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In this experiment we investigated the influence of various anions including oxalic acid encountered as 

solution phase in soil on the adsorption and desorption of sulfate in Chungwon Bt soil. The effect of chloride 

and nitrate on the adsorption of sulfate was not significant, suggesting that sulfate was better able to compete 

for adsorption sites at concentrations studied, in contrast to the large reduction in the amount of chloride 

adsorbed in the presence of sulfate. The results of competition for sorption sites between sulfate and anion 

showed that the simultaneous presence of two anions in solution was effective in reduction of competing anion 

at a maximum value of adsorption, due to the similar adsorption mechanism for anion competition. Therefore, 

the variation in the buffer power of the acids will produce a change in the strength and amount of adsorption 

and the competitive ability.
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Introduction

Nitrogen and phosphorus are required in appreciable 

quantities by plants, while needs for sulfur of which deficiencies 

are much less pronounced than those of nutrients such as N 

and P are less (Samira et al., 2009). However, sulphur (S) 

deficiency has been recognized as a constraint to crop 

production all over the world over the last decade (Zhao et al., 

1996; Scherer, 2009). Plants absorb sulfate as an essential 

nutrient from the soil solution, therefore replenishment of sulfate 

from organic and adsorbed sources is important in maintaining 

its supply to the plant (Sumner, 2000). Many soils possess 

little, if any, SO4
2-

 adsorption capacity while in others this 

state of S plays an important part in contribution to S requirement 

of crops; conserving S from excessive leaching, and in 

determining S distribution in soil profiles (Tabatabai, 1987). 

Sulfate that may occur as water-soluble salts, adsorbed by soil 

colloids, or as insoluble forms that result in considerable 

seasonal fluctuations in the concentration of soluble sulfate in 

surface soils has received the most attention because of its 

mobility, availability to plants and microorganisms, its 

precipitation reactions, and because of its reactivity with 

positively charged surfaces in soils (Scott, 1976; Tabatabai, 

1987; Zhao and Mcrath, 1994; Jeanine et al., 1997; Seth, 1998; 

Scherer, 2000; Sokolova and Alekseeva, 2008; Samira et al., 

2009; Förster et al., 2012; Scherer et al., 2012). Soils vary 

widely in their capacity to adsorb SO4
2-

. Sulfate in aluminum 

precipitates in the subsoil appears to be available to plant 

roots, the effect of low molecular mass organic ligands and 

phosphate on the removal of sulfate from aluminum hydroxy-

sulfate precipitate is particularly important (Violante, 2005). 

The extent of sulfate retention by soil depends on various soil 

characteristics, amount of water applied, and fertilizer practices. 

It was also shown that the distribution pattern of sulfate along 

a soil depth was independent of the amount of sulfate applied 

(Chao et al., 1962). The interactions of sulfate with the soil 

particles and organic matter influence on its availability to 

plants. Therefore determining the effects of other anions on 

the retention of sulfate is quite challenging in soil with 

significant anion exchange capacity. 

Sulfate reaction on the soil surface undergoes a variety of 

reactions in the soil system during adsorption, subsequent 

desorption by the counter anions presented in solution within 

the soil. Adsorption and desorption are important in determining 

distribution and retention of anions remaining in soil profiles. 

Sulfate is sorbed by soils less strongly than phosphate (Hasan 

et al., 1970; Haque and Walmsley, 1973) and more strongly 

than nonspecifically sorbed anions, such as chloride (Hingston 

et al., 1972). However, most studies for adsorption-desorption 

of anions in soil have treated the system as a single adsorbate 

system although the interaction of anions for adsorption may 

be caused by direct competition for sorption sites and the 

influence of anion adsorption on the surface charge of the 

metal hydroxide (Jeanine et al., 1997).

Competition among anionic species in solution for the 

adsorption sites of soil surface can be of major significance in 

determining the effective mobility of any potentially adsorbing 

anionic species. Especially, the presence of organic anions 

competing for the sorption sites may play an important role in 

mobility of sulfate in soils, because of their position within 

the lyotropic series and because of their continuous production 

within the soil-root system. Several studies also demonstrate 

that the organic ions competing for adsorption sites with sulfate 

are preferentially adsorbed over sulfate by clay minerals and 

oxides (Martinez et al., 1998; Liu et al., 1999). Therefore, 

adsorption data obtained from single-adsorbate studies may 

be misleading. In this investigation, we observed the adsorption 

and desorption of sulfate influenced by competing anion 

species between inorganic anions or inorganic and organic 

anion in binary system with subsurface soil collected from Bt 

horizon to determine the mobility and availability of sulfate 

through the processes of adsorption and desorption influenced 

by the presence of competing anionic species encountered in 

soil.

Materials and Methods

Soil samples were collected from Bt horizon of a Chungwon 

series (clay loam, mixed, nonacid, mesic, aquic fluventic 

eutrudepts) at Boogang, Chungbuk Province in Korea. This 

soil had been used to grow crops such as soybean as a major 

crop and barley as a rotational crop during the winter for the 

past fifteen years. The soil was air-dried and ground to pass 

through a 2 mm sieve. Prior to the adsorption experiment, the 

soil samples were washed with deionized water twice to 

determine the amounts of chloride, nitrate, phosphate, and 

sulfate existed as a soil solution phase. And then, the amount 

of sulfate at the exchangeable sites of soils was determined by 

five consecutive extractions with 50 mL aliquots of cmol(-) L
-1

 

of PO4
3-

P (as KH2PO4). The combined aliquots were analyzed 

for desorbed sulfate. The soil properties are summarized in 

Table 1 and 2.

For the competitive adsorption between sulfate and other 

anions as the bi-solute solution and its subsequent desorption 

of indigenous sulfate from soils, we selected nitrate, chloride, 

phosphate, and oxalic acid. To do this, 5 g samples of soils 

were mixed with 25 mL of freshly prepared solution containing 

both sulfate and each competing anion such as nitrate, chloride, 

phosphate, and oxalic acid as pair-wise combinations at equal 

equivalent basis. Concentrations of eight pair-wise sulfate 

with nitrate or chloride ranging from 0 to 30 cmol(-) L
-1

 were 

prepared. For oxalic acid and sulfate or sulfate and phosphate, 

the pair-wised concentrations ranged from 0 to 20 cmol(-) L
-1

 

and 0 to 25 cmol(-) L
-1
 respectively. The relationships between 
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Table 1. Chemical properties of Chungwon Bt soil used in this experiment.

pH

(1:5 H2O)

EC

(dS m
-1

)

OM

(%)

CEC

(cmolc kg
-1

)

Soil Particle distribution (%)
Soil texture

Sand Silt Clay

6.6 1.46 0.87 15.9 30.8 35.7 33.5 Clay Loam

Table 2. Amounts of exchangeable and soluble anions recovered from the Chungwon Bt soil used in this experiment.

Cl
-

NO3
-
-N PO4

3-
-P SO4

2-
-S

------------------------------------------------------------------------ (cmol(-) kg
-1

) ------------------------------------------------------------------------

A B Total A B Total A B Total A B Total

0.01 0.05 0.06 0.01 0.06 0.07 0.28 0.16 0.43 0.06 0.13 0.18

A: Exchangeable; B: Soluble

Fig. 1. Competitive adsorption of chloride and nitrate in 

Chungwon Bt soils as a binary and subsequent desorption of 

indigenous sulfate.

the amounts of each anion adsorbed from solution were 

determined by shaking triplicate samples overnight, and then 

centrifuged at 1750 rpm for 15 min. The centrifuged and 

filtered solution were analyzed for sulfate, chloride, nitrate, or 

oxalic acid remaining in solution using an ion chromatography 

equipped with IonPac AG4A-SC with guard column (Dionex 

200D, USA). The amount of adsorbed anions were determined 

by difference between the initial concentration and equilibrium 

concentration remaining in solution. 

Results and Discussion

The results for the adsorption studies between chloride and 

nitrate in a single and are presented in Fig. 1. The adsorption 

of Cl
-
 by Bt horizon soil was slightly higher than that of NO3

-
 

when identical concentration of Cl
-
 or NO3

-
 was added to soil 

although the amount of adsorption of chloride and nitrate 

were gradually increased with increasing equilibrium concentra-

tion up to 6.2 and 5.3 µeq g
-1

 soil, respectively. This results 

indicated that the Bt soil had a slightly higher preference for 

chloride ions relative to nitrate ions as well as this difference 

in affinity is caused by the difference in the nature of the 

interactions between these two ions. 

Observed and the amount of adsorption for chloride and 

nitrate from the mixtures However, chloride showed a slightly 

higher preference for adsorption sites over the equilibrium 

concentration ranges studied than nitrate, as observed in an 

individual adsorption isotherm. We assume that the sites 

involved in the adsorption of chloride and nitrate are only the 

positively charged sites on the soil surface, that is, non-specific 

adsorption. However, we observed that the simultaneous 

presence of both anions was effective in reducing the amount 

of maximum adsorption by approximately 43 and 35% of 

chloride and nitrate, respectively. Thus, chloride was moderately 

effective in reduction of nitrate adsorption, whereas nitrate 

was more effective in the reduction of chloride adsorption at a 

maximum value of adsorption. Although both anions compete 

for sorption sites and appreciably reduce the adsorption process, 

the presence of one anion does not completely inhibit adsorption 

of the other anion and vise versa. Both anions not only reduce 

the adsorption of each other, but enhance release of a certain 

portion of native sulfate. The mixture of chloride and nitrate 

increased the desorption of indigenous sulfate with increasing 

concentration of chloride and nitrate adsorbed. Desorption of 

native sulfate was significantly increased in the presence of 

the chloride and nitrate mixture. The maximum desorption of 
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Fig. 2. Competitive adsorption of chloride and nitrate as a 

binary system on Chungwon Bt soils.

Fig. 3. Adsorption isotherms of sulfate in the presence of 

various concentration of oxide acid as a binary system under 

unadjusted pH conditions on Chungwon Bt soils.

sulfate did not occurred in the ranges of adsorption of both 

chloride and nitrate studied here (Fig. 1B). This can be 

interpreted that the increasing amount of sulfate in equilibrium 

solution may not only be attributed by the adsorption of both 

chloride and nitrate, but also OH
-
 attributed to the desorption 

of indigenous sulfate on Chungwon Bt soil.

For this soil, sorptions of sulfate and chloride plateaued at 

10.02 and 0.65 µeq g
-1
 for an equilibrium solution concentration 

of 25 and 15 µeq mL
-1

, respectively (Fig. 2A). If we consider 

the total amount of sulfate adsorbed in the presence of chloride 

to be the sum of the initially present plus that added during the 

adsorption process, the total amount of adsorbed sulfate reached 

to 4.14 µeq g
-1

. Thus, the effect of chloride on the adsorption 

of sulfate was not significant, suggesting that sulfate was 

better able to compete for adsorption sites at concentrations 

studied, in contrast to the large reduction in the amount of 

chloride adsorbed in the presence of sulfate. However, the 

sum of sulfate and chloride adsorbed is slightly higher than 

that of sulfate or chloride adsorbed in the absence of competition, 

indicating that the sulfate and chloride adsorbed are only 

limited to the positively charged sites on the soil surface. Plots 

of sulfate vs. chloride adsorbed in Fig. 2B showed that the 

increase of chloride adsorbed is proportional to the increase 

of sulfate adsorbed when the amount of sulfate adsorbed was 

greater than 0.8 µeq g
-1

, that is, adsorption of chloride may 

occur when sulfate loading approach a maximum value. 

Apparently, the amount of sulfate adsorbed for the same 

adsorption sites in the presence of chloride is not exclusively 

limited to the electrostatic attraction of the positive surface 

charges (non-specific adsorption) on this soil as those of 

chloride adsorbed; whereas the decrease in the amount of 

chloride adsorbed on Chungwon Bt soil with increasing 

adsorption of sulfate indicate that chloride in the mixture with 

sulfate compete for the limited number of sorption sites on the 

surface of Chungwon Bt soil.

Fig. 3 show the effect of oxalic acid on the adsorption of 

sulfate at unadjusted pH and pH 5. When sulfate was introduced 

into soil in the presence of varying concentrations of oxalic 

acid, the magnitudes of oxalic acid added affect the resultant 

isotherms of sulfate. The adsorption isotherms of sulfate in 

the presence of oxalic acid were similar to the adsorption 

isotherm in the absence of oxalic acid, showing increases with 

increasing equilibrium concentration of sulfate. The percent 

reduction in the amount of sulfate adsorbed increased to a 

greater extent with increasing order of oxalic acid added. The 

maximum adsorable sulfate was approximately 9.8 µeq g
-1

 in 

the presence of 10-6 M, the lowest concentration added, 

lower by 1 µeq g
-1

 than the maximum amount of sulfate in the 

absence of oxalic acid. The presence of oxalic acid on the 

adsorption of sulfate was most effective at 0.01 M or greater, 

showing that there was desorption of sulfate at equilibrium 

concentrations of sulfate less than 4.9 µeq mL
-1

. Thus, the 

adsorption of sulfate was markedly reduced by oxalic acid 
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Fig. 4. Adsorption isotherms of sulfate in the presence of 

various concentration of phosphate as a binary system on 

Chungwon Bt soils.

Fig. 5. Adsorption isotherms of phosphate in the presence of 

various concentration of sulfate as a binary system on Chungwon

Bt soils.

either when the concentration of oxalic acid was 0.01 M or 

when the equilibrium concentration was less than 9 µeq mL
-1

. 

Also, higher amount of added sulfate as a mixture with oxalic 

acid, less sulfate was dissolved in the sulfate plus oxalic acid 

systems. Probably the order of sulfate addition influenced the 

desorption of native sulfate in sulfate plus oxalic acid system. 

It is also noted that the combined amounts of sulfate and oxalic 

acid adsorbed in sulfate-oxalic acid system were usually higher 

than that of oxalic acid and sulfate adsorbed when sulfate or 

oxalic acid was added alone, evidently some available sorption 

sites for anions in the system applied could be specific for the 

specific anions through non-specific or specific or both 

adsorption mechanism. Evidently in this experiments, many 

of sorbing sites, which adsorbed oxalic acid, had a stronger 

affinity with oxalic acids than with sulfate. Consequently, it is 

expected in the present adsorption experiment that the amount 

of ionized or the total number of the probable functional 

groups (-COOH) responsible for binding of oxalic acid to 

sorption sites would relate to the amount of oxalic acid adsorbed. 

And it would be preferable to relate to the amount of organic 

ligands actually adsorbed on the available sorption sites. 

In Fig. 4 the effect of phosphate on the adsorption of 

sulfate by Chungwon Bt shows two distinctive zones. On the 

adsorption zone (lower phosphate levels), although the 

phosphate ions compete with sulfate ions for sorbing places 

and appreciably reduces the adsorption process, its presence 

does not completely inhibit adsorption of sulfate (right hand 

curve at 50 µgr mL
-1

 phosphate mixed with various concentra-

tions of sulfate); whereas on the desorption zone (>100 µg 

mL
-1

 phosphate mixed with sulfate), the phosphate ions not 

only reduced the adsorption of sulfate, but release a certain 

proportion of native sulfate. Even at 50 µg mL
-1

 phosphate 

concentration, the presence of phosphate releases the native 

sulfate from soil where the concentration of initially added 

sulfate ranged from 0 to 30 µg mL
-1

. This fact suggests that 

the process involved results not only from competition but 

also from a concomitant exchange with specifically adsorbed 

sulfate from soil surface. Both anions are able to occupy 

binding sites by ligand exchange and anion exchange with 

OH
-
 and previously adsorbed anions in soil systems. This 

assumption is inferred from the results by Nagarajah et al. 

(1968, 1970) and Hingston et al. (1968, 1971) for kaolinite 

and oxide surfaces. sulfate was added in concentration ranging 

from 1 to 400 µg mL
-1

 in the presence of 5 levels of phosphate 

concentration from 50 to 400 µg mL
-1

. The results as seen in 

Fig. 5 show that phosphate is very effective in decreasing the 

adsorption of sulfate by Chungwon soil. On the other hand, 

there was a drastic increase in the desorption of native sulfate 

when the amount of added phosphate was greater than 100 µg 

mL
-1

. However, Fig. 4 shows the amounts of sulfate desorbed 

as a function of phosphate concentration in solution. The 

maximum desobable sulfate occurred at 1 µg mL
-1

 of sulfate 

and 400 µg mL
-1

 of phosphate in initial solution, the lowest 

concentration of sulfate and the highest amount of phosphate, 

was approximately 15 µeq g
-1

 soil, while the amount of 

desorbed sulfate decreased from 15 to 8 µeq g
-1

 soil with 

increasing amount of initial addition of sulfate. Also, the 

amount of desorbed sulfate decreased with decreasing amount 

of phosphate initially added with sulfate. Phosphate is 

considered to be specifically adsorbed on soil surface by the 

formation of a surface complex through ligand exchange of 

phosphate with H2O molecules and/or OH
-
 coordinate with 

Al
3+

 and Fe
3+

 or anion exchange. Thus, when sulfate and 

phosphate are present together, the decrease in sulfate adsorption 

by an adsorbant must arise from the specific adsorption of 

phosphate resulting from competition sulfate and phosphate 

for adsorption sites and the desorption of sulfate arised from 

the anion exchange of sulfate with phosphate. Also, the negative 

charges increased on the soil surface as the adsorption of 

phosphate increased, resting in inhibition of sulfate adsorption.

The results of phosphate adsorption in the presence of sulfate 
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Fig. 6. Competition between phosphate and oxalic acid as a 

binary mixture system and the relative desorption of indigeoius

sulfate on Chungwon Bt soils as a binary system. Solution 

pH was not adjusted.

were presented in Fig. 5. The presence of increasing concentration 

of sulfate in solution did not affect the adsorption of phosphate 

when the initial concentration of phosphate was below 100 µg 

mL
-1

, whereas the effectiveness of increasing amount of 

sulfate in reducing the adsorption of phosphate on soil surface 

gradually increased when the concentration of phosphate was 

greater than 200 µg mL
-1

 in initial solution. However, the 

effectiveness in reducing the adsorption of phosphate decreased 

with increasing amount of phosphate studied here. Therefore, 

maximum adsorption of phosphate occurred at the highest 

concentration of added phosphate and the lowest concentration 

of sulfate added. These results indicate that the enhanced 

competition for available sorption sites between phosphate 

and sulfate as amount of sulfate is increased and that the 

increase in sulfate concentration increased the blocking effect 

of the sulfate on phosphate adsorption. It seems that phosphate 

ions is more efficiently adsorbed to the soil surface than sulfate.

Competitive adsorption between phosphate and oxalic acid 

which have a similar adsorption mechanism has been observed 

in the simplified method in Fig. 6. Oxalic acid was mixed in 

solution with phosphate at equivalent basis. In the presence of 

oxalic acid the adsorption of phosphate was markedly reduced 

by 40 µeq g
-1

 soil at the maximum adsorption studied here as 

compared to that found in the absence of oxalic acid. Similar 

results obtained in the adsorption of oxalic acid, showing that 

the decrease in the amount of adsorbed oxalic was approximately 

19 µeq g
-1

 soil. However, it is difficult to compare these 

results to those of adsorption in the absence of the committing 

anions for sorption sites because pH in the initial solution was 

changed such that increase in pH for oxalic acid and decrease 

in pH for phosphate. The effects of pH was observed by 

Violante et al. (1991), showing that the increase in pH 

decreased the adsorption of phosphate and oxalic acid and 

vise versa. Therefore, the reduction in the adsorption of both 

anions on Chungwon Bt soil can be interpreted that both 

competition for common sorption sire by these anions and pH 

in solution influenced the adsorption of both anions in this 

study. Especially, the amount of adsorbed phosphate may be 

greater than the actual amount of adsorbed phosphate on this 

soil due to the decrease in pH.

The ability of oxalic acid to depress phosphate sorption 

was calculated according to the expression of Deb and Datta 

(1967). The calculated efficiencies of oxalic acid and phosphate 

in preventing the adsorption of Phosphate and oxalic acid at 

maximum adsorption, respectively, were approximately 27 

and 17%, but the efficiencies below the initial concentrations 

of 5 and 7.5 µeq mL
-1
 for oxalic acid and phosphate, respectively, 

was 0, indicating that the all of the anions added adsorbed 

onto soil surface sites. From these results we assume oxalic 

acid is more effective in reducing the adsorption of phosphate 

than oxalic acid by phosphate in this study investigated. 

The desorption of native sulfate increased up to 15 µeq g
-1

 

soil with increasing adsorption of both anions studied here, 

but the maximum desorption of sulfate was less than that by 

the same concentration of phosphate only. We interpreted that 

the drop in pH caused the decrease in the desorption of sulfate 

as the effects of pH on the adsorption of sulfate observed by 

Chao et al. (1963). The relationship between adsorption of 

both anions and desorption of sulfate was linearly increased 

until the amount of sulfate desorbed reached almost to the 

maximum obtained here. Therefore, the desorbed sulfate may 

compete for specific adsorption with the other two anions 

because the adsorption of both anions increase in negative 

charges on soil surfaces.

Conclusion

The results of competition for sorption sites between 

anions shows that competitive adsorption is influenced by 

factors such as solution concentration and the nature of the 

competing species. We observed that the simultaneous 

presence of two anions in solution was effective in reduction 

of competing anion at a maximum value of adsorption, due to 

the similar adsorption mechanism for anion competition. 

However, the presence of one anion does not completely 

inhibit adsorption of the other anion. Also, there is evidence 

that selective adsorption sites occur and that in some 
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circumstances particular anion species may not be subject to 

competition. that is, anions from specific adsorption showed a 

preference for sorption sites than anions from non-specifically 

adsorbed. On the other hand, proton-donation mechanism can 

influence the adsorption of anions on to the hydroxylated sites 

of Fe/Al oxides. Therefore, the variation in the buffer power 

of the acids will produce a change in the strength and amount 

of adsorption and the competitive ability.
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