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Volcanic soils cover 1% of the Earth's surface and support 10% of the world's population.

They are among the most fertile soils in the world, due to their excellent physical

properties and richness in available nutrients. The major limiting factor for plant growth in

volcanic soils is phosphate fixation, mainly attributable to active species of aluminium and

iron. The sorption and desorption of phosphate is studied on the surface horizons of two

African agricultural soils, a silandic Andosol (Rwanda) and a vitric Andosol (São Tome and

Principe). Both soils are slightly acid. The silandic Andosol is rich in active aluminium

forms, while the vitric Andosol has high amounts of crystalline iron and aluminium oxides.

Sorption isotherms were determined by equilibrating at 293K soil samples with phosphate

solutions of concentrations between 0 and 100 mg P L-1 in NaNO3; phosphate was

determined by visible spectrophotometry in the equilibrium solution. To study desorption,

the soil samples from the sorption experiment were equilibrated with 0.02 M NaNO3. The

isotherms were adjusted to mathematical models. In almost all the concentration range,

the adsorption of phosphate by the silandic Andosol was greater than 90% of the amount

added, being lower in the vitric Andosol but always higher than 65%. The high sorption by

the silandic Andosol is attributed to its richness in non-crystalline Fe and Al, while in the

vitric Andosol crystalline iron species seem to play a relevant role in the adsorption. The

sorption isotherms of both soils fitted to the Temkin model, the adjustment to the

Langmuir or Freundlich models being unsatisfactory; throughout the range studied, the

sorption increases with increasing phosphorus concentration, a maximum sorption is not

predictable (as occurs when the sorption is adjusted to the Langmuir model). For an added

P concentration of 100 mg L-1 (3.2 mmol L-1), the sorption is 47.7 μmol P g-1 in the silandic

Andosol and 41.6 μmol P g-1 in the vitric Andosol. The desorption is low and the comparison

of the sorption and desorption isotherms reveals a pronounced hysteresis, that is, the

irreversibility of the sorption. The high phosphate sorption and its irreversibility are

comparable to those published for other volcanic soils with high contents of allophane,
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active aluminium and free iron. The strong phosphate adsorption is a serious limiting

factor for plant growth, which requires a careful management of phosphorus fertilization.
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13 ABSTRACT

14 Volcanic soils cover 1% of the Earth's surface and support 10% of the world's population. They 
15 are among the most fertile soils in the world, due to their excellent physical properties and 
16 richness in available nutrients. The major limiting factor for plant growth in volcanic soils is 
17 phosphate fixation, mainly attributable to active species of aluminium and iron.

18 The sorption and desorption of phosphate is studied on the surface horizons of two African 
19 agricultural soils, a silandic Andosol (Rwanda) and a vitric Andosol (São Tome and Principe). 
20 Both soils are slightly acid. The silandic Andosol is rich in active aluminium forms, while the 
21 vitric Andosol has high amounts of crystalline iron and aluminium oxides. Sorption isotherms 
22 were determined by equilibrating at 293K soil samples with phosphate solutions of 
23 concentrations between 0 and 100 mg P L-1 in NaNO3; phosphate was determined by visible 
24 spectrophotometry in the equilibrium solution. To study desorption, the soil samples from the 
25 sorption experiment were equilibrated with 0.02 M NaNO3. The isotherms were adjusted to 
26 mathematical models.

27 In almost all the concentration range, the adsorption of phosphate by the silandic Andosol was 
28 greater than 90% of the amount added, being lower in the vitric Andosol but always higher than 
29 65%. The high sorption by the silandic Andosol is attributed to its richness in non-crystalline Fe 
30 and Al, while in the vitric Andosol crystalline iron species seem to play a relevant role in the 
31 adsorption. The sorption isotherms of both soils fitted to the Temkin model, the adjustment to the 
32 Langmuir or Freundlich models being unsatisfactory; throughout the range studied, the sorption 
33 increases with increasing phosphorus concentration, a maximum sorption is not predictable (as 
34 occurs when the sorption is adjusted to the Langmuir model).

35 For an added P concentration of 100 mg L-1 (3.2 mmol L-1), the sorption is 47.7 μmol P g-1 in the 
36 silandic Andosol and 41.6 μmol P g-1 in the vitric Andosol. The desorption is low and the 
37 comparison of the sorption and desorption isotherms reveals a pronounced hysteresis, that is, the 
38 irreversibility of the sorption. The high phosphate sorption and its irreversibility are comparable 
39 to those published for other volcanic soils with high contents of allophane, active aluminium and 
40 free iron.

41 The strong phosphate adsorption is a serious limiting factor for plant growth, which requires a 
42 careful management of phosphorus fertilization.

43 Keywords: phosphate, sorption, desorption, volcanic soils, andosols, phosphate fixation, 
44 sorption isotherms, Temkin model, Rwanda, São Tome and Principe

45
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47 INTRODUCTION

48 Volcanic soils cover 1% of the Earth's surface but support 10% of the world's population (Neall, 
49 2009). These soils are among the most fertile in the world, due to their excellent physical 
50 properties and their richness in available nutrients. From the chemical point of view, their major 
51 limitation is phosphate fixation, attributable mainly to active species of aluminium and iron 
52 (Nanzyo, 2002).

53 Adsorption of oxyanions by soils and mineral surfaces has received considerable attention 
54 (Adegoke et al., 2013; Gasparatos et al., 2006; Jiang et al., 2015; Kumar et al., 2016; Parfitt, 
55 1979), due to their role as nutrients or pollutants. Mineral surfaces, particularly those of metal 
56 (hydr)oxides, can adsorb oxyanions by specific and non-specific complexation mechanisms 
57 (Goldberg and Johnston, 2001). Specifically adsorbed oxyanions are strongly bound to the 
58 surface through covalent bonds formed by ligand exchange with surface OH groups (inner 
59 sphere complexes). Non-specifically adsorbed oxyanions bind weakly to the surface by 
60 electrostatic attraction through an interposed water molecule (outer sphere complexes).

61 Soil available phosphorus is constituted by phosphorus in the soil solution plus the so-called 
62 labile phosphorus, which easily passes from the soil solid phase into solution. The specific 
63 adsorption of phosphate by active soil surfaces transforms it into non-labile, hence non-available, 
64 phosphorus.

65 The presence of active forms of aluminium and iron, such as oxides, oxyhydroxides, short-range 
66 order silicates (allophane, imogolite), Al(Fe)-humus complexes, is a characteristic of volcanic 
67 soils. These materials confer the soil the ability to adsorb phosphate. Phosphate fixation by iron 
68 and aluminium oxides or allophane is a limiting factor for plant growth, given the condition of 
69 essential nutrient of phosphorus (Sanchez et al., 2003). The high phosphate fixation by iron and 
70 aluminium oxides can be shown by a value of iron extractable by dithionite-citrate higher than 
71 4% and leads to phosphate fertilization needs of more than 100 mg P kg-1. The high phosphate 
72 fixation by allophane or imogolite can be evidenced by a value of pH in NaF higher than 10 and 
73 leads to phosphate fertilization needs of more than 200 mg P kg-1.

74 In Rwanda, the most densely populated country in Africa, volcanic soils occupy an area of 700 
75 km2, being crucial for population livelihoods (Neall, 2009). São Tomé (São Tomé and Principe), 
76 with an area of 857 km2, is a small volcanic island, mainly basaltic in nature, near the West 
77 African coast, which is part of the volcanic alignment known as the Cameroon hot line (Deruelle 
78 et al., 2007).

79 This paper aims to study the adsorption and desorption of phosphate by the surface horizons of 
80 two agricultural soils of equatorial Africa, a silandic Andosol (IUSS Working Group WRB, 
81 2014) on volcanic ash (Rwanda) and a vitric Andosol on basaltic material (São Tomé and 
82 Principe). Silandic Andosols are characterized by their richness in short-range-order silicates 
83 (allophane, imogolite), while vitric Andosols are characterized by the presence of volcanic glass 
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84 and a lower content of short-range-order minerals (lesser degree of weathering). Volcanic soils 
85 have been studied extensively in the world, but there is very little information on volcanic soils 
86 in Africa.

87

88 MATERIALS AND METHODS

89 Soils

90 The surface horizons (0-20 cm) of two agricultural soils located in Rwanda and São Tomé and 
91 Príncipe were used in the study. The first one, developed from volcanic ash, classifies as silandic 
92 Andosol (IUSS Working Group WRB, 2014), while the soil of São Tomé Island classifies as 
93 vitric Andosol. The geographic location and some relevant properties of the two studied soils are 
94 presented in Table 1. The aluminium extracted by acid oxalate (Alo) estimates the "active 
95 aluminium" (aluminium in organic complexes, in non-crystalline hydrated oxides, in allophane 
96 and imogolite) (Garcia-Rodeja et al., 2004; Parfitt and Childs, 1988). The iron extracted by acid 
97 oxalate (Feo) corresponds essentially to ferrihydrite (Nanzyo, 2002; Parfitt and Childs, 1988). 
98 The concentrations of aluminium and iron extractable by acid oxalate fulfil the requirement for 
99 andic properties (Alo + ½ Feo > 2%; IUSS, 2014) in the soil of Rwanda and for vitric properties 

100 (Alo + ½ Feo: 0.4 - 2%) in the soil of São Tomé.

101 The dithionite-citrate extracts the total free iron (Fed), including non-crystalline forms of iron 
102 (Feo) and crystalline oxyhydroxides (goethite, hematite, magnetite ...) (García-Rodeja et al., 
103 2007; Parfitt and Childs, 1988). The aluminium extracted by dithionite-citrate (Ald) includes 
104 non-crystalline aluminium forms (although it is ineffective in the extraction of non-crystalline 
105 aluminosilicates) as well as aluminium occluded in crystalline iron oxyhydroxides (García-
106 Rodeja et al., 2007). The concentration of Fed is very high in the São Tomé's vitric Andosol, 
107 which presents moderate concentrations of non-crystalline Fe and Al, but a large amount of 
108 crystalline iron oxyhydroxides. On the other hand, the silandic Andosol of Rwanda has a Feo/Fed 
109 ratio of 0.75, indicating the predominance of non-crystalline forms of iron over crystalline forms. 
110 In the São Tomé vitric Andosol, the aluminium extractable by dithionite-citrate is higher than 
111 that extractable by acid oxalate, which indicates the presence of aluminium in the crystalline 
112 lattices of iron oxyhydroxides.

113 Values of pH in NaF higher than 9.5 indicate the presence of allophane and/or organo-aluminium 
114 complexes (IUSS, 2014), materials active in the fixation of anions.

115 The soil samples were air-dried and sieved (<2 mm) prior to analysis.

116

117 Sorption and desorption isotherms
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118 To determine the sorption isotherms, 0.5 g of soil were equilibrated with 10 mL of solution of 
119 phosphate in 0.02 M NaNO3 as background electrolyte at room temperature (293K). P 
120 concentrations in equilibrating solutions ranged between 0 and 100 mg.L-1 (0, 2, 4, 10, 20, 40, 60 
121 and 100 mg L-1) and the solution pH was adjusted to the value of soil pH. The suspensions were 
122 shaken for 24 hrs, centrifuged at 6000 rpm. for 15 minutes, and filtered through acid-washed 
123 filter paper. The determinations were carried out in triplicates. Phosphorus was determined in the 
124 equilibrium solution by visible spectrophotometry with molybdate by the ascorbic acid-reduced 
125 method (Kuo, 1996). Adsorbed phosphorus was calculated as the difference between added P 
126 and P in the equilibrium solution.

127 Desorption experiments were carried out in soil samples previously equilibrated with various 
128 phosphate concentrations. After removing the supernatant solution, 10 mL of 0.02 M NaNO3 
129 solution adjusted to the soil pH were added, the suspensions shaken for 24 hrs, centrifuged at 
130 6000 rpm. for 15 minutes, and filtered through acid-washed filter paper. Phosphorus was 
131 determined in the equilibrium solution as in the sorption experiments. The P concentration 
132 remaining in the adsorbed phase was calculated from the concentration adsorbed after the 
133 sorption equilibrium and the concentration released to the solution, making a correction to take 
134 into account the solution embedded in the solid after sorption equilibrium.

135 Sorption and desorption isotherms were obtained by plotting the phosphorus concentration in the 
136 adsorbed phase versus the solution concentration at equilibrium. The isotherms were fitted to 
137 mathematical models, namely the Langmuir, Freundlich and Temkin isotherms (Mead, 1981).

138 The Langmuir isotherm is described by the equation Q = Qmax*KL*c/(1+KL*c), where Q is the 
139 concentration of the adsorbed anion (mmol kg-1), c is the concentration in the liquid phase at 
140 equilibrium (µmol L-1), KL is a constant related to the adsorption energy and Qmax (mmol kg-1) is 
141 the maximum adsorption capacity. The Langmuir model assumes the adsorption of a monolayer, 
142 that all the adsorption sites have the same adsorption energy and that there is no interaction 
143 among the adsorbed molecules (or ions).

144 The Freundlich isotherm is described by the equation Q = KF*cn, where Q and c have the same 
145 meaning as in the Langmuir equation, KF is the adsorption constant and n is a constant whose 
146 value varies between 0 and 1. The Freundlich model assumes that the adsorption surface is 
147 heterogeneous and that the adsorption energy decreases exponentially as the concentration in the 
148 adsorbed phase increases. It does not predict an adsorption maximum.

149 The Temkin isotherm is described by the equation Q = (RT/b)*ln(Ac) or Q = B*ln(Ac), where Q 
150 and c have the same meaning as in the Langmuir equation, R is the ideal gas constant (8.314 J 
151 mol-1 K-1), T is the absolute temperature (in our case 293K, that is 20ºC) and A and b are 
152 constants related to the heat of adsorption. It considers that the adsorption surface is 
153 heterogeneous and that the adsorption energy decreases linearly with the concentration in the 
154 adsorbed phase. There is no maximum adsorption.
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155 RESULTS 

156 P sorption was very high in both the silandic and the vitric Andosols. In both soils, phosphorus 
157 sorption increased continuously as the phosphorus concentration in the equilibrating solution 
158 increased. P sorbed reached 47.7 µmol P g-1 in the silandic Andosol (Rwanda) and 41.6 µmol P 
159 g-1 in the vitric Andosol (São Tomé) for a P concentration of 3.2 mmol L-1 (100 mg L-1) in the 
160 equilibrating solution. The percent sorbed P values (Table 2) ranged from 77.0 to 98.1 in the 
161 silandic Andosol (Rwanda) and from 65.6 to 95.9 in the vitric Andosol (São Tomé). The highest 
162 percentages corresponded to 10-20 mg P L-1 in the equilibrating solution (Figure 1).

163 The sorption isotherms for both soils (Figure 2) did not fit the Langmuir or Freundlich models. 
164 On the contrary, they fitted the Temkin model (r2= 0.9702 for the vitric Andosol and 0.9770 for 
165 the silandic Andosol). The fitted equations were Q = 9.6843 ln (0.2519 c) for the silandic 
166 Andosol and Q = 8.3025 ln (0.1367 c) for the vitric Andosol. Alternatively, the experimental 
167 points can be adjusted to two straight lines, the first with steep slope and the second with gentle 
168 slope:

169 Q = 0.3792 c; Q = 0.0197 c + 33.363 for the silandic Andosol (Figure 3).

170 Q = 0.3268 c; Q = 0.0178 c + 22.453 for the vitric Andosol (Figure 4).

171 The P desorption is always less than 21% of the P sorbed in both soils (Table 2). The desorption 
172 isotherms (Figures 3 and 4) also fitted the Temkim model. The fitted equations were Q = 22.014 
173 ln (0.1286 c), r2=0.9448 for the silandic Andosol and Q = 15.436 ln (0.1034 c), r2=0.9855 for the 
174 vitric Andosol.

175

176 DISCUSSION

177 The concern raised by the sorption of phosphate by soils has a double aspect: agronomic and 
178 environmental. Phosphorus is an essential nutrient, so its availability in agricultural soils is 
179 crucial for plant development. On the other hand, the existence of excess phosphorus gives rise 
180 to its export to aquatic environments, where it can be the cause of eutrophication processes. In 
181 soils poor in available phosphorus, like those in the present study (Table 1), the main concern is 
182 the availability of this macronutrient, which can be reduced by its adsorption by soil components, 
183 in particular non-crystalline materials. A strong retention is an undesirable process, particularly if 
184 poorly reversible. On the contrary, in over-fertilized soils phosphorus sorption is a desirable 
185 process, as it protects aquatic environments from pollution.

186 The highest values of P sorption by the studied soils are comparable to the P sorption maxima 
187 reported for some volcanic soils in Indonesia (Van Ranst et al., 2004) or Azores, Portugal 
188 (Auxtero et al., 2008). The P sorption is somewhat higher in the silandic Andosol, richer in 
189 oxalate-extractable aluminium and iron (Table 1), compared to the vitric Andosol. The pH in 
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190 NaF higher than 10 in the silandic Andosol indicates high phosphate fixation by allophane or 
191 imogolite (Sanchez et al., 2003). On the other hand, the remarkable P sorption by the vitric 
192 Andosol may be related to its richness in dithionite-extractable iron (Table 1), higher than the 
193 threshold value established by Sanchez et al. (2003) for high phosphate fixation by iron and 
194 aluminium oxides. Several authors have reported a strong correlation between P sorption and Fe 
195 and Al extracted by acid oxalate (Monterroso Martinez et al., 1996; Van Ranst et al., 2004), 
196 while others suggest that crystalline Fe is more important for P adsorption than amorphous Fe 
197 (Auxtero et al., 2008).

198 The high P sorption, particularly in the silandic Andosol, indicates that this element will be 
199 retained to a large extent in a non-available form. In these soils, an efficient management of 
200 phosphate fertilization is crucial, with high applications of phosphorus slow release fertilizers.

201 Unlike the present study, in other research conducted for Andosols (Van Ranst et al., 2004; 
202 Auxtero et al., 2008) the best fit corresponded to Langmuir isotherms. Both the Langmuir and 
203 Freundlich models describe well P sorption on a variety of Australian soils (Singh and Gilkes, 
204 1991), Thai Oxisols and Ultisols (Wisawapipat et al., 2009), soils developed from basic rocks in 
205 Portugal (Horta et al., 2013), and forest and vineyard soils from Galicia, Spain (Romar-Gasalla et 
206 al., 2016). The Langmuir, Freundlich and Temkin models can be used to describe P sorption on 
207 various Chinese soils (Wang et al., 2013). The fits in the present study indicate that the sorbing 
208 surface is heterogeneous and that there is no sorption maximum, i.e. there is no apparent limit to 
209 P sorption. The fit to two straight lines would indicate the presence of two types of sorbing sites: 
210 at low P concentrations in the equilibrating solution, phosphate would be sorbed onto high 
211 energy sites; at higher concentrations in solution, phosphate would be sorbed also onto lower 
212 energy sites.

213 The higher values of the B and A Temkin constants for the silandic Andosol (9.6843 vs. 8.3025 
214 and 0.2519 vs. 0.1367, respectively) indicate higher sorption energy and higher sorption 
215 equilibrium constant, respectively.

216 The silandic Andosol not only presents higher sorption, but also lower percentage of desorption 
217 (Table 2). That is, in the silandic Andosol phosphate is retained to a greater extent and is harder 
218 to desorb, which is in agreement with the higher sorption energy. 

219 The sorption and desorption isotherms (Figures 3 and 4) show a pronounced hysteresis: for a 
220 given value of the phosphorus concentration in the liquid phase, the concentration in the sorbed 
221 phase is greater during desorption. The irreversibility of phosphate sorption is comparable to that 
222 reported by Auxtero et al. (2008) for Azorean Andosols with high contents of allophane, Alo, 
223 Ald and Fed.

224

225 CONCLUSIONS
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226 Both the silandic Andosol of Rwanda and the vitric Andosol of São Tomé showed high 
227 phosphorus sorption, being the silandic Andosol the one which sorbs more and desorbs less. The 
228 sorption by the silandic Andosol is related to active aluminium and iron species, while crystalline 
229 iron and aluminium oxides are mainly responsible for sorption in the vitric Andosol.

230 The strong phosphate sorption by the studied soils is a serious limiting factor for plant growth, 
231 which requires a careful management of phosphorus fertilization.

232 The low levels of desorption in both soils indicate a low risk of phosphorus leaching losses.

233
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Figure 1(on next page)

Percent of P sorption for various P concentrations in the equilibrating solution
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Figure 2(on next page)

Sorption isotherms fitted to the Temkin model
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Figure 3(on next page)

Sorption and desorption isotherms for the silandic Andosol
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Figure 4(on next page)

Sorption and desorption isotherms for the vitric Andosol
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Table 1(on next page)

Location, pH, organic carbon, texture, available P, aluminium and iron extracted by acid

oxalate and by dithionite-citrate and pH in NaF of the studied soils
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1 Table 1. Location, pH, organic carbon, texture, available P, aluminium and iron extracted by acid oxalate 

2 and by dithionite-citrate and pH in NaF of the studied soils.

Soil Location

Altitude 

(m) pH

C 

(%) Texture

Mehlich-

3 P 

(mg.kg-1)

Feo 

(%)

Alo 

(%)

Fed 

(%)

Ald 

(%) pHNaF

Silandic 

Andosol

01º36’32”S, 

29º32’57”E 311 5.60 6.18

Sandy 

loam 32.2 3.46 2.48 4.60 1.81 11.07

Vitric 

Andosol

00º20’00”N, 

06º39’00”E 2,368 6.30 7.46

Silty 

loam 13.5 1.11 0.40 7.84 1.74 8.39

3 Feo, Alo: Fe and Al extracted by acid ammonium oxalate (Blakemore, 1983)

4 Fed, Ald: Fe and Al extracted by dithionite-citrate (Holmgren, 1967)

5
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Table 2(on next page)

Percent sorption and desorption in both studied soils
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1 Table 2. Percent sorption and desorption in both studied soils 

Vitric Andosol Silandic Andosol

P in the equilibrating solution (mg L-

1)

% 

sorption

% 

desorption

% 

sorption

% 

desorption

2 81.9 21.0 90.4 19.6

4 90.5 10.1 95.5 8.4

10 95.9 4.2 97.6 3.2

20 95.6 3.3 98.1 1.8

40 94.2 3.4 96.7 1.5

60 80.8 3.6 94.5 1.7

100 65.6 2.4 77.0 1.2

2

3
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