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ABSTRACT

Assessment of breakthrough performance of NaCl-Thermal-LaCl; synthetic modified zeolite
continuous flow fixed-bed column on the simultaneous removal of phosphate and ammonium
from simulated municipal wastewater was conducted. Variable parameters, including solu-
tion pH, bed depth, effluent flow rate, and input concentration, were examined for this study.
The results indicated that the adsorption capacity increased with the increase in bed depth
and input concentration and decrease of effluent flow rate for both phosphate and ammo-
nium. Thomas and Yoon-Nelson models were found to give the better fitness to experiment
data of the whole breakthrough curves, whereas Adams—-Bohart model could only predict the
initial part of the breakthrough using linear regression analysis. The bed depth service time
model of breakthrough data showed that the time for the movement of the mass transfer zone
increased with the increase in bed height and flow rate and decrease in initial concentration.
Best fixed-bed column performance was obtained at high fixed bed depth, low effluent flow
rate, and low initial concentration. Successful desorption and regeneration were achieved
with 0.2 M HCI and 0.1 M NaOH. BET, scanning electron microscopy, energy dispersive X-
ray spectroscopy, and FTIR and X-ray photoelectron spectra analyses confirmed that ammo-
nium removal was mainly ascribed to exchanging with sodium in the adsorbent, and phos-
phate adsorption mainly followed the surface complexion mechanism; the surface hydroxyl
groups played the key role. All the results proved that the column could be promising option
for the simultaneous removal of phosphate and ammonium at lower concentrations.
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1. Introduction and the enclosed coastal areas, can trigger their
eutrophication, resulting in excessive growth of algae
and aquatic plants, with a consequent increase in dis-
solved oxygen depletion and fish toxicity [1-3]. There-
fore, many countries and regions struggle to reduce

It is generally recognized that the presence of
phosphate in waters, such as lake, reservoirs, or rivers
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the concentration of phosphate as much as possible.
However, recent studies have indicated that ammo-
nium could be the limiting factor for lake eutrophica-
tion during seasonal variations [4,5]. Consequently,
the practice of simultaneous management of phos-
phate and ammonium input to water bodies has
received great attention from many researchers [6,7].
At present, technologies including chemical precipita-
tion [8], biological treatment [9], adsorption [10,11],
membrane filtration [12], and constructed wetland [13]
have been used to remove phosphate and ammonium
from municipal wastewater. Among these various
treatment processes, adsorption is recommended as an
attractive option removal method for the low concen-
trations of phosphate and ammonium, owing to its
flexibility and simplicity of design, ease of operation,
and economic advantages [14].

Recently, there is a growing trend in using low-
cost and environmental friendly adsorbents for phos-
phate and ammonium removal. In this context, there
are several adsorbents that prepared from natural
minerals have been studied, such as bentonite [1], atta-
pulgite [2], exfoliated vermiculite [15], tourmaline [16],
fly ash [17], kaolinite [18], mesoporous silicates [19],
and zeolite [20]. It has been found that modified zeo-
lites had been widely used as effective adsorbents for
ammonium and phosphate removal according to their
mechanical and thermal properties, capability of
cation exchange, and easy impregnation of active
binding sites for anions [21].

Theoretically, increasing the cation exchange capac-
ity of zeolites will average their affinity for ammo-
nium. With this aim, salt and thermal treatment was
frequently used to improve the CEC of zeolites and
thus enhance their adsorption performance with
respect to ammonium [2]. However, zeolites have been
rarely used for phosphate adsorption due to the con-
stant negative charge on their surface. Until now,
many studies have revealed that metal oxide incorpo-
ration or impregnation was an effective method to
boost the phosphate adsorption capacities of adsor-
bents [15]. In particular, as compared to calcium, alu-
minum, or iron, lanthanum-modified adsorbents
particularly demonstrate several promising advantages
during phosphate removal, such as their superior
adsorption capacity, wide operating pH range, and
high removal rate at low phosphate concentrations.

Although many studies have employed modified
zeolites as ammonium and phosphate adsorbents, most
of them were investigated for the effects of adsorption
conditions, adsorption kinetics, and equilibrium via
batch procedures; very few reports have dealt
with their application under continuous adsorption
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conditions in laboratory-scale. However, the dynamic
adsorption systems have significant advantages, such
as treating large volume of wastewater, easy scale-up
from laboratory-scale processes, simple operation, and
reduced requirement of adsorbents. Thus, it is impera-
tive to analyze continuous adsorption data, which can
provide valuable information for improving the design
and operation of phosphate and ammonium adsorp-
tion process from wastewater treatment plants.

Meanwhile, the batch study results of phosphate
and ammonium adsorption by NaCl-Thermal-LaCl;
synthetic modified zeolite (SMZ) were found to be
encouraging; it had been aimed that the SMZ-packed
fixed-bed column parameters on phosphate and
ammonium removal from simulated municipal
wastewater should be investigated prior designing the
pilot scale filter for field test.

Consequently, as the continuation of our previous
research, we focused on evaluating the applicability of
NaCl-Thermal-LaCl; SMZ for removing phosphate
and ammonium simultaneously from simulated
municipal wastewater in fixed-bed column. The speci-
fic objectives of this study are as follows: (1) to investi-
gate the effects of process parameters and to
determine the dynamic adsorption capacity of SMZ,
(2) to apply mathematical models including Adams-
Bohart, Thomas, Yoon-Nelson, and bed depth service
time (BDST) in describing experimental data, (3) to
examine the reusability of SMZ, and (4) to reveal the
simultaneous adsorption mechanism of phosphate and
ammonium by FTIR and XPS analysis.

2. Materials and methods
2.1. Preparation of adsorbent

To develop phosphate and ammonium adsorbents,
this study employed zeolite as substrate and soaked
in NaCl solution for activation and LaCl; solution as
the loading active binding. Firstly, 10.0 g of original
zeolite was added to 200 mL aqueous solution con-
taining 4 g NaCl in 500 mL beaker, stirring at the rate
of 200 rpm for 6 h. Then, the NaCl-modified zeolite
was calcinated at 400°C for 30 min in muffle furnace.
Afterward, the previously roasted zeolite was added
into the prepared LaCl; solution (0.4%), adjusting the
pH of the mixture to 10.0 by 1 mol/L NaOH and HCI
solution. The mixture was kept stirring at the speed of
200 rpm for 6 h at the room temperature. This proce-
dure led to the La deposition onto the surface of zeo-
lite. Finally, the SMZ was washed with DI water until
the supernatant was pH neutral and dried at 383 K for
24 h.
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2.2. Experimental methods
2.2.1. Column adsorption test with simulated solution

The fixed-bed column adsorption tests were con-
ducted in polyethylene tube with an internal diameter
of 2cm and height of 30 cm. SMZ particles were
packed into the column using the “slurry method.”
The column was first filled with glass beads (2 cm) at
the bottom to produce an even flow. It was then
packed with SMZ, followed by another layer of glass
beads and a piece of sponge to prevent SMZ from
seeping out with the effluent. A certain amount of
SMZ (20, 40, 60 g) was packed into the column to
achieve the desired bed height (2, 4, and 6 cm). The
input solution containing various phosphate and
ammonium concentrations (2.5-10, 5-20, 10, and
40 mg/L) was pumped upward through the column
at different flow rates (10, 15, and 20 mL/min) by
peristaltic pumps. Effluent samples were collected at
definite intervals of time in 20-mL plastic tubes for the
determination of the phosphate and ammonium con-
centrations. Fig. 1 presented the schematic diagram of
the SMZ fixed-bed column.

4
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Fig. 1. The schematic diagram of laboratory-scale mini-col-
umn tests.

Notes: (1) feed tank, (2) peristaltic pump, (3) glass beads,
(4) sponge pad, (5) SMZ bed, and (6) effluent storage tank
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The breakthrough time (t,) and treated volume at
breakthrough time (V) are determined as the time
and volume when the effluent phosphate or ammo-
nium concentration (C;) reached 10% of the influent
concentration (C;/Cp = 0.10). Similarly, the exhaustion
time (t.) and treated volume at exhaustion time (V)
are defined as the time and volume when the effluent
phosphate or ammonium concentration (C;) reached
90% of the influent concentration (C,;/Cy= 0.90). The
total amount of phosphate or ammonium adsorbed
onto SMZ column, gt (Mmg) and the dynamic adsorp-
tion capacity, g (mg/g) are calculated according to
the following equations:

Frotal

Gtotal = m ) Cad dt (1)

_ fuowl
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where ti, Q, m, and C,q are the total time for the
column to reach saturation (min), volumetric flow rate
(mL/min), the amount of SMZ packed in the column
(g), and the difference in the phosphate or ammonium
concentration at the initial time and the t time caused
by adsorption (mg/L), respectively.

2.2.2. Desorption and regeneration tests

Desorption and regeneration were performed with
the same column as above. Prior to desorption, phos-
phate- and ammonium-adsorbed SMZ was rinsed
with 1L distilled water at the flow rate of 10 mL/min
to remove residual phosphate and ammonium. Then,
0.2 M HCI solution was pumped upward through the
column at flow rate of 10 mL/min. The desorbed SMZ
column was washed with 1,000 mL of distilled water
at a flow rate of 20 mL/min. Then, it was reactivated
with 1,000 mL of 0.1 M NaOH at a flow rate of
10 mL/min. After that, it was washed with 1,000 mL
of distilled water at a flow rate of 20 mL/min. The
regenerated SMZ column was reused for the next
cycle of adsorption—-desorption. Three cycles have
been implemented successively.

2.3. Analytical methods

Specific surface area, total pore volume, and aver-
age pore size (BET) were evaluated by the gas nitro-
gen adsorption method (ASAP2010M+C, Micrometrics
Inc. USA).

Surface morphology and chemical compositions of
the absorbent were determined by scanning electron
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microscopy (SEM, ZEISS-EVO18, Germany) and
energy dispersive X-ray spectroscopy (EDS, INCA
ENERGY 350, UK).

FTIR spectra were collected on Nicolet IS10 FTIR
spectrophotometer (Thermo scientificc, USA) using
transmission model from 400 to 4,000 cm . Samples
for FTIR determination were ground with spectral
grade KBr in an agate mortar.

X-ray photoelectron spectra (XPS) were collected
on an ESCALab-220i-XL spectrometer with monochro-
matic Al-Ka X-ray source. For wide scan spectra, an
energy range of 0-1,100 eV was used with pass energy
80 eV and step size 1eV. The high-resolution scans
were conducted according to the peak being examined
with pass energy 40 eV and step size 0.05 eV. The XPS
results were collected in binding energy forms and fit-
ted using a nonlinear least squares curve-fitting pro-
gram (XPSPEAK41 Software).

2.4. Modeling of breakthrough curves

The bed volume of breakthrough and the shape of
breakthrough curves are important characteristics for
determining the operation and dynamic response of
an adsorption column. Furthermore, the successful
design of an adsorption column requires the predic-
tion of the concentration-time profile from the break-
through curve for the effluent discharged from the
column. Breakthrough curves models, including Tho-
mas, Yoon-Nelson, Adams—Bohart, and BDST models,
were fitted to experimental data using linear regres-
sion methods. Relative parameters and constants were
calculated.

3. Results and discussion
3.1. Effect of column design parameters
3.1.1 Effect of influent pH

The solution pH could be critical influencing factor
to the dynamic adsorption process since it can affect
ionic state of the functional groups and phosphate and
ammonium species as well. The effect of influent pH
on phosphate and ammonium removal by SMZ col-
umn was examined at pH values of 4, 6, and 8, while
keeping the constant initial phosphate and ammonium
concentration (p =5mg/L, N=20mg/L), bed depth
(2 cm), and flow rate(10 mL/min).

As can be seen from Fig. 2, the ammonium adsorp-
tion capacity by SMZ-packed column increased from
9.91 to 10.60 mg/g with the solution pH rising from 4
to 6, while it declined to 9.08 mg/g at pH 8 (Table 1).
It implied that the breakthrough happened more
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slowly at pH 6 for ammonium adsorption. These find-
ings agreed well with those of the batch adsorption
test in the previous study. This can be explained by
the change in density of hydrogen ions, the dominant
ionic species of ammonium, and the surface charge of
SMZ as the function of solution pH. According to the
relation of ammonium dissociation as the function of
pH, NH; is the dominant species in solution at the
pH below 7, while the partial of ammonium trans-
forms into electrically neutral NH; at alkaline pH [22].
By considering the above facts, the increase in break-
through time of ammonium with solution pH from 4
to 6 can be attributed to decrease in hydrogen ions in
solution, and thus reduction of the competition of
hydrogen ions with ammonium ions for adsorption
sites onto zeolite particles [23]. The decrease in
adsorption capacity for ammonium adsorption at pH
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Fig. 2. Effect of solution pH on the breakthrough curve of
phosphate (a) and ammonium (b) adsorption onto SMZ
(bed depth of 4 cm, flow rate of 10 mL/min, input concen-
tration of 5 mg/L-P and 20 mg/L-N).
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Table 1
Breakthrough curves parameters for the adsorption of phosphate and ammonium onto SMZ at different operating condi-
tions
Co Qv
Experimental o Q (mg/L) Ty (min) (mg/g) Ts (min) Qs (mg/g) MTZ (cm)
conditions pH (cm) (mL/min) P N P N P N P N P N P N
pH 4 4 10 5 20 1440 1,200 176 496 2940 2,730 267 991 204 224
6 4 10 5 20 1620 1,320 1.84 580 3,480 3,120 299 10.60 214 231
8 4 10 5 20 1260 960 153 4.67 2580 2520 237 9.08 205 248
Bed depth 6 2 10 5 20 720 540 170 259 1,560 1,440 272 896 1.08 125
6 4 10 5 20 1620 1,320 1.84 580 3,480 3,120 299 10.60 214 231
6 6 10 5 20 2580 2160 205 690 5,760 5280 3.52 11.39 331 3.55
Flow rate 6 4 10 5 20 1620 1,320 1.84 580 3480 3,120 299 10.60 214 231
6 4 15 5 20 760 740 139 4.03 2,100 1,800 251 9.08 255 236
6 4 20 5 20 440 420 1.02 358 1,320 1,260 219 793 267 267
Co 6 4 10 25 10 2,640 2,160 1.60 517 5760 5260 260 883 217 236
6 4 10 5 20 1620 1,320 1.84 580 3,480 3,120 299 10.60 214 231
6 4 10 10 40 870 720 212 690 1,830 1,740 3.34 1177 210 234

8 was probably due to the increase in percentage of
molecular ammonium, which resulted in the decrease
of ion exchange potential.

As for phosphate adsorption, the higher adsorption
capacity was obtained from pH 4-6, indicating that
the lanthanum incorporation onto the SMZ surface
works as active sites by providing the greater affinity
to the monovalent phosphate species (H,PO}) and the
protonated form of La (OH); could be easier to be
displaced at low pH from metal-binding sites than
hydroxyl groups which can facilitate the ligand
exchange process [24]. The decrease in adsorption
capacity observed at pH 8 was probably ascribed to
the more negative charges on the adsorbent surface
with the de-protonation of active sites as well as the
competitive adsorption between HPO?~ and increas-
ing amounts of OH™. Moreover, the high concentration
of OH™ in high pH solution hindered the occurrence
of ligand exchange between phosphate species and
hydroxyl groups, thus reducing the adsorption capac-
ity of SMZ [25]. These results indicated that phosphate
is mainly removed by ligand exchange and partly by
electrostatic adsorption.

3.1.2. Effect of bed depth

The effect of bed depth on phosphate and ammo-
nium adsorption by SMZ was explored with various
bed depths (2, 4, and 6 cm), a constant initial concen-
tration of phosphate (5mg/L) and ammonium
(20 mg/L), flow rate(10 mL/min). Fig. 3 shows that
both the breakthrough and exhaustion time were

extended with the increase in bed depth, which may
be due to the longer bed depth allowing the solute to
diffuse more into the interior of the adsorbent bed.
Meanwhile, the slope of the breakthrough curves
became flatter with the increase in bed depth indi-
cated that the longer column took a longer time to
reach complete exhaustion. The phosphate and ammo-
nium adsorption capacity of SMZ columns was 2.72,
2.99, 3.52mg/g and 8.96, 10.60, 11.39 mg/g, respec-
tively, for the bed depth of 2, 4, and 6 cm (Table 1).
This increasing tendency could be attributed to the
availability of more binding sites for adsorption and
an increase in the contact time between the adsorbent
and adsorbate [26]. These results are in agreement
with the findings of similar studies reported [27,28].

3.1.3. Effect of flow rate

To investigate the effect of varied flow rate (10, 15,
20 mL/min), the bed depth (4 cm) and initial concen-
tration of phosphate (5mg/L) and ammonium
(20 mg/L) were maintained the same. As seen from
Fig. 4, the shorter breakthrough time occurred at the
higher flow rate for both phosphate and ammonium
adsorption. As flow rate increased from 10 to 20 mL/
min, the adsorption capacity decreased from 2.99 to
2.19 mg/g (Table 1). This can be explained by the fact
that the higher flow rate results in the larger volume
of water elapsed through the bed. As a consequence,
more phosphate and ammonium ions contact with
binding sites of SMZ, making them get saturated more
quickly. Similarly, higher adsorption capacity was
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Fig. 3. Effect of bed depth on the breakthrough curve of
phosphate (a) and ammonium (b) adsorption onto SMZ
(pH of 6, flow rate of 10 mL/min, influent concentration of
5 mg/L-P and 20 mg/L-N).

obtained at lower flow rate. When the flow rate
decreased, the contact time between phosphate,
ammonium, and SMZ is longer, the intraparticle diffu-
sion then becomes effective, and the equilibrium could
be reached before ions moved out of the column [29].
Similar phenomena have been observed by other
researchers [30,31]. Another explanation for decrease
in the specific capacity of SMZ with the increase in
flow rate can be the increased maldistribution or chan-
neling at relatively higher flow rate in the column
[32].

3.1.4. Effect of influent concentration of P and N

The effects of initial concentration on the
breakthrough curves was examined in the range of
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Fig. 4. Effect of flow rate on the breakthrough curve of
phosphate (a) and ammonium (b) adsorption onto SMZ
(pH of 6, bed depth of 4 cm, influent concentration of
5 mg/L-P and 20 mg/L-N).

25-10 mg/L for phosphate and 10-40 mg/L for
ammonium at the flow rate 10 mL/min and bed depth
of 4 cm. As shown in Fig. 5, the adsorption process
reached saturation faster, and the breakthrough time
declined with the increase in influent concentration.
As expected, the adsorption capacity increased with
the increase in influent concentration. The dynamic
adsorption capacity of SMZ for both phosphate and
ammonium increased, from 2.60 to 3.34 mg/g and
8.83 to 11.8mg/g, respectively, with the elevating
influent concentration. This might be attributed to the
fact that the higher concentration gradient caused
greater driving force for the transport process to over-
come mass transfer resistance [33]. As the influent
concentration of phosphate and ammonium increases,
the exhaustion time decreased for both of them.
These results demonstrated that the higher initial
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Fig. 5. Effect of influent concentration on the breakthrough
curve of phosphate (a) and ammonium (b) adsorption onto
SMZ (pH of 6, bed depth of 4 cm, flow rate 10 mL/min).

concentration caused the faster mass transfer, resulting
in a decrease in the exhaustion time and adsorption
zone length [34].

3.2. Breakthrough curve modeling
3.2.1. Adams—Bohart model

Adams-Bohart model is based on the assumption
that the rate of the adsorption reaction is proportional
to the residual active sites of adsorbent and concentra-
tion of adsorbate. That is, the rate of the adsorption is
proportional to the fraction of adsorption capacity of
the adsorbent still remains on the adsorbent. The equa-
tion of Adams-Bohart can be expressed as follows:

C Z
In C—t = KABCO t— KABNO f (3)

0
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where Cy and C; (mg/L) are the influent and effluent
concentrations; Kag (L/mg min) is the kinetic constant;
Np (mg/L) is saturation concentration of the column;
Z (cm) is the bed depth; F (cm/min) is the linear
velocity achieved by dividing the flow rate (cm®/min)
by the column section area (cm?).

For all breakthrough curves using linear regression
analysis, the respective values of Kag and N, were cal-
culated along with the correlation coefficients and
listed in Tables 2 and 3. The adsorption capacity of
the bed (N,) decreased with the increase in flow rate
but increased with influent concentration and bed
depth. The kinetic constant of Ksp decreased with the
increase in both bed depth and influent concentration;
however, it increased with the increase in flow rate,
indicating that the overall system kinetics was domi-
nated by external mass transfer in the initial part of
adsorption in the column. These results suggested that
better adsorption performance of the column, charac-
terized by higher adsorption capacity and lower kinet-
ics, could be achieved with higher bed depth and
influent concentration, but lower flow rate.

3.2.2. Thomas model

Thomas model assumed that the adsorption is not
limited by chemical interactions but by mass transfer
at the interface, and the experimental data follow
Langmuir isotherms and second-order kinetics. Tho-
mas model is appropriate for depicting the whole
breakthrough curve. This model can be written in the
linear form by the following equation:

C m
In <C(t) — 1) = KTth é — KThCot (4)
where Ky, stands for Thomas rate constant

(mL/min mg), qo is the adsorption capacity (mg/g),
Co is the inlet concentration (mg/L), C; is the outlet
concentration at time ¢ (mg/L), m is the mass of adsor-
bent (g), Q is the feed flow rate (mL/min), and f is the
filtration time (min). The values of Kr, and g, were
determined from the linear plot of In (Co/C,—1)
against t and shown in Tables 2 and 3.

The relative constants and coefficients
obtained from linear regression analysis according to
Thomas model equation, and the results were pre-
sented in Tables 2 and 3. It can be noted that the
increase in bed depth resulted in a decrease in Ky,
but an increase in adsorption capacity for both of
phosphate and ammonium, which may be due to the
increase of mass transport resistance and the axial dis-
persion. As the flow rate increased, the values of Kry,

were
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Table 2
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Adams-Bohart, Yoon-Nelson, and Thomas models parameters obtained under different experimental conditions using

linear regression analysis for phosphate

Experimental conditions Adam-Bohart model

Yoon-Nelson model Thomas model

H Q M Kapx10™* Ng x 10* Kyn x 1072 K x 1072 g0

(cm) (mL/min) P N (L/mg min) (mg/L) R? (min™ 1) 7 (min) R? (L/mg min) (mg/g) R?

2 10 5 20 7.20 1.13 0.935 5.40 1,107 0.987 1.08 2.76 0.987
4 10 5 20 3.40 1.30 0.943 2.90 2,472 0.945 0.58 3.09 0.945
6 10 5 20 2.00 1.40 0.937 1.50 4,092 0.985 0.30 341 0.985
4 10 5 20 3.40 1.30 0.943 2.90 2,472 0.945 0.58 3.09 0.945
4 15 5 20 5.60 1.06 0.904 4.50 1,326 0.982 0.90 2.49 0.982
4 20 5 20 6.40 0.98 0.853 5.50 878 0.964 1.10 2.10 0.964
4 10 2.5 10 4.00 1.04 0.931 1.50 4,143 0.987 0.75 2.59 0.987
4 10 5 20 3.40 1.30 0.943 2.90 2,472 0.945 0.58 3.09 0.945
4 10 10 40 3.10 1.38 0.910 4.40 1,378 0.997 0.44 3.45 0.997
Table 3

Adams-Bohart, Yoon-Nelson, and Thomas models parameters obtained under different experimental conditions using

linear regression analysis for ammonium

Experimental conditions Adam-Bohart model

Yoon—Nelson model Thomas model

H Q M Kapx 107 Ny x 10* Kyn x 1078 Kmn x 107 g

(cm) (mL/min) P N (L/mg min) (mg/L) R? (min™ ") 7 (min) R? (L/mg min) (mg/g) R?

2 10 5 20 1.45 4.35 0914 5.30 918 0.986  2.65 9.18 0.986
4 10 5 20 0.65 4.95 0.886 2.50 2,149 0984 1.25 10.75 0.984
6 10 5 20 0.04 5.34 0.925 1.40 3,638 0.981 0.70 12.12 0.981
4 10 5 20 0.65 4.95 0.886  2.50 2,149 0984 1.25 10.75 0.984
4 15 5 20 1.20 4.39 0.899 4.30 1,224 0983 215 9.18 0.983
4 20 5 20 1.45 3.90 0.863  5.50 812 0986 2.75 8.12 0.986
4 10 2.5 10 0.80 3.94 0.911 1.40 3,524 0.991 1.40 8.81 0.991
4 10 5 20 0.65 4.95 0.886  2.50 2,149 0984 1.25 10.75 0.984
4 10 10 40 0.60 5.38 0915 4.10 1,175 0.970 1.03 11.76 0.970

increased, while the values of gy decreased. An
increase in influent concentration led to an elevation
in both Kr, and adsorption capacity. This may be
attributed to the increase in mass transfer tendency
with the increase in the influent concentration of phos-
phate and ammonium which enhanced the solute
loading per unit active adsorption sites [35]. As a
result, the saturation of the adsorbent sites also
become faster, leading to the decrease in exhaustion
volume and time. Additionally, it was found that the
values of gy estimated using Thomas model are very
close to the g. values calculated from experimental
results with varying bed depth, flow rate, and influent
concentration conditions. Comparing the correlation
coefficient (R?) values for various models, it revealed
that the Thomas model suitably described the SMZ

adsorption process in the fixed-bed column where the
process was not only regulated by internal and exter-
nal diffusion [36].

3.2.3. Yoon—Nelson model

Yoon-Nelson model is based on the assumption
that the rate of decrease in the probability of adsorp-
tion for each adsorbate molecule is proportional to
probability of adsorbate adsorption and the probabil-
ity of adsorbate breakthrough on the adsorbent. The
linearized equation of model can be expressed as:

C
ln< co—t Ct) = Kynt — 1Kyx ®)
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where Cy and C; (mg/L) are the influent and effluent
concentrations, Kyn (min"!) is the rate of constant,
and 7 (min) is the time required for 50% adsorbate
breakthrough. The values of Kyn and 7 can be calcu-
lated from the slope and the intercept of the linear
plot of In[C;/(Cy — C))] vs. t.

Different statistical parameters of the Yoon—-Nelson
were calculated and given in Tables 2 and 3. It is
observed that the values of Kyyn decreased with an
increase in bed depth, while the corresponding 50%
breakthrough time 7 values are noticed to increase.
Moreover, the values of Kyyn are found to increase
with the increase in both flow rate and influent con-
centration of phosphate and ammonium, whereas the
v values showed an opposite trend. These results
could be explained by the faster saturation of column
at higher flow rate and influent concentration. Similar
trends were reported by other researchers [37]. The
50% breakthrough time predicted by the Yoon-Nelson
model was quite similar to that obtained from experi-
ments indicating that Yoon-Nelson model could
describe the column adsorption of phosphate and
ammonium well.

3.2.4. BDST model

The BDST model was developed by Hutchins,
which based on the assumptions that the intraparticle
mass transfer resistance and external film resistance
are negligible. This model could be applied to estimat-
ing the design parameters of fixed-bed column data
from the physical measuring the bed capacity at dif-
ferent breakthrough values. This BDST model can be
presented by Eq. (6):

_ ZNpp 1 Co
b= Cov KBDCO In (Cb 1) (6)

where t is the service time of column (h), Z is the bed
depth (cm), Cy is the influent concentration (mg/L),
Cp is the effluent concentration at breakthrough
point (mg/L), Npp is the column adsorption capacity
(mg/L), Kgp is the rate constant (L/(mg h)), and v is
the linear flow velocity and is calculated by dividing
the flow rate by the area of column (cm/min).

Fig. 6 shows the plot of the service time vs. bed
depth for phosphate and ammonium adsorption onto
SMZ at 10, 30, 50, and 90% breakthrough time under
constant flow rate (10 mL/min) and influent concen-
tration (P 5 mg/L and N 20 mg/L). The values of Kgp,
Ngp, and R? were calculated from the slope (m) and
intercept (C) of these plots. As seen from Table 4, the
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adsorption capacity Npp slightly decreased with the
bed depth, whereas the rate constant Kpp increased
significantly. The high correlation coefficient (R*) val-
ues demonstrated the applicability of the BDST model
for predicting the service time of the adsorbents used
in the dynamic adsorption.

The adsorption zone, known as mass transfer zone
(MTZ), can be defined as the adsorbent layer through
which the effluent concentration changes from 10 to
90% of the influent concentration. MTZ is identified as
the horizontal distance between these two lines in the
BDST plot. From Fig. 6, the MTZ in this study was
estimated to be 3.80 cm for phosphate and 4.25 cm for
ammonium. The length of the MTZ was found to
increase with the increase in bed height and flow rate
for both phosphate and ammonium. Another notewor-
thy finding was that the linear regression of 50%
breakthrough did not pass through the origin. Theo-
retically, the 50% breakthrough should be a straight
line pass through the origin at t =0 h [31]. This non-
conformity indicated that the transport of phosphate
and ammonium from the aqueous solution onto the
SMZ involves more than one rate-limiting step. The
constants obtained from the BDST model can be useful
for the theoretical predictions of scaling up the pro-
cess for other flow rates and influent concentration
conditions [38].

3.3. Dynamic adsorption capacity of SMZ

The dynamic adsorption capacity of SMZ for phos-
phate and ammonium at the breakthrough time and
exhaustion time was calculated for different operating
conditions and summarized in Table 1. The highest
adsorption capacity of SMZ for phosphate and ammo-
nium at the exhaustion time was 3.52-11.77 mg/g,
accounting for 39.23 and 5.88 times of natural zeolite
adsorption capacity. This maximum value was
achieved for a bed height of 6 cm, flow rate of 10 mL/
min and initial phosphate and ammonium concentra-
tion of 40 and 10 mg/L, and influent pH of 6. The
result indicated that SMZ can simultaneously and
effectively remove phosphate and ammonium in the
continuous adsorption systems. The reasonably high
adsorption capacity of SMZ column for phosphate can
be explained by the fact that La oxide loading resulted
in the development of effective binding sites for
phosphate anions on the surface of zeolite. The high
capacity for ammonium was ascribed to the NaCl-
thermal activation, which could enhance the cation
exchange capacity of zeolite. Consequently, the reten-
tion of phosphate and ammonium onto SMZ was
strengthened.
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Fig. 6. BDST model for 10, 30, 50, and 90% breakthrough at
different bed depths and constant flow rate (10 mL/min)
and influent concentration of 5 mg/L-P and 20 mg/L-N.

3.4. Desorption and regeneration

Desorption and regeneration play a critical role in
sustainable use of the adsorbent. Reusability of any
adsorbent can be evaluated by its adsorption perfor-
mance in successive adsorption—desorption cycles. In
our batch adsorption tests, the dilute acid solution
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following the alkaline solution (0.2 M HCIl and 0.1 M
NaOH) was proven to be the best desorption solution.
In this study, 0.2M HCl and 0.1 M NaOH were
employed for eluting phosphate and ammonium from
saturated SMZ column. Prior to desorption test, phos-
phate- and ammonium-saturated SMZ column was
washed with an abundant amount of distilled water
to eliminate unbound phosphate and ammonium.

The values of breakthrough time, exhaustion time,
and adoption capacity for all three cycles were pre-
sented in Table 5. It was found that phosphate and
ammonium adsorption capacity in the first cycle was
9.96 and 2.31 mg/g, and then it gradually decreased
to 9.02 and 1.51 mg/g, which was approximately 50—
85% of initial adoption capacity. The results indicated
that the increasing adsorption cycles may destroy the
binding site on the surface of SMZ, leading to the
capacity loss for phosphate. After three cycles of oper-
ation, the adsorption capacity of SMZ column was
1.05-9.02 mg/g for phosphate and ammonium, respec-
tively, indicating that the adsorbent could be reused
for at least three cycles. The elution of phosphate and
ammonium from SMZ column might result from
ligand /ion exchange reaction, whereby OH™ ions from
NaOH displaced phosphate ions from the surface of
SMZ and H" from HCl exchanged NH; ions.

3.5. Performance indicator

Performance of fixed-bed columns is basically indi-
cated by the number of bed volumes (BVs) treated
before the breakthrough point and adsorption exhaus-
tion rate (AER). Higher the number of BV before the
breakthrough point, the better will be the column per-
formances [39]. Number of the BVs treated before
breakthrough can be calculated by the following
relation:

_ Volume of water treated at breakthrough point (L)

BY Volume of adsorbent bed (L)

@)

Table 4
BDST model constants estimated for adsorption of phosphate and ammonium onto SMZ using linear regression analysis
Nsp Kgp x 107"

m (h/cm) C (h) (mg/cm3) (L/mg h) R?
C/Co (%) P N P N P N P N P N
10 8.00 6.75 —4.33 4.67 7.60 25.8 1.01 0.24 0.997 0.999
30 11.3 8.75 -8 5.00 10.8 33.4 0.21 0.08 0.997 0.995
50 13.4 11.0 —9.33 6.67 12.8 42.0 0.008 0.003 0.990 0.994
90 17.5 15.8 -10 8.67 16.7 60.4 —0.44 —-0.13 0.995 0.992
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Table 5
Phosphate and ammonium adsorption—-desorption parameters for three cycles

Vi (L) Ve (L) mp (mg/g) me (mg/g)

Cycle number p N p N p N p N
1 10.2 4.8 28.4 13.2 1.35 522 2.31 9.96
2 7.2 3.6 14.8 11.4 0.96 4.65 1.51 9.02
3 3.6 3.6 9.6 9.0 0.04 3.98 1.05 9.02

During continuous flow operation, the adsorbent is
gradually exhausted. The rate of exhaustion is defined
as the mass of adsorbent deactivated per unit volume
of water treated at exhaustion point. The value of
AER can be given by the equation:

Mass of adsorbent (g)

AER =
Volume of water treated (L)

8)

Values of BV and AER calculated from the experimen-
tal data for the present system are shown in Table 6,
which suggested that the treated BV increased with
the increase in fixed bed depth, decreasing the rate of
effluent discharge and lessening of C, in feed water.
Meanwhile, the decrease in AER indicated the
enhancement of fixed-bed columns performances. As
the AER value reduced with the increase in fixed bed
depths, decrease in effluent discharge rate, and
decrease in C, for the present system, it can be said
that the SMZ fixed-bed column displayed well the
performance of phosphate and ammonium simultane-
ous removal. Although the phosphate and ammonium
removal capacity noted to be higher for the higher
influent concentration, but the exhaustion rate of
fixed-bed column was faster than the other lower
influent concentrations used in this experiment indi-
cating the decrease in column performance.

3.6. Proposed P and N removal mechanism on SMZ
3.6.1. BET study on SMZ before and after adsorption

BET results show that the specific surface area,
total pore volume, and mean pore diameter of SMZ
were 42.91 m?/g, 0.058 cm®/g, and 10.85 nm, respec-
tively, whereas these values after adsorption were
38.48 m?/ g, 0.05 cm?/ g, and 12.71 nm, respectively.
The specific surface area of the SMZ was slightly
reduced after the adsorption of phosphate and ammo-
nium as consequence of the interaction between phos-
phate and lanthanum oxide that impregnated on the

surface of zeolite [6], confirming that the chemisorp-
tion of phosphate occurred.

3.6.2. SEM-EDS study of SMZ before and after
adsorption

The SEM images obtained from the SMZ before
and after the adsorption of ammonium and phosphate
are shown in Fig. 7. The SEM image showed that
ammonium and phosphate were adsorbed by zeolite
with more spherical particles distributed on the sur-
face, and a number of protuberances formed a stack-
ing structure. The particle morphology on SMZ had
changed; this should be due to the adsorption of phos-
phate which crystallized on the active sites that
increase the particle size. Corresponding EDS analyses
demonstrated that the spherical clusters consisted
mainly of La, Na, P, O, N, Si, and Al, thereby indicat-
ing a possible La—P complex formation. On the other
hand, the weight percentage of Na® decreased from
249 to 0.86%, respectively, after the adsorption of
ammonium and phosphate. The presence of N and
observed reduction confirmed that the exchange of
Na® and K" with ammonium was the main mecha-
nism involved.

3.6.3. FTIR study on SMZ before and after adsorption

The FTIR spectra of SMZ before and after the
adsorption of ammonium and phosphate are shown in
Fig. 8. After the adsorption of ammonium, new peak
appeared at 1,400 cm™ !, which corresponded to the
symmetric bending vibrations of N—H, thereby indi-
cating that the removal of ammonium onto SMZ was
mainly via chemisorption. The presence of NH, was
mainly attributed to the exchange ability of Na* and
Ca®" in SMZ would exchange with NH; in the solu-
tion, thereby causing the retention on SMZ. FTIR spec-
tra in the region where v is 1,200-800 cm™ ! could be
used for the structural determination of the phosphate
complexes on the metal oxides [40]. The phosphate
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Table 6
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The SMZ column performance indicators at different experiment conditions

Bed depth (cm)

Flow rate (mL/min)

Input concentration (mg/L)

4 6 10

2

15 20 P:2.5; N:10 P:5; N:20 P:10; N:40

Parameters P N P N P N P

N

P N P N P N P N P N

Treated BV (x 10°) 1.15 0.86 129 1.05 1.40 1.15 129 1.05 090 1.75 057 1.34 2.01
128 139 115 128 1.04 1.14 1.15 128 143 148 159 1.67 0.69 076 1.15 1.28

AER (g/L)

1.62 129 1.05 0.69 0.55
218 2.30

Ko

Elements (%)<  Na¢

Cae Ale

Sie O¢ Las Ne Pe |

Before adsorptione 2.49¢ 1.26¢ 0.88¢ 7.69< 30.87¢ 55.76¢ 1.05¢

0 00 |

After adsorptione 0.76¢ 1.05¢ 0.49¢ 7.27¢ 29.53¢ 59.08¢ 0.98¢ 0.11¢ 0.73¢,

Fig. 7. SEM images of SMZ before adsorption (a) and after adsorption (b) of phosphate and ammonium and correspond-

ing EDS data.

surface complexes include XOPO; with C, symmetry,
(XO),PO, with C,, symmetry, and (XO);PO with Cs,
symmetry (X=H or a metal atom), and each complex
has its own characteristic FTIR bands. For the adsorp-
tion of phosphate, the FTIR spectra after adsorption
appeared a novel and small broad weak band at
v=1,068 cm™', which may be attributed to the typical
characteristic of the asymmetric stretch vibration of
P-O stretching mode [41]. Therefore, it was deduced
that the surface of hydroxyl group of SMZ could be
exchanged by the adsorbed phosphate. Based on its
relative intensity, these results were consistent with
the protonated monodentate complex =(LaO)(OH)PO,.
Furthermore, at the pH 7 levels used in this study, the
likely surface complex with the symmetry closest to
Cy, is the protonated monodentate species =(LaO)
(OH)PO,. To further confirm our above-mentioned
analysis, FTIR studies on pure La,O; with and with-
out phosphate adsorbed were conducted. The results

clearly showed that the new characteristic adsorption
peak at 1,068 cm™' after pure La,O; adsorbed phos-
phate. Our results are in good agreement with those
of previous studies, which showed that the ligand
exchange process at neutral pH on lanthanum oxide
surfaces leads to the formation of protonated mon-
odentate species [42].

3.6.4. XPS study SMZ before and after adsorption

To gain further insights into mechanism of ammo-
nium and phosphate adsorption on SMZ, the XPS
wide scan and surface O 1s spectra of SMZ before
and after ammonium and phosphate adsorption at pH
7 were analyzed and demonstrated in Figs. 9 and 10.
It is clearly shown that N 1s and P 2 p peaks in the
spectra of adsorbed SMZ indicate the presence of N
and P on the surface of the sample. The decrease in
Na 1s (1,060.12 eV) element content from 2.10 to



Y. He et al. | Desalination and Water Treatment 57 (2016) 27279-27293

Transmittance (%)

10 " 1 " 1 " 1 " 1 " 1 "
1800 1600 1400 1200 1000 800 600

Wavenumber (cm ')

Fig. 8. FTIR spectra of SMZ, SMZ after adsorption of
ammonium (SMZ-N), and phosphate (SMZ-P).
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Fig. 9. XPS wide scan spectra of SMZ (a) before and (b)
after adsorption of ammonium and phosphate.
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Fig. 10. XPS spectra of surface O 1 s of SMZ (a) before and
(b) after adsorption of ammonium and phosphate.

1.22% (Table 7) may be due to the ion exchange of
Na* with NH; . Based on the binding energy of differ-
ent oxygen species, the O 1s XPS spectra were
divided into three peaks with binding energy of
531.08-532.18 eV and 532.89 eV, which can be assigned
to oxide oxygen (M-O) and hydroxyl group (M-OH)
and adsorbed water (H,O), respectively. After
adsorption of N and P, the relative area ratio for the
peak attributed to M-O increases from 20.78 to
37.17%, while the relative areas for the peak of M—-OH
decrease from 57.15 to 42.28%. The decrease in
hydroxyl group percentage could be the replacement
of -OH by phosphate during the adsorption process.
Thus, the XPS analysis also suggested that the surface
hydroxyl groups play the key role in the phosphate
adsorption, which was in accordance with results of
pH effect and FTIR studies.
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Table 7

Atomic ratio of virgin SMZ and N-P-adsorbed SMZ by XPS study

Atomic ratio (%) Si Al Na (@) N P
Virgin SMZ 42.33 3.06 4.32 2.10 48.19 0 0
N-P-adsorbed SMZ 34.81 2.82 3.75 1.22 52.14 0.96 4.30

4. Conclusions

Investigation on the variable parameters such as
solution pH, fixed bed depths, flow rate, and influent
concentration for designing filter for phosphate and
ammonium treatment suggested prospective results for
using SMZ-packed fixed-bed columns. Experiment
results revealed that an increase in bed depth and influ-
ent concentration or a decrease in flow rate improves
the adsorption capacity for both phosphate and ammo-
nium. Both Thomas and Yoon-Nelson models were
found to describe well the breakthrough curves
obtained under different experimental conditions. The
breakthrough data at different fixed bed depths
explained the BDST nicely, indicating SMZ could be
used efficiently for phosphate and ammonium removal.
Lower values of AER and larger values of BV were
obtained at higher bed depth and lower flow rate and
influent concentration, which suggested good perfor-
mance. Desorption and regeneration of saturated SMZ
column could be achieved with 0.2 M HCI and 0.1 M
NaOH. BET, SEM-EDS, FTIR and XPS analyses con-
firmed that phosphate removal followed surface com-
plex mechanism, and ammonium was mainly removed
by ion exchange. The results proved that SMZ can be
used as a promising phosphate and ammonium adsor-
bent in practical wastewater treatment.
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