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ABSTRACT

The discharge of wastewater containing excessive concentrations of phosphate is one of
the main causes of eutrophication and can lead to serious downstream environmental
effects. Adsorption technology has been recognized as a promising technology for
phosphate removal from water, because of its low cost and ease of operation. In this
study, we prepared an aluminum-manganese (Al-Mn) bimetal oxide-coated zeolite
(AMOCZ) as a high-performance adsorbent for removing phosphate from aqueous
solution. SEM and Brunauer-Emmett-Teller (BET) results showed that Al-Mn bimetal
oxide was successfully coated onto zeolites, thus increasing the surface area. X-ray
diffraction and Fourier transform infrared spectroscopy results demonstrated that AMOCZ
has an amorphous structure and numerous active sites on its surface. The adsorption
kinetic data were well fitted by the pseudo-second-order model, and the adsorption rate
was retarded due to a high-concentration of phosphate. Thermodynamic results illustrated
that phosphate adsorption onto AMOCZ can be satisfactorily simulated by the Langmuir
model. The maximum adsorption capacity was calculated to be 7.56 mg g_1 at 298 K, and
the adsorption process was supposed to be endothermic and spontaneous. By investigating
the influences of water quality factors on phosphate adsorption, we found that phosphate
removal can be facilitated under acidic conditions. In addition, phosphate adsorption is
inhibited by the presence of sulfate or carbonate due to competition for active sites,
whereas calcium cations are beneficial to phosphate adsorption through cation-bridging
interactions. In order to evaluate the reusability of this material, we carried out reuse tests
where AMOCZ was successfully used in five consecutive cycles using the recoating
method for regeneration. Moreover, a satisfactory performance for phosphate removal from
simulated wastewater was achieved in rapid small-scale column tests, indicating that
AMOCZ has a high potential for engineering applications.
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1. Introduction

Eutrophication occurs when excess nutrients, such
as nitrogen (N) and phosphorus (P), are present in
aquatic ecosystems. Under certain temperature
conditions, affected ecosystems typically respond by
producing blue-green algae [1,2]. This production of
blue-green algae is especially harmful, since this spe-
cies can produce toxic chemicals which pose a serious
threat to both humans and animals. In aqueous envi-
ronments, pentavalent phosphorus exists in various
compounds, including orthophosphate, pyrophos-
phate, longer chain polyphosphates, organic phosphate
esters, phosphodiesters, and organic phosphonates.
Orthophosphate can be produced from the hydrolysis
of other phosphorus compounds and can be utilized
by bacteria, algae, and plants [3]. Since excessive
amounts of phosphate have such a negative impact on
aquatic ecosystems, it is clear that the enhanced
removal of phosphate from wastewater is urgently
required to deter eutrophication [2].

Various techniques have been studied for the
removal of phosphate from wastewater, such as chem-
ical precipitation [4], biological processes [5], adsorp-
tion [6], ion exchange [7], electrocoagulation [8,9], and
membrane technologies [10]. Among these available
approaches, the applications of ion exchange and
membrane technologies have been limited due to high
investment and operation costs. The use of chemical
precipitation is often restricted due to the high pro-
duction of waste byproduct from the water treatment
process. Compared with the above treatments, the use
of biological processes (i.e. activated sludge or biofilm
process) is considered to be a more cost-effective and
eco-friendly method. For these reasons, biological pro-
cesses are now widely used for the removal of phos-
phate in sewage plants [11]. However, despite the
positive implications of this method, the effectiveness
of biological processing is dependent on multiple
factors and may not always meet the discharge
requirements [12]. Therefore, biological processing is
usually supplemented with an additional treatment to
enhance the removal of phosphate.

Another technique, the adsorption process, also
has many advantages. These advantages include oper-
ation simplicity, low cost, high efficiency, and the lack
of harmful byproducts. Thus, adsorption is not only a
promising method as a tertiary treatment for phos-
phate removal in wastewater plants, but also can be
easily implemented for phosphate removal from
reclaimed water in small-scale treatment facilities. For
this purpose, various adsorbents have been studied
for phosphate removal. Yoon et al. investigated the
removal of phosphate by magnetic iron oxide
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nanoparticles using kinetic, equilibrium, and thermo-
dynamic experiments [13]. Xie et al. developed a novel
adsorbent, dispersed magnesium (Mg) oxide nano-
flake-modified diatomite, to remove excess phosphate
from eutrophic lakes [14]. They found that in situ-
formed magnesium hydroxide (Mg(OH),) could
adsorb phosphate anions (PO;~ and HPO;") to form a
surface complex due to the net positively charged sur-
face. Li et al. synthesized nanostructured Fe-Cu bin-
ary oxides through a facile coprecipitation process and
systematically evaluated its performance of phosphate
removal [15]. They found that the mechanisms of
phosphate adsorption were mainly attributed to the
formation of inner-sphere surface complexes at the
water/oxide interface as well as the replacement of
surface sulfates and hydroxyl groups by the phos-
phate species. Su et al. explored phosphate removal
performance in aqueous environments under various
conditions using amorphous zirconium oxide (ZrO,)
nanoparticles as adsorbents. The ZrO, nanoparticles
were synthesized using a simple and low-cost hydro-
thermal process [16]. They stated that phosphate was
removed by amorphous ZrO, nanoparticles mainly
through the adsorption mechanism of the inner-sphere
complexation, in which the participation of the surface
hydroxyl groups was involved. These previous studies
proved that metal oxides play a key role in the devel-
opment of high-performance adsorbents for phosphate
removal. The abundant hydroxyl groups on the sur-
faces of metal oxides can respond to the high adsorp-
tion capacity towards phosphate species.

Zeolites are microporous aluminosilicate minerals,
which have been commonly used as commercial
adsorbents. There are two main advantages for using
zeolites as an adsorbent: (1) its large surface area and
high cation-exchange capacity for the facilitation of con-
taminant removal; (2) its good hydraulic conductivities
for being used as packing materials in the fixed-bed
reactors. Because of their remarkable physical and
chemical properties, zeolites have been examined exten-
sively with various modification methods for the
adsorption of many kinds of contaminants, including
recalcitrant organic compounds (e.g. MethylTertButyl-
Ether, MTBE) [17,18], heavy metals (e.g. Ni(Il) [19],
Cr(VD) [20], and arsenic (As) [21]), and nutrients (e.g.
NH; -N [22]). However, previous studies revealed that
natural zeolites exhibited poor adsorption performance
for P, since the maximum uptake of P is less than
0.5 mg g_l [23,24]. Hence, in order to use zeolites for the
removal of phosphates, they must be modified to
increase the active sites for phosphate binding.

In our previous studies, AI-Mn bimetal oxide was
synthesized for the removal of arsenite [As(III)] and
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phosphate [25,26]. It has been proved that this mate-
rial has a remarkable adsorption capacity for both
arsenite and phosphate. However, the adsorbent used
in our previous studies was in powder form, which
cannot be directly used in practical engineering pro-
jects. Hence, to improve the potential application pros-
pect of this material in engineering fields, this study
described the creation of Al-Mn bimetal oxide-coated
zeolite (AMOC?Z) for the adsorption of phosphate. The
surface characteristics of AMOCZ were investigated
using several characterization methods. The adsorp-
tion capability of AMOCZ for phosphate was evalu-
ated through kinetic and isotherm studies.
Additionally, the effects of solution pH and coexisting
ions were also studied through batch experiments.
Moreover, we investigated the P removal performance
of regenerated AMOCZ for several consecutive opera-
tional cycles. To further evaluate the feasibility of
using AMOCZ in practical engineering applications,
dynamic adsorption experiments were performed
using a small column packed with AMOCZ.

2. Materials and methods
2.1. Materials and adsorbent preparation

All chemicals were of analytical grade and were
purchased from Beijing Chemical Company. All solu-
tions were prepared with deionized water. Aluminum
chloride (AICl;), potassium permanganate (KMnOy),
and manganese chloride (MnCl,) were used for zeolite
modification. Phosphate stock solutions were prepared
with sodium phosphate (NaH,PO,-12H,0). Sodium
nitrate (NaNO;) was employed to maintain a constant
ionic strength (0.01 M NaNOj3) in the solutions.
Sodium hydroxide (NaOH) and hydrochloric acid
(HCI) solutions were used for pH adjustments. The
modified zeolites were prepared by sieving industrial-
grade Na-pretreated zeolites (NayO-Al,O3-xSiO,-yH,0)
with particle sizes from 0.3 to 0.5 mm. The sieved zeo-
lite particles were then rinsed using deionized water
and dried in an oven prior to coating. The coating
process involved dipping 20.0 g of zeolite into an
80 mL solution of 1.5mol L™! AICl; and 0.3 mol L™}
MnCl, for 6 h. Next, 160 mL of 0.1 mol L' KMnO,
solution was slowly added to the zeolite solution
under rapid stirring and a constant pH of 5.5 + 0.1.
The resulting solution was stirred for 2 h after the
addition of KMnQO, solution. The residual solution
was removed and the particles were air dried for 12 h
followed by oven drying (110°C) for 3 h. The modified
zeolites were rinsed with deionized water until the
washing water became clear and then was dried in an
oven (110°C) for 3 h. Finally, the modified zeolites
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were sieved to a uniform size of 0.3-0.5 mm and
stored in polyethylene bottles.

2.2. Batch and column adsorption experiments

The adsorbent dosage and contact time for all
batch experiments were 5 g L™ and 24 h, respectively.
For kinetic experiments, 8.0 g AMOCZ was added to
1,600 mL of P solution (initial P = 10 or 50 mg LY
with an ionic strength of 0.01 M NaNOj; at pH 7.0.
The suspension was mixed with a magnetic stirrer
and samples were taken at different time intervals fol-
lowed by filtration with a 0.45 pm polycarbonate filter
membrane. Isotherm experiments were conducted at
three different temperatures (298, 308, and 318 K). In
each experiment, 0.5g of AMOCZ or zeolite was
added into a set of flasks containing 100 mL of P solu-
tion with initial concentrations ranging from 5 to
100 mg L™". The ionic strength of 0.01 M NaNO; and
the pH of 7.0 were kept constant. The flasks were sha-
ken in a thermostatic oscillator at 170 rpm and all
samples were taken and filtered after 24 h of contact.
To evaluate the effects of pH, 100 mL of solutions with
50 mg L' P and different pH values (from 3.0 to 10.0)
were prepared in 150 mL conical flasks. Moreover,
various anions (chloride, carbonate, and sulfate) and
cations (calcium and magnesium) at concentrations
ranging from 0.2 to 1.0 mM were employed to investi-
gate the effects of coexisting ions on phosphate
removal. To evaluate the reuse performance of
AMOCZ, the P-loaded adsorbent was recoated with
Al-Mn bimetal oxide and reused in five consecutive
cycles.

Rapid small-scale column (RSSC) tests were uti-
lized, where a small glass column with a 2 cm diame-
ter was packed with 40 cm® of adsorbent (the mass
was 25.24 g). A peristaltic pump (Lange-580, China)
was used to ensure a constant flow rate of
4 mL min~', resulting in an empty bed contact time
(EBCT) of 10 min. The P concentration of the influent
was 10.55 mg L™

2.3. Analytical methods and characterizations

The concentrations of total phosphorus [P(tot)]
were determined using an inductively coupled plasma
atomic emission spectrometer (SCIEX Perkin Elmer
Elan mode 5000, USA). Prior to analysis, the samples
were acidified with 1% HNOj; in acid-washed 10 mL
glassware vessels. The surface area was measured
using the BET method with a Micrometritics ASAP
2000 surface area analyzer (Micrometritics Co., USA).
Samples were analyzed using a scanning electron
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microscope (SEM) (Hitachi S-3500 N, Japan). X-ray
diffraction (XRD) analysis was carried out on a
D/Max-3A diffractometer (Rigaku Co., Japan) using
Ni-filtered copper Kal radiation. Fourier transform
infrared spectroscopy (FTIR) spectra were collected on
a Nicolet 5700 FTIR spectrophotometer (Nicolet Co.,
USA) using transmission model. The isoelectric point
(pHigp) values were determined based on the method
of Bouzid et al. [27].

2.4. Data analysis

In order to investigate the potential rate-controlling
step of the batch adsorption process, kinetic data were
fitted with three different kinetic models, which are,
respectively, presented as follows in Egs. (1)—(4)
[28-31]:

log (e — g¢) = log g — kat, 1)
(pseudo-first-order model)

t/q:r = t/q. +1/kaq.”, (pseudo-second- ordermodel)

2)
gr=(1/p) xIn t+ (1/p) x In («f), (Elovich model)

3)
g: = kygt*® 4+ C,  (intra-particle diffusionmodel) 4)

where ¢t is the contact time of the adsorption experi-
ment (h), g, (mg g ') and g, (mg g~ ') are the adsorp-
tion capacity values at equilibrium and at any time ¢,
respectively; a (mg g~ h™") is the initial sorption rate,
p (gmg™") is the desorption constant, k; (h™"), k,
(gmg ' h™"), and ki (mgg ' h™*°) are the rate con-
stants for the aforementioned models, respectively.

To provide quantitative information for adsorption
isotherms, these data were fitted by the Langmuir,
Freundlich, and Dubinin—-Radushkevich (D-R) iso-
therm models, respectively, (Eqgs. (5)—(8)) [32,33]:

Ge = ]qj-bbcéc’ Langmuir model ®)

e = KrC)/", Freundlich model 6)

Ing, = Ingy — kags & (7)

¢=RTIn <1 + é), D-R model ®)
e
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where C, is the equilibrium P concentration in the
solution (mg L™"), g, is the equilibrium P concentration
in the solid adsorbent (mg g™, g,, is the maximum
adsorption capacity (mgg '), K¢ is a constant related
to the adsorption capacity (mg' '/"L'"g™), b is a
constant related to the adsorption energy (L g™"), n is
a constant related to the adsorption energy, k. is a
constant related to adsorption energy, ¢ is the polyani
potential, R is the gas constant (8.314 k] mol™' K™,
and T is the temperature (K). The mean free energy
(Epr) of adsorption was calculated from the k.4 value
using the following equation:

Epr = —(2kais) *° )

To further evaluate the thermodynamic feasibility of
the process and to study the nature of the adsorp-
tion process, the thermodynamic constants, standard
free energy change (AG), enthalpy change (AH),
and entropy change (AS) were -calculated using
Egs. (10)-(11) [34],

AG= AH — TAS (10)
AH AS
InK = —ﬁ+? (11)

where K is the equilibrium constant related to the
Langmuir constant b, which can be determined using
the following equation:

K=bx555 (12)
where the value of 55.5 corresponds to the molar con-
centration of the solvent (water) [35].

The adsorption performance of a fixed-bed column
is usually evaluated by the characteristics of break-
through curves, which can be obtained by plotting the
dimensionless value C;/Cy (C; and C, represent the
adsorbate concentrations in the effluent and the influ-
ent, respectively) vs. time or effluent volume. Total
amounts of adsorbed adsorbate can be calculated with
the specific flow rate and the influent concentration by
the following equation:

trot

ttot
g =Q [ Cudt =0 / (Co— C)dt (13)
0 0

where qir, Q, Caq, and ty,; are the total amounts of
adsorbed P (mg LY, volumetric flow rate (Lh™Y),
adsorbed P concentration (mgL™"), and total time of
flow (h), respectively. The integral in Eq. (13) is equal



4224

to the area above the breakthrough curve. g, (mg g™
refers to the total or equilibrium uptake of P per unit
mass of adsorbent, which is determined according to
the following equation:

ot
Geq ==,

(14)
where m (g) is the amount of adsorbent.

The Thomas equation is one of the most frequently
used models for interpreting column data. According
to this model, it is supposed that the adsorption pro-
cess not only follows the Langmuir isotherm for equi-
librium, but also obeys the second-order reversible
reaction kinetics. This model is applicable in the
absence of internal and external diffusion limitation,
and its linearized form is given by Eq. (15) [36]:

Co > <kTh110m )
(20— 1) = (SO Cot
n(Ct 0 0

where kg, (Lh™! mg_l) is the Thomas rate constant
and g is the adsorption capacity (mg g™'). Hence, kry,
and go can be obtained by the slope and intercept
from a plot of In (Cy/C; — 1) vs. t.

(15)

3. Results and discussion
3.1. Surface characterizations

The surface morphologies of raw zeolite and
AMOCZ are illustrated in Fig. 1. Fig. 1(a) depicts the
surface structure of the raw zeolite, which has cracks
and needle-like particles aggregated on its rough sur-
face. Fig. 1(b) exhibits that the zeolite particle was
evenly coated with AlI-Mn bimetal oxides after modifi-
cation. It also shows that the porous layer of Al-Mn
bimetal oxides was formed by the aggregation of
numerous nanosized particles, and the coating process
did not block the macropores at the surface. The
described surface modification increased the BET sur-
face area of the =zeolite particles from 23.47 to
47.83 m*> g . The collected data indicate that the sur-
face modification process can enlarge the surface area
of zeolite, which may benefit its adsorption perfor-
mance. While the surface area of zeolite was increased
upon modification, its mean pore size decreased from
73.8 to 70.7 nm. This decrease in pore size may result
from the coating of Al-Mn bimetal oxide onto the
inside walls of the micropores within the zeolite.

The XRD spectra of raw zeolite and AMOCZ are
illustrated in Fig. 2. As shown in Fig. 2(a), the main
component of raw zeolite is clinoptilolite associated
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Fig. 1. SEM images of (a) raw zeolite and (b) AMOCZ.

with cristobalite, sanidine, and stilbite. Contractively,
the XRD spectrum of AMOCZ was quite different
from that of raw zeolite, for which most of the peaks
referring to zeolite decreased (Fig. 2(b)). In addition, a
new peak appeared at 20°, indicating the existence of
aluminum hydroxide (AIOOH) onto the surface. No
Mn oxide was observed within the XRD spectra,
which can be ascribed to the low content of Mn on the
surfaces.

FTIR analysis was used to gather information
regarding the active sites on zeolite surfaces. The FTIR
spectra of raw zeolite and AMOCZ are shown in
Fig. 3. According to previous studies [37], bands in the
regions of 1,200-950 ecm ! and 420-500 cm ™! can be
attributed to the Si-O-Si and Si-O-Al vibrations. The
broad band centered at approximately 3,440 cm™' and
the bending vibration at 1,640 cm™' are characteristic
of hydroxyl groups (-OH) and water (H;O), respec-
tively. Both curves contained the four characteristic
peaks mentioned above, which agreed well with the
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Fig. 2. XRD spectra of (a) raw zeolite and (b) AMOCZ.
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Fig. 3. FTIR spectra of raw zeolite and AMOCZ.

structural features of zeolite materials. However, it is
noted that the intensity of the -OH peak was increased
after modification, indicating that the coating of Al-Mn
bimetal oxide created more available active sites on the
zeolite surface. Additionally, after modification, there
was a noticeable shape change in the sharp peak at
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553.7 cm ™' which was shifted to 530.8 cm™'. The inten-
sity of this peak also decreased significantly. It has
been reported that bands in the 500-800 cm ™' region
can be assigned to pseudo-lattice vibrations, which are
insensitive to the nature of zeolite, such as the channel
cations and the Si/Al ratio [37]. Thus, it is suggested
that the coating process can change the zeolite surface
characteristics significantly. Based on the characteriza-
tion results, it can be concluded that AMOCZ has an
amorphous structure and numerous available hydroxyl
groups on its surface [26].

3.2. Adsorption kinetics and isotherms

It is well known that a rapid adsorption rate is
imperative to achieve a satisfactory adsorption perfor-
mance. As shown in Fig. 4, a contact time of 1.5 h was
sufficient for achieving most of (95.1%) the total P
amount (1.90 mg g™') adsorbed onto AMOCZ at initial
P = 10 mgL™". Alternatively, 85.3% of the total P
uptake was reached after 14h of contact at
P = 50 mg L™". From these data, it can be established
that the adsorption rate may be reduced by the
increase in P concentration. In contrast, the
equilibrium of P adsorption onto unmodified Al-Si
zeolite was reached after 8 h (initial P = 12mgL™)
[38], suggesting that AMOCZ may possess a higher
adsorption rate towards P than the artificial Al-5i zeo-
lite. To obtain more useful information regarding the
process of P adsorption onto AMOCZ, the obtained
kinetic data were fitted by the pseudo-first-order,
pseudo-second-order, Elovich, and intra-particle
diffusion models (from Fig. 5(a)-(d)), which are,
respectively, presented as Eqs. (1)—(4).

7 4 o
] o °* e ‘
[ ]
6* L]
1 . ¢ P=10mg/L
_ 54 ® e P=50mg/L
o) A 7
=t ] °
(= 3- .
] L]
L ]
2 4 ,pooo . . . .
14 ¢
0 T ¥ T . Ll . Ll % T I
0 10 20 30 40 50

t(h)

Fig. 4. The uptake of phosphate (calculated as P) onto
AMOCZ at different time intervals.
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Fig. 5. The fitting of kinetic data using (a) the pseudo-first-order, (b) pseudo-second-order, (c) Elovich, and (d) intra-particle

diffusion models.

Fig. 5(a) and (b) illustrate that the kinetic data
were better fitted by the pseudo-second-order model
(R? > 0.99) than by the pseudo-first-order model (R* <
0.94). The satisfactory application of the pseudo-
second-order model suggested that a chemisorption
reaction involving valence forces may limit the sharing
or exchange of electrons between phosphate anions
and the adsorbent [39]. Table 1 lists the parameters of
the two kinetic models for phosphate adsorption onto
AMOCZ. According to the pseudo-second-order
model, the rate constant values (k,) of adsorption
decreased from 2.9 to 0.2 gmg ' h as the initial con-
centration of P increased from 10 to 50 mgL™".

Because the larger k, value means the slower adsorp-
tion rate, it is probable that a longer contact time
might be required to reach the equilibrium at a higher
initial P concentration [40]. The equilibrium adsorp-
tion amounts (q,) were determined to be 2.00 and
713 mg g ' at P concentrations of 10 and 50 mg L™},
respectively. It is indicated that higher initial concen-
trations of P may result in greater uptake of P.
Fig. 5(c) shows that the kinetic data were also
fitted well by the Elovich model at P = 50 mgL™"
(R? = 0.96). The Elovich model has proven to be suit-
able for highly energetic heterogeneous systems. How-
ever, the applicability of this model declined when P

Table 1
Parameters of the pseudo-first-order, pseudo-second-order, and Elovich kinetic models for the adsorption of phosphate
onto AMOCZ

. . 4 Pseudo-first-order Pseudo-second-order Elovich
Initial concentrations (mg L")

kk(h™ g, (mgg") R ky(gmg 'h™) g, (mgg " R? a B R?

10 0.50 0.83 0.87 292 2.00 0.99 1,350.6 5.82 0.86
50 0.45 0.88 093 0.20 7.13 0.99 1194 1.16  0.96

Note: R%—the square of the sample correlation coefficient.
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decreased to 10 mg L™ (R’ = 0.86). Similar results
were also obtained by Aroua et al. for the adsorption
of lead(Il) onto palm shell-based activated carbon [41].
The parameters of a and f for the Elovich model can
be used to understand the adsorption process. It was
reported by Teng and Hsieh that a is related to the
chemisorption rate, while f is related to the surface
coverage [42]. As the P concentration was increased
from 10 to 50 mgL™', the a value decreased from
1350.6 to 1194 mgg 'h. Alternatively, the f value
decreased from 5.82 to 1.16 gmg '. The observed
increase in a values and decrease in f values imply
that the adsorption rate will decrease with the increase
in initial P concentrations.

Finally, the kinetic data were fitted using the intra-
particle diffusion model. As shown in Fig. 5(d), the
data exhibited multilinear plots for the two curves,
indicating that the sorption process was controlled by
more than one step. It was observed that the fast
adsorption stage ranged from 0 to 1hat P =10 mg L™
This stage may be the key step for controlling the
adsorption process. The slow and steady adsorption
stages occurred in the periods of 1-4h and 4-48h,
respectively. When the initial P was increased to
50 mg L™, the three adsorption steps were divided into

(a) 10
i A
8 x “ X
5 6 . m zeolite (298 K)
= * & AMOCZ (298 K)
E e AMOCZ (308 K)
& 41e A AMOCZ (318 K)
[ |
24 & - . | -
* 5
ol = :
0 20 40 60 80
C, (mg/L)
(c)
1.0 4 =
0.8 e
-0 r'Ys ////
7
L 0.6 S
S e
S 04 .
o
0.2
004 A @

15 -1.0 -05 00 05 10 1.5 2.0
logC,
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0-3h, 3-8h, and 8-48h, respectively. From these
observations, it can be confirmed that the adsorption
process can be retarded at high initial P concentrations.

The adsorption isotherms onto the raw zeolite and
AMOCZ were compared at T = 298 K (Fig. 6(a)). The
results indicate that AMOCZ has a higher P adsorp-
tion capacity than that of raw zeolite, which is in
accordance with the results of previous researches
[23,24]. Additionally, Fig. 6(a) shows that the adsorp-
tion capacity of AMOCZ toward P increased with the
rising of temperatures, thus confirming that the reac-
tion is endothermic.

Fig. 6(b)—(d) present the linear fitting of the iso-
therm data with the Langmuir, Freundlich, and D-R
isotherm models (Egs. (5)—9)), respectively. The corre-
sponding parameters of these models were calculated
accordingly and listed in Table 2. Based on the com-
parison of R? values, it is evident that the isotherm
data were better fitted by the Langmuir model than
by the other two models at different temperatures.
Vasudevan et al. got the similar result when they
investigated the adsorption of phosphate from
aqueous solution onto graphene [43].

According to the Langmuir model, the maximum
P uptake of AMOCZ (7.56 mg g~ ') was nearly twice as

(b)

C/q, (L)

Fig. 6. (a) The adsorption amounts of P onto zeolite (T = 298 K) and AMOCZ (T = 298, 308, and 318 K); the fitting of
isotherm data of P adsorption onto AMOCZ using the (b) Langmuir, (c) Freundlich, and (d) D-R isotherm models.
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Table 2
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Parameters of Langmuir, Freundlich, and D-R isotherm models for the adsorption of phosphate onto AMOCZ

Langmuir model Freundlich model D-R model
Temperature (K)

Gm (Mg g_l) b (L g_l) R? K¢ n R? Gm (mg g_l) Eg, R?
298 7.56 1.80 0.99 3.59 4.45 0.72 7.36 3.58 0.97
308 7.74 2.31 0.99 3.72 4.45 0.70 7.72 3.72 0.97
318 8.14 2.50 0.99 3.97 4.42 0.75 7.84 4.38 0.99

Note: R>—the square of the sample correlation coefficient.

that of the raw zeolite (3.79 mg g™, fitting data not
shown). The Langmuir model describes the presence
of an adsorbate monolayer on a uniform surface,
while the Freudlich model refers to the heterogeneity
of the adsorbent surface and considers multilayer
adsorption [44]. Based on the use of these two models,
it can be concluded that P is adsorbed onto AMOCZ
primarily via monolayer adsorption despite AMOCZ
having a heterogonous surface. In addition, the Epg
values for P adsorption ranged from 3.6 to
4.4 k] mol ™!, where Epg values below 8 k] mol ! imply
a physical adsorption. The numerical values of mean
free energy were ranged between 1-8 k] mol™' and
9-16 k) mol ™' for physical and chemical adsorptions,
respectively [45].

Both AH and AS values were determined by
plotting In K vs. 1/T according to Eq. (11) using the
Langmuir parameters at three temperatures (Fig. 7). A
slope equal to —AH/R and an intercept equal to AS/R
were obtained using these values. The values of AG
were calculated using Eq. (10). It is observed that the
AG value decreased from —11.5 to —13.1 kJ mol !
when the temperature increased from 298 to 318 K.

5.0 4

4.9 -

4.8 -

InK

47 -

4.6 - A

4.5 T T
0.0033 0.0034

/T

T T
0.0031 0.0032

Fig. 7. Plots of In K vs. 1/T (Kelvin, K) for the activation
parameter.

The decrease in AG values resulting from elevated
temperatures indicates an increase in the reaction
spontaneity. The negative AG values and the positive
AS value (0.08 k] mol ' K) suggest that the adsorption
process is spontaneous. Additionally, the positive AH
value (13.1kJ mol™") confirms that phosphate adsorp-
tion onto AMOCZ is an endothermic process. Table 3
presents a comparison of the adsorption capacities
among AMOCZ and other particulate adsorbents used
for removing phosphate. The comparison demon-
strates that the P-adsorption capacity of AMOCZ is
greater than several other mineral-based particulate
adsorbents.

3.3. The effects of solution pH

Batch adsorption experiments were carried out
under different pH conditions (from 3.0 to 10.0) to
evaluate the effects of water quality on phosphate
adsorption. Fig. 8 demonstrates that the uptake of
phosphate decreased from 8.14 to 6.03 mgg ' when
the initial solution pH was increased from 3.0 to 10.0.
This curve suggests that alkali conditions can bring
about side effects on the adsorption of phosphate. As
shown in Fig. 9, the pHigp value of AMOCZ was
determined to be approximately 4.2. Hence, AMOCZ
surfaces are protonated at a pH < 4.2 (Egs. (16) and
(17)) and will become deprotonated at a pH > 4.2
(Egs. (18) and (19)). The change in protonation at dif-
ferent pH values accounts for the variations of solu-
tion pH after adsorption. In addition, the surface of
AMOCZ is positively charged at pH < 4.2 and nega-
tively charged at pH > 4.2. Fig. 10 shows the species
distributions of phosphate under different pH condi-
tions. From these data, it is inferred that phosphate
mainly exists as HPO, and HPO}™ in the pH range of
3.0-10.0; and thus, the electrostatic repulsive forces
between phosphate and AMOCZ may impede the
adsorption in alkali conditions. However, since the
uptake of phosphate decreased when the pH was
increased from 3.0 to 10.0, it is supposed that
electrostatic interactions may not be the dominant
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Table 3
Comparison of maximum phosphate uptake between AMOCZ and other mineral-based adsorbents
Adsorbents Particle size (um) P adsorption capacity (mg g ") pH References
MCZ 300-500 7.56 7.0 This study
Calcite N.A. 1.82 5.45 [24]
Electrochemical-modified clay tablet <300 5.36 7.0 [46]
Fe-modified bentonite 150 3.64 7.0 [47]
Red mud granular adsorbent 150 6.64 5.0 [48]
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Fig. 8. Effects of solution pH on the phosphate adsorption
onto AMOCZ. (Experimental conditions: ion strength = 0.01 M
of NaNO;, adsorbent dosage =5.0 g L%, contact time = 24 h,
and rotation speed = 170 rpm.)
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Fig. 9. Final pH variations of aqueous solution mixed with
raw zeolite or AMOCZ as a function of different initial pH
values. (Experimental conditions: ion strength = 0.01 M of
NaNOs, adsorbent dosage =5.0 g L™!, contact time =24 h,
and rotation speed = 170 rpm.)
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Fig. 10. Speciation distribution diagrams of phosphate with
ionic strength of 0.01 M NaNOs;.

mechanism for phosphate adsorption onto AMOCZ.
Alternatively, the ion exchange between phosphate
and the hydroxyl ions (OH") within the adsorbent sur-
face (Egs. (20)—(21)) can be weakened by the high con-
centration of OH™ in solution [49]. These reactions are
in accordance with the phenomenon that the uptake
of phosphate decreased with increasing pH. Therefore,
the mechanism of ion exchange may play an impor-
tant role in phosphate adsorption.

M=OH+H" & M=0H; (16)
M = OH + H,0 < M = OHj + OH~ 17)
M=OH&M=0 +H" (18)
M=OH+OH &M=0" +H0 (19)
M = OH + H,PO; < M = H,PO, + OH™ (20)
M = OH + HPO; < M = HPO, + OH" 1)
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3.4. The effects of coexisting ions

Due to the complexity of practical wastewater, the
influences of various anions and cations on phosphate
adsorption were investigated accordingly. Fig. 11 illus-
trates that chloride ions have little influence on phos-
phate adsorption. However, the existence of sulfate or
carbonate resulted in a drop of P uptake, especially
when the carbonate concentration was greater than
4mM or the sulfate concentration exceeded 10 mM.
The inhibitory effects of the two oxyacid anions on
phosphate adsorption may be ascribed to the competi-
tion for actives sites [50]. Additionally, the existence of
magnesium cations also posed a negative effect on
phosphate adsorption. In contrast, the existence of cal-
cium cations was beneficial to phosphate adsorption,
which may be due to cation-bridging interactions [51].

3.5. Regeneration and reuse

In previous studies, NaOH solution was usually
used as the eluent for the desorption of P from used
adsorbents, which could then be used to adsorb P
again. However, as Al oxide/hydroxide is apt to dis-
solve in water at both acidic and alkaline conditions,
this method may not be adequate for AMOCZ. Thus,
we recoated the P-loaded AMOCZ with Al-Mn bime-
tal oxide to restore its adsorption capacity. To verify
the method used for regeneration, five cycles of con-
secutive regeneration and reuse were performed for P
adsorption by AMOCZ (initial P of 50 mg L™", pH 7.0).
As shown in Fig. 12, the P uptake increased from
6.78to 7.13mgg ' after the first time regeneration
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Fig. 11. Effects of coexisting ions on the phosphate adsorp-

tion onto = AMOCZ. (Experimental ~ conditions:
P =50.0 mg L pH7.0, and ionic strength=0.01M
NaNO3.)
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Fig. 12. P removal performance of AMOCZ (regenerated
by recoating) in five consecutive cycles.

and then decreased continuously until reaching a min-
imum of 4.87 mg g ' in the 2nd—4th cycles. Since the
activity of AMOCZ can be restored efficiently after
being recoated with Al-Mn bimetal oxide without the
release of phosphate, recoating may be an appropriate
approach for the regeneration of AMOCZ. Further-
more, it is interesting that the adsorption amount of P
was increased rather than decreased after the first
regeneration cycle, which is different from the regen-
eration efficiency of many other adsorbents. This phe-
nomenon is similar to the result of the previous
research focused on the arsenic removal by Fe-Mn
binary oxide (FMBO)-coated diatomite, which proved
that the recoating process can not only can compen-
sate for the loss of active components during the
adsorption process, but also enlarge the adsorption
capacity toward pollutants [52].

3.6. The performance of RSSC

To further test the applicability of AMOCZ in the
field, a RSSC test was performed to remove P from
simulated wastewater containing phosphate. The
water quality parameters were as follows: NaH,-
PO, =0.323mM (P=10.55mgL™), NaNO; = 0.01 M,
NaySO, =01 mM, and pH7.1-7.3. As presented in
Fig. 13, the P concentration of the effluent surpassed
5% of the initial value (namely C;/Cy > 0.05, effluent
P > 0.5 mg L") after 10 h of operation time. According
to the drainage standard of class-one A for municipal
wastewater treatment plants in China (GB18918-2002),
the effluent P concentration exceeded the standard
prescribed at that point. Hence, the breakthrough time
(t,) was supposed to be 8.5 or 9 h, approximately. In
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Fig. 13. Breakthrough curve of phosphate removal using a
small column packed with AMOCZ. (Experimental condi-
tions: EBCT = 10.55 min, influent P = 10.55 mg L pH 7.1-
7.3, ionic strength=0.01M NaNO; and coexisting
anion = 0.1 mM NaySO,.)

addition, when the contact time reached 100 h, the
effluent concentration was nearly equivalent with the
influent concentration (C; = Cy), indicating the exhaus-
tion of the column. Hence, the exhaustion time (¢,)
was determined as 100 h. To obtain more useful infor-
mation, the dynamic experimental data were fitted by
the Thomas model, which can describe the perfor-
mance theory for the adsorption process in fixed-bed
columns with assuming a plug flow behavior. More-
over, this model assumes Langmuir kinetics of adsorp-
tion-desorption and no axial dispersion derives with
the adsorption so that the rate-driving force obeys the
second-order reversible reaction kinetics [53]. Accord-
ing to this model, the value of kg, was calculated as
0.81 x 107> Lh™"' mg, and the P uptake value at the
exhaustion point (g9 - . = q.;) Was determined to be
3.92mg g ' (R* = 0.961). Based on the high correlation
coefficient, these experimental data were well fitted by
this model, which indicated that the monolayer
adsorption occurred, and hence the external and the
internal diffusion are not the limiting steps during the
adsorption process [54].

Considering the satisfactory performance for phos-
phate removal exhibited in both batch and dynamic
experiments, AMOCZ has a good potential to be used
as a method for removing extra P from municipal
wastewater or landscape water.

4. Summary

In this study, natural zeolites were modified to
enhance the removal of phosphate from aqueous solu-
tion. The results of SEM and BET showed that surface
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modification could make the nanosized particles of
Al-Mn bimetal oxide aggregate on the zeolite surface,
and thus increase the surface area. Based on the
results of XRD and FTIR, AMOCZ exhibited an amor-
phous structure and numerous hydroxyl groups on its
surface. Through the bath and dynamic experiments,
AMOCZ exhibited a satisfactory phosphate removal
performance. The maximum adsorption capacity was
determined to be 7.56 mg g~' at pH 7.0. Phosphate
removal was favored in acidic conditions, and the P
uptake could be increased to 8.64 mgg ' at pH 3.0.
AMOCZ was regenerated efficiently using a recoating
method without P release. The existence of calcium
cations could facilitate the removal of phosphate; how-
ever, the presence of sulfate or carbonate would bring
about side effects on phosphate adsorption. The
results of dynamic experiment confirmed that
AMOCZ can be employed for removing phosphate
successfully, and the breakthrough time (eluent P >
1 mg L") could reach 72 h with an initial P concentra-
tion of 10.55 mg L' and EBCT of 10 min. The Thomas
model was in good accordance with the dynamic
experimental data, and the exhaustion capacity of the
column was about 3.92 mg P per gram of AMOCZ.
In the further studies, field pilot-scale dynamic
experiments need to be conducted with practical
wastewater, in which more operation parameters can
be obtained to optimize the reactor design.
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