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Abstract The phosphorus (P) and cadmium (Cd) spe-
ciation was analyzed in a contaminated soil having a Cd
concentration of 1,028 mg kg−1 in order to assess the
value of bone char (BC) as a Cd immobilizing agent.
The soil was incubated with BC and triple superphos-
phate (TSP, as control) in the dark at 60 to 70 % water
holding capacity for time periods between 1 and
145 days. Samples from the various incubation periods
were sequentially extracted and investigated by X-ray
absorption near edge structure (XANES) spectroscopy.
The sequential P extraction revealed that BC increased
the H2SO4 extractable P fraction, mainly consisting of
Ca- and Mg-phosphates, by 14 %, whereas TSP in-
creased the water extractable P fraction by 7 % of total
P at day 1. Subsequently, the proportions of these two P
fractions decreased during incubation. The increase in
these two P fractions is explained by the solubility of the
main components of BC (hydroxylapatite (HAP)) and
TSP (Ca(H2PO4)2). Furthermore, this finding was con-
firmed for BC by the P K-edge XANES spectra using
partial least square regression that provided independent
evidence for increased proportion of HAP after BC
application. As a result of BC dissolution, the soil pH
increased resulting in Cd immobilization as indicated by
significantly reduced concentrations of mobile Cd in the
sequential extraction up to 23 mg Cd kg−1. This observed
immobilization was explained by the Cd L3-edge

XANES spectra revealing an immediate increase in the
proportion of insoluble Cd3(PO4)2. By contrast, none of
the speciation methods indicated a Cd immobilizing ca-
pability of TSP. Thus, by using this multi-methodological
approach, we could show that besides its potential as
renewable and clean P fertilizer, BC is a superior immo-
bilization agent for Cd compared to TSP.

Keywords P-fertilizer . Cd immobilization .X-ray near
edge structure spectroscopy. PLS regression . Incubation

1 Introduction

High cadmium (Cd) concentrations are a serious envi-
ronmental problem in various agro-ecosystems and ur-
ban areas due to industrial pollution and the progressive
use of Cd-contaminated phosphorus (P) fertilizer
(Wuana and Okieimen 2011). Therefore, cost-effective
remediation techniques for in situ immobilization of Cd
in soil are urgently required to prevent mobile Cd from
entering the food chain by plant uptake (Adriano 2001).
Several studies have shown that Cd can be immobilized
by P application, reducing the amount of Cd taken up by
plants (Naidu et al. 1994; Bolan et al. 1999, 2003;
Chaiyarat et al. 2011). However, P is getting a world-
wide limited resource because estimates indicated that
the world’s reserves will only last for about 50 to
125 years (Gilbert 2009). Thus, benefits of alternative
P sources have to be investigated in more detail not only
for their potential to immobilize Cd effectively, but also
for their fertilizer value to provide sufficient plant-
available P for crop production.
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Bone char (BC) is one of these promising alternative
P-rich renewable resources, containing 150 g P kg−1,
280 g calcium (Ca) kg−1, and 6.5 g magnesium (Mg)
kg−1 but virtually no Cd and uranium (U) (Siebers and
Leinweber 2013). Initial incubation experiments have
proven that BC increased the concentration of labile P
immediately after application and immobilized up to
75 % of the mobile Cd in various contaminated soils
(Siebers and Leinweber 2013). The immobilization of
Cd after BC application was mainly attributed to a soil
pH increase resulting in more negatively charged func-
tional groups at reactive soil surfaces that absorb mobile
Cd (Naidu et al. 1994; Siebers and Leinweber 2013).
This liming effect did not last over the complete incuba-
tion period, since 34 days after BC application the pH
started to slowly decrease (Siebers and Leinweber 2013).
However, there was no concomitant re-mobilization of
Cd observed, yet Cd binding increased up to an incuba-
tion of 145 days for most soils, suggesting pH-
independent Cd immobilization mechanisms. So far,
these mechanisms and the explicit role of P are un-
known. Thus, it is of crucial importance to clarify in-
volved changes in Cd speciation and the P composition
in soil in order to understand the mechanisms of Cd
immobilization following BC application.

Several wet-chemical sequential extractions have been
developed to characterize and track changes in P (e.g.,
Hedley et al. 1982) and Cd (e.g., Zeien and Brümmer
1989) fractions in soils. These fractionations are widely
applied because of simplicity and low costs although they
yield operationally defined fractions based on chemical
solubility leaving the chemical nature of species incom-
pletely understood. An attempt to compensate these
method-dependent limitations is the application of a com-
plementary speciation technique such as Raman spectros-
copy to identify metal phosphates in soil (Lanfranco et al.
2003). However, problematic are the background fluo-
rescence masking the underlying Raman spectrum or the
high concentrations of metal phosphates necessary to
clearly distinguish various metal phosphates like Cd- or
Pb-phosphates from each other (Lanfranco et al. 2003).
Alternatively, the use of X-ray adsorption near edge
structure (XANES) spectroscopy to the same sample set
is promising, as was already done for P in environmental
samples (e.g., Toor et al. 2005; Shober et al. 2006; Kruse
et al. 2010). XANES spectroscopy enables element-
specific in situ speciation and requires only minimal
sample preparation (e.g., Beauchemin et al. 2003; Lombi
and Susini 2009). However, so far, only Cd L-edge

XANES was applied to various biological samples
(e.g., Pickering et al. 1999; Isaure et al. 2006; Jalilehvand
et al. 2009) and Cd K-edge XANES was not yet applied
to Cd speciation in soils. Until now, there was only one
recent successful proof-of-concept study using Cd L3-
edge XANES for soil Cd speciation (Siebers et al.
2012b). In summary, to the best of our knowledge, se-
quential Cd fractionation and Cd XANES (neitherK- nor
L-edge) have not been applied in conjunction to speciate
Cd in soil so far or combined with analogous measure-
ments for P speciation.

Therefore, the objectives of the present study were
(1) to track the changes in P and Cd speciation fol-
lowing P application and incubation, (2) to reveal Cd
immobilization mechanisms, and (3) to compare the
ability of BC as an immobilization agent with triple
superphosphate (TSP). We hypothesize that
complementing the sequential extractions by P and
Cd XANES spectroscopy enables disclosing Cd
phases newly formed after BC application.

2 Materials and Methods

2.1 Soil Sample Analyses

A topsoil (0 to 30 cm) sample was taken from a site
contaminated with a mixture of sludge waste from elec-
tronic industries in southern Thuringia, Germany. All
samples for soil characterization were analyzed in dupli-
cate. Soil texture is determined using the pipette method
(Rowell 1994). The pH of the soil is measured in 0.1 M
CaCl2 solution at a soil/solution ratio of 1:2.5 (Rowell
1994) and cation exchange capacity (CEC) is deter-
mined as described in Blume et al. (2011). Total C
concentration is determined by using a CNS-Analyzer
(CNS elemental analyzer; Vario EL Fa. Foss Heraeus,
Hanau, Germany). The concentration of inorganic C is
determined by digestion of carbonates with 10 % HCl
using the Scheibler apparatus (Austrian Standards Insti-
tute 1999) and organic C estimated by subtraction from
the total C content. Total Cd (Cdt) and P (Pt) concentra-
tions of the soil samples are determined after
microwave-assisted digestion with HNO3 and HCl
(USEPA 1997) using inductively coupled plasma–optical
emission spectroscopy (ICP-OES) (JY 238, Jobin Yvon,
France) at wavelengths of 214.914 nm (P) and
214.438 nm (Cd). Two blanks were included in each
run in order to determine the method error. The soil had
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a particle size distribution of 27 % clay, 55 % silt and
18 % sand, a pH of 6.2, a CEC of 25.2 cmol kg−1,
70 g kg−1 organic C, and a Pt and Cdt concentration of
3642 mg kg−1 and 1028 mg kg−1, respectively.

2.2 Fertilizer Treatments and Soil Incubation
Experiment

Samples of BC, produced from degreased animal bone
chips by pyrolysis at 700 to 800 °C, and TSP fertilizer
were crushed using a mortar and pestle to pass a 90 μm
mesh sieve to minimize particle size effects among
fertilizers. For detailed chemical and physical properties
of both fertilizers see Siebers and Leinweber (2013). In
short, BC had the following concentrations: total P
152.0 g kg−1, water extractable P 6.6 g kg−1, total Ca
280.0 g kg−1, total Mg 6.5 g kg−1, total C 130.1 g kg−1,
total N 18.7 g kg−1, total S 1.7 g kg−1, and total Cd
0.3 mg kg−1, whereas the concentrations of TSP were:
total P 178.2 g kg−1, water extractable P 9.2 g kg−1, total
Ca 129.1 g kg−1, total Mg 8.9 g kg−1, and total Cd
27.4 mg kg−1. Bone char and TSP were added to ten
grams air dry soil (<2 mm) to increase the initial P
concentration of the soil by 0 (control) and 1000 mg P
kg−1. The addition of P fertilizer increased the total P to
4739 mg kg−1 (BC) and 4641 mg kg−1 (TSP). Samples
were placed in 30 mL plastic containers which were
sealed with a perforated lid to allow ventilation during
incubation at 20 °C in the dark. The soil moisture
content was maintained constant between 60 to 70 %
of the water holding capacity by daily addition of de-
ionized water. Triplicate samples were removed from
the incubation experiment after 1, 3, 5, 13, 34, 70, and
145 days, air dried, and ground to <2 mm for further
analyses. For XANES data analysis replicates of each
variant were pooled to reduce the number of samples.

2.3 Sequential P and Cd Fractionation

The sequential P fractionation proposed by Hedley et al.
(1982) was a slightly modified. Briefly, 0.5 g air dried
and ground soil sample was placed into a centrifuge tube
and 30 mL DI-water was added. The solution was
shaken for 18 h on a reciprocal shaker with a rotary
speed of 20 rpm. Afterwards the sample was centrifuged
(2700×g for 20min) and decanted. The next subsequent
extractions were done using 0.5 M NaHCO3 (pH 8.5),
0.1 M NaOH, and 1 M H2SO4 to access the following P
fractions: (1) H2O-P (easily exchangeable and soil

solution P), (2) NaHCO3-P (labile inorganic and organic
P as well as some microbial P), (3) NaOH-P (inorganic
and organic P sorbed and/or fixed by Al and Fe oxide
minerals and P in humic and fulvic acids), (4) H2SO4-P
(P associated with Ca and Mg minerals). Total P con-
centrations in all extracts were measured by ICP-OES
(JY 238, Jobin Yvon, France). The concentrations of
inorganic P (Pi) were measured colorimetrically using
the malachite-green method. The absorption at 630 nm
was determined using a UV–Vis spectrophotometer
(Spectonic Genesys 5, Milton Roy Company, Roches-
ter, NY 14625-2783, USA). The concentrations of or-
ganic P (Po) were calculated as the difference between Pt
and Pi.

The Cd was sequentially fractionated according to
Zeien and Brümmer (1989). Briefly, 1 g of air-dried and
sieved soil was shaken on a reciprocal shaker with a
rotary speed of 20 rpm together with 25 mL of extracting
agent. Afterwards the sample was centrifuged (3,000×g
for 10 min) and decanted. The extractions steps 2 to 6
were repeated once using 25 mL of the extracting agent
of the step before (shaken 10 min) and both filtrates for
each fraction were combined. Fractions 1 to 3 were
stabilized with 0.5 mL 65 % HNO3 before ICP measure-
ment. The following seven Cd fractions were differenti-
ated: (1) 1MNH4NO3 (mobile Cd), (2) 1MNH4-acetate
(easily mobilizable Cd), (3) 0.1 M [NH3(OH)]Cl + 1 M
NH4-acetate (Cd bound to Mn-(hydr)oxides), (4)
0.025 M NH4-EDTA (Cd bound to soil organic matter),
(5) 0.2 M NH4-oxalatebuffer-Cd (Cd bound by low
crystalline Fe-(hydr)oxides), (6) 0.2 M NH4-
oxalatebuffer + ascorbic acid-Cd (Cd bound by crystal-
line Fe-(hydr)oxides), and (7) residual Cd being the total
Cd concentration minus the sum of fraction 1 to 6.

2.4 XANES Data Collection

All XANES experiments were conducted at the Canadian
Light Source in Saskatoon, Saskatchewan, Canada, on
the Soft X-Ray Microcharacterization beamline
(ΔE/E:~10−4), covering an energy range of 1.7 to
10 keV. Air-dried soil samples were ground in an agate
stone mortar and spread as a thin film onto a P-free
carbon tape that was mounted onto a cupper sample
holder. The sample holder was then placed into a vacuum
chamber. All spectra were recorded in fluorescence yield
mode at photon energies between 2,130 and 2,200 eV for
PK-edge and 3,500 to 3,600 eV for Cd L3-edge. The step
size for P and Cd measurement was 1 eV in the pre-edge
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region (P, 2,130 to 2,140 eV; Cd, 3,500 to 3,530 eV),
0.25 eVat the edge step (P, 2,140 to 2,180 eV; Cd, 3,530
to 3,580 eV), and 0.5 in the post-edge region (P, 2,180 to
2,200 eV; Cd, 3,580 to 3,650 eV) for P and 1 for Cd. A
dwell time of 4 s for soil samples was used and at least
four scans were averaged. After each scan, the sample
holder position was changed so that the beam always hit a
“fresh” sample spot.

2.5 XANES Data Analyses

Background and baseline correction of the XANES
spectra was done using ATHENA (Ravel and Newville
2005). For partial least square (PLS) analysis, the PLS
package (Wehrens and Mevik 2007) of R 2.13.0 (R
Development Core Team 2011) was used. Qualitative
data evaluation of Cd was based on the previously
published PLS regression model, which was developed
in a previous publication (Siebers et al. 2012). This
model incorporated XANES spectra measured at the
Cd L3-edge XANES of the following compounds:
Cd(NO3)2·4H2O, CdCl2, CdSO4, Cd3(PO4)2/Cd-
acetate, CdCO3, and Cd(OH)2. Pretest showed that
PLS regression was not able to differentiate Cd3(PO4)2
and Cd-acetate (representing Cd bound to organics)
(Siebers et al. 2012) so that only Cd3(PO4)2 was used
for further analysis representing both compounds
(Cd3(PO4)2/Cd-acetate). For the P K-edge PLS regres-
sion model, the following P reference compounds were
used: Cd3(PO4)2, FePO4·4H2O, Ca(H2PO4)2, KH2PO4,
phytic acid Na salt, Mg3(PO4)2 5H2O, AlPO4·H2O, and
hydroxylapatite (HAP). All reference compounds were
purchased from Sigma Aldrich in reagent grade and
ground to a fine powder using an agate stone mortar
and pestle. Mathematical binary to quaternary mixtures
(Siebers et al. 2012) were computed by integrating
normalized spectra of the respective reference com-
pounds in varying proportions and normalization of
the resulting spectra as described below. The PLS
model was built using 190 independent variables
(data points) in the energy range between 2,145.25
and 2,200 eV.

2.6 Statistical Analyses

Data were statistically analyzed with IBM SPSS 20
using general analysis of variance (ANOVA) (Tukey
test, *P<0.05; **P<0.01; ***P<0.001) for the effect
of BC and TSP.

3 Results and Discussion

3.1 Soil pH

The initial soil pH was 6.2, and incubation of soils
with BC significantly increased the soil pH relative to
the control, whereas soil pH was significantly lowered
when TSP was added (Fig. 1).

For BC, the maximum rise in soil pH was observed
after 34 days of incubation with an increase of 0.12 units.
By contrast, TSP reduced the soil pH most strongly right
after application by about 0.36 units. A similar effect of
BC and TSP was observed in comparable incubation
experiments with various acidic soils (Siebers and
Leinweber 2013) and explained by (1) consumption of
protons during the dissolution of hydroxylapatite (main
component of BC), (2) ligand exchange reactions (Bolan
et al. 2003), and (3) the release of bases during BC
dissolution and their corresponding neutralization by pro-
tons. The increase in soil pH after TSP addition is due to
the release of phosphoric acid during TSP dissolution
(Kolay 2007) because the water soluble Ca(H2PO4)2 is
the main component of TSP. This also explains the
immediate drop in pH after TSP application, whereas
BC had a delaying effect on soil pH because it consists
of less soluble hydroxylapatites.

3.2 Sequentially Extracted P and Cd Fractions

The total recovery of P for all treatments was relatively
constant between 82 and99%during incubation (Table 1).
In the untreated (control) soil, NaOH-P (47 % of Pt) made
up the highest proportion amongst all fractions with,

Fig. 1 Change in soil pH units after fertilizer addition in rela-
tion to the control. Bone char (BC), triple superphosphate (TSP).
Significant at *P<0.05; **P<0.01; ***P<0.001, n=3
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followed by H2SO4-P (40 % of Pt). The labile fractions
(H2O-P, NaHCO3-Pi, NaHCO3-Po) had much lower P
concentrations and proportions of Pt (Table 1). This dis-
tribution pattern of the P fractions was similar to those
reported in many other studies as compiled by Negassa
and Leinweber (2009). However, it changed significantly
after fertilizer application (day 1) and differed between
both treatments. In general, TSP application resulted in a
significantly (P<0.01) higher proportion of labile P (H2O-
P, NaHCO3-Pi, and NaHCO3-Po) compared to BC during
the whole incubation, whereas BC application significant-
ly (P<0.01) increased the proportion of insoluble P
(H2SO4-P). With ongoing incubation, the soluble P
(H2O-P) gradually decreased by 5 % of Pt between days
1 and 145. A similar but less pronounced trend was
observed for insoluble P (H2SO4-P) which decreased by
6 % of Pt in the same time period. TSP significantly
increased the NaHCO3-Po pool at all incubation times,
unlike the NaOH-Po fraction which ranged relatively con-
stant from 23 to 26 % of Pt (Table 1).

In the TSP treatment, the increase in labile P was
anticipated as TSP mainly consists of the highly water
soluble Ca(H2PO4)2, whereas the addition of BC did not
change the proportion of labile P due to its lower solubil-
ity (Warren et al. 2009; Siebers and Leinweber 2013). The
successive reduction of labile P in the TSP treatment with
incubation time might be a result of microbial incorpora-
tion and fixation, which has been indicated by the signif-
icant increase in NaOH-Po that contains somemicrobial P
(Tiessen et al. 1983). Additionally, H2O-P is likely to be
redistributed to less labile P with time. The NaHCO3-Pi
fraction in the TSP treatment remained constant at a high
level during the incubation period, which could be a result
of completely covered adsorption sites. Phosphorus pos-
sibly redistributed from the NaHCO3-P fraction to more
immobile forms is then replaced by P of the H2O-P
fraction as anticipated from the ongoing decrease of
H2O-P with incubation. The increase in NaHCO3-Po after
TSP application is in accordance with literature, as Po has
been found to build up in soils as a result of Pi fertilization
(Dalal 1977; Stewart and Tiessen 1987). A similar in-
crease in NaHCO3-Po was also observed by Zheng et al.
(2004) after addition of a mineral P fertilizer, likely from
microbial growth with increased availability of labile P.
Linquist et al. (1997) found that the NaHCO3-Po pool was
positively correlated with labile Pi, also confirming the
observed increase in NaHCO3-Po after TSP application.
The significant increase in NaOH-Po after TSP applica-
tion for day 1 might be a result of the same reason as for

the NaHCO3-Po pool. However, for the subsequent incu-
bation, the increase was insignificant. In the BC treatment,
the immediate significant increase in the H2SO4-P frac-
tion indicates a direct effect of Ca-P fromBC that contains
about 80 % of H2SO4-P. The subsequent decrease in this
fraction is due to BC dissolution.

The total recovery of Cd for all treatments was be-
tween 76 and 95% (Table 2). In the untreated soil, the Cd
concentrations in the different fractions followed the
order 2>1=3>7>4>5>6, and 65 to 85 % of the total
Cd were found in the first three fractions (Table 2). The
overall order was not altered with fertilizer addition, but
the relative proportions of sequentially extracted fractions
differed among treatments. After BC addition the first
fraction was significantly (P<0.01) reduced by 1 to 3 %
compared to the control, whereas in the TSP treatment
the second fraction was significantly (P<0.01) lowered
up to 10 % for most of the samples. Additionally, the
fourth fraction was significantly (P<0.05 and P<0.01)
increased after BC addition for most samples. The other
Cd fractions did not change through fertilizer application.
Additionally, the Cd fractions remained constant over
incubation time in all treatments (Table 2).

The estimated Cd composition of the soil confirms
various studies that showed themajority of total Cd bound
in the first three labile fractions (e.g., Ahnstrom and Parker
1999; Zimmer et al. 2011). The redistribution of labile Cd
to more immobile fractions after BC application is
explained by the increase in pH, as it promotes the ad-
sorption of Cd onto the solid phase (Seuntjens et al. 2004;
Amini et al. 2005). With increase in soil pH, the negative
charging of soil surfaces is promoted, resulting in an
increased adsorption of Cd (Naidu et al. 1994). However,
besides the pH effect, Cd immobilization might also be a
result of the formation and precipitation of other insoluble
Cd, i.e., Cd as metal phosphates, or the adsorption of Cd
onto the surface of not yet dissolved BC particles
(Valsami-Jones et al. 1998; Hodson et al. 2000; Bolan
and Hedley 1990). The reduced Cd concentration in frac-
tion 2 with TSP application resulted from the change in
soil pH, since this fraction incorporates Cd bound to
carbonates, which dissolve with decreasing pH and re-
lease bound Cd (Madrid and Diaz-Barrientos 1992).
However, this Cd was not recovered in fraction 1 as was
anticipated, yet the residual Cd was significantly in-
creased. This indicates the saturation of the soil solution
with Cd and a complete coverage of all potential Cd
adsorption sites, which can be explained by the extraordi-
nary high Cd concentrations. The slight increase in Cd
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bound to organic matter (fraction 4) after BC application
is a result of the introduction of organicmatter with BC (C
=130 g kg−1), most likely of highly aromatic structure.
This increase in fraction 4 render the Cd present in more
labile forms immobile (Antoniadis and Alloway 2000), as
was confirmed by a decrease of Cd found in fraction 1. A
first application of the multiple equation (Eq. 1)

established in a previous publication (Siebers and
Leinweber 2013) to estimate the Cd immobilization at
day 34 after BC addition revealed an amount of 21.4 mg
Cd kg−1 to be immobilized. For calculation, the initial soil
pH and the difference between NaHCO3-P of the control
and the BC treatment for 34 days of incubation was taken
(Table 1).

Cd immobilization at 34 days¼ 136:2� 18:55� pH� 0:02� P dissolution at 34 days
¼ 136:2� 18:55� 6:2� 0:02� 8 mg kg�1

¼ 21:4 mg kg�1

ð1Þ

The actual amount of immobilized Cd is 18 mg kg−1

as determined by the difference between NH4NO3

extractable Cd of the control and the BC treatment
for day 34 (Table 2). The error between the calcu-
lated and measured Cd immobilization is 15.9 %.
Thus, by using this equation, a good approximation
for immobilized Cd is obtained, confirming the value
of this multiple equation for the first time. However,
to the best of our knowledge, the mechanisms of the
Cd immobilization were not yet directly proven for
BC, calling for a direct in situ solid-state P and Cd
speciation.

3.3 P K- and Cd L3-Edge XANES

P K-edge and Cd L3-edge XANES spectra were
recorded to directly elucidate the involved changes
in P and Cd speciation in the soil due to BC and
TSP application. In general, the P K-edge XANES
spectra were all similar in shape and visual com-
parison revealed no pronounced trend in spectral
features neither due to fertilizer addition nor incu-
bation time (Fig. 2).

However, since XANES data evaluation by visual
comparison is very limited in its validity, PLS regres-
sion analysis was applied to deconvolute the P K-edge
XANES spectra and estimate individual proportions of
P species in the samples. In general, P composition in
the samples followed the order: HAP ≥ Cd3(PO4)2 >
AlPO4·H2O > Mg3(PO4)2·5H2O (Table 3), whereas
FePO4·4H2O, Ca(H2PO4)2, KH2PO4, and phytic acid
were not determined. This order did not change with
fertilizer addition or with incubation. However, indi-
vidual proportions differed among the treatments. For
instance, the application of BC slightly increased the

Fig. 2 Stacked and normalized P K-edge XANES spectra of
incubated soil samples for days 1, 34, and 145. Bone char (BC),
triple superphosphate (TSP)
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proportion of HAP compared to the control treatment
for days 1, 13, 34, and 145, whereas TSP had no
effect. The proportion of Cd3(PO4)2 was also increased
after BC addition for days 1, 34, and 145. The TSP
application generally decreased the Cd3(PO4)2 propor-
tion. The proportion of AlPO4·H2O increased with fer-
tilizer application at day 1 (only for TSP), 13, 34, and
70. Furthermore, there was a trend towards higher pro-
portions with ongoing incubation in all samples, where-
as no systematic effect was visible for Mg3(PO4)2·5H2O
(Table 3).

The increased proportions of HAP after BC appli-
cation are not surprising, as this is the main P com-
pound in BC (Warren et al. 2009). This finding also
agrees with the sequential P fractionation showing an
increase of H2SO4-P (P associated with Ca) after BC
application, which was not observed for the TSP treat-
ment (Table 1). The detection of Cd3(PO4)2 at rela-
tively high proportions in the control sample is
explained by the high Cd and P concentrations facili-
tating the formation of Cd-phosphates (Soon 1981;
Xiong 1995). The increase of Cd3(PO4)2 in the BC
treatment can be attributed to the additional increase in
P concentration and pH in the soil (Fig. 1), as both
factors promote the formation of insoluble Cd-
phosphates. It is very likely that Cd-phosphates are
particularly formed in the direct surrounding or at the

surface of BC particles in soil, since the lowest Cd to P
ratio can be expected in this region. Then, the pH
likely increases stronger in the vicinity of a dissolving
BC particle than in the bulk soil. If the same is true for
pH deceases close to dissolving TSP particles, this
explains why the application of TSP did not lead to
the formation of Cd3(PO4)2. Furthermore, the fact that
no Ca(H2PO4)2 was detected in the TSP treatments
indicated that TSP was already dissolved in the early
incubation period. This confirms the P dissolution
kinetics of TSP in various acidic soils by Siebers and
Leinweber (2013). Organic P (Phytic acid) was not
assigned by the fitting procedure (Table 3), which
disagrees with sequential P fractionation that found
22 to 33 % of Pt as Po (Table 1). However, it is known
that P K-edge XANES fails to identify and quantify Po
species (Beauchemin et al. 2003). Therefore, the pro-
portions of P species in Table 3 are considered as
relative rather than absolute proportions of Pt

(Hesterberg et al. 1999). However, the overall P spe-
ciation estimated by P XANES confirmed the results
from the sequential P fractionation by showing the
majority of P in the moderately labile to stable forms.

The Cd L3-edge XANES spectra were all char-
acterized by three main features: a sharp peak at
around 3,540.2 eV, a shoulder around 3,551.0 eV,
and a broad peak around 3,565.5 eV (Fig. 3),

Table 3 Proportions of P species as obtained by deconvolution of the P K-edge XANES spectra of the soil samples by partial least
square regression

Treatment Cd3(PO4)2 Mg3(PO4)2 5H2O AlPO4·H2O HAP FePO4·4H2O Ca(H2PO4)2 KH2PO4 Phytic acid Na salt

Day 1 Control 33.2 10.7 19.1 37.0 0.0 0.0 0.0 0.0

BC 35.0 8.2 18.8 38.0 0.0 0.0 0.0 0.0

TSP 32.9 10.9 19.4 36.8 0.0 0.0 0.0 0.0

Day 13 Control 35.1 11.2 16.6 37.1 0.0 0.0 0.0 0.0

BC 34.8 8.6 19.4 37.2 0.0 0.0 0.0 0.0

TSP 34.3 7.0 21.1 37.6 0.0 0.0 0.0 0.0

Day 34 Control 34.7 6.8 20.3 38.2 0.0 0.0 0.0 0.0

BC 36.6 1.5 22.1 39.8 0.0 0.0 0.0 0.0

TSP 30.6 8.1 24.6 36.7 0.0 0.0 0.0 0.0

Day 70 Control 33.7 8.4 20.7 37.3 0.0 0.0 0.0 0.0

BC 33.5 7.6 27.0 29.2 0.0 0.0 0.0 0.0

TSP 34.2 5.2 27.9 31.7 0.0 0.0 0.0 0.0

Day 145 Control 26.0 5.9 29.2 35.0 0.0 0.0 0.0 0.0

BC 30.4 7.4 25.2 37.0 0.0 0.0 0.0 0.0

TSP 25.2 3.2 28.7 34.6 0.0 0.0 0.0 0.0
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which differed only marginally in their intensity
and energy position.

A PLS regression analysis model was applied to
deconvolute the Cd L3-edge to estimate individual
proportions of Cd species in the soil samples (Table 4).
In general, the Cd composition in the samples
followed the order Cd-P/Cd-org > CdCl2 ≥ CdCO3 >
Cd(OH)2 > CdNO3, whereas no CdSO4 could be
assigned. This order did not change with fertilizer
application and incubation time. However, compared

to the control treatment, an immediate increase in the
proportions of Cd-P/Cd-org with BC and TSP addition
were observed, whereas the proportions of CdCO3

declined until day 70 of incubation, being more pro-
nounced for TSP (Table 4).

The substantial contribution of CdCO3 (about
20 %) to the soil Cd composition (Table 4) agrees
with the view that Cd can precipitate as CdCO3 (frac-
tion 2) at high Cd concentrations in soil (McBride
1980; Prieto et al. 2003). Additionally, the high pro-
portions (about 40 %) of Cd-P/Cd-org (representing
fraction 3 and 4) as derived from L3-edge XANES
spectra further support Cd fractionation results found
in literature (Ahnstrom and Parker 1999; Zimmer et al.
2011). In general, the overall Cd composition revealed
by Cd L3-edge XANES was slightly different com-
pared to results of the Cd fractionation, estimating Cd-
P/Cd-org (representing fraction 3 and 4) as the main
component instead of the easily mobilizable Cd frac-
tion 2. However, Cd XANES data confirmed, to some
extent, trends of the sequential Cd extraction. The
observed decline in the proportion of CdCO3 after
TSP addition, which is a result of the decreased soil
pH, agrees with observed significant (P<0.01) reduc-
tion of fraction 2 (Table 2), which is commonly
assigned to carbonate-bound Cd (Zeien and Brümmer
1989).

4 Conclusions

In conclusion, the present study demonstrated for the
first time that the combined application of two separate
sequential P and Cd extractions and synchrotron-based
PK-edge and Cd L3-edge XANES spectroscopy enables
tracking changes in P and Cd speciation in soils. Use of
a direct solid-state P and Cd speciation uncovered the
formation of insoluble Cd-phosphates as one reaction
resulting in Cd immobilization after BC application.
Furthermore, the results indicated that besides its poten-
tial as renewable and clean P fertilizer (Siebers and
Leinweber 2013), BC is a better immobilization agent
for Cd compared than TSP. In a forthcoming study, we
will assess the applicability of BC as a clean and renew-
able P fertilizer with Cd immobilizing capability in the
cultivation of various crops.

Fig. 3 Stacked and normalized Cd L3-edge XANES spectra of
incubated soil samples for days 1, 34, and 145. Bone char (BC),
triple superphosphate (TSP)
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