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Abstract

The adsorption of phosphate onto alunite in a batch adsorber has been studied. Four kinetic models including pseudo first- and second-order
equation, intraparticle diffusion equation and the Elovich equation were selected to follow the adsorption process. Kinetic parameters, rate constants,
equilibrium adsorption capacities and related correlation coefficients, for each kinetic model were calculated and discussed. It was shown that the
adsorption of phosphate onto alunite could be described by the pseudo second-order equation. Adsorption of phosphate onto alunite followed the
Langmuir isotherm. A model has been used for the design of a two-stage batch adsorber based on pseudo second-order adsorption kinetics. The
model has been optimized with respect to operating time in order to minimize total operating time to achieve a specified amount of phosphate
removal using a fixed mass of adsorbent. The results of two-stage batch adsorber design studies showed that the required times for specified amounts
of phosphate removal significantly decreased. It is particularly suitable for low-cost adsorbents/adsorption systems when minimising operating
time is a major operational and design criterion, such as, for highly congested industrial sites in which significant volume of effluent need to be

treated in the minimum amount of time.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphates are used in many consumer products and indus-
trial processes that involve particles of a colloidal nature. Exam-
ples of such applications are as diverse as fertilizers, detergents,
pigment formulation, water treatment and mineral processing
[1]. Phosphate discharged into the surface waters stimulates
the growth of aquatic micro- and macro-organisms in nuisance
quantities, which in excess can cause eutrophication in stag-
nant water bodies [2]. Therefore, removal of phosphate from
the wastewaters can be an effective method for the control of
eutrophication in lakes and similar stagnant water bodies [3].

The adsorption process is one of the efficient methods to
remove phosphate from effluent. Phosphate is adsorbed onto
a solid adsorbent surface from the amount of the phosphate
removed depending on the adsorption capacity of adsorbent [4].
Activated alumina and zeolites are the most widely used adsor-

* Fax: +90 264 346 0371.
E-mail address: mozacar @hotmail.com.

0304-3894/$ — see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jhazmat.2006.01.058

bents for this aim because of their extended surface areas, micro-
porous structures, high adsorption capacities and high degree of
surface reactivities. However commercially available activated
alumina and zeolites are very expensive [5,6]. This has led to the
search for low-cost materials as alternative adsorbents. In recent
years, a number of low-cost, easily available adsorbents have
been tried for phosphate removal. These include fly ash, blast
furnace slag, different soils including metal oxides, goethite,
pumice, titanium dioxide and alunite [2,4,6,7-12]. However
these studies have not been directed towards the design of phos-
phate adsorption systems such as batch adsorber design. Also,
only limited application of such data has been directed towards
the batch adsorber design for the pollutant adsorption processes
[13-18]. Most previous optimization models for batch adsor-
bers [13,14,18] are based on minimizing the mass of adsorbent
required to remove a certain amount of pollutant from a fixed
volume of wastewater. This optimised parameter is a critical fac-
tor when using expensive adsorbents, such as activated carbons,
activated alumina, zeolites, silica and resins, because it makes
maximum use of the adsorbent but gives little consideration to
operating time.
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In many countries, however, industries find that space man-
agement a major challenge and optimising the rate of treatment
of a fixed volume of wastewater is crucial. Therefore using
cheaper adsorbents and minimizing the operating time to achieve
a desired percentage of pollutant removal, with a fixed mass of
adsorbent will enable the treatment of more batches of polluted
wastewater per day. Thus, the process plant equipment items can
be reduced in size, with a decrease in the plant capital costs.

This paper describes studies of the adsorption of phosphate
onto alunite and develops a two-stage batch adsorber design
model. A design analysis method has been used to predict the
percentage of phosphate removal at various operating times for a
fixed mass of adsorbent. The model proposed by Ho and McKay
[16,17] is based on predicting the minimum operating time
required to remove a fixed percentage of phosphate from a given
volume of wastewater effluent of specified phosphate concentra-
tion, using a fixed mass of alunite. This minimum operating time
enables the minimum size of the batch adsorption equipment to
be specified and therefore minimize capital investment costs.

2. Theory
2.1. Kinetic and equilibrium models of adsorption

In order to examine the mechanism of adsorption process
such as chemical reaction, diffusion control and mass transfer,
several kinetic models are used to test experimental data. From
a system design viewpoint, a lumped analysis of kinetic data is
hence sufficient for practical operation [7,19,20].

2.1.1. Pseudo first-order equation
The pseudo first-order equation is generally expressed as fol-
lows [7,19,21]:

d
% = ki(ge — q1) (1)

Integrating Eq. (1) and applying the boundary conditions g; =0
atr=0and g, =q, at t=t, gives:

k1
I — =1 - —t 2
0g(ge — q1) = logge 2303 )

where g and g; are the amounts of phosphate adsorbed at equi-
librium and at time ¢ (mg/g), respectively, and k; is the rate
constant of pseudo first-order adsorption (1/min).

2.1.2. Pseudo second-order equation

If the rate of adsorption is a second-order mechanism, the
pseudo second-order chemisorption kinetic rate equation is
expressed as [7,16,17,19]:

d
% = ka(ge — q1)° 3)

After define integration by applying the boundary conditions,
Eq. (3) becomes:

1 1
= — + kot @
de — 4z qe

Eq. (4) can be rearranged to obtain a linear form:

r_ ! + ! t 5)
@ ka; e
where k; is the equilibrium rate constant of pseudo second-order
adsorption (g/mg min).

2.1.3. Intraparticle diffusion equation

The fraction of phosphate adsorbed ((Co — C;)/Cp) changes
according to a function of (D#/r?)"2, where r is the particle
radius and D the diffusivity of solute within the particle. The
rate parameter (ki) for intraparticle diffusion can be defined as

[7,20,22]:
qr = Kingt'/? (6)

where ki is the
(mg/g min'/?).

intraparticle diffusion rate constant

2.1.4. The Elovich equation
The Elovic equation is given as follows [21,23]:

d

94t — qe e @)
dr

The integration of the rate equation with the same boundary con-

ditions as the pseudo first- and second-order equations becomes

the Elovich equation.

1 1

g1 = ZIn(ef) + ZInt ®)
B B

where « is the initial adsorption rate (mg/g min), and the param-

eter B is related to the extent of surface coverage and activation

energy for chemisorption (g/mg).

2.1.5. The Langmuir isotherm

The widely used Langmuir isotherm [4,7,8,13,19,24] has
found successful application in many real adsorption processes
and is expressed as:

K1.Ce
= —--- 9
UE I + aC. )
A linear form of this expression is:
C 1
e - ﬂce (10)

7. KL KvL

where g. (mg/g) and C. (mg/L) are the amount of adsorbed
phosphate per unit weight of adsorbent and unadsorbed phos-
phate concentration in solution at equilibrium, respectively. The
constant K7 is the Langmuir equilibrium constant and the Ky /ay,
gives the theoretical monolayer saturation capacity, Q. There-
fore a plot of Ce/ge versus Ce gives a straight line of slope ar /K1,
and intercept 1/K]..

2.2. Batch adsorber design analysis
Kinetic equations can be used to predict the design of two-

stage batch adsorption systems [16,17]. A schematic diagram for
atwo-stage adsorption system is shown in Fig. 1. The solution to
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Fig. 1. Schematic for a two-stage crosscurrent batch adsorption process.

be treated contains V (L) solution and the phosphate concentra-
tion is reduced for each stage from Cyp to C;, (mg/L). The amount
of adsorbent added is W (g) with solid phase phosphate concen-
tration on the alunite go (mg/g). The phosphate concentration
on the adsorbent increases from g to g, (mg/g) adsorbent. The
mass balance equation gives:

V(Cn-1 = Cn) = W(gGtn — q0) (11

When fresh adsorbents are used at each stage and the pseudo
second-order equation employed to describe equilibrium in a
multi-stage adsorption system, then the mass balance equation
may be obtained by combining Eqs. (5) and (11):

qug, ol

cC,=C,. —————
"N T VA T kgent)

(12)

The total amount of phosphate removal can be calculated ana-
lytically as follows:

“ “ Wkq?

D ot =Ca= ) (13)
- ne 1 V(1 + kqe,nt)
where #n is the adsorption system number (n=1, 2, 3, ..., m).

The phosphate removal, R, in each stage can be evaluated from
the equation as follows:

o _ 100(Cy1 = Cy) _ 100Wkge,,t

= 14
" Co VCo(1 + kge nt) (14

The total removal of phosphate can be determined analytically:

It is further considered that k and g. can be expressed as a func-
tion of Cy for phosphate as follows:

k= X Clr (16)
ge = X,CH (17)

Substituting the values of k and ¢, from Egs. (16) and (17) into
Egs. (14) and (15) allows these two latter equations to be repre-
sented as follows:

100W (X, CXx )(X,CYa )t

= 18
"= Vel + Xkl (X, P ] (19
- 100W << (XxCYe )(X,CYe )2t

ZRn: Z (X G DX G ) (19)

VCo [1 4+ (XxChk )(XgCra ]

n=1

Egs. (18) and (19) can be used for predicting the removal of
phosphate at any given initial phosphate concentration and the
reaction time for multi-stage systems can be determined.

3. Materials and methods

Alunite, KAI3(S04)2(OH)g, is a mineral not soluble in water
in its original form. It is formed by hydrothermal alteration
of tuff. Therefore it contains approximately 50% SiO,. Alu-
nite used in this study was obtained from Kiitahya—Saphane,
Tiirkiye. The composition of alunite, used in these studies, prior
to and after calcination process is given in Table 1. The alu-
nite samples were treated before using in the experiments as
follows [24]. Alunite was prepared by grinding it in a labora-
tory type ball-mill. The alunite samples were calcined in muffle
furnace at 1073 K for 30 min. This calcination temperature and
time were found to be the optimum for phosphate adsorption
in our previous studies [4,7,8]. Then it was sieved to give dif-
ferent particle size fractions using ASTM standard sieves, and
90-150 pm particle size was used in the experiments. The BET
specific surface area was measured to be 133.3 m?/g from N-
adsorption isotherms with a sorptiometer (Porous Materials Inc.,
model BET-202A).

Standard phosphate solutions were prepared by dissolving
the anhydrous KoHPO,4 (Merck) in appropriate amounts in dis-
tilled water. The adsorption experiments were carried out by
agitating 1 g of the calcined alunite with 1 L of phosphate solu-
tions of desired concentration, and at 298 4= 2 K temperature in a
magnetic stirrer operating at 500 rpm. The experiments were per-
formed at the initial pH 5. This pH was found to be the optimum
for phosphate adsorption onto calcined alunite in the previous
experiments [4,7,8]. The pH of the solutions was adjusted with

m 1 mo a2 HCI or NaOH solution by using a pH meter. At the end of the
oow qe nt ; )
Z R, = Z (15)  adsorption period, the samples were taken and filtered through
VCy 1+ kqe nt o .
n=1 n=1 ’ a 0.45-pm Milipore filter paper and then the concentration of
Table 1
The chemical composition of original and calcined alunite ores in weight percentage
Al O3 SiO, SO3 Fe O3 TiO, CaO MgO K>;O Na,O H,O
Original 20.85 48.19 17.91 0.07 0.17 0.17 0.10 4.59 0.06 7.89
Calcined 26.22 60.61 6.68 0.09 0.21 0.21 0.13 5.77 0.08 -
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Fig. 2. Adsorption kinetics of phosphate on calcined alunite at different initial
concentration. Conditions: 90-150 pm particle size, 1073 K and 30 min calci-
nation, 1 g/L dose, 298 K temperature and pH 5.

the residual phosphate, C;, was determined by the stannous chlo-
ride method described in Standard Methods [25] with the aid of a
spectrophotometer (Shimadzu UV-150-02). The measurements
were made at the wavelength A =690 nm, which corresponds to
maximum absorbance. The amount of phosphate adsorbed onto
calcined alunite, ¢, (mg/g), was calculated as follows:

_(Co—C)HV
- w

where Cy and C; are the initial and time ¢ solution concentrations
of phosphate (mg/L), respectively, V the volume of the solution
(L) and W the weight of calcined alunite used (g).

qt (20)

4. Results and discussion
4.1. Kinetic and equilibrium analysis

Fig. 2 shows that the amount of phosphate adsorption
increases with time and it remains constant after a operating
time of 60 min (i.e. the equilibrium time). The equilibrium time
is independent of initial phosphate concentration.

The kinetics of phosphate adsorption onto alunite have been
studied using four models: pseudo first- and second-order kinet-
ics, intraparticle diffusion and the Elovich equation. Fig. 3 shows
a plot of Eq. (5) for the adsorption of phosphate onto alunite.

64
® 25mg/lL
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44  A100mgL
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Fig. 3. Plot of the pseudo second-order adsorption kinetics of phosphate on cal-
cined alunite at different initial concentration. Conditions: 90—-150 pm particle
size, 1073 K and 30 min calcination, 1 g/L. dose, 298 K temperature and pH 5.

Table 2

Comparison of kinetic parameters for the adsorption of phosphate onto alunite

Intraparticle diffusion equation

Second-order kinetic equation The Elovich equation

First-order kinetic equation

qe.exp

C, (mg/L)

S.D

2
int

Kint [mg/(g min'/2)]

S.D

S.D.

k [g/(mg min)]

r} SD. g (mglg)
x 103

ki (1/min)
x 102

q1 (mg/g)

(mg/g)

0.298

0.976

3.19
5.84
8.52

0203 0975  0.061
114

6.03
12.8

0.039

0.999
0.999
0.999
0.999
0.999
0.999

4.88
2.52
1.78
1.31
1.06
0.88

0.537 243

0.961

13.8 4.35

22.5

25
50
75
100
125
150

0.275

0.956

0.108 0979  0.061

0.075

0.058

0.464 472

0.518

0.999
0.982

4.56
4.17

30.6

44.0

0.277

0.936

0.065

0.975

18.2
214

0.026

67.6

41.1

63.3

0.279

0.963

0976  0.071

0.056

0.041

87.7
103

0.406

0.997

5.00
5.34
5.21

58.5

80.7

0.280

0.977

242 0.048 0978  0.065 13.6

0.034

0.301

0.982

77.5

95.0
103

0.258

0.977

252 0.044 0986  0.055 14.3

0.017

112

0.246

0.978

90.3

221
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Fig. 4. Equilibrium isotherms of phosphate on calcined alunite. Conditions:
90-150 pm particle size, 1073 K and 30 min calcination, 1 g/L dose, 298 K tem-
perature and pH 5.

The results demonstrate a highly significant linear relationship
between adsorbed phosphate, #/q;, and 7 in these studies with high
correlation coefficients and least standard deviations. The kinetic
parameters for the pseudo first- and second-order equations,
intraparticle diffusion and the Elovich equation and correlation
coefficients are tabulated in Table 2.

In order to quantitatively compare the applicability of each
kinetic model, a standard deviation (S.D.) is calculated as fol-
lows [26]:

SD. = \/E [(%,exp - QZ,cal)/CIt,exp]2 21

n—1

where 7 is the number of data points. Table 2 lists the calculated
results for each kinetic equation. Four different kinetic models
were used to fit the experimental data. The comparison of the
standard deviation of the kinetic models should assist in identi-
fying the best fit equation. Since the S.D. method represents the
agreement between the experimental data points and models, the
S.D. value provides a numerical value to interpret the goodness
of fit of a given mathematical model to the data. Table 2 shows
that the least values of S.D. are given by pseudo second-order
equation. The Elovich equation follows the pseudo second-order
one and also provides a good fitting to the experimental data
points.

The model providing the best correlation with experimental
data was the pseudo second-order model and this has been used
to analyse the experimental batch adsorber operating time data
in the present paper.

An isotherm study is significant in obtaining the equilibrium
adsorption capacity as the maximum capacity. The Langmuir
isotherm for the adsorption of phosphate onto alunite is shown
in Fig. 4. The maximum adsorption capacity of phosphate, Q,
calculated from the intercept and slope of the linear Langmuir
equation and was found to be 132.4 mg/g.

The calcined alunite has high phosphate adsorption capacity
as compared to original alunite. Because the structure of alu-
minum in the alunite is in the form of A1(OH)3 and Al;(SO4)3,
it does not have good adsorbent properties. The aluminum in the
alunite is converted to the Al,O3 releasing H,O and SO3 during
the calcination process. Thus the calcined alunite shows a good

adsorbent property as it forms Al,O3. We observed in one of
our previous study related with the adsorption of reactive dyes
onto calcined alunite [19] that the original alunite does not have
good adsorbent properties.

4.2. Adsorption mechanism

The major components of alunite are metal oxides mainly of
Al and Si (Table 1). These metal oxides form metal-hydroxide
complexes in solution and the subsequent acidic or basic disso-
ciation of these complexes at the solid-solution interface leads
to the development of a positive or negative charge on the sur-
face. The pH of the phosphate solution plays an important role
in the whole adsorption process and particularly on the adsorp-
tion capacity. The adsorption capacity is strongly pH dependent,
i.e. capacity increases for decreasing pH. However, below a pH
value of about 4-4.5 the adsorption capacity decreases due to
a higher solubility of alumina [4,27]. At the acidic pH values,
activated alumina in the alunite in solution tends to form an aqua
complex to yield a positively charged surface [13,24,28].

>AIOH + H™ — >AIOH, ™ (22)

At alkaline pH values, the surface of alumina tends to become
negatively charged.

>AIOH + OH™ — >AlIO0™ 4+ H,0 (23)

The pH at zero point of charge (pHzpc) is reported as 9.0 for
alumina [28,29]. For this reason, the pH of the aqueous suspen-
sion of alumina is changed from acidic to alkaline pH range;
equilibrium is reached as follows:

—HT —_Ht
>AIOH,; T «—>AIOH <—>Al10~ (24)
pH<9.0 pH=9.0 pH>9.0

The pH dependency is both related to the amphoteric properties
of the alumina surface and to the polyprotic nature of phosphate,
however, several explanations to these phenomena are proposed
in literature [4,30]. The following type of interactions between
phosphate ion and alumina surfaces are possible: (i) the increase
in the density of the positive charges for pH values is lower
than the pHzpc resulting from the protonation of AI-OH surface
groups in AI-OH,* and (ii) at this pH values, practically two
phosphate species (H,PO4~ and HPO4?™) exist in the solution.
Phosphate adsorption on oxide surface was shown to be chemical
in nature. Specifically, a strong contribution to the phosphate
binding comes from a complexation or ion exchange process
on the AI-OH,* and Al—OH sites. Phosphate adsorption as a
function of pH is more likely to be determined by the stability of
phosphate surface complexes (Al — OP03H§_2, where xis 1, 2
or 3) than the electrostatic attraction/repulsion from the surface
charge.

If it is to consider that 1g of alunite, the chemical com-
position shown in Table 1, it has 2.571 mmol Al,O3 having
the structure of >AIOH,™ in the solution medium, then this
amount of alunite has theoretically the anion exchange capac-
ity of 2.571 meq/g alunite. The phosphate adsorption capacity
of alunite has been found to be 132.4 mg/g from the Langmuir
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equation. This amount is equal to 1.394 mmol phosphate. Phos-
phate is hydrolyzed in the water as HPO4>~ and HyPO4 ™~ anions
in the studied pH range. If we assume that there is only HPO4%~
or HoPO4~ anions in the solution then the required anion
exchange capacity should be 1.379 meq and 2.730 meq, respec-
tively. But phosphate is predominantly present as the HoPO4™
species with a minor fraction present as the HPO4>~ species
in solution at pH 5. From the theoretical calculations the anion
exchange capacity of alunite is more than the required level for
the phosphate adsorption.

It can be shown from Table 1 that alunite contains higher
amount of SiO, than Al,O3. Therefore, it is considered that
phosphate is also adsorbed on SiO, surface. But the structure
of SiO, found together with alunite is in quartz form and is not
in activated SiO, form. Kii¢iik and Giilapoglu [31] showed that
even though the alunite was calcined over 1273 K temperature,
SiO, has the structure of quartz, and this structure does not
contribute the adsorption of phosphate.

4.3. Batch adsorber design analysis

Batch type processes are usually limited to the treatment of
small volumes of wastewaters. The efficiency of solute removal
can be improved if the solution is treated using a number of
batch stages rather than a single stage batch process. In a batch
adsorption process, adsorbent is contacted with the solution in
a tank for a period of time at fixed operating conditions. The
adsorbent is separated from the mixture by settling, filtration or
centrifugation, and then regenerated or discharged.

The application of the operating time model to the design
and time optimization of batch adsorbers is undertaken. The
corresponding linear plots of the values of k and ¢, against ini-
tial phosphate concentration (from Eqs. (16) and (17)), were
regressed to obtain expression for these values in terms of the ini-
tial phosphate concentration. High correlation coefficients were
obtained as shown in Table 3.

The S.D. values were also calculated for Egs. (16) and (17),
and given in Table 3. Table 3 shows that the S.D. values for Eqs.
(16) and (17) were considerably low. Therefore, these equations
can be successfully used for the batch adsorber design, and the
results obtained from batch adsorber design model provide good
fitting to experimental data.

A typical example is considered for the case of a two-stage
crosscurrent batch adsorption, when the solution to be treated
10,000 L solution, the amount of alunite added is 10kg in each
of the two-stages and the initial phosphate concentration is

Table 3

Empirical parameters for predicted k and g, from Cy

X 0.106
Y —0.953
) 0.999
S.D. 0.016
X, 1.521
Yy 0.872
) 0.995
S.D. 0.047

3007 Sta
—A— Stage 1 600
—O— Stage 2 500
4 Total t S1+82
250 —{—Total time ( ) 400

[

j=3

=}
1

Time (min)
=) @
3 3

:

wn
(=)
1

0o 2 4 6 8 10 12 14 16 18 20 22 24 26

Adsorption system number

Fig. 5. Comparison of 95% phosphate removal time of each stage in two-stage
phosphate/alunite process. Conditions: 90-150 pm particle size, 1073 K and
30 min calcination, 1 g/L dose, 298 K temperature and pH 5.

100 mg/L in the first stage. A series of operating times from
12 min up to 60 min in 2 min increments has been considered
in Stage 1 of a two-stage batch adsorber system, that is twenty-
four 2 min increments. Therefore, in Figs. 5 and 6 each system
number (1-25) is based on a 2 min operating time interval in
Stage 1 of two-stage system. In the first adsorber for example,
system number 10 implies that the first adsorber operating time
is 12 min+ (10 — 1) x 2 min =30 min, because system number 1
represents 12 min operating time in adsorber number 1. There-
fore the operating time in the second adsorber, 12, is the time
required, T (min), to achieve a fixed total percentage phosphate
removal minus the operating time in the first adsorber stage ¢,
therefore:

T=tH+n (25)
For N system, ¢1, becomes:

) =12+ (N — 1) x 2min (26)
And the total batch operating time, 7, is:
T=124+(N—-1)x2min+ 5 27

The total operating time is calculated for each system number,
N=1-25 (based on the fixed #; values), for a fixed percentage

804
704

60

50

401 W
30-..HM

—0O—90% Phosphate removal

Time (min)

204
—— 85% Phosphate removal
104 —0— 80% Phosphate removal
0 T T T T T T T T T T T T T T T d
0o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Adsorption system number

Fig. 6. Minimum contact time for various percentage phosphate removal in
a two-stage phosphate/alunite process. Conditions: 90—-150 wm particle size,
1073 K and 30 min calcination, 1 g/L dose, 298 K temperature and pH 5.
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Table 4

Minimum adsorption times (min) to achieve various percentage phosphate removal for a series of two-stage and a single-stage adsorption systems

Two-stage adsorber

Single stage adsorber

System number Stage 1 (min)

Stage 2 (min) Total time (min) Time (min)

95% removal time 17 44
90% removal time 10 30
85% removal time 4 18
80% removal time 2 14

45.7 89.7 No removal over 83%
24.1 54.1

20 38 600 (83% removal)
15.1 29.1 170

phosphate removal. The 7 values are plotted against the system
number, N, as shown in Figs. 5 and 6, and the minimum operating
time can be determined.

Fig. 5 shows a comparison of the time for 95% phosphate
removal for each stage and the total reaction time of the two-
stage crosscurrent batch adsorption process. Table 4 shows the
reaction time for each individual stage and the minimum total
operating time for various percentage phosphate removals in the
two-stage process can be evaluated from Eq. (18) for each sys-
tem. From the design criteria, the percentage phosphate removal
by the adsorber system is defined. In the two-stage system in
Table 4, four examples have been shown, namely, 95, 90, 85
and 80% phosphate removal. The total operating time, 7, to
achieve this fixed percentage phosphate removal can be deter-
mined based on the fixed operating time assigned to Stage 1, #1.
The data can then be plotted for the 25 systems at a fixed percent-
age phosphate removal for Stage 1, Stage 2 and Stage 1 + Stage
2 as shown by the three curves in Fig. 5. The minimum operating
time for 95% phosphate removal can be found, using Eq. (18)
or by plotting graphs analogous to Fig. 5. The data for Stage
1 + Stage 2 at three percentage phosphate removal are presented
in Fig. 6. The minimum total operating time to achieve each
percentage phosphate removal is shown by the dashed line.

To compare with two-stage process, the times needed by a
single stage process resulting the same removal have been deter-
mined and are given in Table 4. As can be seen from Table 4, to
obtain same removal in a single stage process needs more time
than two-stage process.

The average total phosphorus concentration in domestic
wastewater is found to be about 10 mg/L expressed as elemen-
tal phosphorus [32]. This value is equal to 30.65 mg/L PO43~
concentration, and this concentration is about 30% of used con-
centration (100 mg/L) in this modeled study. If the suggested
two-stage batch adsorption system in the present study is applied
in the case of real world, the required time for the 95% phosphate
removal is about 30 min. Since the required time for the 95%
phosphate removal from aqueous solution containing 100 mg/L
phosphate is 90 min. The suggested model will provide more
effective phosphate removal in the case of real world, because
the phosphate concentration of real wastewater is lower than the
studied concentration.

5. Conclusion
Kinetic studies were made for the adsorption of phosphate

from aqueous solutions onto alunite in the concentration range
25-150 mg/L at initial pH 5 and 298 + 2K temperature. The

kinetic data have been analyzed using pseudo first- and second-
order equations, intraparticle diffusion equation and the Elovich
equation. The characteristic parameters for each kinetic equation
and related correlation coefficients have been determined. It was
clear that the sorption kinetics of phosphate to alunite obeyed
second-order adsorption kinetics. The equilibrium data fit well
in the Langmuir isotherm.

The design model presented is based on a pseudo second-
order equation and this has been used for minimizing the reac-
tion time used in a two-stage crosscurrent system. The mini-
mum operating time to achieve a fixed percentage of phosphate
removal from aqueous solutions by adsorption using a fixed mass
of adsorbent can be readily predicted. It is particularly suitable
for low-cost adsorbents/adsorption systems, when minimizing
operating time is a major operational and design criterion. To
obtain same removal, in single stage process, is required more
time for phosphate with respect to removal in two-stage pro-
cess. Also, phosphate cannot be removed over 83% in single
stage process.

It is concluded that alunite can be used as a low-cost, nat-
ural and abundant source for the removal of phosphate and it
may be alternative to more costly materials. Assuming the batch
adsorption to be two-staged kinetic and equilibrium operation,
the separation process can be defined mathematically using this
adsorber design model to estimate the minimum operating time
for desired purification.
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