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Abstract

The effect of acidification and heat treatment of raw red mud (RM) and fly ash (FA) on the sorption of phosphate was studied in parallel
experiments. The result shows that a higher efficiency of phosphate removal was acquired by the activated samples than by the raw ones. The
sample prepared by using the RM stirred with 0.25 M HCl for 2 h (RMO.25), as well as another sample prepared by heating the RM at 700 °C for 2h
(RM700), registered the maximum removal of phosphate (99% removal of phosphate). This occurred when they were used in the phosphate sorption
studies conducted at pH 7.0 and 25 °C with the initial PO, concentration of 155 mg P/1. The FA samples treated in the same way described above
can achieve 7.0 and 8.2 mg P/l phosphate removal for FA0.25 and FA700 respectively, corresponding to 45.2% and 52.9% removal. The activated
materials performed higher phosphate removal over broader pH range compared with the raw ones. The influences of various factors, such as
initial pH and initial phosphate concentration on the sorption capacity were also studied in batch equilibration technique. Solution pH significantly
influenced the sorption. Each sample achieved the maximal removal of phosphate at pH 7.0. The amount of phosphate removal increased with the
solute concentration. The Freundlich and Langmuir models were used to simulate the sorption equilibrium. The results indicate that the Langmuir
model has a better correlation with the experimental data than the Freundlich model.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction Sorption method can remove phosphate steadily. If the adsorp-

tion system is designed correctly it will produce a high-quality

Excess phosphate presents in wastewater is one of the main
causes of eutrophication that affects many natural water bodies.
Many methods have been developed to remove excessive phos-
phate from water. The biological method is low-cost but the
variability in chemical composition and temperature of wastew-
ater would make the implementation of this process not feasible
for wastewater treatment. Chemical treatment is widely used
for phosphate removal. Chemicals such as lime, alum, and fer-
ric chloride are the common precipitants used for phosphate
removal [1] but their cost and sludge productions make chemi-
cal treatment an unattractive option for wastewater treatments.
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treated effluent. Most commercial systems currently use acti-
vated carbon as sorbent to remove dyes in wastewater because
of its excellent adsorption ability [2]. However, activated car-
bon remains an expensive material since its high cost, which
restricted its widespread use. In recent years, considerable atten-
tion has been paid based on economic and environmental con-
cerns to the study of using different types of low-cost sorbents
such as alum sludge [3], red mud (RM) [4-6], fly ash (FA) [7] and
other waste materials [8,9] as alternative adsorbents for sorption
of phosphate from water. Therefore, the sorbent with the best
sorption capacity should be selected to satisfy both economic
efficiency and convenience. In addition, it needs to be tolerant
of the diverse pH of wastewater.

Red mud emerges as a waste by-product during the alkaline
leaching of bauxite in the Bayer process, and causes serious envi-
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ronmental problems due to its high alkalinity and large amount.
Owing to its high aluminum, iron, and calcium content, RM
has been found to remove fluoride [10], hexavalent chromium
[11],dyes [12], phosphate [4,13—-14], Cu®**, Zn**, Ni** and Cd**
[5] from aqueous solution, and the seawater neutralized red mud
can remove arsenate as well [15]. RM has some advantages over
alternative phosphate removal methods in that it can simultane-
ously remove some other potentially hazardous trace elements
to very low concentrations. Geng et al. [16] investigated the
release of metal ions into the solution from red mud neutralized
with seawater during arsenate sorption. The results indicated
that only negligible quantities of the metal ions analyzed are
released.

Fly ash is the major solid waste by-product from coal-fired
power plants. The major mineral phases detected in the FA sam-
ples were: anhydrite, lime, calcite, quartz and feldspars. FA has
been found to remove fluoride [17], PCBs [18], Cu2*, Pb2* [19]
and phenolic compounds [20] from aqueous solution [9]. One
of the main advantages of phosphate removal by using FA and
RM over the other chemical treatment methods is that adsorp-
tion has been shown to be an economically feasible alternative.
Environmental and economic concerns have led to an ongoing
research to find effective ways to utilize the abundant and easily
available RM and FA [7]. Although fly ash was reported leach-
ing heavy metals [21], leaching rates of metals from brown coal
fly ash was reduced using inorganic polymer [22], and solid-
ification/stabilization of arsenic containing solid wastes was
achieved using portland cement, fly ash and polymeric mate-
rials [23]. The presence of various strongly active constituents
in FA and RM also makes them one of the most suitable materials
for phosphate sorption.

Many previous studies have been focused on the research of
sorption properties of raw RM and FA. However, little research
has been conducted to focus on improving the sorption capacity
[24]. In addition, the activation process that influences sorption
has not been very clear. Therefore, the RM and FA activated with
different methods were used in this study in order to improve
phosphate sorption capacity, recycle waste matters and reduce
environmental pollution. The removal of phosphate from aque-
ous solution using the raw RM, FA and their active forms pre-
pared by different chemical and thermal methods were studied in
batch equilibration technique. Then the samples with higher effi-
ciency of phosphate removal were studied in the further sorption
experiments. The influences of initial pH and initial phosphate
concentration on the sorption capacity were investigated. The
isotherm sorption experiments were also conducted using the
active materials.

2. Materials and methods
2.1. Characterisation

Sorption of phosphate was measured using the ascorbic acid
method with a HACH DR/4000U spectrophotometer, according
to APHA standard methods [25]. A pH meter (Orion) was used
to measure the pH of the solutions. X-ray diffraction (XRD)
patterns of all samples were obtained with a Rikaku Dmax-RB

diffractometer using Cu Ka radiation at 40 kV and 150 mA over
the range (26) of 10-100°. The micrograph of the samples was
determined using a 30kV scanning electron microscope (SEM)
HITACHI S-3000N. The specific surface area of the samples
was determined by the BET nitrogen gas sorption method using
an accelerated surface area and porosimetry (ASAP2000) from
Micromeritics Co., U.S.A.

All chemicals and reagents used were of analytical reagent
grade. All glassware and sample bottles were soaked in diluted
HCI solution for 12 h, washed and then rinsed four times with
deionised water. Deionised water was used for preparing solu-
tions. All experiments were conducted in duplicate and the
average values were used for data analysis.

2.2. Materials

The 100 mesh particle sized, washed, and air-dried RM and
coal FA samples used in the present study were obtained from
Shandong Aluminium Corporation, Shandong, China, and have
the following average composition (wt.%) listed in Table 1. Both
the RM and FA were activated with acid and thermal treatment,
respectively, their composition also listed in Table 1. The compo-
sition of red mud samples and fly ash samples are quite different,
which resulted in the different efficiency of phosphate removal
(Table 1). For example, the primary composition sequence of
red mud samples is CaO > SiO; >Fe,; 03 > Al O3, while that of
fly ash samples is SiO > Al, O3 >Fe,03 > CaO.

2.2.1. Acid activation of red mud and fly ash

The acidification of the samples was carried out under atmo-
spheric pressure in a jacketed glass reactor fitted with a ther-
mometer, and a stirrer. The stirrer made of teflon had two blades.
A constant temperature circulator was used to maintain the
desired temperature in the reactor. A typical run was carried
out at 25 °C for 2 h as follows: specified amounts of hydrochlo-
ric acid of known concentrations (0.001, 0.01, 0.05, 0.25, 0.5,
1, 2 mol/l HCI) and the samples were loaded into the glass reac-
tor (the ratio of liquid to solid was 20 ml/g). The stirring speed
was held constant by means of a digital controlled stirrer. At
the end of the experiment, the content of the reactor was cen-
trifuged for 10 min at 7000 rpm in a refrigerating centrifuge.
The residue was washed with distilled water and dried at 100 °C
overnight.

2.2.2. Heat activation of red mud and fly ash

Batches of dry sample placed in porcelain dishes were heat-
treated at various temperatures (200, 500, 600, 700, 800, 900
and 1000 °C) for various amounts of time (30 min, 1 and 2h)
in an oven. The powder was stirred at 30 min intervals dur-
ing the heat treatment. At the end of the treatment, the pow-
der was ground in a mortar and sieved through a 100 mesh
sieve.

2.3. Sorption studies

Sorption studies were carried out by shaking 20ml of
155 mg/l KH,POy4 (as P) solution at 180 rpm with 0.1 g of sor-
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Table 1

Composition and properties of RM, FA, activated red mud and fly ash (wt.%)

Composition RM RMO0.25 RM700 FA FA0.25 FA700
SiO; 19.14 20.34 22.45 56.38 56.75 57.20
Fe, 03 12.76 14.84 13.05 7.35 7.02 6.09
AL O3 6.93 7.20 8.06 25.36 27.10 28.47
CaO 46.02 45.16 45.23 2.72 2.13 2.14
MgO 1.15 1.42 1.14 1.45 1.85 1.57
TiO, 3.43 3.72 4.25 - - -
K,O 1.20 0.83 0.64 0.40 0.37 0.32
Na,O 2.37 1.98 1.86 0.30 0.26 0.24
Loss on ignition 5.73 2.13 0.65 5.00 2.85 1.83
pH 11.70 10.14 11.94 9.37 8.27 9.96

bent in the bottles capped with glass screws for 4h at 25°C,
and a background electrolyte of 0.01 M KCI was used as dilu-
ent for all batch experiments. After equilibrium, the samples
were centrifuged at 5000 rpm for 10 min and a clear aliquot
of the supernatant was taken and analyzed for phosphate spec-
trophotometrically. The amount of phosphate adsorbed per unit
of adsorbents (X) was calculated by

_ (Gi—Cov
P

X ey
where X is the concentration of the phosphate adsorbed, C; and
C. are the initial and final concentrations of the phosphate in
solution, respectively, V is the solution volume, and m is the
mass of sorbent. Blank runs, with only the sorbents in 20 ml
of 0.01 M KCl solution, were conducted simultaneously under
identical conditions to account for phosphate removed by the
sorbent or adsorbed by the glass container.

2.3.1. Effect of time on the removal of phosphate

The effect of time on the removal of phosphate was investi-
gated as described in sorption studies (Section 2.3) for increasing
periods of time, until equilibrium was achieved.

2.3.2. Batch pH studies

The procedure for batch pH studies was similar to sorption
studies procedure (Section 2.3). The pH of the medium var-
ied from 1.0 to 11.0, and 1N HC1 or 1N NaOH was used for
pH adjustment. Before analysis, samples were centrifuged at
5000 rpm for 10 min and the supernatant fluid analyzed for the
remaining phosphate. The study was performed at a constant
temperature of 25 °C. Blanks were run simultaneously, with-
out any sorbent, to determine the impact of pH change on the
phosphate solutions.

2.3.3. Sorption isotherms

The sorption isotherm indicates the distribution of adsorbate
molecules between the liquid phase and the solid phase when
the sorption process reaches an equilibrium state. Solutions of
different initial concentrations — 0.31, 3.1, 15.5, 155, 775, 1550,
3100 mg/l KH;POy4 (as P) — were used to investigate the effect
of concentration on the phosphate removal by 0.1 g of sorbent
in 20 ml of solution for 4 h.

3. Results and discussion

3.1. Effect of different treatments on the removal of
phosphate

The sorption capability of the materials was evaluated by
carrying out sorption experiments after the activation process of
the raw materials. The activated materials significantly enhanced
the phosphate removal from aqueous solution. The active red
mud showed remarkably higher removal of phosphate than the
active fly ash did.

3.1.1. Effect of heat treatment on the phosphate removal

The results of the sorption studies showed a great reduction
in the phosphate content of aqueous solution as a result of the
active treatment with the RM and FA. The results obtained using
the activated RM were particularly remarkable. Fig. 1 displayed
that the phosphate removal from aqueous solution by the RM
and FA activated thermally enhanced with increase of temper-
ature and time listed in this study, and the experiments carried
out in the original pH without acid or alkali control. The phos-
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Fig. 1. Effect of different thermal treatments on the removal of phosphate
(Co=155mgP/1, 25°C, CK is the raw sample without treatment).
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phate removal by the RM calcined at 700 °C for 2h (RM700)
achieved 19.05mgP/g when the initial phosphate concentra-
tion was 155 mg P/1, which performed better than those treated
with other heat processes, especially that of the raw RM was
only 9.19 mg P/g. However, the efficiency of phosphate removal
did not always increase as time passed, and such removal did
not increase as the temperature rose. According to our previ-
ous study, the phosphate removal by the red mud calcined at
200, 500, 600, 800, 900, 1000°C for 2h was 12, 14.27, 16.5,
14.38, 14.13, 13.75mgP/g. The effect of temperature on the
phosphate removal by fly ash acted in the similar trend. This
could be explained by the effect of temperature on water removal
and sintering. During calcining at 500 °C, the surface area of
RM is enlarged initially, as the expulsion of water leads to the
development of porosity [26]. After this, the phosphate removal
process is most efficient at 700 °C and then becomes less effi-
cient as temperatures are increased or time is prolonged. This
is because the decomposition of some hydroxyl groups, calcite
and the sintering shrinkage of materials (Fig. 2). For FA, the
peaks of calcite disappear in the treatment of calcinations and
acid treatment (Fig. 3). Since the acid treatment can remove cal-
cite and the FA calcined at 700 °C for 2 h (FA700) can result
in the removal of some unburned carbon and the decomposition
of calcite. The results of X-ray analysis in Figs. 2 and 3 reveal
the presence of phosphate after sorption process. The FA700

removed 8.2 mgP/g when the initial phosphate concentration
was 155 mg P/1, but the raw FA only removed 2.49 mg P/g. The
phosphate removal by the fly ash calcined at 200, 500, 600,
800, 900, 1000°C for 2h was 2.70, 3.70, 4.81, 6.59, 3.02,
2.45mgP/g in our previous study. In further experiments, the
sorption properties of RM700 and FA700 were the study’s focus
when evaluating the effect of heat treatment on the RM and FA.

3.1.2. Effect of acidification on the phosphate removal
Acidification of the RM and FA enhanced the phosphate
removal from aqueous solution when treated with dilute HCl
(Fig. 4), and the sorption experiments carried out in the original
pH. The RM treated with 0.25 mol/l HCI for 2h (RM0.25) had
higher phosphate removal (24.67 mg P/g) than those treated with
0.5, 1 and 2 mol/l HCI (16.44, 7.35, 5.22 mg P/g, respectively).
For the FA, the removal of phosphate with samples treated with
0.25, 0.5, 1 and 2 mol/l HCI was 7.01, 2.62, 1.52, 1.48 mg P/g,
respectively. In the further experiments, the samples prepared
by treatment of the RM and FA with 0.25 mol/l HCI were con-
sidered primarily, referred to as RMO0.25 and FA0.25. Samples
treated with thick acid may cause a partial loss of acid-soluble
fractions like hematite and calcite decrease in the residue, there-
fore the solubilized Fe and Al retained in the residue may
play an important role in the removal of phosphate in aque-
ous solution. However, the RM and FA treated with dilute HCI
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Fig. 2. XRD patterns of red mud. Symbol: CA: calcium aluminate; c: calcite; n: nepheline; DS: dicalcium silicate; phosphates are marked by rhombus () (sample:
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(0.001, 0.01, 0.05mol/l) in our previous experiment did not
achieve such high phosphate removal as the samples treated
with 0.25 mol/l HCI. For example, phosphate removal of the red
mud treated with 0.001, 0.01, 0.05 mol/l HCI was 15.77, 18.58,
19.54 mg P/g, respectively, and that of the fly ash with the same
treatments was 3.28, 4.81, 5.63 mg P/g, respectively. Wang et
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Fig. 4. Effect of different acid treatments on the removal of phosphate
(Co=155mgP/1, 25°C, CK is the raw sample without treatment).

al. [12] indicated that the minerals in carbon can dissolve in
acid treatment and thus the pore volume and surface area of
the fly ash samples increase, resulting in an increase in sorption
(Fig. 3).

SEM may provide visual evidence of the effect of dilute HCl1
on the RM and FA surface erosion and collapse. Calcium and
some other acid-soluble salts were dissolved, some coarse exte-
rior and new cavities appeared during the acidification process.
The generation of new surface area by acidification was observed
from the difference between the SEM of the samples raw and
those exposed to 0.25 mol/l HCI (Fig. 5).

The results of specific surface area of the samples were listed
in Table 2, which demonstrated that treatment with dilute HCI
can improve the surface areas of the RM and FA samples (Fig. 5),
and the phosphate removal enhanced as well (Fig. 1). Those sam-

Table 2
BET surface area of the raw and activated red mud and fly ash

Sample SBET (m2/g)
RM 14.09
RM700 9.69
RMO0.25 19.35

FA 14.55
FA700 12.20
FA0.25 18.7
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Fig. 5. SEM photographs of the red mud and fly ash samples before adsorption. (a) The SEM of raw red mud (RM). Accelerating voltage = 8 kV, magnification = 3000.
(b) The SEM of the RM treated with 0.25 mol/l HCI for 2 h (RMO0.25). Accelerating voltage = 8 kV, magnification =4000. (c) The SEM of raw fly ash (FA). Accelerating
voltage = 8 kV, magnification = 1000. (d) The SEM of the FA treated with 0.25 mol/l HCI for 2 h (FA0.25). Accelerating voltage = 8 kV, magnification =2000.

ples exposed to 700 °C still removed much phosphate than the
raw materials (Fig. 4) even if the BET surface areas decreased.
Although acidification enhanced the surface area of the sam-
ples (Table 2), precipitation of phosphate is weaken due to the
calcite and some other metallic compounds dissolving during
the acidified process (Fig. 2 and Fig. 3). Therefore, the change
of BET surface area was not the only reason for the varieties of
adsorbability, which indicated that the phosphate removal by the
raw and activated materials was not only controlled by physical
sorption, chemical interaction is also responsible for adsorption
on sorbent surfaces.

3.2. Effect of time on the removal of phosphate
The effect of time on the removal of phosphate was made on

the basis of the phosphate removal depending on contact time
(Fig. 6). The time that the fly ash acquired to reach equilibrium

was shorter than that of the red mud. The raw and activated mate-
rials had the similar trend of phosphate removal. After the initial
rapid reaction, phosphate sorption continued to proceed at a slow
rate and a true equilibrium was hardly reached within the time
selected. Geng [27] reported that the equilibrium time previously
used in batch experiments of arsenate removal from bauxsol
coated sand was too short because adsorption continued for at
least 21 days, but even after this time, a clear pseudo-equilibrium
is not observed and it is not possible to determine whether this
is the optimum adsorption density. Indeed, McConchie et al.
[28] found that bauxsol increased its metal binding capacity in
excess of 196 days. Consequently, the equilibrium mentioned
in this study was a relative equilibrium. As seen from the fig-
ure, phosphate removal achieved the peak value in the first 4 h,
thus, 4h was selected as a consistent time to investigate the
effect of pH and initial phosphate concentration on the sorption
capacity.
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Fig. 6. Phosphate removal depending on contact time with the raw and activated
red mud and fly ash (Cp =155mgP/1, 25°C).

3.3. Effect of pH on the removal of phosphate

Fig. 7 showed the phosphate removal data at solution pH 1,
3,5,7,9 and 11 when the initial phosphate concentration was
155 mg P/1. The phosphate removal of the samples reached max-
imum at pH 7, after that the removal of phosphate decreased with
the increase of pH. A similar type of behavior is also reported
for the adsorption of anionic species from aqueous solution on
the activated red mud [29-30]. A ligand exchange mechanism
took place in the sorption of phosphate onto the samples, and
the sorption reaction may be written with the following ligand
exchange reactions.

Surface hydrolysis reactions:

=SOH + H" = =SOH," 2

=SOH = =SSO~ +Ht 3)

30 —a— RM
---@--- RM700
—a&— RMO0.25

254

204

F’Of' removed(mg P/g)

0 2 4 6 8 10 12

Fig. 7. Effect of pH on the phosphate removal by the raw and activated red mud
(Co=155mgP/1, 25°C).

Phosphate sorption reactions:

=SOH + H3PO, = =SH,PO4 4 H,0 4)
=SOH + H3PO, = =SHPO,~ +H" +H,0 ®)
=SOH + H3PO4 = =SP0O,4%~ +2H™T + H,0 (6)
=SOH + H3PO4 = =SOHPO,’~ +3HT (7

Here =SOH represents samples surface of the red mud and
fly ash. When the pH increased at low pH, the amount of
H3POy is decreased and the acidic phosphates (H,PO4~ and
HPO42?™) are the predominant aqueous species [31]. Since anion
adsorption is coupled with a release of OH™ ions, the adsorp-
tion is favored by low pH values. When the pH is increased
beyond 7.0, a gradual decrease in the percentage of adsorp-
tion is observed which may be due to the competition between
OH™ and phosphate ions (PO437). This kurtosis distribution
of the phosphate removal dependent on pH was similar to the
effect of pH on arsenic adsorption with activated neutralized red
mud [29] for phosphate and arsenate often demonstrate a sim-
ilar chemical behavior. Hexavalent chromium adsorption from
aqueous solution by using activated red mud also had the simi-
lar dependent on pH [30]. The observed behavior of phosphate
sorption with varying pH attributes to various mechanisms such
as electrostatic attraction/repulsion, chemical interaction, and
ion exchange which are responsible for adsorption on sorbent
surfaces. The red mud is a complex mixture of different min-
erals, each with different point of zero surface charge (pHpzc)
values. For example, the pHpzc value of hematite is 7.8, whereas
the pHpzc of maghemite, gibbsite, boehmite, and quartz are
6.7, 5.0, 8.2, and 2.0-2.2, respectively [29,32]. These miner-
als can have different surface charges at a given pH, and this
gives red mud the capacity to remove phosphate over a wide pH
range. In this experiment, the sorption capacities of RM700 and
RMO.25 were significantly improved over broader pH range.
It has been noted that higher phosphate removal occurred at
the pH range of 5-9 for all samples than other pH scope. This
may reflect the importance of hematite (pHpzc about 7.8) and
maghemite (pHpzc about 6.7) in the sorption process. At pH
7, the phosphate removal by the RM, RM700 and RMO0.25 was
15.40, 30.67 and 30.70 mg P/g, respectively, which was equal
to 49.7, 98.9 and 99.0% phosphate removal efficiency. In this
experiment condition, the phosphate remained in the supernatant
liquid after sorption with RM700 and RMO0.25 was 1.65 and
1.50 mg P/1, respectively. The results did not meet the 1.0 mg P/1
of phosphate effluent criterion, the maximum allowable load-
ing for second-rate criterion required by Integrated Wastewater
Discharge Standard [33]. As for the routine wastewater, the
155mg P/l initial phosphate concentration is not quite com-
mon, when the initial concentration is 15 mg P/I, phosphate was
not determined after sorption for the sample of RM, RM700
and RMO0.25 in this sorption condition mentioned above. The
results even met the criterion for surface water environmental
quality [33]. However, FA700 can only remove 73.5% phos-
phate, and the FA and FA0.25 removed less phosphate when
the initial concentration was 155 mgP/l and the solution pH
was adjusted to 7.0. Thus the results indicated that this kind
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of fly ash used in this study was not suitable for phosphate
removal.

3.4. Sorption isotherms

The effect of temperature on sorption was applied to different
isotherm models to find the suitable model to instruct the further
experimental design. The increase in phosphate sorption by red
mud and fly ash samples with increasing temperature was anal-
ogous to the arsenate adsorption by activated red mud [29]. This
trend indicated that chemisorption is taking place in the system.
In order to compare the effect of initial phosphate concentrations
on the phosphate removal with raw and treated red mud and fly
ash samples, we discussed the sorption experiments carried out
at 25 °C.

Several isotherm equations are available. In this study, the
Langmuir and Freundlich isotherms have been selected. The
Langmuir isotherm model assumes uniform energies of sorp-
tion onto the surface with no transmigration of adsorbate in the
plane of the surface. The Freundlich isotherm model is an empir-
ical equation employed to describe heterogeneous systems. The
Langmuir and Freundlich isotherms can be presented by equa-
tions

XmkCe
= 8
1+ kC. ®

X = KgCl/" ©)

respectively, where X is equilibrium phosphate concentration
on sorbent (mg/g), Xy, is monolayer capacity of the sorbent
(mg/g), kis sorption constant (I/mg), C is equilibrium phosphate
concentration in solution (mg/l), Kr and n are the Freundlich
exponent.

While the Langmuir isotherm parameters X, and k were
obtained by plotting 1/X versus 1/C., the Freundlich isotherm
parameters were obtained by plotting log X versus log Ce. The
isotherm data were calculated from the least squares method.
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Fig. 8. Langmuir adsorption isotherm simulated the effect of initial concentra-
tion on phosphate removal using RM and FA with different activated treatment.
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Fig. 9. Freundlich adsorption isotherm simulated the effect of initial concentra-
tion on phosphate removal using RM and FA with different activated treatment.

Figs. 8 and 9 showed a plot of the phosphate loading on the
sorbent against the phosphate equilibrium concentration in the
liquid phase. The symbols in the figures expressed the data
obtained in experiment, and the lines stood for the isotherms
simulated the experiment data. The results of this study showed
that phosphate uptake increased with the equilibrium phosphate
concentration for each sorbent.

The values of the parameters of the two models and the related
correlation coefficients (R? values) were listed in Table 3. The
results showed that the Langmuir equation better fitted the sorp-
tion equilibrium data over the concentration range used in this
investigation than the Freundlich equation did, which was not in
agreement with the findings of Wang et al. [12]. The diversity
attributed to the different characteristics of the raw materials and
the different treatment methods. It was clear from Table 3 that
the values of X;, for RM700 and the values of Ky for RM0.25

Table 3

Comparison of Langmuir and Freundlich adsorption isotherm models

Model Parameters R?

X (mg/g) k (I/mg)

Langmuir isotherm
RM 113.870 0.00271 0.957
RM700 345.501 0.00088 0.985
RMO0.25 161.614 0.003 0.970
FA 63.219 0.00046 0.992
FA700 58.924 0.002 0.992
FA0.25 78.441 0.00045 0.991

Model Parameters R?

Kr (mg/g) 1/n

Freundlich isotherm
RM 5.051 0.392 0.835
RM700 2272 0.606 0.954
RMO0.25 8.546 0.366 0.828
FA 0.142 0.705 0.998
FA700 2.990 0.365 0.965
FA0.25 0.336 0.614 0.997
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were higher in comparison to other materials. Thus, the sorption
capacity for RM700 and RM0.25 was greater than other sam-
ples. According to our experiments mentioned above, both the
RMO0.25 and RM700 could remove about 99% phosphate from
the solution when the initial phosphate was 155 mg P/1.

4. Conclusions

Since the RM and FA are waste, fine grained and inexpensive
they can be economically used for the removal of phosphate from
wastewater. The uptake of phosphate by the RM and FA ther-
mally activated at various temperatures and acid activated at var-
ious HCl concentrations was investigated by a batch method. The
sorption capacity can be enhanced by activation. The RM0.25
and RM700 obtained the optimal removal of PO43~. For the fly
ash, the sample FA700 was better than other fly ash samples. The
phosphate removal was also influenced by solution pH. At pH 7,
the RM0.25 and RM700 can remove almost 99% phosphate from
solution with the 155 mg P/l initial phosphate concentration. We
prefer the RM0.25 and RM700 to the other materials because of
their stable high sorption capacity over broader pH applicability
to phosphate sorption. They appear to be extremely suitable for
reducing phosphate from industrial effluents like those of phos-
phatic fertilizer plants. Correlation coefficients indicate that the
Langmuir isotherm model was applied more effectively than the
Freundlich model to phosphate sorption onto the red mud and
fly ash, which consist of a heterogeneous mixture of several
minerals.
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