.01
(Fe,, and SPRy); r=0.89, P <0.01(Al,, and SPR¢)]. The
adsorption parameters were positively and strongly
correlated with Fe,, and Al indicating the presence
of reactive and strong P adsorption sites on Fe and Al
oxides (Chunye et al. 2009). The presence of high cor-
relation between the adsorption parameters and the
oxalate extractable Al and Fe suggest that those adsorp-
tion coefficients did play a prominent role in explain-
ing P adsorption characteristics of the soils in terms of
oxides of Fe and Al in the study area. It can also be seen
from the correlation study that in soils where there was
higher clay content, exAl, Al and Fe,,, concurrently
higher SPR;, PBC and K; values were observed. It veri-
fied the expectation that higher phosphorous buffering
capacity, fertilizer requirements and adsorption capac-
ity is expected in soils where clay content, exAl and
oxides of Fe and Al are dominating. This confirmed the
significant influence of soil texture on P sorption capac-
ity as reported by several authors (Yuan and Lucas
1982; Mozaffari and Sims 1994).

A significant and negative correlation was found
between the soil properties (CEC, OC, P.,, NH,CI-P,
and HCI-P) and the Freundlich adsorption param-
eters. However, NaOH-Pi was strongly and positively
(p<0.01) correlated with adsorption coefficients.
The compelling reason for strong positive associa-
tion between NaOH-Pi and the adsorption parame-
ters could be the greater contents of oxyhydroxides of
Fe and Al which in turn vigorously stabilize NaOH-Pi
in the soil (Yan et al. 2017). The significant and nega-
tive correlation between the organic carbon content
and adsorption indices (K SPR; and PBCy) (r=—0.86,
P<0.01; r=-0.89, P<0.01, r=-0.85 P<0.01)
respectively, for soils was concurrent with several
reports (Juo and Fox 1977 and Daly et al. 2001). How-
ever, there are results indicating positive correlation as
well (Wild 1950; Borling et al. 2001). Moreover, as case
in point other research results showed that OC can
have a significant and positive relationship (Ayaz et al.

2010) and significant negative relationship (Burt et al.
2002; Moazed et al. 2010) with the adsorption capacity
of the soils. From this strong association between these
parameters and soil properties it could be inferred that
in soils where we found high CEC, OC, P, NH,CI-P
and HCI-P there would be low adsorption capacity,
phosphorus buffering capacity and phosphorous fer-
tilizer requirements. Thus, the coefficients k; (amount
adsorbed), PBC; (Phosphorous buffering capacity), SPR;
(standard phosphorous requirement) and N (buffer
power) of Freundlich adsorption model were best pre-
dicted from CEC, Mehlich-3 P HCI-P, NH,CI-P, clay,
Fe,,, Al,,, NaOH-pi and exAl and P, and therefore put
forth a profound influence on the rate of P adsorbed
onto the soils.

Conclusions

The adsorption study was conducted to found the rela-
tionship between adsorbed P and solution P to appraise
the P adsorption properties of the soils by making use of
appropriate empirical model and evaluate the correla-
tion between adsorption indices and soil properties. The
Freundlich model could be considered as the best model
for the description of the P adsorption characteristics
of the soils in this particular study area. The Freundlich
coeflicient K; (adsorption capacity) value ranged from
123.32 to 315.31 mg P kg~ ! and depended on amorphous
form of Fe and Al (i.e. Fe,, and Al ,). Consequently, the
standard P requirements of the soils varied from 50.50
to 154.02 mg P kg™ ! of soil, implying the blanket recom-
mendation of P fertilizer for Ethiopian soils is therefore,
inadequate for optimal crop production in the study area
and was much below the soils’ actual P requirements.
Phosphorous buffer capacity (PBC;) of the soils varied
from 140.06 (SD5) to 342.82 L kg™! (SC1) and all of the
premeditated acidic soils (100%) was classified under
very high (>90) phosphorous buffering capacity soils and
would maintain low P supply in soil solution for a longer
period. Strong and positive significant relationship was
observed between the Freundlich adsorption parameters
(Kg PBC; and SPRy) and oxalate extractable Al and Fe
(P <0.01). The Freundlich adsorption coefficients play a
prominent role in explaining P adsorption characteristics
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of the soils in terms of oxides of Fe and Al in the study
area. The amount of P adsorbed, Phosphorous buffer-
ing capacity, standard phosphorous requirement of the
soils were best predicted from CEC, Mehlich-3 P HCI-P,
NH,CI-P, clay, Fe,,, Al ,, NaOH-pi and exAl and P, and
therefore put forth a considerate influence on the rate of
P adsorbed onto the soils. Therefore, a mechanism has
to be devised to increase availability of P by attenuating
the P adsorption capacity of the soils in order to increase
productivity especially for soils with relatively high P
fixing capacity. The blanket P fertilizer rate recommen-
dations in Ethiopia without the knowledge of external P
requirement of each crop might have decreased yield in
the study areas as it could have resulted in under-appli-
cation of fertilizer P. Thus it could be inferred that the
external and internal P requirement of a crop as well as
variety has to be investigated to find a reasonable amount
of fertilizer to be applied to a particular soil with respect
to crops and sites.
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