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Adsorptive removal of phosphate from aqueous solutions
using raw and calcinated dolomite
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Abstract

This study explored the feasibility of utilizing raw and calcinated dolomite under CO2 atmosphere for phosphate removal in laboratory experi-
ments. The experimental work emphasized the evaluation of phosphate adsorption characteristics of this adsorbent material. Studies were conducted
to delineate the effect of contact time, initial phosphate concentration, temperature, pH, stirring speed, adsorbent dose and calcination temperature.
Phosphate removal decreased with increasing temperature and slightly increased with increasing of pH. The observed decrease in the adsorption
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apacity with increase of the temperature from 20 to 40 and to 60◦C indicates that the low temperatures favor the phosphate removal by a
ion onto dolomite. Phosphate removal was seen to decrease with increasing calcination temperature due to the structural changes
he structure and pore size distribution of dolomite samples during calcination. The experimental data obtained were applied to the
angmuir, BET, Halsey, Harkins–Jura, Smith and Henderson isotherm equations to test the fit of these equations to raw and calcinat
amples. By considering the experimental results and adsorption models applied in this study, it can be concluded that adsorption o
ccurs predominantly through physical interactions, and the dolomite sample has a heteroporous structure. The large values of the
enderson equation and the high value ofym obtained from BET equation indicate the microporous structure is more stable in raw and ca
olomite samples.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Phosphate is recognized as being one of the resources
hat will be lost in near future[1]. A large amount of used
hosphate finally reaches water environment as diluted waste,
hich often leads to pollution of the water environment. It

s of value to collect the finally disposed phosphates from
ffluents and drain water before further dispersion and dilu-

ion of them in the water environment. Many techniques have
een proposed for the removal of phosphate from wastewater.
oagulation–precipitation and biological methods are widely
ccepted methods of phosphate removal at industrial level.
xtensive research has also been carried out to produce sim-
lification of maintenance, stable running and removal effi-
iency. Among these researches, many researchers have pro-
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moted development of adsorbents with high selectivity
removal capacity for phosphate[1–6]. Recent recognition of th
risk of very dilute contaminants in water makes it importan
produce a new kind of adsorbents and/or coagulants to avo
risk that may be produced such as contamination by the a
through their dissolution[7,8].

The objective of this work was to study the feasibility
using raw and calcinated dolomite under CO2 atmosphere as a
adsorbent for phosphate removal from wastewater. Dolom
a common sedimentary rock-forming mineral that can be fo
in sedimentary beds several hundred feet thick, it is also f
in metamorphic marbles, hydrothermal veins and replace
deposits. Dolomite is both a mineral and a rock. The Dolo
Group is composed of minerals with an unusual trigonal
3 symmetry. The general formula of this group is AB(CO3)2,
where A can be calcium, barium and/or strontium and th
can be iron, magnesium, zinc and/or manganese. The amo
calcium and magnesium in most specimens is equal, but
sionally one element may have a slightly greater presence
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the other. Small amounts of iron and manganese are sometimes
also present[9,10].

The adsorption characteristics of this material for phosphate
removal from aqueous solutions were evaluated in small-scale
experiments. The scope included the effect of initial phosphate
concentration, adsorption temperature, pH, stirring speed, adsor-
bent dosage and calcination temperature on the adsorption of
phosphate. The adsorption isotherms were evaluated in batch jar
tests by using orthophosphate solutions. Such work could con-
tribute to understanding the phosphate removal process using
dolomite.

2. Materials and methods

The dolomite sample used in this study was supplied from the
Erzurum region, in Turkey. The sample was air-dried and then
sieved to give a−180/+425 m size fraction using ASTM Stan-
dard sieves. The chemical composition of the dolomite sample
was estimated by comparing X-ray diffraction diagrams of the
reference dolomite and the sample used in this study, and these
are given inFig. 1. As seen inFig. 1, X-ray diffraction diagrams
are almost the same, indicating that the sample dolomite used
is the same as the reference dolomite. The chemical composi-
tion of the reference dolomite is 21.7% Ca, 13.2% Mg, 13.0% C
and 52.1% O. Then, by dissolving the sample with HCl, it was
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The standard phosphate solutions used in the experiments
were prepared from anhydrous KH2PO4. The flasks with their
contents were then shaken for the different adsorption times at
20, 40 and 60◦C and natural pH. The effect of pH was investi-
gated at 20◦C. pH adjustments have been done using solutions
of concentrated HCl and NaOH. In the experiments, the stirring
speed was kept constant at 90 rpm (except for the experiments
in which the effect of stirring speed are examined). At the end of
adsorption period, the supernatant was centrifuged for 2 min at
3750 min−1. The concentration of phosphate in the supernatant
solution after and before adsorption was measured according
to the stannous chloride method[11]. The measurements were
made at the wavelength = 690 nm, which corresponds to maxi-
mum absorbance. The adsorbed amount of phosphate was cal-
culated from the concentrations in solution before and after
adsorption. Blanks containing no phosphate were used for each
series of experiments. The specific surface area of dolomite was
measured using the BET N2 method and is found to be 0.14 m2/g.

3. Results and discussion

3.1. Effect of temperature

To investigate the effect of adsorption temperature on the
phosphate adsorption onto the dolomite surface, experiments
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ound that the sample contained dolomite at 99.5%. Phos
as removed by using dolomite from synthetic wastewat

his study. All chemicals used in this study were obtained f
erck.
Adsorption experiments were carried out in 100-mL gl

toppered round-bottom flasks immersed in a thermos
haker bath. For this, 0.2 g of the raw and calcinated dolo
ample was mixed with 100 mL of the aqueous solution
he various initial concentrations (10, 20, 30, 40, 50, 60,
0, 90 and 100 mg/L) of phosphate. The dolomite sam
ere previously calcinated in muffle furnace at the tem
ture of 350, 450 and 700◦C for 10 min and under CO2
tmosphere.

Fig. 1. X-ray diffraction diagrams for the refe
e

c

ere carried out with varying initial concentrations of phosp
rom 10 to 100 mg/L at different agitation times (10, 15, 30
0 min), at three different temperatures (20, 40 and 60◦C) and
t a constant stirring speed of 90 rpm. The results are giv
igs. 2 and 3. As can be seen from these figures, the adsor
f phosphate onto the surface of dolomite taken place quic
igh initial phosphate concentrations (after 50 mg/L) until
5 min while the time required to reach adsorption equilibr
aised until 30 min at low initial phosphate concentrations, a
f studied temperatures. The variation in the adsorption

ibrium time is significantly different at low initial phospha
oncentrations at all of temperatures. But, the time of 15 m
ufficient at high initial phosphate concentrations. After th

dolomite sample and the sample used in this study.
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Fig. 2. The variation of adsorption capacity with adsorption time at various
initial phosphate concentrations (solid–liquid ratio 0.2 g/100 mL, stirring speed
90 rpm, natural pH≈ 3.54 and temperature 20◦C).

adsorption times, the adsorption rate exhibits the tendency to
be constant. Therefore, it can be said that in order to reach
adsorption equilibrium, the adsorption times of about 15 and
30 min are sufficient for high and low concentrations, respec-
tively. The observed relative decrease in equilibrium time at
high initial phosphate concentrations can be attributed to the dif-
ference of phosphate concentrations in the solid and bulk phase
(concentration gradient). It is known that diffusion rates increase
as the concentration gradient increases. Adsorption capacity
increased with increasing initial phosphate concentration. The
relative shorter equilibrium adsorption time in this study can be
attributed to the intensive physical interactions between phos-
phate ions and the surface of dolomite. It has been reported that
the time required for reaching adsorption equilibrium is short
for the adsorption processes in which physical interactions are

F rious
a rpm
n

Fig. 4. The variation of the amount adsorbed with adsorption time at various
initial suspension pHs (solid–liquid ratio 0.2 g/100 mL, stirring speed 90 rpm,
initial phosphate concentration 100 mg/L and adsorption temperature 20◦C).

predominant[12–14]. The observed decrease in the adsorption
capacity with an increase of the temperature from 20 to 40 and
to 60◦C indicates that the low temperatures favor phosphate
removal by adsorption onto dolomite. This may be due to a ten-
dency for the phosphate ions to escape from the solid phase
to the bulk phase with an increase in the temperature of the
solution[15,16]. This effect suggests that an explanation of the
adsorption mechanism associated with the removal of phosphate
onto dolomite involves a physical process in this case, in which
adsorption arises from the electrostatic interactions, which is
usually associated with low adsorption heat.

3.2. Effect of pH

To study the influence of pH on the adsorption capacity of
dolomite for phosphate, experiments were performed at 20◦C,
for several contact times, using various initial solution pH values,
changing from 1 to 11 (Fig. 4).

The pH dependency of phosphate removal is both related to
the dissolution of Ca2+ ions from adsorbent and to the polypro-
tic nature of phosphate. Previous workers reported that Ca2+

concentrations in the solution decrease with increasing initial
pH for different phosphate concentrations and they are also
suggested that the phosphate removal by fixation with Mg2+

ions was not accomplished or it was low. The formation of cal-
cium phosphate precipitates in amorphous form can be expected
[ , the
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ig. 3. The variation of adsorption capacity with adsorption time at va
dsorption temperatures (solid–liquid ratio 0.2 g/100 mL, stirring speed 90
atural pH≈ 3.54 and initial phosphate concentration 100 mg/L).
,

17]. Moreover, when the pH of the solution decreases
ositively charged surface sites formed on the adsorbent

he adsorption of phosphate due to the electrostatic attra
s the pH of solution is increased, the concentration of O−

n solution, which competes with the PO4
3− species, becom

igher.
The highly negatively charged adsorbent surface sites d

avor the adsorption of oxianion due to the electrostatic repu
17,18].

In this study, the phosphate removal was not significa
hanged with increasing of solution pH. This may be expla
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Fig. 5. The variation of the values of zeta potential, values of conductivity and the
amounts adsorbed with initial suspension pH (solid–liquid ratio 0.2 g/100 mL,
stirring speed 90 rpm, initial phosphate concentration 100 mg/L and temperature
20◦C, for 60 min,y: adsorption capacity, mg/g).

by considering such competing effects as a decrease in the dis-
solved Ca2+ concentrations and an increase of PO4

3− species
from hydrolysis products of phosphate and OH− concentration
in solution with increasing pH.

The values of zeta potential of the particles were measured by
using a microelectrophoresis cell (Zeta meter 3.0+).Fig. 5shows
the variation of both the values of zeta potential and electrical
conductivity with suspension pH, together with the adsorption
capacities at studied each pH. As seen from the figure, the highest
negative zeta potential was observed at pH 1, where the electrical
conductivity was the highest and the lowest adsorption capac-
ity are obtained for pH 1. At this pH, other species of phosphate
such as HPO42−, H2PO4

− and H3PO4 are prevalent and HCO3−
ions decompose from the dolomite surface. The most high value
of electrical conductivity is supported this probability. Also, it
may be said that the high negative charge on the dolomite surface
arisen from HCO3− and other hydrolysis products of phosphate
(less in according to the case of PO4

3−), which are adsorbed onto
dolomite surface through physical, such as ion–dipole and/or
dipole–dipole interactions. When the suspension pH is reached
to 3, both the value of zeta potential and the value of electrical
conductivity is rapidly approached to zero. Neither zeta potential
nor electrical conductivity did significantly change in the range
of pH 3–9. The values of zeta potential of particles are slightly
increased as positive, while the value of electrical conductiv-
ity is decreased near zero in this range. At pH 11, both of the
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Fig. 6. The variation of the adsorption capacity with adsorption time at various
stirring speeds (solid–liquid ratio 0.2 g/100 mL, natural pH≈ 3.54 and initial
phosphate concentration 100 mg/L for 20◦C).

3.4. Effect of adsorbent dose

To investigate the effect of adsorbent dose on the phosphate
adsorption onto the dolomite surface, experiments were carried
out with initial phosphate concentration of 100 mg/L and varying
adsorbent dose at 20◦C and at a constant stirring speed of 90 rpm
for 60 min. The results show that the percent removal increased
with increasing adsorbent dose due to the increase in the total
available surface area of the adsorbent particles.

3.5. Effect of calcination on the phosphate adsorption

The results of the effect of the calcination on the surface
topography of dolomite and the adsorption capacity of phosphate
were presented inFigs. 7 and 8, respectively. Thermal decom-
position of dolomite occurs via a system involving a number
of reactions still being under discussion in the literature[19].
When it takes place in air or in the presence of CO2, it occurs as
a two-step process, usually written as[20]:

CaMg(CO3)2 = MgO + CaCO3 + CO2 (1)

CaCO3 = CaO + CO2 (2)

There is a discrepancy in the literature about the limiting partial
pressure of CO2 that switches the course of dolomite decom-
position[21]. Moreover, the precise mechanism of this process
i
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alue of zeta potential and electrical conductivity are incre
gain.

.3. Effect of stirring speed

Experiments were conducted to investigate the effec
tirring speed on the phosphate adsorption onto the dol
or initial phosphate concentration of 100 mg/mL and dif
nt adsorption times, at 20◦C, stirring speeds in the range
0–150 rpm.The results are given inFig. 6. As can be seen fro

his figure, with increasing stirring speed the adsorption cap
f phosphate did not change. This indicates that the diffusi

he phosphate ion from the solution to the surface of the a
ent and into the pores occurs easily and quickly.
e

f
-

s not established yet. According to Hashimoto et al.[22], the
wo step decomposition of dolomite may undergo through e
issociation into magnesium and calcium carbonates, follo
y the decomposition of magnesium carbonate, or the dec

he dolomite structure into the mixture of oxides and then
ndary recarbonation of calcium oxide to calcium carbon
part from these, when decomposition of dolomite is stop
fter the first step, the product is a solid consisting of a r
orous calcite and the fine powdered magnesium oxide
orosity and surface properties of such obtained solid,
alled “dolomitic sorbent”, depend on the conditions of ther
reatment. Obviously, the gas–solid reactions are accomp
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Fig. 7. SEM images of the raw dolomite and the calcinated samples under CO2 atmosphere at several temperatures: (a) raw, (b) 350◦C, (c) 450◦C and (d) 700◦C.

by structural changes within the solid product which are not
only a direct result of the chemical change in the solid but also
the processes as sintering, cracking, swelling, etc.[23]. Carbon
dioxide accumulation has the major role in the development of

Fig. 8. The variation of adsorption capacity with initial phosphate concentra-
tion at various calcination temperatures (solid–liquid ratio 0.2 g/100 mL, natural
pH≈ 3.54, stirring speed 90 rpm and adsorption temperature 20◦C, for 60 min).

a porous structure of dolomitic sorbents. The diffusion rate of
carbon dioxide outside the sample bed is negligible in pure CO2
atmosphere. The structural changes within a new solid phase of
calcite, usually promoted by the high concentration of CO2, such
as sintering or shrinkage, lead to the increase of a solid density,
decrease of pore numbers and specific surface area[21].

In our work, to estimate the porosity changes that occur dur-
ing the thermal treatment of dolomite under CO2 atmosphere
both the phosphate adsorption measurements and SEM images
for raw dolomite and the samples calcinated at various cal-
cination temperatures were applied. The SEM images of the
samples and results for adsorption measurements are given in
Figs. 7 and 8, respectively.Fig. 7shows that the pores for sample
calcinated at 350◦C are relatively more open than that of raw
sample. However, calcinations at the higher temperatures have
caused to covering of the pores and so significantly changing
of the surface topography of the samples. As seen fromFig. 8,
the adsorbed amounts of phosphate on calcinated dolomite sam-
ple under CO2 atmosphere at 350◦C are also slightly higher in
comparison with those on the raw dolomite. But, beyond the
temperature 350◦C, the adsorption capacity is slightly reduced
in calcinated dolomite samples under CO2 atmosphere 450 and
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700◦C. The observed decrease in adsorption capacities with
increasing calcination temperature can be attributed to the struc-
tural changes occurring in the structure and pore size distribution
of dolomite samples during calcination[21].

3.6. Adsorption isotherms

In order to determine the mechanism of phosphate adsorption
on the raw and calcinated dolomite sample at 350◦C the exper-
imental data were applied to the Freundlich, Langmuir, BET,
Halsey, Harkins–Jura, Smith and Henderson isotherm equations.
The constant parameters of the equations for this system were
calculated by regression using the linear form of the isotherm
equations and SPSS 10.0 software. The results are given in
Table 1, together with the isotherm equations.

The isotherms belonging to the phosphate adsorption on the
raw and calcinated dolomite samples under CO2 atmosphere
at 350◦C are given inFig. 9. As seen from this figure, the

Table 1
Applicability of isotherm equations to phosphate adsorption data at 20◦C of
raw and calcinated dolomite samples under CO2 atmosphere at 350◦C and their
constant parameters

Isotherm equations Sample Constant
parameter

R2

F

L

B 2

4

H

H

S

H

y
c
c

Fig. 9. The adsorption isotherms of the phosphate on raw and calcinated
dolomite under CO2 atmosphere at 350◦C (adsorption temperature 20◦C for
60 min).

adsorption yield is approximately the same for two samples
in low equilibrium concentrations, while the adsorption yield
of calcinated dolomite sample is reduced at high equilibrium
concentrations. The observed decrease in adsorption yield as a
result of calcination can be attributed to the forming of CaO and
MgO, which transforms to their hydrolysis products at aqueous
medium. Such a transformation can be lead to both changing of
the phosphate adsorption mechanism and hindering of the diffu-
sion of phosphate ions to the pores. Also the decrease observed
in adsorption yield of the calcinated sample, contrary to no sig-
nificantly changing of adsorption capacities, makes a sign the
removal probability by interacting of the hydrolysis products of
the oxides with phosphate ions.

The experimental data fit not to the Langmuir model. This
result suggests that phosphate adsorption is not limited with
monolayer coverage and the adsorption occurs predominantly
through physical interactions. The parameters for the Freundlich
isotherms of raw and calcinated dolomite sample under CO2
atmosphere at 350◦C are given onTable 1. It is seen from this
table, that the value ofn (a measure of the intensity of adsorp-
tion) for raw dolomite sample is higher than that of calcinated
dolomite sample. The decrease in the value ofn as a result of
calcination at 350◦C can be attributed to formation of the pore
diffusion resistance regard to adsorption and/or the changing of
mechanism of interactions between phosphate ions and dolomite
reundlich, lny = ln k + n ln C Raw n = 2.15 0.9935
k = 0.257

Calcinated n = 1.52 0.9833
k = 0.534

angmuir,C/y = 1/kym + (1/ym)C Raw – –
Calcinated – –

ET, C/y(1− C)
= 1/(ymk) + [(k − 1)/(ymk)]C

Raw ym = 805.94 0.988

k = 0.911

Calcinated ym = 914.20 0.998
k = 0.957

alsey, lny
= [(1/n) ln k] − (1/n) ln[ln(1/C)]

Raw n = 0.09 0.9995
k = 6.340

Calcinated n = 0.13 0.9860
k = 6.689

arkins–Jura,
1/y2 = (B/A) − (1/A) logC

Raw A = 4.50 0.9737
B =−0.986
Calcinated A = 5.59 0.9350
B =−0.966

mith,y = Wb − W ln(1− C) Raw Wb =−12.57 0.9479
W = 4489.06

Calcinated Wb =−6.23 0.9844
W = 2536.47

enderson,
ln[−ln(1− C)] = ln k + n ln y

Raw n = 2.14 0.9936
k = 684.105

Calcinated n = 1.54 0.9785
k = 209.104

is the adsorption capacity of phosphate (mg/g);ym is the monolayer adsorption
apacity;C is the equilibrium concentration;n, k, K, A, B, Wa andW are the
onstant parameters for the isotherm equations.

surface. The value ofk (a measure of adsorption capacity) for
c raw
d ed by
c more
s

ssion
c and
H mite
s e
e , the
fi solids
[ qua-
t n
alcinated dolomite sample is higher in comparison with
olomite sample. This result suggests that the oxides form
alcination and the basic medium in micropores produced
uitable conditions for phosphate adsorption.

Table 1also contains the isotherms parameters and regre
oefficients belonging to BET, Halsey, Harkins–Jura, Smith
enderson adsorption models of raw and calcinated dolo
ample under CO2 atmosphere at 350◦C, respectively. All thes
quations are suitable for multilayer adsorption. Especially
tting of these equations can be seen in heteroporous
24–27]. The large values of the constants for Henderson e
ion and the high value ofym obtained from BET equatio



S. Karaca et al. / Journal of Hazardous Materials B128 (2006) 273–279 279

indicate the microporous structure is more stable in raw and cal-
cinated dolomite samples. The highym value obtained for the
calcinated dolomite sample from BET isotherm show that the
calcination process leads to microporous structure and large sur-
face area for phosphate adsorption. Also, the fact that calcinated
dolomite sample has relatively a higher monolayer adsorption
capacity supports the possibility of the change of mechanism.
When thek constants for both samples are compared, it can be
said that the interactions between phosphate ions and the sur-
face of the calcinated dolomite or the hydrolysis products of the
oxides is more effective than that of raw sample.
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