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ABSTRACT 

Surface mining for coal drastically alters soil properties, destabilizes soil organic carbon 

(SOC) and depletes SOC pools.. The accumulation and stabilisation of organic carbon 

(OC) in reclaimed soils are influenced by sorption of OC onto soils. Thus, 

understanding soil surface properties controlling OC sorption onto soils is essential to 

improve SOC contents of the reclaimed soils.  A batch experiment was carried out to 

examine the relationship between soil surface properties (clay content, exchangeable Ca 

and Mg,  pOHNaF, specific surface areas, Fe and Al oxides) and the maximum 

adsorption capacity of soils (Qmax) as determined from fits to the Langmuir equation. 

Organic matter extracted from dried sengon (Paraserianthes falcataria) shoot residue 

was reacted with reclaimed soils at DOC concentrations ranging from 0 to 200 mg C L-1 

at pH 6.0.  Results of the experiment showed that Qmax of the reclaimed mine soils did 

not significantly increase with increasing the duration of soil reclamation. The presence 

of polyvalent cations such as Ca2+ and Mg2+ in soils may function as bridge between 

negatively charged surface (e.g. in clay minerals) and acidic functional group of the OM 

(e.g. COO-), thereby improving Qmax values. Qmax values also correlated significantly 

with Fed (r = 0.82; P<0.001), Feo (r = 0.92; P<0.001), Alo (r = 0.86; P<0.001) and 

specific surface area (r = 0.93; P<0.001), indicating the importance of Fe and Al oxides 

in the sorption of OC onto the reclaimed mine soils.  Results obtained in this study 

suggest the role of iron and aluminium hydro-oxides in the long-term accumulation of 

organic carbon in the reclaimed mine soils through the sorption of OC mechanism. 

Key-words: adsorption, carbon retention, ligand exchange, cation bridging, carbon 

sequestration. 

 

1.  Introduction 

Surface mining for coal in Indonesia has disturbed thousand hectares of soils.  The soils 

subjected to surface mining operations show drastically altered biological, chemical and 

physical properties (Ussiri et al., 2006). In particular, soil organic carbon (SOC) 

concentrations are low due to reduced plant litter inputs, accelerated soil erosion, topsoil 
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removal, and increased mineralization, along with breakdown of soil aggregates (Ussiri 

et al., 2006).  Observations on some of the coal-mined soils in the Province of 

Kalimantan Selatan which has been reclaimed by planting acacia and sengon for 3-7 

years showed that organic carbon (OC) content reaches only 2.7 to 8.4 g C kg-1 soil  

(Saidy et al., 2007).  

Sorption of organic matter (OM) onto mineral surfaces is important in a variety of 

natural environments.  The sorption of OM can alter the physicochemical properties of 

minerals (Angove et al., 2002; Wang and Xing, 2005) and influence the transport and 

availability of nutrients and contaminants in soils and waters (Xing, 2001).  Generally, 

most OM sorbed to mineral surfaces is hard to remove (Butman et al., 2007; Kahle et 

al., 2004; Kaiser and Guggenberger, 2007), indicating a high stability of OM-mineral 

associations.  In addition, OM sorbed to clay minerals and oxides decomposes more 

slowly and to lesser extent than OM either dissolved or not attached to minerals 

(Kalbitz et al., 2005; Mikutta et al., 2007; Schneider et al., 2010).  This suggests 

sorption processes influence the accumulation and stabilisation of organic carbon in 

soils. The importance of sorption processes in controlling the OC contents in soils is 

reported in several articles (e.g. Balcke et al., 2002; Feng et al., 2005; Kahle et al., 

2004).   

Sorption of OC in soils is mostly controlled by the presence of clay minerals and oxides 

in soils. Phyllosilicate clays play important role in the sorbing and stabilizing OC in 

soils (Balcke et al., 2002; Feng et al., 2005). The preservation of OC in soils is also 

influenced by the presence of hydrous iron oxide (Kaiser and Guggenberger, 2000; 

Kaiser and Guggenberger, 2003).  Although several studies (e.g. Kaiser et al., 2007; 

Kahle et al., 2004) showed the importance of clay minerals and oxides in the sorption 

processes of OC onto soils, factors controlling the sorption of OC onto reclaimed mine 

soils received little attention. Therefore, this study aimed to determine surface soil 

properties in controlling the OC sorption onto reclaimed mine soils.  

2.  Methodology 

2.1. Soil Sampling and Characterization 

The study site was located in the Kecamatan Satui, Kabupaten Tanah Bumbu.  The site 

was surface mined for coal, and reclaimed with application of topsoil, typically 

revegetated  by acacia (Acacia mangium Wild.) and sengon (Paraserianthes falcataria).  

Five reclaimed mine soils experiencing different ages: 1 years (reclaimed in 2014), 5 

years (reclaimed in 2010), 9 years (reclaimed  in 2006), 13 years (reclaimed in 2002) 

and 18 years (reclaimed in 1997) have been selected for this study.    Soil samples were 

collected from a depth of 0-30 cm at several different points. Once cleaned for plant 

debris, soil samples were then homogenized, stored in plastic bags and stored at 4 oC.  

Samples were then air-dried for determining soil physical and chemical properties (clay 

content, exchangeable Ca and Mg,  pOHNaF, specific surface areas, Fe and Al oxides). 
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2.2. Sorption Experiment and Data Analysis 

Dissolved organic carbon (DOC) was extracted from an oven-dried dried sengon 

(Paraserianthes falcataria)  shoot residue. The pH of the DOC solution was adjusted to 

6.0 by addition of HCl or NaOH.  Ten DOC solutions ranging in concentration from 0 

to 200 mg C L-1 were prepared for sorption experiments by diluting with a solution 

containing 10 mg NaCl L-1, 20 mg CaCl2.2H2O L-1 and 24 mg K2SO4 L
-1.  The pH of 

the diluted DOC solutions was adjusted to 6.0 by addition of HCl or NaOH.     

Sorption experiments were carried out using the batch equilibrium method in triplicate 

at pH 6.0 by adding 30 mL of DOC solution to 0.03 mg soils in 50-mL centrifuge tubes.  

The suspensions were shaken at 22 °C for 12 hours in the dark.  The suspensions were 

then centrifuged for 30 minutes at 2000 g, and the supernatants were filtered through 

0.45-m syringe filters (Millex-HV, Millipore Ireland Ltd, Tullagreen, and 

Carrigtwchill).  The concentration of DOC in the filtrate was measured using the 

modified method of Walkley and Black (Heanes, 1984).  The amount of OC sorbed was 

calculated as the difference between OC in the initial and equilibrium solutions.  

Adsorption data were then fitted to the Langmuir equation using the least-square non-

linear curve fitting routine in Microsoft Excel® (de Levie, 2001).   

The ANOVA procedure of GenStat 11th Edition (Payne, 2008) was used to compare the 

Langmuir parameters of reclaimed-mine soils.  In the case of significance in ANOVAs, 

means were compared by the Least Significant Difference (LSD) multiple comparison 

procedure at P<0.05. 

3.  Results and Discussion 

The sorption of OC onto reclaimed mine soils isotherms could be modelled reasonably 

well using the Langmuir equation  with r2 values ranging between 0.96 and 0.99 (Figure 

1).  Analysis of variance showed that the maximum adsorption capacity (Qmax) of soils 

was influenced by the duration of reclamation.  The maximum adsorption capacity  of 

soils  on a mass basis for all soils increased in the order 5 year < 1 year < 13  year < 9 

year < 18 year.  These results indicate that another factor than the duration of 

reclamation controlling the stabilization of organic carbon in the reclaimed mine soils. 

Maximum adsorption capacity of OC in this study (1424 - 6861 mg C kg-1) is within the 

range of maximum adsorption capacity reported in other studies. For example, Saidy et 

al. (2013) reported  Qmax values for the three types of clay minerals: kaolinite, illite and 

smectite are covered by iron oxide goethite, haematite and ferrihydrite range between 

2,820 and 38,260 mg C kg-1 clay. Kothawala et al. (2009) reported that the value Qmax 

for 52 soil samples representing five different soil orders is in the range of 105 and 

1,968 mg C kg-1 soil.  
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Figure 1.  Isotherms of the sorption of OC carbon to different reclaimed mine soils. 

Symbols denote experimental points while the curves represent Langmuir isotherms 

fitted to the experimental data. 

 

Cation contents and other mineralogical properties of the mineral surfaces have been 

reported to influence the adsorption of DOC to clay minerals (Feng et al., 2005; Ussiri 

and Johnson, 2004).  Polyvalent exchangeable cations such as Ca2+ and Mg2+ may 

function to bridge the negatively charged clay surfaces and negatively charged anionic 

functional groups of OM.  In this study, the concentration of Ca2+ and Mg2+ correlated 

significantly with Qmax value (Table 1), indicating important role of these cations in the 

sorption of OC onto reclaimed mine soils. Effect of Ca2+ on the stabilization of organic 

materials was also reported in previous studies (Arnarson and Keil, 2000; Feng et al., 

2005; Schlautman and Morgan, 1994), who showed that the presence of cations such as 

Ca2+ and Al3+ increase the sorption of organic matter through cation bridge mechanism, 

thereby increasing soil organic matter contents.  Correlation analysis also showed that 

clay content had a significant correlation with the Qmax values (Table 1). The role of 

clay in the soil organic matter stabilization occurs through increasing the number of 

available reactive sites for the sorption of organic carbon.  

The Qmax values also correlated with FeOx, AlOx and FeDCB (Table 1). Dithionite-

extractable Fe (FeDCB) represents both crystalline and poorly-crystalline Fe oxides while 

oxalate-extractable Fe (Feo) and oxalate-extractable Al (Alo) are used to extract Al and 

Fe from poorly-crystalline aluminosilicates, ferrihydrite, and Al- and Fe-humus 

complexes, but not from well-crystallized Fe and Al oxides.  Significant correlation 

between Qmax values and oxide contents of soils demonstrate the importance of Fe and 

Al oxides in the sorption of OC onto the reclaimed mine tropical soils. Oxides of Al and 

Fe provide significant surface areas to which organic matter can adsorb (Kaiser and 

Guggenberger, 2007; Basile-Doelsch et al., 2007; Kleber et al., 2005). 
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Table 1. Correlation between soil surface properties and the maximum adsoprtion 

capacity (Qmax) of soils 

Soil Properties Correlation coefficient (r) 

Clay content 0.90 *** 

Ca2+ 0.94 *** 

Mg2+ 0.88 *** 

Alo 0.86 *** 

Feo 0.92 *** 

Fed 0.82 *** 

 pOH NaF 0.97 *** 

Specific Surface Area 0.93 *** 

        *** Correlation significant at  0.001 

Other soil surface properties related to the Qmax values are  pOH NaF and specific 

surface areas (SSA) (Table 1). The pOHNaF  is a measure of the difference in solution 

pOH due to the displacement of soil surface OH- by the added F-.  The increase in pH 

when a NaF solution is added to a soil sample has been previously recognized as a test 

of mineral surface reactivity (Perrot et al., 1976). The high surface reactivity of those 

soils may due to the high contents of the Fed, Feo and Alo. Correlation analysis revealed 

that pOHNaF had a significant correlation with Fed, Feo and Alo (data no shown).  

Specific surface area (SSA) describes the surface area that is potentially available for 

organic matter sorption.  It has been reported that soil organic matter sorption seems to 

increase with increasing SSA of soil minerals (Kahle et al., 2004; Kaiser and 

Guggenberger, 2003) 

4.  Conclusions and Implications 

Results obtained in this study revealed that the maximum adsorption capacity (Qmax) of 

soils correlated significantly with soil surface properties (clay content, exchangeable Ca 

and Mg,  pOHNaF, specific surface areas, Fe and Al oxides). Results of this study 

imply that it is not the duration of reclamation controlling the sorption of OC onto 

reclaimed mine soils, but soil surface properties should consider as factors controlling 

sorption process.  
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