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Removal of phosphates from aqueous
solutions by using bauxite II: the activation
study
H Soner Altundoǧan∗ and Fikret Tümen
Fırat University, Department of Chemical Engineering, 23279 Elazıĝ, Turkey

Abstract: In this study, acid treatment and heat treatment methods have been investigated in order to
enhance the phosphate adsorption capacity of bauxite. For this purpose, a series of bauxites treated with
0.1–1.0 M HCl and another one heated at various temperatures between 200 and 1000 ◦C were subjected to
standardized orthophosphate adsorption tests. Besides determining chemical and mineralogical compo-
sitions, TGA and DTA were performed and point of zero net proton charge (PZNPC), surface area, mean
particle size and porosity were measured for selected samples. The results have shown that the acid treat-
ment of bauxite has a negative effect on the phosphate adsorption capability. On the other hand, it has been
observed that the phosphate adsorption capacity of bauxite could be increased by heating. The optimum
heating temperature was determined as 600 ◦C. Bauxite heated at 600 ◦C exhibited about an eight-fold
increase in surface area compared with raw bauxite. The results showed that the activation of bauxite
occurred via dehydration of boehmite and diaspore, being the hydrated mineral phases. Maximum adsorp-
tion efficiencies for ortho-, tripoly- and glycerophosphates were achieved in the slightly acidic pH range. It
was found that the adsorption capacities of thermally-activated bauxite for all phosphate species investi-
gated were higher than that of raw bauxite. But the increase in adsorption efficiency is not proportional to
the increase in specific surface area. It was found that the relative adsorptivity of phosphate species investi-
gated is in the order of orthophosphate > tripoly(phosphate) > glycerophosphate. In addition, it was found
that the desorption trends of these phosphate species were similar to the results obtained for raw bauxite.
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INTRODUCTION
The separation and control of phosphorus dur-
ing wastewater treatment has become an important
issue, due to understanding the increased signifi-
cance of eutrophication. Conventional methods for
removal of phosphorus from wastewater include
chemical precipitation, biological processes and ion
exchanging–sorption processes. The use of adsorp-
tion as a tertiary treatment method for the removal
of phosphates is especially promising and has been
intensively investigated.1,2

As calcium, magnesium, aluminium and iron ions
can form insoluble products with phosphates, solid
materials containing these elements are considered
potential sorbents for phosphorus removal. From
natural and synthetic minerals to industrial wastes,
a wide variety of adsorbents has been identified and
tested for their abilities to uptake phosphorus in this
regard. Considerable research has been done in the
search for inexpensive adsorbents, especially those
developed from various minerals and industrial waste
materials.3–20

In some earlier studies, on the other hand, adsorbent
materials were subjected to activation in order to
develop their adsorptive ability by enhancing their
reactivity and specific surface area.16–20 Generally,
acid treatment and heat treatment processes have
been used for this aim. It has been reported that
the phosphate adsorption capacity of red mud could
be increased by acid and heat treatments.21 In a recent
study,21 we have pointed out that an acid treatment of
red mud improved its arsenic adsorptivity while heat
treatment did not. In some phosphate removal studies,
we have also shown that an acid treatment increased
the adsorption ability of some industrial wastes such as
ferrochrome slag17 and pyrite cinder.18 In contrast, it
has been reported that the acid treatment decreases the
phosphate adsorption capacity of alumina.22 Also, it is
well known that materials containing hydrated mineral
phases can be activated by heating, which increases the
porosity. In this regard, it has been indicated that heat-
activated bauxite is used for decolourising petroleum
products and for drying gases and can be reactivated
by heating.23
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In our study,24 the adsorption properties of bauxite
for various phosphates were investigated on a large
scale. In this context, in the first part of the study,25 the
effect of pH on the adsorption of various phosphates
onto bauxite has been reported. Bauxite, an abundant
ore of aluminium metal and consisting mainly of
aluminium and iron oxides and oxyhydrates, is a low-
cost sorbent due to its significant affinity with the
various type of phosphates and probable reutilization
in alumina production after phosphate adsorption.
In our recent study, it has been indicated that the
adsorption of phosphates onto the surfaces of bauxite
could be described by a ligand exchange mechanism,
resulting in the formation of inner-sphere complexes,
as represented below:25

a ≡SOH(s) + HcPOc−3
4 (aq)

+ bH+
(aq)

−−−→←−−− ≡SaHbPO4(s)

+ cH2O(l) + (a − c)OH−
(aq) (1)

where S refers to a metal atom in a hydroxylated
surface, OH to a reactive surface hydroxyl, and a,
b and c are stoichiometric coefficients. It is a fact
that the number of active surface sites plays an
important role in the phosphate adsorption process.
Type and number of phosphate species, of course,
is another important factor affecting the adsorption
phenomenon. It is known that the total soluble
phosphorus in the municipal wastewaters exists in
the various forms of ortho-, inorganic condensed and
organic phosphates.26 Not only do different shapes
and sizes of phosphate species but hydrolytic reactions
taking place also affect the adsorptivity. Additionally,
in the case of condensed inorganic phosphates
the adsorption process is more complex since the
hydrolytic degradation may also be influenced by the
catalytic effects of mineral surfaces. On the other hand,
adsorptivity of organic phosphates may be dependent
on some structural differences such as number and
variety of functional groups and number of phosphate
groups in the molecule.27

In the present paper, the results obtained from
the experiments on the bauxite activation section
of the study24 are reported. The main objectives
of the present part are to investigate the activation
of bauxite with the aim of increasing its phosphate
adsorption capacity and to understand the mechanism
of activation. For this purpose, acid and heat
activation procedures were applied and treated bauxite
samples were subjected to adsorption tests and various
physicochemical analyses. Also, the pH dependent
phosphate adsorption characteristics of activated
bauxite were investigated and the results obtained
were compared with those from a recent study dealing
with raw bauxite.

MATERIALS AND METHODS
Materials
Bauxite used in the study was provided from Seydisehir
Aluminium Plant, Konya (Turkey). The preparation

of the bauxite sample, its chemical and mineralogical
composition and some physicochemical properties
have been given in our earlier paper.25

The ortho- (OP), tripoly- (TPP) and glycero-
(GP) phosphate solutions used in the experi-
ments were prepared from sodium dihydrogen phos-
phate (Na2HPO4·2H2O, Merck, 6576), sodium
tripolyphosphate) (Na5P3O10, Sigma, 7758-29-4)
and sodium glycerophosphate (C3H5(OH)2PO4Na2,
Merck, 3108) salts.

Throughout the study, the phosphate concentra-
tions are expressed as mg phosphorus per dm3 of
solution (mg-P dm−3) in order to be comparable for
various types of phosphate.

All solution preparations and dilutions were made
using distilled water. The laboratory-ware used in the
experiments was always soaked in dilute HCl solution
for 12 h and then rinsed with large amounts of distilled
water.

Activation of bauxite
Two different activation procedures were applied. In
the first method, 50 g of the fraction of bauxite samples
under 74 µm were refluxed with 1 dm3 of 0.1–1.0 M

HCl solutions at atmospheric conditions for 2 h. After
the treatment, the mixtures were filtered by suction.
For washing, the filter cakes obtained were slurried in
1 dm3 of distilled water for 30 min and filtered. The
resulting cakes were then dried at 100 ◦C for 4 h and
preserved in closed vessels.

In the second method, bauxite samples were
subjected to heat treatment. For this purpose, a
50 g portion of bauxite samples was placed in a
porcelain dish and then heated in a muffle furnace
at various temperatures between 200 and 1000 ◦C for
2 h. After heating, the bauxite samples were cooled in
a desiccator, ground to under 74 µm and preserved
in closed vessels containing silica gel during the
experimental study.

The weight loss was determined for both activation
procedures.

Standardized adsorption experiments
To determine the influence of activation, bauxite
samples activated by the different activation proce-
dures were subjected to standardized orthophosphate
adsorption tests; all other parameters were kept con-
stant while the pH was varied over a wide range
(1.5–12). The experiments were carried out by shak-
ing (400 cycle min−1) 250 cm3 glass conical flasks con-
taining 1 g of activated bauxite samples and 100 cm3

of orthophosphate solutions having a concentration of
10 mg-P dm−3 in a temperature-controlled water bath
at 25 ◦C for 2 h. The pH of the mixtures was adjusted
by using HCl and NaOH solutions. The experiments
were performed at constant ionic strength, provided
by NaCl the concentration of which was 0.01 M in
all working solutions. The initial pH values of sus-
pensions were measured within a few minutes of the
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beginning of the experiments. At the end of the shak-
ing period, the final pH values of the suspensions were
measured and the suspensions were then centrifuged at
10 000 rpm for 10 min. The phosphate content of the
supernatants was determined immediately, following
the methods described below.

Adsorption and desorption studies
The effect of adsorbent dosage on the adsorption
of ortho-, tripoly- and glycerophosphates was inves-
tigated by using the most effective activated bauxite
sample determined via standardized orthophosphate
adsorption tests. In these experiments, all conditions
except adsorbent dosage were kept the same as in the
standardized adsorption experiments. The adsorbent
dosages of 2.5, 5.0 and 10 g dm−3 were studied for all
phosphate species by varying the pH in the range of
1.5–12.

Also, some adsorption experiments were carried out
by using mixed binary and ternary phosphate solutions
under the similar conditions. In these experiments,
total phosphorus concentration was designated as
10 mg-P dm−3 and the concentration of each species
was equal. These experiments were carried out using
5 g dm−3 of activated bauxite dosage.

In order to determine the desorption behaviour of
ortho-, tripoly- and glycerophosphates, a group of
experiments was carried out by shaking the phosphate-
adsorbed bauxite samples with 100 cm3 distilled water
at 25 ◦C and over a wide pH range for 2 h. Desorption
experiments for ortho-, tripoly- and glycerophosphates
were conducted at the dosages of 2.5, 5.0 and
5.0 g dm−3, respectively.

Methods of analysis
Orthophosphate analyses were performed by means of
the ascorbic acid method using a Jenway D 500 model
UV-Visible spectrophotometer. Analyses of tripoly-
and glycerophosphate solutions were accomplished
by using this method after converting them to
orthophosphate by a sulfuric acid hydrolysis route
for tripoly(phosphate) and sulfuric acid–nitric acid
digestion route for glycerophosphate.27

For mixed phosphate solutions, firstly, total ortho-
and tripoly(phosphate) analyses were performed
by using suitable methods, as mentioned above.
The individual phosphate concentrations were then
calculated by subtracting the amount of ortho-, tripoly-
or ortho- + tripoly- from the total concentration.

In order to explain the activation mechanism, raw
and activated bauxite samples were subjected to
additional analyses. For this purpose, XRD analy-
sis (Siemens D-5000 Diffractometer), FT-IR analysis
(Mattson 1000), specific surface area analyses (single
point N2-BET, Micromeritics Flowsorb 2300), poros-
ity analysis (with mercury porosimeter, Micromeritics
Poresizer 9310), DT and TG analyses (Shimadzu
DTA-TG-DSC system) and particle size analysis
(lazer particle size analyser, Malvern Inst Master-
sizer X) were performed. Also, the point of zero net

proton charge (PZNPC) for raw and activated bauxite
samples was determined by a potentiometric titration
route.28 Additionally, in order to determine the solu-
bilized portions of Fe and Al, waste solutions obtained
from the acid activation process were analysed for
these metals by AAS (Perkin-Elmer 370).

RESULTS AND DISCUSSION
Activation study
In this part of the study, the effect of activation
conditions on phosphate adsorption onto bauxite is
discussed in relation to the results of orthophosphate
adsorption experiments conducted at standardized
conditions.

The effect of final pH (pHf ) on orthophosphate
adsorption by the acid-activated bauxite is shown in
Fig 1. It is obvious that the acid treatment has a
negative effect on the phosphate adsorption capability
of bauxite by decreasing its adsorption capacity to
almost half that at the pH at which the adsorption
maximum was obtained for raw bauxite. The decrease
in adsorption capacity seems to be almost independent
of the concentration of HCl used in the range of
0.1–1.0 M.

The results of the heat activation study are shown in
Fig 2. The phosphate adsorption capacity of bauxite
increased on increasing the temperature up to 600 ◦C.
For the narrow pH range of 4.5–5.2, phosphate
removal efficiencies are both more than 95% for
activated bauxites obtained by heating to 600 and
800 ◦C. Although the adsorption efficiencies are close,
activated bauxite obtained at 600 ◦C is more effective
in the wide pH range of 2.0–8.0; this may be
considered as an advantage. The phosphate adsorption
efficiency of bauxite decreased sharply on further
increase of temperature. For the sample obtained
at 1000 ◦C, adsorption efficiencies were found to be
about 15% in the pH range of 2.0–5.0. Consequently,
it can be stated that the activated bauxite sample
obtained by heating at 600 ◦C is the most effective and
advantageous one. Therefore, this activated product
will be called ‘activated bauxite (AB)’ in the next part
of the text.

Activation mechanism
A considerable amount of Al and Fe is removed
from the bauxite by the acid treatment, leading to
a weight loss. The percentages of weight loss and
Fe and Al dissolved from bauxite depending on the
concentration of HCl solution used are given in
Table 1. As can be seen, by increasing the amount
of HCl used in the treatment, weight loss and amount
of solubilized Fe and Al increased. Acid treatment
caused a change in the chemical composition of
bauxite. It was found that the bauxite treated with
1.0 M HCl contained 61.17% Al2O3, 8.89% Fe2O3

and 0.31% CaO while these values were 56.91%,
16.95% and 0.91% for raw bauxite,25 respectively.
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Figure 1. The effect of final pH on the orthophosphate adsorption by acid-activated bauxite samples (10 mg-P dm−3 orthophosphate solutions;
contact time 2 h; temperature 25 ◦C; dosage 10 g dm−3; ionic strength: 0.01 M NaCl).
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Figure 2. The effect of final pH on the orthophosphate adsorption by heat-activated bauxite samples (10 mg-P dm−3 orthophosphate solutions;
contact time 2 h; temperature 25 ◦C; dosage 10 g dm−3; ionic strength: 0.01 M NaCl).

Table 1. Amounts of weight loss, and Al and Fe solubilized from

bauxite treated by acid solutions

Conc of HCl
soln (M)

Weight
loss (%)

Solubilized
Fe (%)

Solubilized
Al (%)

0.1 4.1 1.03 0.29
0.2 5.81 1.52 1.06
0.4 8.86 12.30 2.59
0.6 10.31 18.97 4.22
0.8 13.22 29.55 5.89
1.0 15.93 42.18 8.14

The decrease in adsorption efficiency of bauxite may
be attributed to dissolution of Al and Fe, which are

the main constituents, in the active surface sites. The
decrease in Ca content may also have a part in
efficiency loss. Additionally, XRD analyses showed
that the calcite and diaspore phases observed in
raw bauxite disappeared in all acid-treated bauxite
samples, probably due to dissolution.

In contrast, surface area measurements indicated
that the acid treatment has a positive effect on the spe-
cific surface area. For example, the N2-BET specific
surface areas of raw bauxite and acid-treated baux-
ite (with 1.0 M HCl) were found to be 11 and 18
(±0.5) m2 g−1, respectively. Despite the increases in
surface area, decreased values obtained for adsorption
capacity supports the suggestion of the partial removal
of reactive surface components by acid treatment.
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Figure 3. DTA and TGA results of raw bauxite (heating rate:
10 ◦C min−1).

In order to have an idea on the heat activation
mechanism of bauxite, firstly, differential thermal
analyses (DTA) and thermal gravimetric analyses
(TGA) were performed. The results are shown in
Fig 3. The TGA showed that the significant weight
loss begins at 465 ◦C. From the TGA results, it can
be seen that the bauxite sample lost about 9.1% of
its weight at 566 ◦C. This weight loss figure is in
harmony with the result of 9.65% obtained in the heat
activation experiment conducted at 600 ◦C. It was
observed that an endothermic peak occurs at 536 ◦C in
the DTA of bauxite. It has been reported that the single
endothermic peak observed between 510 and 580 ◦C
shows the presence of alumina hydrates in the form
of boehmite and diaspore.29 The weight loss for the
range of 465–566 ◦C, to a large extent, corresponds
to dehydration of the boehmite and diaspore phases.

The results of XRD analyses of heated bauxite
samples are given in Table 2. The major phase
conversions observed for the sample heated at 600 ◦C
confirm the above findings. Obviously, boehmite
and diaspore were converted to α-alumina at this
temperature. Small peaks belonging to calcite, which

Table 2. Mineral phases determined by XRD for raw and heat-treated

bauxites

Bauxite samples

Mineral phase Raw 200 ◦C 400 ◦C 600 ◦C 800 ◦C 1000 ◦C

Boehmite + + + − − −
Diaspore + + + − − −
Kaolinite + + + + + +
Haematite + + + + + +
Calcite + + + − − −
Anatase + + + + + +
Rutile − − − + + +
α-Alumina − − − + + +
Corundum − − − − − +
Quartza + − − − − −
a Quartz is a minor mineral phase in raw bauxite (less than 1%).25

is a minor component of bauxite, could not be detected
in the heat-activated samples obtained at temperatures
over 600 ◦C, and may be due to conversion to CaO.
Also, anatase is partially converted to rutile which is
another TiO2 modification. In the samples obtained
at 1000 ◦C, corundum, being a compact alumina
modification, was identified.

The FT-IR spectra of heat-treated bauxite samples
are shown in Fig 4. The results of FT-IR analyses
support the above findings. The strong bands observed
at 750, 1073 and 3290 cm−1 which characterize
boehmite in bauxites29–31 disappeared for heat-
activated bauxites obtained at 600, 800 and 1000 ◦C.
The IR band of 3100 cm−1 observed for raw and
heat-treated samples obtained at 200 and 400 ◦C
corresponds to stretching vibrations of OH groups.
Disappearance of this band in the samples heated to
higher temperatures can be attributed to dehydration
of hydrated alumina modifications.

The results of mean particle diameter and N2-BET
surface area measurements of the raw and heat-
activated bauxite samples are given in Table 3. Some
other physicochemical properties for raw bauxite and
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Figure 4. FT-IR spectra of raw and heat-treated bauxite samples (in KBr pellets; wavenumber range: 400–4000 cm−1; scan number: 16).
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Table 3. Some physical and physicochemical properties of raw and heat-treated bauxites

Bauxite samples

Property Raw 200 ◦C 400 ◦C 600 ◦C 800 ◦C 1000 ◦C

Single Point N2-BET specific surface
area (m2 g−1)

11.0 ± 0.5 12.0 ± 0.5 12.0 ± 0.5 86.0 ± 0.5 28.0 ± 0.5 0.8 ± 0.1

Mean Particle 18.54 21.65 24.85 26.34 26.06 20.73
diameter (µm)
Apparent density (g cm−3) 1.4713 na na 1.3225 na na
Skeletal density (g cm−3) 2.1311 na na 3.9884 na na
Porosity (cm3 cm−3) 0.310 na na 0.668 na na
Mean pore radius (µm) 3.689 na na 0.024 na na
PZNPC 8.39 na na 7.87 na na

na not analysed.

bauxite heated at 600 ◦C are also included in the
table. For the bauxite samples obtained at 600 ◦C,
the single point N2-BET specific surface area was
found to be increased about eight times with respect
to that of raw bauxite. Dehydration of the boehmite
and diaspore phases may cause thin capillaries to be
formed in the bauxite matrix. An increase in mean
particle diameter together with a further decrease in
pore radius and with an increase in porosity may
support this idea. In accordance with the above
discussion and related measurements, water removal
from bauxite by dehydration results in an increase
in the skeletal density and a decrease in the apparent
density. The surface area decreases on further increase
in temperature and may be due to the formation of
compact constituents such as corundum. In addition,
the mean particle diameter of bauxite increases up
to 600 ◦C probably by means of expansion and/or
agglomeration of bauxite particles. For the increased
temperatures, the mean particle size was found to
be slightly decreased. On the other hand, from the
PZNPC measurements, it can be stated that the pH
value of the zero point of charge for heat-activated
bauxite declines towards the neutral zone due to a
change in the chemical properties of the surface.

All the above findings show that the major factor
governing the activation is dehydration, which causes
an increase in specific surface area and porosity. It can
be noted that the most important parameter is that the
temperature must be sufficiently high for dehydration
to occur. Further increase in temperature, however,
leads to a decline in adsorptivity probably due to
a decrease in surface area and formation of some
mineral phases having low reactivity.

Results of adsorption and desorption studies
The effect of pH on the adsorption of ortho-, tripoly-
and glycerophosphates depending on activated bauxite
(AB) dosage are shown in Fig 5. It is clearly seen
that AB is effective in the slightly acidic pH range
for all phosphate species. The significant differences
between initial and final pH values observed implies
the validity of a ligand exchange mechanism (eqn (1)),
which was discussed in an earlier study.26 It can

be noted that raw and activated bauxite are both
effective over similar pH ranges for various phosphate
species. But, the effective pH range is wider and the
adsorption capacity is greater for AB than those for
raw bauxite. For a comparison, maximum adsorption
densities and corresponding pH values observed for
raw and activated bauxites are summarized in Table 4.

When the corresponding values for raw and
activated bauxite given in Table 4 are compared,
adsorptivity seems not to be significantly increased by
activation. For example, at the dosage of 10 g dm−3,
the orthophosphate adsorption densities obtained for
raw and activated bauxite are 0.673 and 0.979 mg-
P g−1, respectively. As can be calculated from these
figures, the adsorption density increases only about
1.5 times with respect to raw bauxite. From another
viewpoint, the dosages giving similar removal yields
can be compared. For example, the orthophosphate
removal yield obtained by raw bauxite for the dosage of
10 g dm−3 (67.3%) can be reached by using activated
bauxite with a dosage of 2.5 g dm−3 (73.8%). This
result implies that heat activation of bauxite leads
to about a four-fold increase in its orthophosphate
adsorptivity, while the specific surface area increases
about eight times. Similar results are valid for tripoly-
and glycerophosphates as well.

Some adsorption experiments were carried out in
the binary and ternary mixed phosphate solutions
by using activated bauxite. The results obtained
from these runs are shown in Fig 6. The pH
dependence of phosphate adsorption in multiple
systems shows a similar trend to singular systems and
all the corresponding pH values at which adsorption
maxima occurred are close to one another. The
total removal efficiencies determined for binary and
ternary systems containing orthophosphates are less
than those for singular orthophosphate systems. In
contrast, for the binary and ternary systems containing
glycerophosphate, total adsorption efficiencies are
higher than the corresponding value obtained for single
glycerophosphate solutions.

The results obtained from the experiments dealing
with single and multiple systems are summarized in
Table 5. It must be pointed out that AB has a high
affinity for the orthophosphate. However, it can be

J Chem Technol Biotechnol 78:824–833 (online: 2003) 829



HS Altundoǧan, F Tümen
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Figure 5. Effect of pH on the adsorption of various phosphates depending on activated bauxite dosage (a) ortho-, (b) tripoly-,
(c) glycerophosphates (10 mg-P dm−3 phosphate solutions; contact time 2 h; temperature 25 ◦C; ionic strength: 0.01 M NaCl).

Table 4. Maximum adsorption densities and corresponding pH values obtained depending on the dosage of raw and activated bauxites

Raw bauxitea Activated bauxite (AB)

Phosphate
type

Dosage
(g dm−3)

Maximum
removal pH

Removal
efficiency (%)

Adsorption
density (mg-P g−1)

Maximum
Removal pH

Removal
efficiency (%)

Adsorption
density (mg-P g−1)

Ortho 2.5 21.3 0.82 4.3 73.8 2.95
5.0 4.5 39.3 0.79 4.5 97.8 1.96

10.0 67.3 0.67 4.2 97.9 0.98
Tripoly 2.5 19.9 0.80 5.1 50.1 2.00

5.0 5.4 34.3 0.69 5.8 76.7 1.53
10.0 57.7 0.58 5.3 97.5 0.97

Glycero 2.5 16.1 0.64 2.8 48.3 1.93
5.0 3.2 29.6 0.59 3.7 72.6 1.45

10.0 39.9 0.40 2.5 90.9 0.91

a Previous Studies.25,26

concluded that the relative adsorptivity of various
phosphates is in the general order of orthophosphate>
tripoly(phosphate)> glycerophosphate.

The results of the effect of pH on the desorption of
ortho-, tripoly- and glycerophosphates are shown in
Fig 7. As seen from the figure, desorption efficiencies
of all phosphate species have a minimum at around
the pH values at which adsorption maxima were
obtained for the corresponding phosphate species. In
the strongly basic media, the total amounts of released

phosphate for all species are higher than those for the
strongly acidic media. For example, the amounts of
desorbed orthophosphate reach 53.53% and 81.49%
in the cases of pH ∼1 and ∼13, respectively. Without
any exceptions, desorption trends for all phosphate
species were found to be similar to those obtained in
the desorption study carried out with raw bauxite.25

On the other hand, in a similar manner to the previous
study, orthophosphate was detected in the eluent
obtained in the desorption run of tripoly(phosphate).
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Figure 6. Effect of pH on the phosphate adsorption from mixed binary and ternary phosphate solutions (total phosphorus concentration is
10 mg-P dm−3 and concentration of each species is equal; contact time 2 h; temperature 25 ◦C; dosage 5.0 g dm−3; ionic strength: 0.01 M NaCl).

Table 5. Maximum adsorption percentages of phosphates and corresponding pH values in multiple phosphate solution systems

Single solution system

Ortho Tripoly Glycero

pH 4.46 4.05 3.67
Remov efficiency (%) 98.0 76.7 72.7

Binary solution system

Ortho–Tripoly Ortho–Glycero Tripoly–Glycero

OP TPP Total OP GP Total TPP GP Total

pH 3.34 7.13 4.24 4.49 4.85 4.49 7.21 3.62 4.46
Remov efficiency (%) 95.6 86.3 84.5 96.4 62.6 79.8 86.7 76.3 75.3

Ternary solution system

Ortho Tripoly Glycero Total

pH 3.45 5.81 3.99 3.99
Remov efficiency (%) 94.2 89.6 71.0 83.7
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Figure 7. Effect of pH on the desorption of various phosphate species from phosphate-adsorbed activated bauxite samples (a) orthophosphate
(2.952 mg-P g−1 samples; dosage: 2.5 g dm−3), (b) tripoly(phosphate) (1.657 mg-P g−1 samples; dosage: 5.0 g dm−3), (c) glycerophosphate
(1.423 mg-P g−1 samples; dosage: 5.0 g dm−3) (contact time 2 h; temperature 25 ◦C).

These findings show the existence of an hydrolytic
degradation phenomenon during the adsorption and
desorption processes for tripoly(phosphate), which
was suggested in our earlier study.25 However,
when orthophosphate fractions determined in eluates
obtained from the AB–tripoly(phosphate) desorption
study are compared with those values of raw
bauxite, the degradation degrees are found to
be at about the same level. In adsorption and
desorption runs conducted with glycerophosphate
solutions, orthophosphate was not detected in related
eluates.

CONCLUSION
From the above the following conclusions can be
drawn.

In spite of the surface area of bauxite being
increased by acid treatment, treated bauxite has a
lowered phosphate adsorption capability which may
be due to dissolution of surface constituents located at
active sites.

Heat treatment has been found to have a significant
activation effect on the phosphate adsorption capacity
of bauxite. Standardized orthophosphate adsorption
tests have shown that the most effective adsorbent
is obtained by heating the bauxite at 600 ◦C. It has
been determined that hydrated alumina modifications
of boehmite and diaspore, being main components of
bauxite, convert to α-alumina at 600 ◦C and higher
temperatures, and α-alumina converts to corundum
at 1000 ◦C. XRD, FT-IR, DTA and TGA stud-
ies support these findings. Also, the surface area of
activated bauxite obtained by heating at 600 ◦C is
found to be about 86 m2 g−1 which is about eight

times that of raw bauxite. In addition, the porosity
increases approximately two times by heating it at
600 ◦C. Higher heating temperatures cause a decrease
in the surface area. Also, it has been found that
heat treatment causes an increase in mean particle
diameter up to 600 ◦C and thereafter a decrease has
been observed. When compared with the values of
raw bauxite, however, decreased apparent density and
pore radius but increased skeletal density have been
observed for activated bauxite obtained by heating at
600 ◦C.

The removal efficiencies of phosphates obtained
with activated bauxite are higher than those of raw
bauxite. It can be concluded that the activation
of bauxite via dehydration causes an increase in
the number of active surface sites, which have
an important role in phosphate adsorption. But,
this increase is not proportional to the increase in
specific surface area. In addition, all mechanistic
considerations for raw bauxite are valid for adsorption
of phosphates onto activated bauxite. The Relative
affinities of three different phosphate species against
activated bauxite have been found to be in the
order of orthophosphate > tripoly(phosphate) >

glycerophosphate.
Our future papers will consider the kinetic and

thermodynamic evaluations of phosphate adsorption
onto bauxite and activated bauxite.
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