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ABSTRACT

The objective of this study was to investigate the potential of natural and acid-modified pum-
ice as an adsorbent in phosphorous removal from aqueous solution. Various experimental
parameters such as initial phosphorous concentration, adsorbent dosage, contact time, and pH
were investigated. The most common isotherms and the kinetic adsorption models were used
for survey of phosphorous adsorption mechanism. Results indicated that pH plays a signifi-
cant role in the adsorption of phosphorous. The adsorption capacity increased with increase in
contact time and initial phosphorous concentration and after 30 and 45 min, reached equilib-
rium for modified and natural pumice, respectively. Maximum adsorption of phosphorous
(9.74 mg/g) was obtained in the pH ranging from 5 to 7, pumice dosage of 2 g/L, and contact
time of 30 min using the modified pumice. Further increase of adsorbent dosage over 2 g/L
didn’t have significant effect on the phosphorous adsorption. The experimental results showed
that absorption process and equilibrium data were well fitted using the pseudo-second-order
kinetic model (R*>0.99) and Langmuir No 2 isotherm (R*>0.99). The foreign anions such as
Cl.,NO;, 50,7, and HCO;™ didn’t have noticeable effects on the phosphorous adsorption. In
general, the adsorption capacity of acid-modified pumice in the same conditions is more than
natural pumice (55-60%). As general conclusion; modified pumice can be used successfully as
low-cost and effective absorbent for phosphorous removal from aqueous solution.

Keywords: Phosphorous; Pumice; Adsorption; Equilibrium studies

*Corresponding author.

1944-3994/1944-3986 © 2014 Balaban Desalination Publications. All rights reserved.


mailto:hsafari13@yahoo.com
mailto:m_hoseini2174@yahoo.com
mailto:jalil.jaafari@yahoo.com
mailto:ahmahvi@yahoo.com
mailto:zarrabi62@yahoo.com
mailto:hossein_kamani@yahoo.com
http://dx.doi.org/10.1080/19443994.2014.915385

3032

1. Introduction

The application of phosphorus is prevalent in
many consumer products and industrial processes,
especially in fertilizers, water softening, detergents,
metallurgy, paints, food, and beverages, pharmaceuti-
cals, and many others practical uses [1]. Phosphorous
is commonly found in wastewater and surface water
in the form of orthophosphorous, polyphosphorous,
and organic phosphorous [2,3]. Municipal wastewater
typically contains 4-15 mg/L phosphorus as PO;~ [4].
Phosphorous has been identified as one of the impor-
tant components that often results in pollution of the
aquatic environment [5]. Presence of the large amount
of phosphorus in waters as a main nutrient in the
growth of algal and other biological organisms, leads
to eutrophication in water bodies such as lakes and
ponds [6]. Eutrophication of the confined water bodies
is one of the most serious aesthetic and environmental
problems, which strongly threaten human and ecologi-
cal health [7]. Such conditions can lead to excessive
development of the aquatic plants and growth of
algae, destruction of aquatic life and resorts as well as
influence the water quality, mainly via consumption
and depletion of dissolved oxygen [1,8,9]. Conse-
quently, removal of phosphorous from surface waters
and wastewaters is absolutely important in manage-
ment and control of eutrophication, protection of
water resources, water conservation, and prevents any
adverse aesthetic and environmental problems
[1,10,11]. Several techniques have been applied for
phosphorous removal from surface waters and waste-
waters, including physical [12,13], chemical [13-16],
biological [17,18], and crystallization methods [19].
Among these methods, chemical precipitation and bio-
logical removal processes are the two widely accepted
methods for phosphorous removal [2,5,6,20]. Biological
removal is a low-cost process, but has disadvantages
such as susceptibility to seasonal and daily variations
in temperature and changes in the chemical composi-
tion [7,21]. Chemical precipitation is widely utilized
for phosphorous removal, but high cost of used
chemical, production of elevated sludge, and sludge
dewatering problem restricts its application [21-24].
Moreover, with respect to thermodynamic and kinetic
restrictions, complete removal is impossible by chemi-
cal precipitation and biological processes [7,25]. There-
fore, in recent years, significant attention has been
shifted to application of different types of sorbents
due to high efficiency, low cost, and various character-
istics [4,9,26]. So, the application of the adsorbents
appears to be the most economical method for
phosphorus removal from aqueous solution [26,27].
The removal of phosphorus using various types of
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adsorbents including aluminum and aluminum oxides
[1,28], iron and iron oxides [29-32], fly ash [33], slag
[34], red mud [35], bauxite [36], silicates [37,38], active
carbon [39], and alunite [40] has been investigated.
Due to numerous benefits of pumice and its availabil-
ity in Iran, the aim of this study was to investigate the
potential of natural and acid-modified pumice as an
adsorbent in phosphorous removal from aqueous
solution. Modification with various chemicals has been
used by researchers to improve natural mediums
adsorption properties [41]. In our previous works, we
used natural and modified pumice for removal of
fluoride [41], hardness agents [42], and toxic hexava-
lent chromium [43]. Therefore, in the present work,
our data concerning adsorption of phosphorus from
aqueous solution by natural and acid-modified pumice
are presented. The HCl acid was used for this pur-
pose, since it may remove some impurity from natural
adsorbent and increase positive species on adsorbent
surface, leading to improved adsorption capacity of
negatively charged phosphorus ions.

2. Materials and methods
2.1. Preparation and characterization of the sorbent

In this study, pumice stone provided from Tikmeh
Dash district of eastern Azerbaijan (Iran) with 85%
porosity was used. The original pumice was crushed
and sieved to desirable size (30-20 mesh). Natural
pumice stone was thoroughly washed several times
with distilled water in order to remove any impurities
until the turbidity value became lower than 1 NTU
and used as natural adsorbent after drying at 55°C for
24h to remove the remaining water. To prepare the
modified adsorbent, natural pumice was rinsed sev-
eral times by double-distilled water and immersed in
1N HCI acid for 24 h. After that, it was washed sev-
eral times by distilled deionized water, until its efflu-
ent turbidity achieved less than 1 NTU and was
ultimately dried at 60°C for 24 h and used as a modi-
fied adsorbent. The adsorbent morphology was
observed with a scanning electron microscope (SEM,
Philips-XL30, Holland) equipped with energy disper-
sive X-ray micro-analysis. The specific surface area of
natural and modified adsorbent was measured using a
nitrogen adsorption technique based on the Brunauer—
Emmet-Teller isotherm model (Micromeretics/Gem-
ini-2372). The functional groups on the surface of used
adsorbents were analyzed using Fourier transform
infrared spectroscopy (FTIR) at a wavelength of range
400-4,000 cm™"  (Bruker-VERTEX 70, Germany). The
chemical compositions of used adsorbents were deter-
mined by means of an X-ray fluorescence spectroscopy
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(XRF) instrument (Philips-Magix Pro, Netherland).
The crystalline structures of the used adsorbents were
determined using an X-ray diffractometer (XRD)
which are collected by means of a PHILIPS Xpert pro
with Cu Ko as radiation (1.54056 A°) generated at 40 kV
and 40mA instrument. The diffractograms were
obtained with a step width of 0.02° (26) and a scan rate
of 8°/min.

2.2. Chemicals and experimental procedure

Phosphorous stock solutions (100 mg/L) were pre-
pared from analytical grade potassium dihydrogen
phosphorous salt (KH,PO4) by using distilled deion-
ized water and diluted as required. All experiments
were performed in lab scale and batch system and at
temperature of 24 +2°C using a 250 mL reactor. In all
experiments, the sample volume was 100mL. The
solution was magnetically stirred at a speed of 200 rpm.
The initial pH was adjusted with H,SO, or NaOH
prior to addition of adsorbent. All chemicals used in
this study were of reagent grade and were used
without further purification. Analytic reagents were
obtained from Merck. In this study, effects of
variable parameters such as pH (3-11), initial phos-
phorous concentration (5-25mg/L), adsorbent dosage
(0.5-8g/L), and contact time on adsorption capacity
were evaluated. After adjusting the pH of solution to
the desired value, 100mL sample of phosphorous
solution was placed in a 250 mL reactor and required
amount of adsorbent was added. The solution was
magnetically stirred at 200rpm at room temperature
(24 £2°C). Samples were collected at pre-selected inter-
vals, and then samples were filtered through a mem-
brane filter (0.45um) to determine the concentrations
of phosphorous. Phosphorous concentration was mea-
sured by the molybdenum blue method. To measure
residual phosphorous by this method, 10 mL Molybde-
num acid ammonium solution, was added to the sam-
ple solution and after 10min, the absorbance was
determined at a wavelength of 470 nm using UV/Vis
spectrophotometer (Shimadzo-1700, Japan) [44].

3. Results and discussion
3.1. Adsorbent characteristics

In our previous works, we used natural and vari-
ous modified pumices for the removal of fluoride [41],
hardness [42], and chromium [43]. In those works, we
discussed the natural and modified pumice in depth
and then, here, we avoid the discussion on prepared
adsorbents. In brief, the chemical composition of natu-
ral pumice according to XRD analysis is presented in

3033

Table 1
Chemical composition of the natural pumice (w/w)
measured by XRF technique

Component % (w/w) Component % (w/w)
SiO, 63.45 SrO 0.09
AlLO; 17.24 MgO 1.03
TiO, 0.37 KO 2.16
P,05 0.21 503 0.16
CaO 3.22 Na,O 2.00
Fe;O3 2.86 cr 0.30

Table 1. The main chemical components of natural
pumice sample were SiO, (i.e. 63.45%) and Al,O;
(i.e.17.24%), resembling natural zeolite composition
[43]. Modification of natural pumice with HCI leads to
improvement in the specific surface of natural pumice
from 2.34 to 27.2m?/g according to the BET isotherm
model. The remarkable improvement of the surface
area can be attributed to the removal of components
occupying the pores of the pumice resulting in more
accessible pores and consequently larger surface area.
In addition, in our previous works, we used the sur-
face-modified pumice with HCI for removal of nega-
tively charged acid black dye [45] and magnesium
chloride-modified pumice for removal of phosphorus
[46]. In those works, we exactly explained that surface
modification of natural pumice will improve the spe-
cific surface area on one hand (in the case of HCl) and
also will improve the positive charge of adsorbent sur-
face on the other hand (in the case of magnesium
chloride). Therefore, modification of pumice with HCI
may improve its porosity and positive charge on
adsorbent surface which leads to increase in phospho-
rous adsorption capacity.

Fig. 1 shows the XRD pattern on natural and modi-
fied pumice. As seen, the XRD patterns were not chan-
ged remarkably after modification with acid, showing
that acid modification did not change the structural
framework of the sample. The peaks that appeared at
20=12.0°, 26.0°, 28.0°, 32.5°, 33.0°, 33.5%, 34.5%, and 28.0°
can be ascertained as crystalline phases, while the
appearance of a dome between 26 =20-40 can be con-
sidered as evidence for the presence of some amor-
phous phase in both samples [43].

Fig. 2 shows the SEM micrographs of the natural
and modified pumice adsorbents at magnification of
2.00 KX. The natural pumice surface seems to be irreg-
ular in texture with larger grains and sharper edges,
while modification with HCl leads to restructured
texture with smoother surface.

Fig. 3 shows the FTIR of the natural and modified
pumice at wavelengths ranging from 400 to 4,000 cm ™.
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Fig. 1. XRD patterns for the natural (a) and modified (b) pumice.

Overall, the IR spectra of the natural and modified
pumice appeared to be roughly similar and compatible
with those reported in the literature [41-43].

3.2. Effect of agitation time and initial phosphorous
concentration

To evaluate the effect of agitation time and initial
phosphorous concentration on phosphorous adsorp-
tion capacity, experiments were conducted in different
concentrations of phosphorous with adsorbent

dosage of 2g/L, pH 5, and various agitation times.
Fig. 4 shows that the adsorption of phosphorous
increased with increasing the agitation time and
remained approximately constant after 30 and 45 min
for acid-modified pumice and natural pumice,
respectively.

Furthermore, the adsorption of phosphorous
increased with increasing initial phosphorous concen-
tration. Therefore, with increasing initial solute concen-
tration from 5 to 25 mg/L, the absorption capacity was
increased from 1.76 to 9.74 and from 0.96 to 5.85 mg/g
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Fig. 2. SEM micrographs of the natural pumice adsorbent (a) and the HCl-modified adsorbent (b).

for modified and natural pumice, respectively. initial solute concentration, the higher the removal
Our results were well in agreement with the previ- efficiency [41-43]. One reason for this phenomenon is
ously published works, showing that the higher the due to increasing of phosphorous transfer from
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Fig. 3. FTIR spectra of the natural pumice (a) adsorbent and the HCl-modified adsorbent (b).

solution to the surface of adsorbent particles, resulting
in the increase of the mass transfer driving force
between solid and liquid phases and higher free bands
of adsorbent in lower concentration of phosphorous
[45,46]. These results are in good agreement with other
results obtained in phosphorous adsorption onto coir
pith [47] and slag [48].

3.3. Effect of adsorbent dosage

The adsorption of phosphorous increased with
increasing adsorbent dosages due to increasing the
adsorption active sites and the total available surface

areas of the adsorbent. Further increase of adsorbent
dosage over 2 g/L didn’t have significant effect on the
phosphorous adsorption (Fig. 5). Therefore, the opti-
mum dose of adsorbent was found to be 2g/L for
adsorption of phosphorous by pumice. These results
are in good agreement with results obtained in fluo-
ride adsorption by pumice [49].

3.3. Effect of pH

The pH of the solution is a principal variable in
the adsorption process. To investigate the effect of
solution pH, experiments were performed in pH
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Fig. 4. Effect of agitation time and initial phosphorous
concentration on adsorption capacity: (a) modified pumice
(b) natural pumice (adsorbent dose 2 g/L and pH 5).

ranging from 5 to 11 under the following conditions:
adsorbent  dosage of 2g/L,  phosphorous
concentrations of 5-25mg/L, and agitation time of 30
and 45min for modified and natural pumice, respec-
tively. As shown in Fig. 6, solution pH plays a sig-
nificant role in the adsorption process, and the
adsorption capacity is absolutely dependent on the
pH. Based on the results, the adsorption capacity
increased with the increasing pH from 3 to 5, which
approximately stayed constant in the range of 5-7
and decreased with increasing pH from 7 to 11.
Therefore, maximum adsorption of phosphorous was
obtained in pH of 5-7. Phosphorous, depending on
the system pH, can be in various forms, such as
H;PO,, H,PO;, HPO?", and PO; . The predominant
species of phosphorous at pH 3 is H;PO, which is
poorly attached to the adsorption sites. With increase
in pH, the other species of phosphorous such as
H,PO, and HPOjare dominant, which can be
absorbed well. In the alkaline pH, the amount of OH
ions increased as a competitor ion with species of
PO;~ for adsorption on the active sites of adsorbent

3037
(a) 90 -
_ I
80 ol e
-0 i —
= 60 1
= 50 =gl
=
g w0
g 4 —— 25(mg/L)
2 30 4
20 —d— 15(mng/L)
10 A
1] T T r T T T T T v
0 1 2 3 4 5 [ 7 8 9
Adsorbent dose(g/L)
(b) 60 1
50 > =
3 40
E 30 - —=— S(mg/L)
2
<
K20 e 15 (mg/'L)
10 —8— 25(mg/'L)
1] T T T T T T T T 1
0 1 2 3 4 s 6 7 8 9

Adsobent dose (g/L)

Fig. 5. Effect of adsorbent dose on adsorption capacity:
(a) modified pumice, agitation time 30 min and (b) natural
pumice, agitation time 45 min.

[14,27]. Moreover, in higher pH, ionization of
adsorbent and adsorbed leads to make repulsion
force in adsorbent surface, which results in a
decrease in the adsorption capacity of phosphorous
[50]. Based on studies performed, maximum adsorp-
tion of phosphorous using red mud and activated
alum has been obtained in pH ranging from 5 to 7
and 6.5, respectively [35,51]. On the other hand,
influence of solution pH on phosphorous removal
efficiency can be explained with zero point charge of
natural and modified pumice. In our previous works,
the zero point charge was 6.3 [42] and 7.2 [45] for
natural and HCI-modified pumice, respectively.
Based on zero point charge for natural and modified
pumice, at higher and lower values, the surface of
pumice is occupied by OH  and H" ions, respec-
tively. In a solution containing negatively charged
phosphorus ions, electrostatic attraction between the
positively charged pumice and the negatively
charged phosphorus ions lead to increase in removal
efficiency.
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modified pumice has high adsorption capacity (9.74
mg/g) compared to natural pumice (5.85mg/g). In
general, adsorption efficiency of modified pumice in
stable condition is 55-60% higher than natural pumice.

Table 3
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Table 4
Adsorption characterization based on the RL values
Ry Adsorption process
Ri>1 Unfavorable
RL=1 Linear
0<RL<1 favorable
RL=0 Irreversible

3.5. Effect of foreign ions

To evaluate the influence of foreign anions such
as CI” (70mg/L), NO;~ (50 mg/L), SO,* (60 mg/L),
and HCO; (100mg/L) on the phosphorous adsorp-
tion, experiments were performed with adsorbent dos-
age of 2g/L, phosphorous concentration of 25mg/L,
agitation time of 30min, and pH 5. The results
showed that these anions did not produce a noticeable
effect on the phosphorous adsorption (Table 2). The
effect of these anions on the phosphorous adsorption
was as in the order of:

SO;” > NO; > ClI” > HCO;

These results are in good agreement with other
studies carried out in phosphorous adsorption by
Fe(Il)/Cr(IlI) hydroxide [2] and ZnCl,-activated coir
pith carbon [27].

3.6. Adsorption isotherm

Data analysis obtained from the isotherm studies
were applied in explaining the reaction of adsorbent

Characteristics and isotherm constants for phosphorous adsorption on modified and natural pumice

Isotherm model  Principle equation  Linear equation Parameters ~Modified pumice  Natural pumice
Freundlich Je = KfCﬁ log (g.) = log K¢ + 1/n log Ce R? 0.970 0.998
K 1.00 4.56
. gmbCe c. C 1 n 0.53 0.75
Langmuir 1 ge = —=—+—
LHEC Ge  fm  mb R 0950 0959
Gm 5.46 9.43
1 1 b 0.191 0.032
Langmuir 2 —=—t— R? 0.995 0.998
9e gmbCe " Gm . 5.46 8.06
RT b 0.191 0.036
Temkin e =4~ In (k:Ce) ge = BiIn (k) + By In(C) R? 0.831 0.911
! by 20.45 60.07
Kr 1.26 2.67
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Table 5
RL values in different concentrations of phosphorous

Modified pumice Pumice
Phosphorous conc. (mg/L) b (L/mg) Ry, b (L/mg) Ry
5 0.191 0.51 0.036 0.84
10 0.34 0.73
15 0.25 0.64
20 0.20 0.58
25 0.17 0.52
Table 6

Specifications of the kinetics models investigated in this study

Kinetics model

Principle equation

Linear equation

Pseudo-first-order model %
dt
dge

Pseudo-second-order model it

Modified pseudo-first-order model

Intra-particle diffusion model -

= k1(ge — 1)

= ka(ge — q0)° Pl o

dg.
E—k

B D
l°g< qe)* 2303

fe

e 9e — qt)

with adsorbed material and optimizing the amount of
absorbent [54]. To investigate the equilibrium adsorp-
tion isotherm, experiments were performed with fixed
adsorbent dosage (2 g/L) and various initial phospho-
rous concentrations (5-25mg/L) for 180 min contact
time at pH 5, temperature of 25°C, and 200 rpm. In
this research, experimental data of adsorption equilib-
rium were assessed using Langmuir 1 and 2, Freund-
lich, and Temkin isotherms. Fig. 8 shows a plot of the
linearized forms of the isotherm models used in this
study. Analysis of linear regression showed that the
adsorption of phosphorous using modified and natu-
ral pumice followed by Langmuir and Freundlich iso-
therm models, respectively. Based on the results, the
Langmuir 2 isotherm model represented the best fit
with experimental data (R*>0.99) compared to the
other isotherm models. These results are in good
agreement with other studies carried out in phospho-
rous adsorption by modified activated alumina [55],
modified clinoptilolite [56], and simple and modified
nanozeolite Y [57]. Characteristics and parameters
obtained from isotherm studies are listed in Table 3.
The basic features of Langmuir isotherm can be
described by a constant known as equilibrium param-
eter Ry [53,58,59]:

Ry = 1/(1+ bCy)

(a) 40

+5mgl B10mgl

Al5mgl e20mgl

m25mgl

t/qt

60 70
Time (min)

(b) 100 -

+5mgl ®m10mgl

AlSmgl e20mgl

m25mgl

tqt
2

60 100

Time (min)
Fig. 9. Plots of the pseudo-second-order Kkinetics at:

adsorbent dose, 2g/L; pH 5.0; temperature, 25°C: (a)
acid-treated pumice and (b) natural pumice.
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Table 7
parameters of the pseudo-second-order kinetic model at various initial phosphorous concentrations

Modified pumice Pumice

Phosphorous conc. (mg/L) R? Je (exp) e (calo) k; R? e (exp) Je (calo) ko
5 0.990 1.78 2.05 0.063 0.990 0.99 1.17 0.059
10 0.994 3.78 4.27 0.035 0.980 2.06 2.50 0.026
15 0.992 5.57 6.53 0.022 0.987 3.28 3.87 0.019
20 0.993 7.80 8.85 0.017 0.987 4.72 5.61 0.012
25 0.993 9.77 10.98 0.014 0.098 5.95 6.84 0.012

where b is the Langmuir constant, Cg is the initial con-
centration (mg/g), and Ry values illustrate the type of
adsorption process. The Ry, values in the range of 0-1
illustrate favorable adsorption (Table 4). The Ry values
were in the range of 0-1 for all the phosphorous con-
centrations assessed.

3.7. Phosphorous adsorption kinetics

The studies of adsorption kinetics are used to deter-
mine the absorption efficiency and the kind of adsorp-
tion mechanism. In this research, the phosphorous
adsorption kinetic data were investigated with
pseudo-first-order model, pseudo-second-order model,
modified pseudo-first-order model, and intra-particle
diffusion model. Specifications of the kinetic models
investigated in this study are listed in Table 6. To evalu-
ate the phosphorous adsorption kinetic by modified
and natural pumice, experiments were performed in
the wvarious initial phosphorous concentrations
(5-25mg/L), adsorbent dosage of 2g/L, pH 5, temper-
ature of 25°C with the contact times of 60 and 90 min
for modified and pumice, respectively. Based on the
obtained results, the pseudo-second-order model repre-
sented the best fit with experimental data (R*>0.99)
compared to the other kinetic models. The high values
of (R*>0.99) at all various initial concentrations of
phosphorous indicated that the adsorption of phospho-
rous using modified and natural pumice was followed
by the pseudo-second-order kinetic model. Therefore,
mechanism of the phosphorous adsorption predomi-
nantly is managed by chemical bonding or chemisorp-
tions. Plots of the pseudo-second-order kinetic model at
various initial phosphorous concentrations are illus-
trated in Fig. 9 and parameters of the model are pre-
sented in Table 7. These results are in good agreement
with other studies carried out in phosphorous
adsorption with iron hydroxide-eggshell [4], electro-
coagulated metal hydroxides sludge [8], ZnCl,-acti-
vated coir pith carbon [27], modified coir pith [47],
calcined alunite [58], red mud [59], and dolomite [60].

4. Conclusion

In this study, the adsorption of phosphorous was
investigated using the natural and modified pumice.
The results indicated that the adsorption capacity of
acid-modified pumice is more than natural pumice at
all concentrations used in this research. Operating
parameters, such as, initial phosphorous concentra-
tion, contact time, adsorbent dosage, and pH have
effect on the absorption process of phosphorous. The
adsorption capacity increased with increase in contact
time and initial phosphorous concentration and after
30 and 45 min, reached equilibrium for modified and
natural pumice, respectively. The solution pH plays
an important role in the adsorption process of phos-
phorous, and maximum adsorption of phosphorous
(9.74mg/g) was obtained in the pH ranging from 5
to 7, pumice dosage of 2g/L and agitation time of
30min using the modified pumice. The foreign
anions such as CI-, NOj, SOﬁ*, and HCO;™ didn’t
have noticeable effects on the phosphorous adsorp-
tion. The experimental results also showed that
absorption process and equilibrium data were well
fitted by pseudo-second-order kinetic models (R*>
0.99) and isotherm of Langmuir no 2 (R*>0.99). This
means that absorption process occurs as a monolayer
and dominantly managed by chemical bonding or
chemisorptions. Based on the above good results, the
acid-modified pumice could be considered as a
low-cost and effective absorbent for the removal of
phosphorous from aqueous solution.
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