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Abstract: Organic matter or black carbon atoms of Terra Preta de Índio (Amazonian 
Dark Earth) soils are composed of oxidized carbon groups as phenols, epoxide, 
carbonyl and carboxyl groups in their surface. At the pH of soil, carboxylate groups 
are deprotonated generating carboxylate anions leaving the surface of these soils with 
negative charges. Calcium cations can interact with oxidized carbon groups by 
chemisorption interactions lowering the total system energy. In this work, Terra Preta 
de Índio was examined by X-ray photoelectron spectroscopy and Infrared 
spectroscopy in order to correlate its organic fraction rich in calcium with calcium-
containing samples.   
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1. INTRODUCTION 

Soil organic matter (SOM) plays a fundamental 
role in soil biogeochemistry as well as in carbon 
stored in soils [1]. A great deal of attention has 
been given to the most recalcitrant and stable 
forms of SOM, usually referred to as black 
carbon (BC), pyrolysed biomass or, more 
recently, biochar [1,2]. The presence of stable 
carbon structures offers improved soil 
productivity, further increasing the biomass 
production. One interesting example is the highly 
fertile anthropogenic soil found in Amazonian 
region, known as “Terra Preta de Índio” (TPI) or 
Amazonian Dark Earth, which exhibits far more 
carbon than in the surrounding soils [2,3]. There 
is a certain agreement that the partial-oxidation of 
BC and fusing of the non-black carbon based 

structures of SOM, as well as its interaction with 
soil minerals are fundamental for its stability. In 
fact, studies suggest that removing calcium from 
the soil increases SOM decomposition [4,5]. The 
presence of calcium and oxygen within TPI 
carbon nanoparticles at nano- and mesoscale 
ranges has been demonstrated [6]. A nanoscale 
chemical mapping in an external region of a 
charcoal-like TPI-carbon grain showed that 
calcium is dissolved in carbon rich regions, while 
P, Si, Al and Fe were found in the edges of the 
carbon rich structures, showing the presence of 
mineral matter-SOM aggregation [6]. A prior 
study [7] examined the long-term transformation 
of biogenic calcium phosphate in TPI and 
reported that biogenic and crystalline Ca-P 
species turn into a more soluble Ca-P phases over 
time.  
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In this work, calcium- and oxygen-rich carbon 
nanocrystallites of TPI were studied by X-ray 
photoelectron spectroscopy (XPS) and Infrared 
spectroscopy (FTIR comparing TPI with several 
calcium-containing samples, as: calcium oxide 
(CaO), calcium carbonate (CaCO3), calcium 
hydroxide (Ca(OH)2), calcium phosphate 
(Ca3(PO4)2), hydroxyapatite (Ca10(PO4)6(OH)2) 
and calcium-doped graphene oxide (GO-Ca). 

2. METHODS 

2.1. Samples 

TPI was collected in Costa do Laranjal – TPICL –, 
Manacapuru (Lat 3º 18’ S, Long. 60º 33’ W) in 
Amazonas State, Brazil. Samples were taken 
from surface layer (0-20 cm depth) using a Dutch 
auger. Next, charcoal-like TPI-carbon grains 
were carefully selected, and then macerated in 
agate mortar and pestle following three steps 
filtering, in meshes of 75 µm, 65 µm, and 38 µm 
accordingly, and the finest fraction were used for 
the XPS and FTIR studies. 

Calcium oxide was obtained from hidrated 
calcium oxalate P.A. (Vetec, 98%), calcinated in 
a TGA equipment (Mettler Toledo) programmed 
for heating from 20 to 1000 ºC with a heating rate 
of 10ºC min-1 an argon flow of 50 mL min-1. 
Calcium hydroxide (96% purity) and calcium 
carbonate (98,5% purity) were purchased from 
Merck. Calcium phosphate (98% purity) was 
purchased from Vetec. The reagents were used at 
the FTIR and XPS analysis as reference for 
calcium ions. The stoichiometric hydroxyapatite 
was synthesized via wet chemical reaction of 
calcium nitrate (Ca(NO2).4H2O) with 
diammonium hydrogen  phosphate 
((NH4)2.HPO4 [8].  

Graphite oxide was prepared by the treatment 
of graphite flakes obtained from the National 
graphite according to Hummer and Offeman’s 
method [9].  

2.2. Spectroscopy: XPS and FTIR 

The XPS analyses were performed in an ultra-
high vacuum medium (Omicron 
Nanotechnology) using a Al Kα (hν = 1486.7 
eV) X-ray source, with power given by emission 
of 16 mA at a voltage of 12.5 kV.   

The FTIR analyses were performed in a 
Perkin–Elmer Spectrum GX spectrometer by the 
potassium bromide (KBr) transmission technique.  

3. RESULTS AND DISCUSSION 

3.1. Infrared Spectroscopy 

FTIR spectra of TPI and calcium-containing 
samples are shown in figure 1. TPI spectrum 
(figure 1a) showed bands in regions: 3405 cm-1 
(in-phase symmetric stretching O-H vibration), 
3100 cm-1 (aromatic =C-H stretching), 1600 cm-1 

(aromatic C=C stretching), 1000-1100 cm-1 (ν3 
PO4

3-), 870 cm-1 (Ca-C/P-O-C aromatic 
stretching), and 607 cm-1 (aryl phosphates) [10]. 
The bands at 600 cm-1 and 571 cm-1 are assigned 
to components of the triply degenerate ν4 O-P-O 
bending mode, and the bands in the range 462-
474 cm-1 are assigned to the components of the 
doubly degenerate ν2 O-P-O bending mode [10]. 
FTIR spectrum of hydroxyapatite (figure 1b) 
showed similarity with TPI spectrum in region of 
phosphate vibrations (1000-1100 and 600-550 
cm-1) [10]. 

Graphene oxide is a good approximation of 
organic carbon of TPI due to the high content of 
sp2 aromatic carbon in nanocrystallites of TPI [7]. 
Calcium-doped graphene oxide spectrum (figure 
1c) showed correlation with TPI spectrum: bands 
already observed in TPI spectrum were observed 
in GO-Ca spectrum, such as 3340 and 1650 cm-1 

(aromatic ring molecular vibrations), 1425 and 
870 (Ca-C, Ca-CO stretching) [11]. 

Calcium carbonate (figure 1d), calcium 
hydroxide (figure 1e), calcium phosphate (figure 
1f), and calcium oxide (figure 1g) are calcium 
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forms of TPI associated mostly with mineral 
fraction of TPI [7]. The FTIR peaks regarding 
these samples were not observed in the TPI 
spectrum because the analyzed fraction 
corresponds to the organic fraction of TPI, 
compose of oxidized carbon groups [1] (among 
them, humic compounds) interacting by 
chemisorption with metallic ions, as calcium 
cations. 

 

Figure 1. FTIR spectra of several calcium 
samples and comparison with TPI, where: a) TPI, 
b) hydroxyapatite, c) calcium-doped graphene 
oxide, d) calcium carbonate, e) calcium 
hydroxide, f) calcium phosphate, g) calcium 
oxide, and h) comparison between TPI spectrum 
and spectrum resultant of sum of spectra of 
hydroxyapatite and calcium-doped graphene 
oxide. 

Figure 1h shows a comparison between TPI 
FTIR spectrum and the spectrum calculated by 
the sum of hydroxyapatite and calcium-doped 
graphene oxide spectra. Both spectra presented 
same peak frequencies, result that demonstrates a 

good agreement between the samples. However, 
peaks relative to calcium-carbon vibrations (1425 
and 870 cm-1) were more intense in GO-Ca than 
in TPI. This fact probably occurs because 
calcium cations in TPI sample are concentrated in 
the surface of oxidized carbon while in GO-Ca 
sample, calcium cations can be intercalated 
between graphene layers. XPS analyses will be 
presented in the next section to clarify this aspect. 

3.3. X-ray photoelectron spectroscopy 

Broad survey XPS spectra of TPI-carbons and 
calcium-containing samples are shown in figure 
2a. It is evident that the TPI-carbons show a 
variety of elements in its composition as Ca, P, 
Fe, Al, Mg, Si and Na, among other elements 
found in contents smaller than 1 % (K, Ti, Cr, 
Mn, Fe, Cu, Zn). In particular, the presence of Ca 
and P in the TPI-carbons has been attributed to 
bone fragments and animal residues [7]. From the 
XPS spectra, the core-electron binding energies 
of different elements found in the TPI-carbons 
can be extracted. The binding energies are 
consistent with those obtained in silicates (P, Si), 
metallic oxides (Al, Ca, P, Fe) and metals 
adsorbed onto clayed materials (Mg, Ca, P) [12]. 

Detailed high resolution XPS analysis of the 
chemical groups in the TPI-carbons and calcium-
containing samples are shown in figure 2b. The 
electron binding energies of carbon 1s are 
assigned to the functional groups usually found in 
soil organic carbon, i.e. sp2 hybridized carbon (C 
sp2), epoxide and hydroxyl, carbonyl, carboxylate 
and carbonate anion. Calcium-doped graphene 
oxide showed more similarity with TPI C1s 
spectrum among all the samples analyzed. 

The presence of the above-mentioned 
chemical groups indicates the similarity, at the 
molecular level, between the TPI-carbons and 
graphene oxide. It is well-known that the most 
common oxide groups in graphene oxide are the 
epoxide and hydroxyl groups in the basal plane 
and the carboxyl group (and possibly some 
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hydroxyl and carbonyl groups) at the crystallite 
edges [13].  

We now analyze in detail the XPS peaks 
associated to calcium in the TPI-carbons and 
calcium-containing samples. Figure 2c shows 
that Ca 2p peak in TPI present maximum in 
347.6 eV, binding energy characteristic of 
calcium phosphates, calcium hydroxides and 
calcium carbonates. However, this peak is broad 
indicating that other species are present. 
Calcium-doped graphene oxide, calcium oxide 
and hydroxyapatite showed maximum intensity 
in 346.6 eV. 

 

Figure 2. X-ray photoelectron spectroscopy 
spectra of TPI and calcium-containing samples, 
where: a) survey spectra, b) carbon 1s spectrum, 
and c) calcium 2p spectrum. 

4. CONCLUSION 

Among all samples analyzed, TPI-carbon sample 
presented more similarity with calcium-doped 
graphene oxide and hydroxyapatite samples in 
FTIR and XPS analyses. Similarities in aryl 
phosphates and Ca-CO stretching were observed 
by FTIR measurements and XPS corroborates 
these results through of the observation of these 
binding energies. 
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