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ABSTRACT

The discharge of phosphorus into surface waters results in overgrowth of aquatic plants and
consequent eutrophication of rivers and seawaters; thus, removing this material to prevent sur-
face-water nutrient uptake has received researchers’ attention in recent years. The aim of the pres-
ent study was to investigate the efficiency of stabilization of zeolite nanoparticles modified by
cationic surfactant on pumice aggregates to remove phosphate from aquatic environments. In this
study, zeolite nanoparticles, modified by CTAB surfactant, were stabilized on pumice aggregates
substrate using heating operation; then, the structural and physical features of the prepared absor-
bent were analyzed using FTIR, XRD, SEM, and EDAX techniques. Experiments were designed
using Box-Behnken response surface methodology to improve the variables. Variables of pH (5-9),
temperature (15-45°C), and amount of absorbent (5-15 g/L) were investigated. In addition, in order
to investigate kinetics and adsorption isotherm, separate tests were conducted to determine the
optimal amount of contact time (5-150 min) and phosphate concentration (5-28 mg/L). Results
show that the optimum conditions to remove phosphate by modified aggregates were measured
at a pH of 5; temperature of 45°C and absorbent amount of 15 g/L. Kinetics investigations showed
that phosphate removal follows the second-order model and the optimum contact time was mea-
sured at 60 min in which phosphate removal efficiency was 82.22%. The results also show that
phosphate adsorption isotherm has good agreement with Langmuir isotherm. The study shows
that stabilizing the modified zeolite nanoparticles using cationic surfactant on pumice aggregate
is highly effective for phosphate removal, thus it can be used for removing such pollutants from
aquatic environment.
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1. Introduction

Phosphorus is usually discharged into the environ-
ment as phosphate. Large amount of phosphate is used
in various industries such as pesticides, fertilizer, metal-
lurgy, food, detergents, drugs, soft and cold drinks etc.
[1]. Undoubtedly, disproportionate use of phosphates

*Corresponding author.

including mineral phosphates (ortho and polyphos-
phate) and organic phosphate (like detergents) produces
large amount of phosphate containing wastes, which are
dumped directly into aquatic environments [2]. Although
phosphate is among the necessary elements for the growth
of animals and plants on the planet earth, discharging
more than 0.02 mg/L of phosphorus into aquatic systems,
especially lakes and still waters leads to eutrophication,
growth of algae and aquatic plants, and the death of
aquatic organisms in the end [3,4]. In addition to phos-

1944-3994 / 1944-3986 © 2019 Desalination Publications. All rights reserved.



S. Ghasemi et al. / Desalination and Water Treatment 139 (2019) 254-267 255

phate, nitrate, sunlight and carbon dioxide are involved
in elevated nutrient uptake phenomenon; however, phos-
phate is the key factor due to restrictive feature [5]. In gen-
eral, reducing extra phosphate from wastewater before
discharging into surface waters is considered as the first
measure. Thus, most of the recent studies have focused
on phosphate removal from water [6,7]. Phosphorus com-
pounds can be removed using various methods including
ionic exchange, adsorption, micro filtration, coagulation
and deposition [8]. Recently, absorption processes have
been favored considerably due to high efficiency, non-tox-
icity, being simple, availability of wide range of absorbents,
and the possibility of extensive use within concentrations
range [9]. Various absorbents have been used for phos-
phate ions removal including fly ash [10], slag [11], algi-
nate [12], bentonite [13], cellulose [14], lanthanum oxide
[15], active charcoal [16], modified egg shell [17], chitosan
[18], calcified pyrite [19], graphene oxide [20], carbon
mesoporous [21], etc. However, most studies have focused
on selecting inexpensive absorbents, such as local min-
erals, to remove water pollutants. These absorbents can
be used either in natural or modified forms; pumice and
zeolite are among these cheap absorbents [22,23]. Pumice
is a light and porous volcanic rock; it has a high surface
area and is found easily and cheaply in nature. Pumice
is among those volcanic rock that have been considered
for environmental pollutant removal due to porous and
non-crystalline structure and containing large amount of
silica oxide and aluminum [24]. In addition, zeolites are
a group of micro porous aluminosilicate that are made
naturally in the environment. Having a high specific sur-
face area, zeolites can be used potentially for cases such as
adsorption of pollutants [25]. Regarding the aluminosili-
cate structure, zeolite and pumice are negatively charged
[26,27]; while modified by cationic surfactant, their sur-
face charge is changeable [28]. Due to the characteristics
of cationic surfactants, these compounds tend to undergo
negative interactions, which make them a good option
for external surface modification of various materials and
boosting their anion exchange capacity [29]. For example,
Akbal investigated the absorption of phenol and 4-chlo-
rophenol using modified pumice rock by surfactant and
unmodified natural aggregate from aquatic solutions;
the results show that unmodified natural pumice cannot
absorb phenol compound. Nevertheless, modified pumice
was highly efficient in absorption of phenol and 4-chloro-
phenol [30]. According to the points mentioned above, the
most important limiting factor in the use of pumice aggre-
gates is their low potential in absorbing mineral anionic
pollutants such as phosphate in water. Research studies
showed that if the nanoparticles are stabilized on the sur-
face of porous materials, a new material will be formed
which undoubtedly possess some of the unique features of
nanoparticles and porous material and it will increase the
performance in absorbing the pollutants. Thus, the aim
of the present study is to achieve an efficient method for
enhancing the efficiency of pumice aggregates.

In this regard, the authors tried to investigate the
removal of phosphate using Box-Behnken response surface
methodology from synthetic aquatic solutions by stabiliz-
ing the modified zeolite using cationic surfactant CTAB
(C,,H,,NBR) on pumice aggregates.

2. Materials and methods
2.1. Granulation and activation of pumice aggregates

Pumice aggregates were prepared from local mines;
then, they were crushed and granulated in sizes of 4 to 6 mm
by graded sieve. In order to remove impurities in minerals
for boosting the active contact surface and enhanced effi-
ciency, aggregates were floated in hydrochloric acid (1 N)
afterwards. After 24 h, aggregates were removed from the
acid and were washed 7 times on average with non-ionized
water in order to remove the remaining acid and allowing
the pH of the water to reach 7. Next, these aggregates were
put into the furnace for 3 h under 750°C for calcination
and creating an inner expansion within the aggregates and
opening of the porous channels.

2.2. Preparation and modification of zeolite nanoparticles

Zeolite mineral samples, used by mine reserves of Sem-
nan city in the central part of Semnan province, Iran, were
provided in powder. In this study, natural nanoparticles of
zeolite mineral were prepared by Planetary Ball Mill; this is
a suitable method for particle size reduction [31]. To this end,
powered samples of zeolite were grounded by Planetary Ball
Mill (Model: PM 400-RETSCH) for 100 h at 300 rpm. After
preparing the nanoparticles, zeolites were converted into
cationic zeolite using CTAB surfactant [(C, H,,)N(CH,)] Br)
according to the study of Wang et al. [32] with some minor
modifications. Given the amount of CMC (Critical Micelle
Concentration) of CTAB surfactant, which is 0.92 mM [33],
10 g of nanoparticles was added to 100 ml of CTAB solution
with the concentration of 9.2 mmol-1"" to modify the zeolite
nanoparticles (the concentration of the solution was set at
0.92 mM per gram of the absorbent). This mixture was kept
at room temperature for 24 h at 140 rpm. Next, nanopar-
ticles were separated by the centrifuge machine and were
dried in an oven for 8 h at 90°C. Finally, the particle size
analyzer machine (Model: Scatterscop Codex 1) and Fou-
rier infrared spectroscopy (Model: Perkin Elmer BX-II) were
used to investigate the particle size and spectroscopy of
modified nanoparticles, respectively.

2.3. Stabilization of modified zeolite nanoparticles on pumice
aggqregates

In order to stabilize the modified zeolite nanoparticles
on pumice aggregates, the loading ratio of 10 wt% nanopar-
ticles to aggregates was used. To this aim, 10 g of modified
zeolite nanoparticles was dissolved in 200 ml of distilled
water. A 10% suspension of modified zeolite nanoparticles
was mixed on a magnetic mixer for 30 min. Then, it was
exposed to ultrasonic waves using ultrasonic bath (Model:
Starsonic18-35) at the frequency of 50 kHz for 30 min to
make the zeolite nanoparticles separate thoroughly. Next,
100 g of pumice aggregates was added to this suspension
and it was then put on a shaker machine for 18 h at 120 rpm
to make the mixture scatter homogeneously and evenly.
Next, the prepared mixtures were exposed to temperatures
of 450°C (90 min) and 650°C (90 min) to allow the nanopar-
ticles suitably stabilize on the aggregates. Eventually, in
order to investigate stabilization status and coverage of
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zeolite nanoparticles on pumice aggregates, XRD (Model:
Philips, PW 1840), EDAX (Model: ZEISS, SIGMA VP-500)
and SEM (Model: Philips, XL30) methods were applied.

2.4. Designing the tests using Box-Behnken to optimize factors
affecting phosphate removal

In this study, in order to investigate the factors affect-
ing phosphate removal process by stabilization of cationic
modified zeolite nanoparticles on pumice aggregates and
to optimize three parameters of pH, temperature, and
absorbent amount, tests were designed using Box-Behnken
response surface method. For this purpose, a 3 variable
design with 3 levels and 3 central points was applied using
Minitab17 software. Overall, 15 tests were designed and
conducted. Table 1 shows the level of independent vari-
ables and their values.

2.5. Tests procedures

Mono potassium phosphate salt (KH,PO,), produced
by the Samchun Pure Chemical Co., was used for prepar-
ing the solutions. First, phosphate 1 L solutions with the
concentration of 18 mg/L were prepared with deionized
water; the pH of the solutions was set by pH meter at
the desired number (5, 7, or 9) using hydrochloric acid or
sodium hydroxide. Then, the desired amount of the absor-
bent (5, 10, and 15 g) was weighed by digital scale and
added to the solutions; the heater within the designated
case was turned on. After adjusting the temperature (15,
30, and 45°C), the solutions were mixed with a mixer for 30
min. Next, aggregates were separated from the solutions
by filter paper. Finally, the filtered solution was gathered
and the remaining phosphate was measured by Spectro-
photometry method at 880 nm. It should be noted that all
the tests were repeated at least three times and the average
of data and results were used.

2.6. Investigation of adsorption isotherms

Adsorption isotherms have absorption features and
equilibrium data; they explain how pollutants react with
absorbents. They play a role in boosting the absorbent
consumption; Langmuir and Freundlich isotherms are
among the well-known isotherms [34]. Freundlich isotherm
is achieved by assuming a heterogeneous surface and by
non-monotonous distribution on the absorbent surface,
whereas the Langmuir isotherm indicates the single-layer

Table 1
Levels and values of independent variables

Independent Symbol Low Mid-level High level
variables level (-1) (0) 1

pH X 5 7 9
Temperature X, 15 30 45

O

Absorbent X, 5 10 15

amount (g/L)

and monotonous absorption on the absorbent surface. The
linear form of the Langmuir equation is presented below
[Eq. (1)] [35,36]:

L S S (1)
qﬁ qm qm X Kl X Cé’

where g, is the adsorbed dose at equilibrium (mg/g); q,,
and K, are Langmuir parameters, which represent adsorp-
tion capacity (mg/g) and adsorption correlation energy,
respectively. The basic features of Langmuir equation can
be expressed by equilibrium parameter R, [Eq. (2)] which is
a dimensionless constant [37].

1
R=—F"—
" 1+K,xC, @

R, represents isotherm type; 0 < R, < 1is desired adsorp-
tion; R, > 1 undesirable adsorption; R, = 1 linear adsorption
and R, = 0 irreversible adsorption [38]. The linear form of
the Freundlich equation is given below [Eq. (3)] [39,40]:

Logq, =LogK, + lLog C, 3)
n

where K, and n are the constants of Freundlich equation;
they represent adsorption capacity (mg/g) and intensity of
the adsorption, respectively. n < 1 indicates poor adsorp-
tion; 1 < n < 2 average adsorption; 2 < n < 10 desirable
adsorption [41].

2.7. Investigation of adsorption kinetics

Kinetic models describe the process of adsorption reac-
tion order based on the adsorption capacity [42]. First order
adsorption kinetic model is explained by Eq. (4) [43]:

K,
t 4
2.303 @

Log(q, —4,)=Log g, +

Moreover, second order adsorption kinetic model is
expressed by Eq. (5) [44]:

ikl .
qt qe KZ X qe

where q, (mg/g) and g, (mg/g) are the adsorption capac-
ity of the absorbent at equilibrium condition and at time ¢,
respectively. K, is equilibrium speed of first order adsorp-
tion (1/min) and k, equilibrium speed of second order
adsorption (g/mg-min). Moreover, in the above equations,

the adsorbed dose per gram of the absorbent (adsorption
capacity) is expressed by Eq. (6):

\%4
qe—(CO_CE)XW (6)

where C, (mg/L) is the adsorbed initial concentration, C,
(mg/L) concentration of the adsorbed after adsorption, V'
(L) solution volume and W (g) weight of the absorbed.
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2.8. Investigation of adsorption thermodynamic

Determining the parameters of thermodynamic of
adsorption is another important criterion in describing pro-
cess of adsorption. Enthalpy values (AH®) per kJ/mol, and
entropy (AS°) per kJ/mol. K from gradient and y-intercept,
diagram of In K, changes vs. 1/T, are calculated based on
Eq. (7) [45]:

AS®  AH°
R RT

InKL =

@)

where K, is Tthermodynamic equilibrium constant, R is
universal gas constant (8.314 J/mol-K), and T is the abso-
lute temperature per Kelvin. Meanwhile, the value of Gibbs
free energy (AG®) per k] /mol is achieved from Eq. (8) [46]:

AG°=-RTInkK, ®)

3. Results and discussion

3.1. Investigating particle size and spectroscopy of the modified
zeolite nanoparticles

According to the results of particle-size analysis, the
sizes of d50 and d90 in zeolite sample were 37.6 and 60.1 nm,
respectively. Fig. 1 shows the results of FTIR analysis on nat-
ural zeolite sample and modified zeolite by surfactant. In the

257

spectrum of natural zeolites, the bands observed in 446 and
607 cm™ regions are related to the T-O bending vibrations
(where T=Si or Al). In 794 and 1042 cm™" the peaks observed
are related to the T-O symmetric and asymmetric internal
vibrations, respectively. Two peaks of 1636 and 3625 cm™
relate to the presence of water molecules in zeolite struc-
ture; the former relates to the bending vibrations of water
molecule and the latter relates to the symmetric stretching
vibration of water molecule. Thus, it is confirmed that zeo-
lite used in this experiment is a Clinoptilolite natural zeo-
lite [(K,Na,Ca),[(AlSi),,0,,]-20H,O]. As shown in this figure,
there are two extra peaks in the modified sample than the
natural sample. These peaks are observed at 2361 and 3016
cm™ regions, which are correspondent to the vibrations of
C-C and C-H of CTAB surfactant molecular structure; these
peaks are not observed in the natural zeolite. These bands
indicate that CTAB organic cations have been absorbed in
surfaces and between zeolite nanoparticle layers.

3.2. Investigating the purity and composition of stabilized
zeolite nanoparticles modified on pumice aggregates

Fig. 2A presents XRD pattern of natural pumice aggre-
gate sample. The mineralogy of its composition confirms
the presence of diopside (in monoclinic crystal system with
23% of overall amount); olivine (in orthorhombic crystal
system with 11% of overall amount), forsterite (mixture of
manganese silicate with 15% of overall amount), cristob-
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Fig. 1. FTIR analysis on natural and modified zeolite sample.
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Fig. 2. X-ray diffraction pattern (A: pumice aggregates, B: mod-

ified zeolite nanoparticles, C: stabilized composite of zeolite
nanoparticles modified on pumice aggregates).

alite (high temperature silica polymorph with 1% of over-
all amount), nepheline (in a hexagonal system with 21% of
overall amount), and hydroxylclinohumite (in a monoclinic
crystal system of humites group with 29% of the overall
amount) in this mixture. Fig. 2B shows XRD diffraction pat-
tern of the modified zeolite nanoparticles sample. Results
show that clinoptilolite is the main crystalline phase of
zeolite understudy. The diffractions of this phase involve
angles of 10.28, 13.71, 17.11, 20.05, 24.00, and 26.65. Fur-
thermore, there are impurities of quartz (diffraction angles
of 27.55 and 38.14), calcite (diffraction angle of 21.6), and
mordenite (diffraction angle of 6.84) in the mixture. The
sharp peaks with high intensity indicate that the crystalline
structure of the mixture is complete. Fig. 2C shows the XRD
pattern of the stabilized composite sample of the zeolite
nanoparticles modified on pumice aggregates. The pres-
ence of both phases of the composite samples in the pattern
is an indication of the successful formation of the synthe-
sized composite. As shown in the figure, the intensity of
zeolite peaks in the composite sample decreased than the
pure dose. This difference shows the matrices interactions
among the composite components. In the composite sample
pattern, diffractions of pumice are mainly shown and only
slight difference is observed in terms of the intensity of the
diffractions; in other words, as zeolite amount increases, the
underlying structure does not change and stays the same.

3.3. Investigating the morphology and elemental analysis of
stabilization of zeolite nanoparticles modified on pumice
aggqregates

Table 2 presents the results of EDAX elemental analy-
sis of natural pumice aggregates, zeolite nanoparticles and
stabilized composite of zeolite nanoparticles modified on
pumice aggregates. As shown, much of the weight percent-
age of the zeolite nanoparticle elements are made up of alu-
minum and silica (aluminosilicate) and significant increase
in the dosage of these two elements on the composite sam-
ple surface is an indication of successful coverage of zeolite
nanoparticles on pumice aggregates substrate.

Fig. 3 shows SEM (scanning electron microscope) pic-
tures of natural pumice aggregates and stabilized compos-
ite of zeolite nanoparticles modified by pumice aggregate.
It can be observed that zeolite nanoparticles lay on porous
substrate of pumice aggregates as clods and masses. It is
possible to observe the rugged surface and pores of pumice
substrate easily; this rugged surface increases the adsorp-
tion capacity and specific surface area.

3.4. Results of tests designed by Box-Behnken model

Table 3 shows 15 tests designed by Box-Behnken model
as well as values of variable, calculated removal percent and
the model predicted values for phosphate removal; and then,
the removal values of the tests were studied by Minitab17
software. Finally, the coefficients of the second order poly-
nomial equation of the designed model, coefficients of the
predicted regression for phosphate removal percentage,
analysis of variance of data, response surface plots and the
interval plots of the interactions among variables and opti-
mum conditions for the desired pollutant were specified.

Table 4 shows the coded regression coefficients and
predicted significance level by the model for phosphate
removal by stabilized composite of zeolite nanoparticles
modified by pumice aggregates. The correlation coefficient
R? for phosphate removal by the model was measured at
0.9899, which is an indication of remarkable consistency
between the results; it also shows that the model cannot
predict only 1.01% of the variations.

According to the results of predicted regression for phos-
phate removal, the effects of variables of pH (X,), the absorbent
dose (X,), temperature (X,), and the interactions X, xX,, X,xX,
and X,xX, were within the confidence level of 0.95. The coded
second order polynomial equation obtained by Minitabl7
software for phosphate removal is shown by Eq. (9):

Y = 55.533 - 6.975 X, + 8.188 X, + 4.213 X,
~0.229 X,*X, - 3.504 X,*X, - 2.554 X;*X, = 2.00 X,*X,  (9)
- 0.950 X,*X, + 0.975 X.*X,

Based on the obtained equation and reported values of
regression coefficients, it could be concluded that variables
of the absorbent dose, pH and temperature, respectively
had the highest effects on the phosphate removal efficiency.
Removing the expressions that are not on the significant
level, the final equation is defined as follows [Eq. (10)]:

Y = 55.533 - 6.975 X, + 8.188 X, + 4.213 X,

—3.504 X,*X, - 2.554 X,*X, - 2.00 X,*X, (10)
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Table 2
Elemental analysis of pumice aggregates, natural zeolite and stabilized composite of zeolite nanoparticles modified on pumice
aggregates
Components (@) N Si Au Na Al C Ca Mg Fe K
Raw pumice aggregate weight% 61 79 74 63 45 44 31 21 19 14 -
Natural zeolite weight% 683 34 149 28 47 32 12 - 0.7 - 0.8
Stabilized composite of zeolite nanoparticles 604 3.6 13 33 62 5 2.5 19 14 16 11

modified on pumice aggregates weight%
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Fig. 3. SEM pictures (A: natural pumice aggregates, B: stabilized composite of zeolite nanoparticles modified on pumice aggregates).

Table 3

Box-Behnken design for phosphate removal by stabilized composite of zeolite nanoparticles modified on pumice aggregates

Testnumber pH (X)) Temperature (°C) (X,) Absorbent dosage (g/L) (X,)

Removal percentage Predicted removal percentage

1 9
2 5
3 9
4 7
5 5
6 7
7 5
8 9
9 7
10 7
11 7
12 7
13 9
14 5
15 7

30
30
45
30
45
45
15
15
15
30
30
45
30
30
15

5

15
10
10
10
15
10
10
15
10
10
5

15

38.1
69.5
50.2
554
659
61.3
53.4
41.5
53.1
55.1
56.1
439
514
48.2
39.6

38.6
68.9
49

55.5
64.8
62.8
54.5
42,5
52.4
55.5
55.5
44.5
51

48.5
38

3.4.1. The effect of pH on phosphate adsorption

The effect of pH parameter is investigated in this section
of the study. Fig. 4 shows the diagram of response surface
and interval between the interactive effects of pH and tem-
perature with unchanged dosage of the absorbent (10 g/L)

on phosphate absorption rate. According to the results, as
pH increased, the removal efficiency decreased at any given
temperature. As shown in Fig. 5, an increase in pH at con-
stant temperature of 30°C, decreased the removal efficiency
at any given dosage of the absorbent. According to stud-



260 S. Ghasemi et al. / Desalination and Water Treatment 139 (2019) 254-267

Table 4
Predicted regression coefficients and significance level of the
parameters

Term Coefficient P-value
Constant 55.53 0.000
X, -6.975 0.000
X, 4.213 0.001
X, 8.188 0.000
X xX -0.229 0.785
X, xX, —2.554 0.024
X xX, -3.504 0.007
X %X, —-0.950 0.270
X xX, -2.00 0.048
X, xX, 0975 0.259

ies, in acidic pH, the concentration of H* in the solution is
high; this cation causes positive charges on the surface of
the absorbent. Consequently, the absorbent surface absorbs
the phosphate (having negative charges) well in the acidic
pH. At higher pH in alkaline medium, the concentration
of OH- is high and it creates negative charges on the sur-
face of the absorbent; thus, as phosphate pollutants are
removed from the adsorbent surface, the removal efficiency

Hold Values
X3 10

decreases. Previous studies have also shown that the zero
point pH of pumice aggregates was reportedly within the
range of 6.2 to 7.2 [47,48]. Since most of the phosphorus
types are negative in aquatic medium, at pH lower than
zero point, phosphorous adsorption rate increases due to
positive charges of the absorbent surface; at pH above zero
point, phosphorous adsorption rate decreases due to neg-
ative charges of the absorbent surface [49]. Thus, the opti-
mum pH for phosphate predicted by the model is 5. Similar
studies have been carried out in this regard; Kawasaki et
al. investigated phosphate removal by aluminum hydrox-
ide gel. They reported that phosphate removal was most
efficient at pH of 5 [50]. Castaldi et al. studied the effects of
pH on phosphate accumulation by red mud; they reported
that phosphate removal was most efficient at pH of 4 [51].

3.4.2. The effect of the absorbent dosage on phosphate
adsorption

The effects of the absorbent dosage on phosphate
removal process were investigated within the range of 5 to
15 g/L. As shown in Fig. 5, increasing the absorbent dos-
age at constant temperature of 30°C, increases the phos-
phate removal efficiency. Fig. 6 also shows that increasing
the absorbent dosage and temperature at constant pH of
7, increases the phosphate removal efficiency. These obser-
vations could be due to increased absorbent spots and

Hold Values
X3 10

Fig. 4. The diagram of response surface and interaction interval of pH (X)), temperature (X,), and constant absorbent dosage of 10

g/L (X,) for phosphate removal.

Hold Values
X2 30

Hold Values
X2 30

Fig. 5. The diagram of response surface and interaction interval of pH (X)), absorbent dosage (X,), and constant temperature of 30°C

(X,) for phosphate removal.
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absorbent surface groups and consequent increased of
adsorption capacity. Naushad et al. and other researchers
have reported similar results in this regard [52,53].

3.4.3. The effect of temperature on phosphate adsorption
and determining thermodynamic features

The effects of temperature on phosphate removal were
investigated within the range of 15-45°C. Fig. 4 shows that
at constant dosage of the absorbent (10 g/L), as the tem-
perature rises at all pH, phosphate removal increases. As
shown in Fig. 6, at constant pH of 7, by increase in tem-
perature at any given dosage of the absorbent, the removal
efficiency increased; this could be due to increased mobil-
ity and ion collisions with the absorbent surface [54]. This
increased removal efficiency, which is accompanied by tem-
perature rise, is an indication of thermosensitive nature of
the pollutant removal reaction. Thus, the optimum tempera-
ture predicted by the model for the maximum phosphate
removal by the stabilized composite of zeolite nanoparticles
modified by pumice aggregates is 45°C. In another study
conducted by Rashid et al., phosphate removal by humic
acid coated magnetite nanoparticles was investigated. They
reported that temperature rise from 25 to 65°C increased the
efficiency of phosphate removal [55]. In addition, Huang et
al. investigated phosphate removal from wastewater using
red mud; they tested the effects of temperature rise on phos-
phate removal within the ranges of 30-40°C, and concluded
that temperature rise increased the adsorption capacity of
the absorbent for phosphate removal [56].

In addition, the results of analyzing thermodynamics of
absorption using the predicted model and considering the
different values of temperature and keeping other parame-
ters constant are given in Fig. 7 and Table 5.

According to the results, the positive value of AH°
shows that the process of adsorption of phosphate by the
stabilized composite of zeolite nanoparticles modified on
pumice aggregates has been endothermic. The positive
value of AS°® shows that the irregularity value in the solu-
tion and random collusions have been increased during the
adsorption of phosphate on the absorbent. Additionally, the
values of AG® are all small and positive which show that
they need little energy to conduct the adsorption of phos-
phate on the stabilized composite of zeolite nanoparticles

Hold Values
xX17

J

25
y =-1705x + 3.658
2 _
5 R?=0.966
__ 15
3
s
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-0.5
0 T T T 1
0.0031  0.0032 00033  0.0034  0.0035
1/T (1/K)

Fig. 7. The diagram of adsorption thermodynamic.

Table 5

The results of thermodynamic parameters of phosphate
removal by the stabilized composite of zeolite nanoparticles
modified on pumice aggregates (pH = 5, time = 30 min,
absorbent dosage = 15 g/L and initial concentration = 18 mg/L)

Temperature K, (L/g) AH°(K]J/ AS° (kJ/ AG°(K]/
(K) mol) mol.K) mol)
288 0.1012 5483
303 0.1483 14.175 0.030 4.806
318 0.1764 4.586

modified on pumice aggregates [57]. It may not indicate
the non-spontaneous process of phosphate removal on the
absorbent, rather it shows that the absorbent at high tem-
perature of 318 K can establish better performance in phos-
phate removal. Ozcan stated in his report on absorption
that acquiring positive values for AG® in the mechanism of
ion-exchange is very conventional in the adsorption pro-
cesses because the active compound of pollutant ions with
absorbent may be shaped in the excited state [58]. Further-
more, acquiring the thermodynamic parameters through
linear illustration of thermodynamic model can create a

R%
< 40
40 - 45
M 45 - 50
M 50 - 55
M 55 - 60
H 60

Hold Values
X1z

15 20 25 30 35 40 45
X2

Fig. 6. The diagram of response surface and interaction interval of temperature (X,), absorbent dosage (X,), and constant pH of 7 (X))

for phosphate removal.
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variety of errors, which can cause replacements in the val-
ues achieved. When this happens in adsorption reactions,
the small and negative values of AG® will transform into the
small but positive values of AG®° [59].

3.4.4. Process optimization

The parameters and optimal removal percentage of
phosphate based on the results obtained from the Box-
Behnken experimental design model are presented in Table
6. In order to validate the accuracy of the removal efficiency
value obtained from the model, an experimental test was
performed at the optimal points that the numerical value
proximity of the results indicates the high accuracy of the
model in predicting the results.

3.5. The effect of contact time on phosphate adsorption

In order to study and measure adsorption kinetics and
determine the optimum value of contact time parameter,
separate set of experiments were performed with different
values of contact time (15, 30, 60, 90,120, and 150 min) and
keeping other parameters constant in the optimum condi-
tions obtained by the model. Table 7 and Fig. 8 show the
effects of contact time on the process of phosphate removal
by the stabilized composite of zeolite nanoparticles mod-
ified by pumice aggregates under optimum conditions.
According to the results, it can be concluded that increas-
ing the contact time provided the phosphate ions with
more opportunity to be absorbed by the absorbent. It can
also be inferenced that maximum phosphate removal was

Table 6
Optimal parameters for removal of phosphate

Optimal parameters Phosphate removal

percentage
pH  Temperature Absorbent Model Experimental
(°C) dosage prediction test
(/D)
5 45 15 72.54 72.62

*The removal percentage results were obtained under condition of
initial phosphate concentration = 18 mg/L and contact time = 30 min.

85
80 ; T
70 | ¢
65

0 30 60 90 120 150 180
Time (min)

Fig. 8. The effects of contact time on phosphate removal by the
stabilized composite of zeolite nanoparticles modified on pum-
ice aggregates under optimum conditions (pH = 5, temperature
= 45°C, and absorbent dosage = 15 g/L) and the initial concen-
tration of 18 mg/L.

performed within the first 60 min; removal was slowed
down afterwards and reached equilibrium; in other words,
the phosphate removal process consists of two steps. At
the beginning of the experiments, it was fast but slowed
down afterwards. Maybe, it is because there were numer-
ous functional groups and absorbent spots on the absorbent
surface at the beginning of the reaction and by passage of
time, these spots were occupied and decreased in number.
Results of analysis of variance and their comparison with
Tukey method revealed that increasing the contact time
increased removal efficiency; however, 60 min and more
did not make a significant difference and it was considered
as the optimum contact time for phosphate removal. Gan
et al. investigated the effects of cetyltrimethyl ammonium
bromide on the morphology of green synthesized Fe,O,
nanoparticles used to remove phosphate; they concluded
that the modified absorbent in a solution with concentra-
tion of 20 mg/L and absorbent dosage of 2 g/L is capable
of removing more than 80% of the phosphate in less than
30 min [60]. Karaca et al. conducted another study; they
used raw and calcined dolomite for phosphate removal in
aquatic solutions and reported that the equilibrium time of
the adsorption process is approximately 30 min [61]. He et
al. used lanthanum-incorporated porous zeolite for phos-

Ez]:flzs of contact time on phosphate removal by the stabilized composite of zeolite nanoparticles modified on pumice aggregates
Time (min) Temperature Absorbent pH Initial Secondary Removal
(°C) dosage (g/L) concentration concentration percentage
(mg/L) (mg/L)

15 45 15 5 18 550 +0.072 a 6944 £ 040 a

30 4.80 +0.065b 73.33+0.36 b

60 3.20 £0.081 ¢ 8222 +045c¢

90 317 +0.075¢ 82.38+041c
120 3.13 = 0.065 ¢ 82.59 +0.36 ¢
150 3.09 £ 0.080 ¢ 82.81 + 044 c

*Each mean value (+ standard deviation) was obtained from three repetitions. Various letters in each specific column indicate significant

difference in confidence level of 0.95 (P < 0.05).
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phate removal; they concluded that the equilibrium time
in a solution with various concentrations of phosphate and
absorbent dose of 2 g/L was approximately 60 min [62].

3.5.1. Investigation of adsorption kinetics

Predicting the adsorption speed is the most important
factor for adsorption process. Fig. 9 and Table 8 show the
results of the first and second order phosphate adsorption
kinetics. Based on the obtained parameter, it could be con-
cluded that data follow the second order adsorption kinetic
model because in the first order adsorption kinetics, R? val-
ues were desirable, but the value of tested g, and calculated
g, were not equal, whereas in the second order adsorption
kinetics, R? value was higher and more desirable and the
value of tested g, and calculated g, were closer. Adherence
of absorption process of a second-order kinetics shows that
the adsorption speed dependency on pollutant concentra-
tion is more and the speed of adsorption process is faster in
contrast with the first-order kinetics and reaches its balance
much sooner.

3.6. Investigating phosphate adsorption isotherm

Analysis and interpretation of adsorption isotherm is
a key criterion for improving the absorbent usage because
equilibrium data are instrumental for design and function
of absorption systems. Different set of experiments were
performed using several values of initial phosphate concen-
trations (5, 10, 18, and 28 mg/L) and keeping other param-
eters constant under optimum conditions obtained by the

model to investigate and measure the prepared absorbent
isotherm and also tried to compare the improved perfor-
mance of the modified pumice aggregates and performance
of natural pumice aggregates in absorbing the phosphate
pollutant. Table 9 and Fig. 10 show the effects of initial
phosphate concentration on the adsorption capacity.

Comparison of natural pumice and modified pumice
performances showed that adsorption capacity of natural
pumice increased in different concentrations from 0.193 to
0.46 mg/g, whereas the adsorption capacity of the mod-
ified pumice increased from 0.321 to 1.04 mg/g, which
shows the improved performance of modified absorbent
for phosphate removal. The results also showed that with
an increase in the initial phosphate concentration, the dos-
age of adsorbed substance increased per gram of the absor-
bent (adsorption capacity); this could be due to the initial
phosphate concentration in the solutions that plays a key
role as a driving force in overcoming the resistance caused
by mass transfer between liquid and solid phases. Other
research studies have reported similar results [63-65].
Also, Table 10 shows the phosphate adsorption capacity
of various adsorbent. It should be noted that, in this study,
adsorption capacity values were obtained using the min-
imum amount of surfactant concentration (equal to CMC
of CTAB surfactant) and low percentage of nanoparticles
which can increase the adsorption capacity by increasing
the concentration of CTAB surfactant and increasing the
percentage of nanoparticles in the modification of pumice
aggregates.

Fig. 11 and Table 11 show the results of the investiga-
tion on Langmuir and Freundlich isotherms; the results
show that given the obtained values of R, and 7, adsorp-

150 B
-2.5 A
* y =0.897x + 6.069
-2 y =-0.014x - 0.315 100 R?=0.999

—_~ 2 _
2 s R?=0.966 5

g A
E” 1 50
- -0.5

0 0
0 50 100 150 200
0 50 100 150
Time (min) Time (min)

Fig. 9. The diagram of adsorption kinetic models (A: First order model, B: Second order model).
Table 8
Results of the first and second order adsorption kinetics

Absorbent First order model Second order model

R? q.(mg/g)  q,(mg/g) K (min) R 9. (mg/g) 9. (mg/g) K, (g/
Tested Calculated Tested Calculated  mg-min)

Stabilized 0.96 1.066 0.483 0.033 0.99 1.066 1.113 0.132

composite

of zeolite

nanoparticles

modified

on pumice

aggregates
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Table 9
Results of different values of initial concentration on phosphate adsorption capacity under optimum conditions
Absorbent Initial concentration Temperature Absorbent pH Time (min) Secondary q, (mg/g)
(mg/L) (°C) dosage (g/L) concentration (mg/L)
Modified 5 45 15 5 60 0.18 = 0.036 0.321 + 0.002
pumice 10 090 + 0.045 0.606 + 0.003
18 3.40 + 0.070 0.973 + 0.004
28 12.4 + 0.065 1.040 + 0.004
Natural 5 45 15 5 60 2.10 +0.026 0.193 + 0.001
pumice 10 4,90 + 0.070 0.340 = 0.004
18 11.30 + 0.065 0.446 + 0.004
28 21.10 + 0.085 0.460 + 0.005

*Each mean value (+ standard deviation) was obtained from three repetitions.

12 @ natural pumice
1 A modified pumice
g 0.8
£ 0.6
) ® 4
o
0.4 A *
0.2 XS
0
0 5 10 15 20 25 30

Initial concentration (ppm)

Fig. 10. Effects of different values of initial concentration on
phosphate adsorption capacity under optimum conditions (pH
=5, temperature = 45°C, absorbent dosage = 15 g/L, and contact
time = 60 min).

tion of both models have the optimum status; however,
higher correlation coefficient of R? and closer values of
adsorption capacity in Langmuir isotherm model with
laboratory results show better agreement of data with
Langmuir isotherm which describes the monotonous and
homogenous distribution of active sites in the absorbent
surface and it may be that phosphate adsorption is sin-
gle-layer [71].

Table 10

Phosphate adsorption capacity of various adsorbent
Adsorbent g,(mg/g)  Reference
Kaolinite 0.09 66
Corn bio-char 0.17 67
Natural clinoptilolite 0.65 68
Montmorillonite 0.74 66
Magnetic orange peel 1.24 69
Coir-pith activated carbon ~ 1.61 70
Natural pumice 0.46 This study
Modified pumice 1.04 This study

3.7. Adsorption mechanism

In this study, the amount of phosphate adsorption
capacity was very low by natural pumice aggregates. This
value obtained low due to the presence of a structure of alu-
minosilicate in the natural pumice composition and its neg-
ative surface load, which causes a repulsive effect between
the absorbent surface and the phosphate anions. However,
the modification of zeolite nanoparticles by cationic surfac-
tant CTAB and stabilization of nanoparticles on the surface
of pumice aggregates increased the positive charge on the
surface of pumice aggregates and improve the adsorp-
tion of phosphate anions by pumice aggregate. Generally,
adsorption process can be interpreted by the three-step
mechanism. In the first step, that is the general translocation
step, the adsorbate is transferred to the adsorbent from the
solution by mass transfer. In the second step, liquid molec-
ular diffusion occurs in the pores. In the third step, adsor-
bate is adsorbed on the adsorbent surface. Many models for
pollutants adsorption kinetic based on these mass transfer
resistances are presented by researchers, which the first
and second order adsorption kinetic models represent the
third stage mechanism of the adsorption process [72] and
the high matching of experiment data with second-order
kinetic model shows that the adsorption phosphate mech-
anism was carried out through adsorption on the surface
of adsorbent pores. In addition, the thermodynamic studies
in experiment showed that the phosphate adsorption pro-
cess is endothermic and the removal efficiency increases by
increasing the temperature.

4. Conclusions

The results of the present study generally show that
pumice modification by stabilizing zeolite nanoparticles
increases the potential of phosphate adsorption. Results
showed that a pH of 5, temperature of 45°C, and the
absorbent dosage of 15 g/L are the optimum conditions
for phosphate removal by stabilized composite of zeo-
lite nanoparticles modified on pumice aggregate. Kinetic
studies show that phosphate removal follows the second
order model and the optimum contact time was measured
at about 60 min where phosphate removal efficiency was
82.22%. It should be noted that the aforementioned con-
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Fig. 11. The diagram of adsorption isotherm models (A: Freundlich isotherm, B: Langmuir isotherm).

Table 11
Results of Langmuir and Freundlich isotherm calculations

Absorbent Freundlich isotherm

Langmuir isotherm

R? n

Kf(mg/g)

R? R, q,(mg/g) K

Stabilized composite of 0.929 3.472 0.580
zeolite nanoparticles
modified on pumice

aggregates

0.979 0.013 0.99 2.623

ditions not only increase the maximum adsorption effi-
ciency, but also make it possible to reach higher values of
removal efficiency under various conditions by thorough
understanding and studying the performance and effects
of parameters on each other. For example, at pH above 5,
results show that removal level decreases, but, it is possible
to reach a desirable level of removal efficiency by increasing
the absorbent dosage. In conclusion, stabilized composite
of zeolite nanoparticles modified on pumice aggregates is
potentially capable of removing phosphate pollutant; given
the high physical resistance, low price, cheap coverage,
and its availability in nationwide mines, it could be a good
option for developing the absorbents used by water and
wastewater treatment refineries.
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