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bstract

In situ immobilization of heavy metals in polluted soils using phosphates leads to formation of products which are highly insoluble and thermo-
ynamically stable over a broad pH and Eh range. In this research effectivity of Cd ions immobilization (initial [Cdaq]—4.800 mM) from aqueous
olutions by different phosphorus compounds (K2HPO4, NH4H2PO4 and “Polifoska 15” fertilizer) was compared at pH in the range 4.00–9.00 and
or reaction times 2–1440 h. The highest reduction of cadmium concentration (>99%), owing due to the formation of cadmium phosphates, was
bserved for all used phosphorus sources within pH range of 6.75–9.00. Uptake of cadmium for pH ≤ 5.00 did not exceed 80% and was lowest in
he reaction with “Polifoska 15” fertilizer (28.25%). Identification of phases formed in the reactions using XRD, FTIR and SEM–EDS–EBSD was

arried out. It was noticed that crystallinity of formed solid decreased with pH increase. Formation of Cd5H2(PO4)4·4H2O was observed in acidic
onditions (pH ≤ 5.00), at pH ∼ 7.00 mixture of following cadmium phosphates Cd(H2PO4)2, Cd3(PO4)2 and Cd5H2(PO4)4·4H2O was formed.
morphic cadmium phosphates were noticed in alkaline conditions (pH > 8.50).
2007 Elsevier B.V. All rights reserved.
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. Introduction

Contamination of soils by heavy metals is undoubtedly one of
he major issues of the modern soil science. Mining and smelt-
ng, industrial wastes, sewage sludge, atmospheric deposition
re the main sources of cadmium which is one of the metal pol-
utants [1]. Excessive levels of this highly toxic element can
e hazardous to plants and subsequently to animals and human
2]. Harmful Cd ions may accumulate in human organism and
re mainly responsible for kidney disfunction, hypertension and
steoporosis [3].

There is an increasing demand for cadmium immobilization
ue to its increasing content in soil environment observed in
ast decades [4]. Among a variety of proposed remediation tech-
iques [4–10], in situ phosphate formation has the potential to
e relatively one of the cheapest and environmental attractive

ethod due to approaches, in which toxic ions are immobilized
ithout the need for soil removal. This well established in lit-

rature technique is based on the reaction between metal ions

∗ Corresponding author. Tel.: +48 126174542; fax: +48 126334330.
E-mail address: jmatusik@geol.agh.edu.pl (J. Matusik).
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f environmental concern and phosphates [11–26]. As a result
obile forms of metals are converted into stable metal phos-

hates. The total amount of hazardous metal in soil remains
nchanged, however low solubility and high stability of formed
hosphates over almost the entire pH and Eh range [27], makes
hem a perfect candidate for a waste solid that is essentially
nert for organisms. Thus we can consider the metal-bearing
oil remediated after this treatment.

In the literature interest is focused mainly on the interaction of
admium ions with phosphates derived from hydroxyapatite dis-
olution [25,28–32]. Other experimental studies in which well
oluble phosphates, potassium phosphate [33], ammonia phos-
hate [34] and phosphate fertilizers [35] were used for cadmium
emoval were conducted directly on contaminated soils. There
s no information about model studies of cadmium–phosphates
nteraction in aquatic system.

The purpose of this work was to compare the effectiveness of
queous cadmium ions removal by different phosphate sources,
hat is, potassium phosphate (K2HPO4), ammonia phosphate

NH4H2PO4) and “Polifoska 15” fertilizer at various pH con-
itions (4.00–9.00) and for different reaction times (2–1440 h).
dditionally identification of formed phases was carried out.
he results of this research will provide information about

mailto:jmatusik@geol.agh.edu.pl
dx.doi.org/10.1016/j.jhazmat.2007.08.010
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admium–phosphate interaction and will facilitate a distinct
dentification of cadmium phosphates in aqueous medium. We
ope our findings will serve as important source of knowledge
or future applications of phosphates to cadmium contaminated
oil environment.

. Materials and methods

.1. Materials

Experiments were conducted in 0.5 L polypropylene bottles.
eionized water open to the atmosphere and analytical-reagent
rade chemicals were used throughout. “Polifoska 15” fertilizer
as obtained from Chemical Factories “Police” S.A. (Poland).
rior to use the granular fertilizer was ground in an agate mortar
nd sieved to grain size <0.25 mm. Table 1 presents composition
f the fertilizer provided by manufacturer. The amount of phos-
hates PO4 equal to 14.58% was calculated from the amount of
2O5.

.2. Cadmium immobilization experiments

The experiments were designed to compare the amount
f cadmium removed from aqueous solutions by different
hosphate sources. The initial concentrations of Cd and
O4 ions, 4.800 and 3.520 mM, respectively, were constant
or all experiments and resulted from the stoichiometry of
xpected product—cadmium phosphate Cd3(PO4)2. Addition-
lly a 0.32 mM excess of phosphates (10% of stoichiometric
mount of phosphates with respect to Cd) was added to improve
admium immobilization.

A 65 mL solution containing cadmium ([Cdaq] = 4.800 mM)
n the form of nitrate was prepared. To make 65 ml solutions
ontaining aqueous phosphates ([PO4] = 3.520 mM), potas-
ium phosphate K2HPO4, ammonia phosphate NH4H2PO4 and
Polifoska 15” fertilizer were dissolved in re-distilled water.
ach of these phosphate solutions was added simultaneously
ith a cadmium solution, in a dropwise fashion (∼5 mL/min,
sing peristaltic pump) to a 500 mL bottle containing 370 mL
f re-distilled water at 22 ◦C. The suspension with the forming
hase was continuously stirred to provide homogenity. Exper-
ments were repeated two times and were conducted for three

nitial pH values: 5.00, 7.00 and 9.00. The pH was adjusted after
omplete addition of phosphate and cadmium solutions using
otassium hydroxide and nitric acid. No attempt was made to
aintain pH at constant during the experiment.

able 1
omposition of “Polifoska 15” fertilizer

omponent wt.%

itrogen [N] 15.00
otassium in the form of chloride [KCl] 15.00
agnesium oxide in the form of carbonate [MgCO3] 2.00

ulphur in the form of sulphate [SO4
2−] 5.00

hosphorus in the form of oxide [P2O5] 13.00
hosphates [PO4] 14.58
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Additionally, an experiment with potassium phosphate was
arried out in which the pH was maintained constant at: 5.00,
.00 and 9.00 to investigate if the pH has a significant impact on
admium removal.

In all experiments solution samples (5 mL) were collected
fter 2, 6, 24, 48, 168, 336, 720, 1080 and 1440 h, filtered and
nalysed for pH, Cd and PO4. After 2 months the formed precip-
tates were filtered, washed on the filter with re-distilled water
nd acetone, dried in 105 ◦C, and analysed using XRD, FTIR
nd SEM–EDS–EBSD. The content of cadmium and phosphates
n the solids was determined: the precipitates were completely
issolved in nitric acid and the solutions were analysed for Cd
nd PO4 as described in Section 2.3.

.3. Analitycal methods

A Philips PU 9100X atomic absorption spectrometer was
sed to measure the concentration of Cd ions. Total dissolved
hosphate was determined colorimetrically by molybdene blue
ethod [36] with a Carl Zeiss Jena SPEKOL ZV UV-Vis

pectrophotometer. An ELMETRON CPI 501 meter and glass
lectrode were used for pH measurements.

Powder XRD analyses of solid samples were recorded using
hilips APD PW 3020 X’Pert diffraction camera with Ni-filtered
u K� radiation in the range 2θ = 2◦ to 73◦ with constant step
qual to 0.05. FTIR spectra were measured on a Bio-Rad FTS-60
pectrometer. Spectra were collected after 256 scans at 2 cm−1

esolution in the region of 4000–400 cm−1. Samples were pre-
ared using the standard KBr pellets method. The observations
f the morphology and elemental analyses of the precipitates
ere performed using HITACHI S-4700 field emission scanning

lectron microscope coupled with EDS system (SEM–EDS) and
eiss Supra 35 field emission scanning electron microscope
ith EBSD system (SEM–EBSD). Prior to analyses samples
ere coated with gold with the exception of samples for EBSD

nalyses.

. Results and discussion

.1. Cadmium immobilization

Molar concentration of cadmium and phosphates and pH
hanges in the reaction with potassium phosphate, potassium
hosphate (constant pH), ammonia phosphate and “Polifoska
5” fertilizer are shown in Figs. 1–4, respectively. All values
resented on the graphs are an average of two experiments
duplicates).

.1.1. Cadmium immobilization by potassium phosphate
pH not adjusted)

It was noticed that equilibrium cadmium concentrations,
t the end of experiment, were lowest for initial pH 7.00
nd 9.00 and dropped to 0.005 and 0.004 mM/L, respectively.

he equilibrium was achieved after 48 h from the start of
xperiment. The amount of cadmium removed for initial pH
.00 increased gradually and final cadmium concentration was
owered to 1.710 mM/L. The highest uptake of phosphates
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ig. 1. Evolution of cadmium (initial [Cdaq]—4.800 mM) and phosphates (ini-
ial [PO4aq]—3.520 mM) concentration and pH changes with time in the reaction
ith K2HPO4 for initial pH 5.00, 7.00 and 9.00.

as observed for initial pH 7.00: concentration was reduced
rom 3.520 to 0.380 mM/L. For initial pH 5.00 and 9.00
hosphate concentration decreased to 1.100 and 0.630 mM/L

Fig. 1).

The uptake of cadmium was induced by addition of solu-
le phosphorus and resulted in precipitation of metal-phosphate
olid which controls cadmium solubility in aqueous solution

ig. 2. Evolution of cadmium (initial [Cdaq]—4.800 mM) and phosphates (ini-
ial [PO4aq]—3.520 mM) concentration with time in the reaction with K2HPO4

t constant pH 5.00, 7.00 and 9.00.
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ig. 3. Evolution of cadmium (initial [Cdaq]—4.800 mM) and phosphates (ini-
ial [PO4aq]—3.520 mM) concentration and pH changes with time in the reaction
ith NH4H2PO4 for initial pH 5.50, 7.00 and 9.00.

15]. Therefore thermodynamic stability of solid has a great
mpact on cadmium immobilization.

The ratio of cadmium to phosphates, removed from solution,
as calculated for final concentrations. As a result the ratio for

nitial pH 5.00, 7.00 and 9.00 was equal to 1.28, 1.53 and 1.66,
espectively. These values were compared with ratios of cad-
ium to phosphates in formed solid. The interpretation of this

ata is described in Section 3.2.
Cadmium phosphate precipitation dominated in reactions

f cadmium with water-soluble compounds. However it was
eported that in the reactions with hydroxyapatite (phosphate
ineral with low solubility) the mechanism is different. It

inetics can be divided into two steps: firstly substitution of
a2+ by Cd2+ ions followed by Cd2+ diffusion into the min-
ral bulk is observed, secondly the formation of an apatite
olid solution takes place [31]. It is worth to emphasize that
eaction equilibrium was achieved much faster when cadmium
emoval was a result of phosphate precipitation in compar-
son with cadmium uptake by means of latter mechanism
29].

The precipitation of phosphates resulted in pH changes, pH
ecreased rapidly from initial values of 5.00 to 3.99 and from

.00 to 7.65, while initial pH 7.00 remained at constant value of
.91 ± 0.01 for 720 h, after that time it increased and the final
H was equal to 7.38. Changes of pH may be explained by the
elease of H+ ions to solution from various phosphate anion
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not very efficient for the initial pH 5.00, the concentration of cad-
mium was reduced only to 3.460 mM/L. Probably the presence
of other ions derived from fertilizer dissolution disturbed the
immobilization process. However for initial pH 7.00 and 9.00
ig. 4. Evolution of cadmium (initial [Cdaq]—4.800 mM) and phosphates (ini-
ial [PO4aq]—3.520 mM) concentration and pH changes with time in the reaction
ith “Polifoska 15” fertilizer for initial pH 5.00, 7.00 and 9.00.

pecies HPO4
2−, H2PO4

− and H3PO4
0, while PO4 ionic part is

onsumed for cadmium phosphate formation [19].

.1.2. Cadmium immobilization by potassium phosphate at
onstant pH

Some differences occurred in cadmium removal by potas-
ium phosphate when the pH was maintained at constant value
n contrast to the experiment described in Section 3.1.1. Grad-
al decrease of cadmium concentration was observed for pH
.00, from 4.800 to 0.990 mM/L at the end of experiment. At
H 7.00 and 9.00 cadmium reacted abruptly with phosphates
nd finally its concentration dropped to 0.002 and 0.009 mM/L,
espectively. Similarly to the experiments described in 3.1.1, the
ighest uptake of phosphates was measured for pH 7.00, equi-
ibrium concentration was lowered to 0.580 mM/L, while at pH
.00 and 9.00 it was equal to 0.750 and 0.650 mM/L, respectively
Fig. 2).

Molar ratios of cadmium to phosphates, removed from solu-
ion, were calculated to 1.37, 1.63 and 1.67 for initial pH 5.00,
.00 and 9.00, respectively.

.1.3. Cadmium immobilization by ammonia phosphate

For initial pH 5.00 formation of solid was not observed.

owever after increasing the pH to 5.50, formation of precip-
tate and gradual decrease of cadmium concentration (down
o 1.030 mM/L) were observed within 2 months of the reac-

F
9
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ion. Much faster decrease in cadmium concentration resulted
rom the reactions at initial pH 7.00 and 9.00; the final con-
entration was lowered to 0.040 and 0.001 mM/L, respectively.
hosphates equilibrium concentration, for initial pH 5.50, 7.00
nd 9.00 dropped to 0.340, 0.220 and 0.460 mM/L, respectively
Fig. 3). The results show that NH4H2PO4 has the potential to
educe cadmium solubility in aqueous solution. It was reported
hat diammonium phosphate (DAP) can also reduce cadmium
ioavailability in contaminated soils near smelting and mining
ites [34]. It is promising due to the fact that DAP is commer-
ially available in large quantities as major phosphorus source
n fertilizers.

The cadmium to phosphates molar uptake ratio for initial pH
.50, 7.00 and 9.00 was equal to 1.18, 1.44 and 1.57, respectively.

Changes in pH owing due to the formation of phosphates
ccurred, rapid decrease of initial pH 5.50 to value of 4.62 was
oticed. Initial pH values 7.00 and 9.00 reached the minimum
f 6.83 and 8.71.

.1.4. Cadmium immobilization by “Polifoska 15” fertilizer
Neutralization of cadmium by “Polifoska 15” fertilizer was
ig. 5. Diffractograms of solids formed at: (a) pH 5.00, (b) pH 7.00 and (c) pH
.00 with dh k l values in Å shown over reflexes.
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heir impact was not observed and rapid uptake of cadmium ions
as noticed. The equilibrium concentrations of cadmium ions
ere equal to 0.020 and 0.001 mM/L. Phosphate ions concentra-

ion was lowest for initial pH 7.00 and was equal to 0.480 mM/L.
or initial pH 5.00 and 9.00 it reached 2.820 and 0.830 mM/L
Fig. 4).

For initial pH 5.00, 7.00 and 9.00 the ratio of cadmium to
hosphates uptake was calculated consecutively to 1.91, 1.57
nd 1.78.

The changes in pH were also observed during the experiment.
he initial pH 5.00 and 9.00 decreased to 4.07 and 8.84 and pH
.00 increased to 7.55 after 2 months of the experiment.

Paradoxically it was reported that phosphate fertilizers may
ontain cadmium and their use may seriously affect soil quality
1]. However we have noticed that “Polifoska 15” is cadmium
ree and can be safely used as phosphate source.

.2. Phases characterization
Cadmium phosphates were the only products formed in the
eaction between cadmium and phosphate ions detected by
RD, FTIR and SEM–EBSD. Crystal structure of phosphates

ormed in all four experiments depended mostly on pH. For this

a

m
t

ig. 6. SEM microphotographs of cadmium phosphates formed in the reaction with
.00.
Materials 152 (2008) 1332–1339

eason we only present products formed in the reaction with
otassium phosphate at constant pH.

It was observed that crystallinity of precipitates decreased
ith pH increase. SEM–EBSD analyses confirmed that the

eaction of Cd and PO4 ions in acidic conditions (pH 5.00)
eads to formation of cadmium phosphate of the following for-

ula Cd5H2(PO4)4·4H2O as a sole product. Narrow and sharp
eaks of the diffractogram suggest good crystallinity of this
hase (Fig. 5a). Nucleation and crystal growth mechanism of
his phosphate has been studied in detail by Lundager Mad-
en [37]. In turn, diffractogram of phase formed at pH 7.00
Fig. 5b), indicates that mixture of following cadmium phos-
hates: Cd(H2PO4)2, Cd3(PO4)2 and Cd5H2(PO4)4·4H2O is
resent. Broad peak on the diffractogram of phase formed at pH
.00 (Fig. 5c) confirms amorphous structure of this precipitate.

Well developed crystals of Cd5H2(PO4)4·4H2O, which
xhibit monoclinic symmetry are shown in the SEM micropho-
ographs (Fig. 6a and b). Mixture of differentially developed
hosphates formed at pH 7.00 and amorphic form crystallized

t pH 9.00 may be seen on Fig. 6c and d, respectively.

Data from FTIR spectra for all three precipitates are sum-
arized in Table 2. The infrared spectra are characterized by

hree main regions related to the vibrational frequencies of

potassium phosphate at constant: (a) and (b) pH 5.00, (c) pH 7.00 and (d) pH
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Table 2
Frequency and assignments of the absorption bands in the FTIR spectra of
samples

Peak assignments pH 5.00
(cm−1)

pH 7.00
(cm−1)

pH 9.00
(cm−1)

OH stretch 3500 3422 3438

H2O 3380 2934
2950 2861

CO2 adsorbed 2450 2313
PO4

3− overtone (�3) 2002
H2O 1645 1616 1647
Surface CO3

2− ions 1522

NO3
2− 1265

1145

PO4
3− (�3) 1097 1057 1032

1068 1036
1034 1001
1018
1007

PO4
3− (�1) 945 960

922 933

OH bend 740 746
670 679

P
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Table 3
Comparison of cadmium to phosphates removal ratios (A) with ratios of cadmium
to phosphates in solid (B) for each pH

Initial pH Final pH A B

5
7
9
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8
precipitates decreased from 36.53 ± 1.08% to 33.07 ± 1.10%
and to 30.72 ± 0.67%, for the same pH, respectively.

Molar ratio of amount of cadmium to phosphates in solid,
for each final pH, was calculated as an average of amounts in
O4
3− (�4) 586 586 578

526 563

he PO4
3−, H2O and OH−. Bands �1, �3, �4 that are char-

cteristic for phosphate groups are apparent in all spectra. It
as noticed, mainly due to the presence of absorption band

t region near 1600 cm−1, that crystal structure of precipitates
ontains water molecules. Moreover the presence of water in
olids formed at pH 5.00, 7.00 is confirmed by peaks at region
ear 3800–2800 cm−1. OH-stretching and OH-bending regions
ere noticed at 3500–3400 cm−1 and 750–670 cm−1 (for sam-

les formed at pH 5.00 and 7.00), respectively. Two peaks 1265,
145 cm−1 in spectrum of precipitate formed at pH 5.00 indi-
ate the presence of nitrates, suggesting that this solid was not

ig. 7. Dependence of amounts of cadmium and phosphates in solid vs. final
H.

F
p
e

.00 (5.50) 4.42 ± 0.50 1.27 1.32

.00 7.19 ± 0.30 1.54 1.52

.00 8.51 ± 0.60 1.67 1.76

ashed enough in order to prevent NO3 ions presence. Spec-
rum of this sample also contains a band at 1522 cm−1 which

ay be assigned to the presence of CO2
3− ions adsorbed from

tmosphere during sample preparation.
The amounts of Cd and PO4 in precipitated solids, analogi-

ally as the crystal structure, depends on pH conditions rather
han on the source of phosphates. Fig. 7 shows the dependence
f precipitates chemical composition on equilibrium pH. All
oints in the graph are an average of Cd and PO4 amounts
easured in all four experiments. The standard deviations are

resented as error bars. Amount of cadmium in solid increased
rom 57.51 ± 3.71% for final pH 4.42 ± 0.48 to 59.82 ± 2.77%
or final pH 7.19 ± 0.33 and to 64.16 ± 1.93% for final pH
.55 ± 0.61. In turn, the average total amount of phosphates in
ig. 8. pC–pH diagrams for total dissolved cadmium (C = 4.800 mM) and phos-
hate (C = 3.520 mM) concentration in closed system. The pH range of our
xperiments is shaded.



1 rdous

f
w
T
p
e
c
o
1
p
S

m
2
c
n
H
(
t
t
7
o
c
a
g

4

f
t

d

n
r
“
f
f

e
p
d

c
r
t
s
1

m
c
t
I
p
o
a
o

A

M
t
a
S
t

R

[

[

[

[

[

[

[

[

[

[

[

[

338 J. Matusik et al. / Journal of Haza

our experiments. The ratio of 1.91 established in the experiment
ith fertilizer for initial pH 5.00 was not taken into calculations.
hese values are comparable with ratios of cadmium to phos-
hates uptake from solution in four experiments calculated for
ach pH (Table 3). This indicates that Cd and PO4 ions were
onsumed only for cadmium phosphates formation. The ratio
f 1.32 in solid formed at constant pH 5.00 is close to ratio of
.25 characteristic for pentacadmium dihydrogen tetrakis phos-
hate tetrahydrate Cd5H2(PO4)4·4H2O. This is consistent with
EM–EBSD analyses.

The hydrochemical model PHREEQC [38] was used for cad-
ium and phosphate speciation calculations at pH range from

.00 to 12.00 (Fig. 8). It was noticed that Cd2+ ionic form of
admium and H2PO4

−, HPO4
2− phosphate speciations domi-

ate in the entire pH range of our experiments. Concentration of
2PO4

− ions is higher than HPO4
2− ions in acidic conditions

3.99 ≤ pH ≤ 5.31). In turn, when pH is in the range from 6.75
o 7.55 their concentrations are nearly equal, however domina-
ion of HPO4

2− ionic form is observed while pH ranges from
.65 to 9.19. Theoretical calculations indicate that speciation
f phosphate ions has a great impact on formed solid chemi-
al composition. This may explain the fact that above named
nd characterized precipitates contain hydrogenated phosphate
roups and water molecules in their structure.

. Conclusions

Our research demonstrated that use of phosphates in different
orms for cadmium immobilization can be one of alternative
echniques for neutralization of this element.

Cadmium removal process was mainly influenced by pH con-
itions rather than source of phosphates.

The highest reduction of cadmium concentration (>99%) was
oticed for all used forms of phosphates when pH was in the
ange of 6.75–9.00. In particular the uptake of cadmium by
Polifoska 15” fertilizer is promising due to the fact that this
orm is relatively cheap in comparison with other phosphate
orms.

At pH ≤ 5.00 uptake of cadmium was less efficient and did not
xceed 80%. It was lowest for “Polifoska 15” fertilizer (28.25%),
robably due to the presence of other ions derived from fertilizer
issolution which disturbed the immobilization process.

The reaction was rapid, time did not influenced greatly the
admium uptake. The highest percentage variation of cadmium
eduction (variation between reduction after 1440 and 2 h) equal
o 23.11% was observed in the reaction with K2HPO4 at con-
tant pH 5.00. In other reactions this variation did not exceed
5%.

Cadmium uptake from the solution resulted from the for-
ation of cadmium phosphates. The chemical composition and

rystal structure of formed solids depended on pH. The crys-
allinity of the precipitates decreased with the increase of pH.
n acidic conditions (pH ≤ 5.00) the crystallization of cadmium

hosphate of the following formula Cd5H2(PO4)4·4H2O was
bserved. At pH ∼ 7.00 formation of Cd(H2PO4)2, Cd3(PO4)2
nd Cd5H2(PO4)4·4H2O was noticed and amorphic forms were
bserved when pH > 8.50.

[
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