Global Journal of Environmental Science and Management

. (GJESM)
A GIESM

Homepage: https://www.gjesm.net/

Application of amorphous zirconium (hydr)oxide/MgFe layered double hydroxides
composite in fixed-bed column for phosphate removal from water

A. Nuryadin®?, T. Imai*"

1Graduate School of Sciences and Technology for Innovation, Yamaguchi University, Yamaguchi, 755-8611, Japan

2Department of Physics Education, Mulawarman University, Samarinda, 75123, Indonesia

ARTICLE INFO ABSTRACT

Fixed-bed column has been considered an industrially feasible
technique for phosphate removal from water. Besides the adsorption capacity, the effectiveness
of an adsorbent is also determined by its reusability efficiency. In this study, phosphate removal
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Accepted 11 April 2021 in a fixed-bed column system was examined.

The effects of flow rate, bed height, phosphate concentration, solution pH, and
Keywords: adsorbent particle size on the phosphate adsorption ability were examined through a series of

continuous adsorption experiments. The appropriate breakthrough curve models, phosphate
adsorption from real anaerobic sludge and synthetic seawater, column regeneration and
reusability, and adsorption mechanism were also investigated for practical application feasibility.

The results showed that the increased bed height and phosphate concentration,
Layered double hydroxides and reduced flow rate, pH, and adsorbent particle size were found to increase the column
Phosphate adsorption adsorption capacity. The optimum adsorption capacity of 25.15 mg-P/g was obtained at pH 4.
Phosphate adsorption mechanism The coexistence of seawater ions had a positive effect on the phosphate adsorption capacity
of the composite. Nearly complete phosphate desorption, with a desorption efficiency of
91.7%, could be effectively achieved by 0.1 N NaOH for an hour. Moreover, the initial adsorption
capacity was maintained at approximately 83% even after eight adsorption-desorption cycles,
indicating that the composite is economically feasible. The high phosphate adsorption capacity
of the composite involves three main adsorption mechanisms, which are electrostatic attraction,
inner-sphere complexation, and anion exchange, where the amorphous zirconium hydr(oxide)
on the surface of the layered double hydroxides likely increased the number of active binding
sites and surface area for adsorption.

The amorphous zirconium (hydr)oxide/MgFe layered double hydroxides
composite, with its high adsorption capacity and superior reusability, has the potential to be
utilized as an adsorbent for phosphorus removal in practical wastewater treatment. This study
provides insights into the design of amorphous zirconium (hydr)oxide/MgFe layered double
hydroxides composite for phosphorus removal and recovery in a practical system.
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Phosphates are vital for the sustainability
of organisms and several industrial activities.
However, their widespread use, along with the
increase in population, has induced superfluous
levels of phosphates in the aquatic environment,
leading to water eutrophication (Dash et al.,
2020). Thus, it is essential to minimize or eliminate
phosphorus contaminations from wastewater prior
to its discharge into the receiving water body to
maintain water quality and improve human health.
Additionally, the global increase in food demand
and limited carrying capacity of land has increased
the dependence on phosphorus, which is used to
increase agricultural productivity to fulfill human and
livestock needs (March et al., 2016). As phosphorus
is @ non-renewable natural resource and cannot be
substituted by other resources (Wang et al., 2021),
the recovery of phosphates from wastewater is
important for the sustainability of global phosphorus
reserves.

In the last decade, numerous phosphate
removal techniques have been designed, ranging
from adsorption and chemical precipitation to
the application of polyphosphate-accumulating
organisms (PAOs) (Ramasahayam et al.,, 2014).
Among these techniques, adsorption is constantly
gaining popularity owing to its simplicity and the
possibility of phosphorus recovery from wastewater
(Zou et al., 2020). However, the cost-effectiveness
depends on the reusability of the adsorbent (Kumar
et al., 2019). Consequently, adsorbents with high
chemical stability are being preferred for phosphorus
adsorption because of their stability during the
desorption process under various stripping agent
chemistry conditions, which usually use a solution
with extreme acidity or alkalinity.

Nuryadin et al. (2021) synthesized a composite
of amorphous zirconium (hydr)oxide/MgFe layered
double hydroxides (am-Zr/MgFe-LDH) using a novel
two-stage synthesis. A series of batch experiments
showed that the uncalcined am-Zr/MgFe-LDH
composite with a Zr:Fe ratio of 1:5 showed a high
adsorption  performance towards phosphates
and retained good removal efficiency over eight
adsorption-desorption cycles. The high adsorption
capacity is related to the high surface area and
large number of hydroxyl groups on the composite
as a consequence of small crystal size and low
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agglomeration of amorphous zirconium (hydr)oxide
(am-Zr) in the composite. However, batch settings
are not suitable for large-scale applications and
continuously generated wastewater (Taka et al.,
2020). Therefore, it is important to understand the
application of the composite in continuous fixed-bed
column adsorption to investigate its performance in
practical applications. Fixed-bed column adsorption
is very popular in wastewater treatment because of
its continuous, high yield, simple, and economical
operation and the ability to be scaled-up from the
laboratory-scale (Jiang et al., 2018; Kumar et al.,
2011). Sun et al. (2014) found that MgFe-LDH in a
fixed-bed column had a high phosphate adsorption
capacity and acceptable desorption efficiency.
However, no studies have been conducted on the
phosphate removal performance of the am-Zr/MgFe-
LDH composite in a fixed-bed column.

In this study, the effects of design parameters
essential for practical applications, such as flow
rate, bed height, influent phosphate concentration,
pH, and adsorbent particle size on the am-Zr/MgFe-
LDH composite performance for phosphate removal
were examined. Furthermore, the three most widely
used models, Thomas, Yoon-Nelson, and modified
dose-response (MDR) models were applied to
interpret the phosphate adsorption breakthrough
data. The applicability of the composite for real
anaerobic sludge and phosphate-enriched seawater
and its reusability were also evaluated. In addition,
an adsorption mechanism of phosphate on the
composite was proposed for designing a practical
system for the removal and recovery of phosphorus.
The objective of the current study is to investigate the
phosphate adsorption performance and reusability
of a fixed-bed column filled with the am-Zr/MgFe-
LDH composite. This study has been carried out in
Environmental Planning Laboratory, Graduate School
of Sciences and Technology for Innovation, Yamaguchi
University, Ube, Japan during 2018-2020.

Adsorbent and adsorbate preparation

Analytical grade FeCl,-6H,0 (99.0% pure),
MgCl,-6H,0 (98.0% pure), ZrOCL-8H,0 (99.0% pure),
Na,CO, (99.8% pure), NaOH (97.0% pure) were
purchased from Wako Pure Chemical Industries, Ltd.
for preparing the am-Zr/MgFe-LDH composite, and
used directly in this study without further purification.



A composite with a Zr:Fe molar ratio of 1.5:1 was
synthesized using an established method (Nuryadin
et al., 2021). Briefly, a solution containing Mg?* and
Fe** ions with a molar ratio of 3:1 was poured into
200 mL of deionized (DI) water. The solution pH was
maintained at ~10 using a solution of 1 M NaOH and
1 M Na,CO, with a 3:1 volume ratio under vigorous
stirring for 30 min. The separated and neutralized
gel obtained was then mixed with ZrOCl-8H,0 (Zr
to Fe molar ratio of 1.5:1) in 500 mL of DI water.
Simultaneously, a 25% NaOH solution was used to
precipitate the am-Zr under constant stirring until a
pH of ~10 was obtained. After aging at 353 K for 24
h, the composite was filtered, washed with DI water
for neutralization, and then dried in an oven at 353 K
for 24 h. The dried composite was ground in a mortar
and sieved to the desired particle size.

K,HPO, (99.0% pure) was obtained from Wako
Pure Chemical Industries, Ltd., Japan. A phosphate
stock solution (500 mg-P/L) was prepared by
dissolving an appropriate amount of K HPO, in 1
L of DI water. The stock solution was diluted to the
desired working solution using DI water. The pH of
the working solution was adjusted using 0.1 M HCI
and NaOH solutions and monitored using a pH meter
(Horiba, LAQUA 55131 D-71).

Adsorbent characterization

The X-ray diffraction (XRD) pattern of the
adsorbent, with particle size of d < 0.1 mm,
was recorded on a Rigaku Ultima IV Protectus
diffractometer using Cu-Ka radiation at 40 kV.
Fourier transform infrared (FTIR) spectra of the
composites before and after adsorption were
recorded on a Jasco FT/IR-4600 spectrophotometer.
The X-ray photoelectron spectroscopy (XPS) spectra
were obtained using a Thermo Scientific K-alpha
X-ray photoelectron spectrometer and fitted with
XPSPEAK41 and Origin 9.4 software. The high-
resolution scans of XPS focused on Mg, Fe, Zr, C, and
0. The pH at the point of zero charge (pHch) of the
composite was investigated using potentiometric
mass titration (PMT), as described by Bourikas et al.
(2003). Three different doses of the composite (5,
15, and 25 g/L) were immersed in Erlenmeyer flasks
containing 100 mL of 0.03 M KNO, and shaken under
an N, atmosphere at 200 rpm for 24 h. In each flask,
0.5 mL of 1 M KOH was added to deprotonate sites in
the composite surface, and the shaken samples were

titrated using a 0.1 M HNO, solution. The titration
curve was constructed by plotting the pH value as a
function of HNO, volume.

Adsorption experiment

Continuous fixed-bed column adsorption experi-
ments were conducted at room temperature (~298
K) using a non-jacketed liquid chromatography
column (Sigma-Aldrich, Co.) with an inner diameter
of 1.0 cm and a length of 10 cm. Fig. 1 shows a
schematic diagram of the fixed-bed column system
used in this study. A 1 cm thick glass wool was
placed on the top and bottom of the sample to
prevent the adsorbent from being washed out by
the liquid flow. A particular weight (0.7, 1.0, and 1.4
g) of the composite with a maximum particle size of
106 um was packed into the column to attain the
desired bed height (h) (1.0, 1.5, and 2.0 cm). The
artificial influent phosphate solution with various
concentrations (C ) (5 mg-P/L, 12 mg-P/L, and 20 mg-
P/L) at pH 7 was pumped in an up-flow configuration
through the packed composite inside the column
at varying flow rates (Q) (1.5, 2.5, and 3.5 mL/min)
using a peristaltic pump (EYELA MP-1000). The
effects of phosphate solution pH (4, 7, and 10) and
composite particle size (d) (< 0.1, 0.1-0.5, and 0.5—
1.0 mm) on phosphate adsorption were examined.
To obtain the breakthrough curves, the effluent
solutions were automatically collected at specified
intervals using a fraction collector (Advantec SF-
3120) for measuring phosphate concentrations.
In this study, the breakthrough time was assigned
when the ratio of effluent to influent phosphate
concentration (C/Co) was 10%. An exhaustion
time is the time when the influent solution passes
through the adsorbent without any significant
decrease in concentration (Marzbali and Esmaieli,
2017). A preliminary experiment showed that the
breakthrough curves became relatively flat after C/
Co reached approximately 85% and the phosphate
adsorption became insignificant. Therefore, the
exhaustion time in this study was determined to be
the time when C/Co reached 85%.

Breakthrough curves of phosphate adsorption
were constructed by plotting the ratio of effluent
phosphate concentration at an interval time to
influent phosphate concentration (C/Co) as a function
of time (t). The breakthrough curves demonstrate the
mass transfer characteristics of phosphate onto the
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Fig. 1: Schematic diagram of lab-scale fixed-bed column adsorption system

packed composite. The total amount of adsorbed
phosphate, g, . . (mg), during adsorption and the
equilibrium adsorption capacity, g, (mg/g), were
calculated as follows (Egs. 1 and 2, respectively)
(Gouran-Orimi et al., 2018).

oG, =f,_C (1)
orbed = 1-—|dt
9 adsorbed 1000 Iz:O C,
qe — qadsarbed (2)
m

Where, Q is the flow rate (mL/min), C,and Care
the influent and effluent phosphate concentrations
(mg/L), respectively, t_is the time required to reach
exhaustion time (min), and m is the weight of the
composite packed inside the column (g).

Regeneration and reusability experiment

Before the regeneration experiment, the
exhausted bed in the column was washed with DI
water at a flow rate of 2.5 mL/min for 1 h to remove
residual phosphorus. Subsequently, 0.1 M NaOH
was pumped in the opposite direction to desorb
the adsorbed phosphate. In this study, regeneration
was done until the effluent concentration reached
approximately 0.5 mg-P/L and it was assumed that
the column had been regenerated. In the first cycle
of desorption, the desorption effluent solutions were
collected at the pre-determined intervals to obtain
the desorption curve. The amount of phosphorus
eluted from the composite (EAP) (mg/g) was
calculated using the following equations (Egs. 3 and
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4) (Nguyen et al., 2015):

1

EAP =— qde.vorhed 3)
m

9 desorbed = z:i,CVq (4)
Where, mis the weight of adsorbent in the column
(8), .04 1S the total amount of desorbed phosphate
(mg), v, is the effluent volume of the g -th fraction
(L), and n2 is the number of the last fraction in the
desorption operation. Desorption and regeneration
experiments were conducted for eight cycles of the
adsorption-desorption process.

Fixed-bed column adsorption studies

The effect of phosphate solution flow rate on
the phosphate adsorption on the composite in the
column was investigated at three different flow rates
(1.5, 2.5, and 3.5 mL/min), where the bed height
(1.5 cm) and the influent phosphate concentration
(12 mg-P/L) were kept constant. Fig. 2a shows the
effect of the flow rate on the breakthrough curve
of phosphate adsorption on the composite. The
increase in flow rate from 1.5 to 3.5 mL/min resulted
in reduction in the breakthrough time from 14.9 to
5.5 h and in the exhaustion time from 24.0 to 8.9
h. The increase in the flow rate led to an increase
in the volume speed, leading to a reduction in the
time required to reach breakthrough and exhaustion
states. The adsorption capacity, calculated using Eq.
2, decreased from 20.40 to 18.23 mg-P/g as the flow
rate increased from 1.5 to 3.5 mL/min (Table 1). At
a high flow rate, the phosphate anions have a short
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Fig. 2: The Effect of (a) flow rate (h = 1.5 cm, C = 12 mg-P/L, pH =7, and d < 0.1 mm), (b) bed height (Q = 2.5 mL/min, C = 12 mg-P/L, pH =

7, and d £ 0.1 mm), (c) influent phosphate concentration (h = 1.5 cm, Q = 2.5 mL/min, pH =7, and d < 0.1 mm), (d) solution pH (h = 1.5 cm,

Q=2.5mL/min, C =12 mg-P/L, and d < 0.1 mm), and (e) composite particle size (m = 1.01 g cm, Q = 2.5 mL/min, C = 12 mg-P/L, and pH =
7), on the fixed-bed column studies

residence time in the bed, where composite particles
in the fixed-bed column have a short contact time with
the phosphate anions as the solution flows through
the bed (Gouran-Orimi et al., 2018). Consequently,
the possibility of phosphate anions passing through
the column before being completely adsorbed
increased because of the insufficient contact time for
adsorption equilibrium. In addition, the steepness of
the breakthrough curves increased with the increase
in flow rate. The different slope of the breakthrough

curves was due to the retention process. A high
flow rate led to an increase in mass transfer rate,
increasing the amount of phosphate captured onto
the adsorbent surface in the beginning of operation.
This caused an early saturation with a steeper slope
given in the breakthrough curves.

Breakthrough curves resulting from fixed-bed
column experiments at different bed heights (1.0,
1.5, and 2.0 cm) with a constant flow rate (2.5 mL/
min) and influent phosphate concentration (12 mg-
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Table 1: Fixed-bed column parameters for phosphate adsorption on am-Zr/MgFe-LDH composite

No.. . h C, m oH d ty, T te qe
(mL/min) (cm) (mg-P/L) (g) (mm) (h) (h) (h) (mg-P/g)

1 1.5 1.5 12 1.01 7 <0.1 14.9 17.33 24.0 20.40
2 2.5 1.5 12 1.01 7 <0.1 9.1 10.65 135 19.04
3 3.5 1.5 12 1.01 7 <0.1 5.5 7.19 8.9 18.23
4 2.5 1.0 12 0.68 7 <0.1 4.8 7.24 10.7 18.75
2.5 1.5 12 1.01 7 <0.1 9.1 10.65 135 19.04
5 2.5 2.0 12 1.36 7 <0.1 12.1 14.48 19.0 19.56
6 2.5 1.5 5 1.01 7 <0.1 18.7 22.28 28.7 17.08
2.5 1.5 12 1.01 7 <0.1 9.1 10.65 13.5 19.04
7 2.5 1.5 20 1.01 7 <0.1 4.4 6.04 7.8 19.13
8 2.5 1.5 12 1.01 4 <0.1 10.0 12.82 25.0 25.15
2.5 1.5 12 1.01 7 <0.1 9.1 10.65 13.5 19.04
9 2.5 1.5 12 1.01 10 <0.1 6.9 8.63 11.5 15.73
2.5 1.5 12 1.01 7 <0.1 9.1 10.65 13.5 19.04
10 2.5 1.8 12 1.01 7 0.1-0.5 4.2 7.51 16.0 15.80
11 2.5 2.0 12 1.01 7 0.5-1 0.5 4.49 19.0 12.45

P/L) are depicted in Fig. 2b. The figure demonstrates
that the breakthrough and exhaustion times were
extended when the bed height increased. Table 1
shows that the adsorption capacity increased from
18.75 to 19.56 mg-P/g as the bed height increased
from 1.0 to 2.0 cm. This was predictable as there
were more active binding sites at a higher bed height,
and these increased the adsorption areas (Mohan
and Dutta, 2020). Furthermore, a higher bed height
provides a longer packed composite through which
the phosphate anions pass, which allows a longer
residence time of phosphate, enabling it to be deeply
adsorbed within the composite. The bed height of 2.0
cm had a flatter breakthrough curve than the lower
bed height, which might be due to a broad mass
transfer zone provided by a high bed height.

Fig. 2c shows the adsorption curves of various
influent phosphate concentrations (5, 12, and 20
mg-P/L) at a constant bed height (1.5 cm) and flow
rate (2.5 mL/min). An increase in influent phosphate
concentration from 5 to 20 mg-P/L decreased the
breakthrough time from 18.7 to 4.4 h and exhaustion
time from 28.7 to 7.8 h. The concentration gradient
between the solution and adsorbent surface
increased at high phosphate concentrations, which
increased the driving force for phosphate adsorption
(Lee et al., 2019). Under these conditions, the limited
active binding sites in the column were inhibited
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rapidly, and saturated conditions were achieved in
a short period. This led to a steeper breakthrough
curve at higher influent phosphate concentrations.
This steeper curve at the high load of phosphate
anions signifies that the am-Zr/MgFe-LDH is likely
favorable for phosphate adsorption. The adsorption
capacity increased from 17.08 to 19.13 mg-P/g when
the influent phosphate concentration was raised
from 5 to 20 mg-P/L. A higher influent concentration
of phosphate can deliver more phosphate anions
into the outer and inner surface of the composite to
attach with the adsorption sites, which is possibly the
reason for an increase in adsorption capacity with
influent concentration increasing. In addition, a high
concentration gradient at high influent phosphate
concentration can overcome the mass transfer
resistance in the adsorbent surface, leading to an
increase in the adsorption capacity.

Another important parameter that affects the
dynamic phosphate adsorption process in a fixed-bed
column is the pH solution. Fig. 2d shows the effect of
phosphate solution pH (4, 7, and 10) on phosphate
adsorption breakthrough curves, while maintaining
a constant bed height (1.5 cm), flow rate (2.5 mL/
min), and influent phosphate concentration (12 mg-
P/L). It can be seen clearly that the breakthrough
time was reached in a longer time at a lower pH.
The breakthrough time increased from 6.9 to 10.0



h with decreasing pH from 10 to 4. As shown in
Table 1, a higher adsorption capacity (25.15 mg-P/g)
was obtained at a lower pH (acidic solution). The
adsorption capacity decreased significantly when
the influent pH increased from 4 to 10, signifying
that pH played a key role which affected the physical-
chemical interaction between the phosphate and
composite surface. The adsorbent surface was
positively charged at low pH, attracting the negatively
charged phosphate anions. Conversely, the number
of hydroxyl ions (OH") increased at higher pH, which
competed with phosphate anions to occupy more
active binding sites on the adsorbent surface and led
to the reduction of phosphate adsorption onto the
composite surface (He et al., 2016). The lower pH
showed a broader tailing edge in the breakthrough
curve shape, reflecting that the phosphate adsorption
onto composite bed in lower pH was extended with a
slow adsorption.

The effect of composite particle size on the
breakthrough curve of phosphate adsorption was
investigated by isolating the composite into three
groups of particle sizes using sieves with apertures
of different sizes (< 0.1 mm, 0.1-0.5 mm, and 0.5—
1.0 mm). The bed height (1.5 cm), flow rate (2.5
mL/min), and influent phosphate concentration
(12 mg-P/L) were kept constant. Fig. 2e shows the
breakthrough curves of phosphate adsorption
resulting from different composite particle sizes.
The bed performance of the smallest particle size (<
0.1 mm) was better than that of the larger particle
sizes, particularly for the initial part of the curve. The
reduction in particle size led to a longer breakthrough
time but a shorter exhaustion time. As the particle
size of the composite increased, the surface area per
unit volume decreased. Consequently, the number

of active binding sites on the surface of composite
with large particle size, that directly interact with
the phosphate ions in the solution, smaller than
the composite with a lower particle size resulted in
an earlier breakthrough time corresponding to the
completion of surface adsorption. However, after the
breakthrough point was achieved in the large particle
composite, the pore adsorption continued at a lower
rate, which resulted in a delayed exhaustion time.
Additionally, for smaller particle sizes with a higher
surface area (Oguz, 2017), phosphate adsorption
mostly occurred on the surface of the composite
with a large number of exposed active binding sites.
A decrease in particle size appears to have increased
the sharpness of the breakthrough curves and
delayed the breakthrough time.

Table 2 summarizes the phosphate adsorption
capacity of am-Zr/MgFe-LDH composite in this study
and calcined MgFe-LDH as well as other Zr-based
adsorbents in fixed-bed column adsorption. It was
demonstrated that am-Zr/MgFe-LDH composite
was found to have higher adsorption capacity than
calcined MgFe-LDH and positively comparable to most
of the Zr-based adsorbents reported in the literature.
This result confirmed that the combination of am-
Zr and MgFe-LDH resulted in favorable modification
in the adsorbent surface for effective phosphate
adsorption. The high phosphate adsorption capacity
of am-Zr/MgFe-LDH composite can be associated
with the development of a high amount of hydroxyl
groups in the adsorbent surface by am-Zr, where the
hydroxyl groups act as the effective binding sites for
phosphate anions.

Breakthrough curve modeling
Generally, the modeling of breakthrough curves

Table 2: Comparison of the phosphate adsorption capacity of am-Zr/MgFe-LDH composite with various adsorbents in fixed-bed column

Experimental condition

de

Adsorbent h C d Reference
(mL?min) (cm) (mg-(;’/L) PH (mm) (me-P/g)
Zr-FPS 1.77 1.6 0.411 2.01 - 1.73 Awual et al., 2011
Zirconium ferrite 0.083 - 20 7 0.7 2.6 Biswas et al., 2008
A-Zr-NP 6 4.8 20 5.4 - 5.59 Husein et al., 2017
Zr(IV)-loaded SOW gel 0.083 20 7 0.075-0.15 10 Biswas et al., 2008
Zr(IV)-loaded okara 12 9 5.5 7.6 0.3-0.15 14.97 Nguyen et al., 2015
Zr(IV)-loaded okara 12 23 5.6 3 1-0.6 16.43 Nguyen et al., 2015
Calcined MgFe-LDH 0.4 12 20 - 0.075-0.028 21.09 Sunetal., 2014
CS-Zr-PEPA 6 12 2.4 6.5 32.50 Chen et al., 2020
Am-Zr/MgFe-LDH 2.5 1.5 12 4 <0.1 25.15 Present study
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resulting from fixed-bed column adsorption is
essential for designing a column adsorption system
for practical applications. To describe the behavior
of dynamic phosphate adsorption onto the am-Zr/
MgFe-LDH composite in a fixed-bed column system,
three nonlinear mathematical model equations,
Yoon-Nelson (Eq. 5) (Yoon and Nelson, 1984), Thomas
(Eq. 6) (Thomas, 1944), and MDR models (Eqg. 7) (Yan
et al., 2001) were used.

1n[ccicj=sz—fkw (5)

ln(c"—lj _ndnm o (6)
C

In € _|- aln (C"Qtj—aln 7 (7)
c,-C 1000

Where, k., and k, are the Thomas kinetic
coefficient (L/mg min) and the Yoon-Nelson kinetic
coefficient (1/min), respectively, g, and q_, are the
predicted adsorption capacities (mg/g), T is the time
required for 50% phosphate adsorption breakthrough
(min), and a is an MDR model parameter.

The main parameters of each mathematical model
obtained by non-linear fitting of the breakthrough
data under different experimental conditions are
presented in Table 3. A simple Yoon-Nelson model
was applied to examine the phosphate adsorption
behaviorof the packed composite. This modelassumes
that the decrease in the adsorption probability of

each molecule is proportional to the adsorption
probability of the molecule and the probability of
molecule breakthrough on the adsorbent (Sotelo
et al., 2012). Although this model is based on the
adsorption probability, the R? (0.864—0.984) values
showed a good fit with the experimental data.
Additionally, the predicted values of t were similar
to those obtained from experiments (Table 1), except
for d values of 0.1-0.5 and 0.5-1.0 nm, where the
breakthrough curves deviated from ideal adsorption
system with an S-shaped profile characteristic. The T
values decreased with increasing flow rate, influent
phosphate concentration, pH, and adsorbent particle
size, and by decreasing the bed height. Conversely,
the k,, values indicated opposite trends in T values.
For instance, increasing the flow rate or decreasing
the bed height resulted in an increase in phosphate
ions passing the packed adsorbent for a given period
of time. Consequently, k increased and t decreased.

The Thomas and MDR models were also applied
to the experimental phosphate adsorption curves to
depict the entire breakthrough curve. The Thomas
model is based on the assumption that adsorption is
only controlled by the surface reaction between the
adsorbate and adsorbent surface, where the effects
of intra-particle diffusion and external film resistances
are neglected (Chittoo and Sutherland, 2020). The
MDR model was developed based on mathematical
issues to reduce the error resulting from the Thomas
model (Sana and Jalila, 2017). The values of predicted
q,, and q_, were close to the experimental g values
(percentage errors < 3%), except for d values of 0.5—
1.0 nm. Additionally, their trends in response to

Table 3: Yoon-Nelson, Thomas, and MDR model parameters for phosphate adsorption by am-Zr/MgFe-LDH composite in fixed-bed
column at various experimental conditions

. Yoon-Nelson Thomas MDR

Experimental X X

conditions No. (><1Y0b!2) T R? (x112;3) dth R? Gmdr a R?
1 0.96 17.33 0.958 0.76 19.91 0.958 19.94 8.157 0.966
2 1.59 10.65 0.962 1.29 19.02 0.962 19.01 8.583 0.969
3 1.92 7.19 0.984 1.55 18.44 0.984 18.31 7.796 0.990
4 1.82 7.11 0.961 1.01 19.10 0.972 18.79 4.845 0.985
5 0.95 14.48 0.960 0.76 19.49 0.960 19.45 6.987 0.970
6 0.70 22.28 0.974 1.33 17.16 0.974 17.10 8.693 0.981
7 2.19 6.21 0.968 0.81 19.05 0.964 19.05 6.980 0.975
8 0.81 12.83 0.916 0.48 24.67 0.926 24.66 4.418 0.953
9 1.89 8.40 0.974 1.16 15.84 0.978 15.73 6.840 0.986
10 0.52 8.66 0.943 0.42 15.61 0.943 15.33 2.516 0.985
11 0.25 5.78 0.864 0.21 10.21 0.864 10.80 1.370 0.931
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various experimental conditions were similar to those
of the experimental g. However, the Thomas model
was not completely fit with the experimental curves
as the phosphate adsorption on the am-Zr/MgFe-
LDH composite involved intra-particle diffusion as the
rate-limiting step. The slow intra-particle diffusion
of phosphate on the composite pores was signified
by the considerably slow adsorption from the C/Co
ratio of 0.85 to reach 1 (Chu, 2004). As can be seen
from Table 3, the MDR model showed larger R? values
than those of the Yoon-Nelson and Thomas models
for all experimental conditions. This indicates that
the phosphate adsorption behavior of the packed
am-Zr/MgFe-LDH composite in a fixed-bed column
system was better described by the MDR model in
each experimental condition. As the MDR model
based on the Thomas model, the results suggest that
adsorption follows the Langmuir isotherm, which
suggests that the driving forces obey second-order
reversible reaction kinetics with no axial dispersion in
the column (Sana and Jalila, 2017).

Phosphate adsorption from real municipal anaerobic
sludge filtrate and synthetic seawater

The anaerobic sludge used in this study was
collected from an eastern municipal wastewater
treatment plant in Ube, Japan. Before use in the
column adsorption test, the sludge was allowed to
stand for 24 h for deposition, and the supernatant
was filtered using a 0.45 um filter membrane. The
effect of seawater ions on phosphate adsorption
in seawater was also investigated using synthetic
phosphate-containing seawater (P seawater). As 99%
of the seawater electrolyte concentration consists of
NaCl, Na,SO,, KCl, MgCl,, and CaCl,, synthetic seawater
was prepared using these salts, corresponding to a
salinity of 15 PSU (Zhang et al., 2020). The 15 PSU

salinity was chosen to represent the salinity of the
mesohaline estuary (salinity ranges from 5 to 18
PSU), an area that has great potential to be eutrophic
and needs attention (Brush, 2009). For comparison,
phosphate adsorption was also conducted in synthetic
phosphate-containing water (P water). The details
of the sludge, synthetic P seawater, and P water are
listed in Table 4. In this experiment, an adsorbent
particle size range of 0.1-0.5 mm was used to prevent
column clogging by extremely small particles present
in the sludge filtrate. Each water sample was pumped
through the 1.0 g of adsorbent column at flow rate of
2.5 mL/min.

Fig. 3 shows a comparison of the breakthrough
curves for phosphate adsorption onto the composite-
packed column using real anaerobic sludge filtrate,
synthetic P water, and seawater. The earlier
breakthrough of phosphate adsorption in anaerobic
sludge might be due to the high concentration of
carbonate (CO,*), which is signified by high alkalinity
(Table 4). Nuryadin et al. (2021) found that CO_* (or
bicarbonate) was highly competitive with phosphate
for the active binding sites on the adsorption
surface. Furthermore, the presence of extremely
fine suspended solids that passed through the filter
during filtration in the filtrate could interfere with the
transfer of phosphate from the bulk liquid to the am-
Zr/MgFe-LDH composite surface (Sun et al., 2014).
The adsorption capacity of the sludge filtrate (8.99
mg-P/L) was lower than that in synthetic P water
(13.12 mg-P/L). However, phosphate adsorption was
not negatively affected by the seawater ions, but was
enhanced after the breakthrough point passed. The
adsorption capacity in synthetic P seawater was 19.99
mg-P/L. The positively charged seawater ions (such
as Na*, Mg?*, Ca*, and K*) in the solution were easily
attracted by an adsorbent surface that became more

Table 4: The details of anaerobic sludge filtrate, synthetic P water, and synthetic P seawater used in fixed-bed column phosphate
adsorption

Anaerobic sludge filtrate

Synthetic P seawater

Synthetic P water

Parameter Value Parameter Value Parameter Value
pH 8.51 pH 8.10 pH 8.51
Phosphate (POs-P) 14.24 mg/L Phosphate (PO4-P) 14.58 mg/L Phosphate (PO4-P) 14.23 mg/L
TSS 168.67 mg/L NaCl 10519.20 mg/L

CoD 400.00 mg/L MgCl, 2094.64 mg/L

Chloride (CI) 574.82 mg/L NazS0s 1704.48 mg/L

Nitrate (NOs™-N) 14.58 mg/L CaCl, 488.31 mg/L

Alkalinity (CaCOs3) 109.70 mg/L KCl 298.21 mg/L
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Fig. 3: Breakthrough curves for phosphate adsorption from anaerobic sludge filtrate, synthetic P water, and synthetic P seawater (m =
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Fig. 4: Continuous phosphate desorption curve on am-Zr/MgFe-LDH composite column by 0.1 N NaOH (h = 1.5 cm and Q = 2.5 mL/min)

negatively charged after initial phosphate adsorption.
Thisincreased positive charge on the adsorbent surface
and promoted subsequent phosphate adsorption.
According to the results, the composite adsorption
capacity reduced due to the highly carbonated
wastewater in the continuous adsorption system.
However, it exhibited more favorable phosphate
adsorption in synthetic seawater.

Column regeneration and reusability
The effectiveness of the adsorbent for practical
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applications depends on the adsorption capacity
and efficiency of adsorbent regeneration and
reusability. However, the reuse of an adsorbent
requires a desorption agent to desorb phosphate
from the adsorbent for regeneration. To ensure
that the adsorbent was saturated with phosphate
before the regeneration study, a phosphate solution
(C =12 mg-P/L, pH = 7) was pumped (Q = 2.5 mL/
min) to the column (h =1.5 cm, d £ 0.1 mm) for 24 h.
The exhausted composite was regenerated with 0.1
N NaOH at a flow rate of 2.5 mL/min. The effluent



phosphate concentrations in a continuous desorption
curve of phosphate at particular time points were
determined and are shown in Fig. 4.

The desorption curve was an asymmetrically
shaped curve with significantly high desorption at
the beginning, followed by a flattened decline. The
regeneration study was conducted for 8 h when
the effluent concentration was 0.51 mg-P/L. Fig. 4
shows that the maximum phosphate concentration
was obtained within 5-10 min, indicating that the
majority of the phosphate amount desorbed during
this period. The flattened curve was observed after a
one-hour desorption, indicating that almost complete
desorption was achieved after 1 h with a desorption
efficiency (100 % x q,.__, /0.......s) Of 91.7% and an
effluent concentration of 13.82 mg-P/L. However,
a total regeneration of 98.8% was achieved after
an eight-hour operation. The regenerated column
was reused for subsequent adsorption to assess the
reusability of the column, and its breakthrough curves
and regeneration capacity after eight adsorption-
desorption cycles are shown in Fig. 5. A significant
decrease in the column adsorption capacity (~8.0%)
was observed in the second cycle, as depicted by the
earlier breakthrough point after the first cycle (Fig.
5a). These breakthrough points appeared to shift
slowly to an earlier time, signifying a slow decrease
in the adsorption capacity after the second cycle (Fig.
5b). The gradual decrease in adsorption performance
is attributed to the loss of active binding sites from
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the previous adsorption process, particularly in the
first cycle, by strongly attached phosphate, which
is difficult to desorb. The decrease in adsorption
capacity from the first to the eighth cycle was
approximately 17%, indicating that the composite
may be suitable for practical applications.

Adsorption mechanism

The possible mechanism of phosphate adsorption
by the composite was further investigated using
FTIR, XRD, point of zero charge (PZC), and XPS
analyses. The functional groups of the composite
before and after adsorption were identified using
FTIR spectroscopy, and the spectra are shown in Fig.
6a. The intense and broadband centered at 3430
cm™ and the band at 1640 cm™ could be attributed
to strong OH stretching and structural OH bending
vibrations due to the presence of structural hydroxyl
groups and physically adsorbed water molecules in
the samples, respectively (Su et al., 2013; Tang et
al., 2018). The bands of the Zr-OH bending vibration
were observed at approximately 1353 cm™ and 1565
cm™, and the band of CO,* antisymmetric stretching
in the interlayer was detected at 1358 cm™ (Dou et
al., 2012; Magri et al., 2019; Zhang et al., 2013).
These bands were weakened after phosphate
adsorption, indicating that phosphate anions were
successfully adsorbed by replacing hydroxyl bonds
and by exchanging some carbonate anions in the
LDH interlayer. In addition, phosphate adsorption
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Fig. 5: Column reusability study: (a) phosphate adsorption breakthrough curve on am-Zr/MgFe-LDH composite for each consecutive eight
adsorption-desorption cycles at a flow rate 2.5 mL/min, and (b) column adsorption capacity calculated for each adsorption cycle (the
numbers above the bar are adsorption retain ratio of phosphate adsorption capacity)
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Fig. 6: (a) FTIR spectra and (b) XRD patterns of am-Zr/MgFe-LDH composite before and after adsorption

in the composite was confirmed by the appearance
of a new peak near 1057 cm™ after the adsorption
process, which could be attributed to the P=0 bond
(zha et al., 2018).

Fig. 6b shows a comparison between the
XRD patterns of the composite, before and after
phosphate adsorption. The patterns exhibited the
presence of an LDH structure with a typical halo
pattern of amorphous zirconium hydroxide. There
was no significant change in the structure and no
additional characteristic peak was observed in the
patterns after the adsorption process. However, the
structure showed a lower crystallinity. The decrease
in crystallinity confirmed the occurrence of phosphate
adsorption, which caused a disordered structure in
the composite surface.

The phosphate adsorption mechanism was further
evaluated by deconvolution of the XPS spectra. As
depicted in Fig. 7a and Fig. 7b, the peaks of the Mg 1s
and Fe 2p spectra shifted to higher binding energies
after phosphate adsorption by about 0.2 eV for Mg
1s, 0.4 eV for Fe 2p1, and 0.2 eV for Fe 2p3. This
enhancement of binding energy values was caused
by electron withdrawal from the negatively charged
O atoms of the phosphate species to the valence
band of Mg s1 and Fe 2p and the formation of Mg-
O-P and Fe-O-P through surface complexation (Hong
et al., 2019; Liu et al., 2019). This indicated that the
surface of LDH in the composite was also involved
in the phosphate adsorption process. As presented
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in Fig. 7c, the two peaks centered at 181.85 eV and
184.20 eV were assigned to Zr-O-Zr bonds of Zr 3d,,
and Zr 3d, , in the composite, respectively. The main
peaks of Zr 3d were shifted to a higher binding energy
of approximately 0.2 eV after phosphate adsorption,
indicating that electron transfer occurred in the
valence band and Zr-O-P inner-sphere complexation
was formed by substituting the hydroxyl groups
of am-Zr (Zhang et al., 2019). This shift also can be
attributed to the overlap from two new Zr-P peaks in
higher binding energies (182.35 eV and 184.79 eV)
which formed through ligand exchange (Zong et al.,
2016). These indicated that phosphate was adsorbed
chemically on the composite surface. As shown in
Fig. 7d, the C 1s spectra of the composite can be
divided into four different peaks: C-C (284.5 eV), C-O
(285.2 eV), C=0 (288.8 eV), and metal carbonate (M-
CO,) (289.6 eV) (Lai et al., 2020). After phosphate
adsorption, the relative area of the metal carbonate
decreased from 14.7% to 5.2%. This signified that
the carbonate in the LDH interlayer took part in the
phosphate adsorption process via ion and ligand
exchange.

Nuryadinetal.(2021) reported that the adsorption
was high at low pH (particularly at pH 2 and 3)
and decreased at higher pH (notably at pH 10). To
explain this condition, the PH, . of the composite was
investigated by PMT, and the plotted experimental
curves are shown in Fig. 8. The curves show an
intersection point at a pH of approximately 9.7, which
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was identified as the PH_ .. of the composite. This charged composite surface as the solution pH was
indicates that the significant decrease in adsorption higher than PH This result indicates that the
efficiency at pH 10 was triggered by the negatively electrostatic bond also contributed to the phosphate
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Fig. 9: Proposed mechanism of phosphate adsorption on am-Zr/MgFe-LDH composite

adsorption mechanism between the composite
surface and phosphate anions, particularly at pH
values lower than 9.7.

Based on the analysis of adsorption in varying
pH solutions, FTIR spectra, XRD patterns, and XPS
spectra, the potential adsorption mechanisms
involved in the composite during the adsorption
process were found to mainly consist of electrostatic
attraction between the positively charged adsorbent
surface and phosphate anions (particularly at low
pH), inner-sphere complex formation between metal
hydroxides and phosphate anions on the adsorbent
surface, and exchange of carbonate anions in the
LDH interlayer. The proposed phosphate-adsorption
mechanism is illustrated in Fig. 9. The presence of
am-Zr on the surface of the LDH likely increased
the adsorption capacity of the composite. The
zirconium species, which is in amorphous form, have
a massive number of hydroxyl groups as the active
binding sites for the phosphate anions. Moreover,
the crystallization of am-Zr on the LDH matrix was
presumably suppressed during synthesis, leading to
the formation of nanosized am-Zr (Nuryadin et al.,
2021). The nanosized materials are preferable for
adsorbent because the crystal has a large surface
area for adsorption sites. Therefore, we suggest that
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the high phosphate adsorption of the composite
is mainly associated with the presence of highly
hydrated am-Zr collaborated with the ability of MgFe-
LDH for adsorbing phosphate by anion exchange and
surface adsorption.

This study involves the application of a synthesized
am-Zr/MgFe-LDH composite as a phosphate sorbent
in a continuous fixed-bed column system as well as
the investigation of the feasibility of its reusability
using NaOH solution in regeneration process. The
results of the column experiments showed that the
phosphate adsorption capacity of the composite
was affected by the flow rate, bed height, influent
phosphate concentration, influent pH, and composite
particle size. The increase in the flow rate, pH, and
adsorbent particle size, decreased the phosphate
adsorption capacity of the composite. Contrarily,
the phosphate adsorption capacity of the composite
increased with increasing bed height and influent
phosphate concentration in the fixed-bed column
system. The highest adsorption capacity of 25.15
mg-P/L was obtained when the influent pH was 4,
indicating that the adsorption of phosphate onto the
composite surface is favorable in acidic. From the



non-linear fitting of the breakthrough data, the MDR
model was found to be the best model for predicting
the experimental phosphate adsorption behavior of
a packed composite in a fixed-bed column system, as
compared to the Yoon-Nelson and Thomas models.
The phosphate adsorption capacity of the composite
decreased when it was used in wastewater with a high
(bi)carbonate concentration. However, it exhibited a
more effective phosphate adsorption in synthetic
seawater. The column regeneration studies revealed
that 91.7 % of adsorbed phosphorus was desorbed
during the one-hour desorption, and 83% of the fresh
composite adsorption ability could be retained even
after eight adsorption-desorption cycles. The PH o
FTIR,XRD, and XPSanalysesindicated that electrostatic
attraction, inner-sphere complexation, and anion
exchange played an important role in phosphate
adsorption. The am-Zr/MgFe-DH composite has
the potential to be utilized as an adsorbent for
phosphorus removal from aqueous solutions as it has
high phosphate adsorption capacity and reusability.
Although, this study provides helpful information
for the design of a practical system for phosphorus
removal and recovery, some considerations should
be taken to improve the performance of the
composite adsorption system in future work. First,
the application of economical pretreatment to reduce
(bi)carbonate from wastewater before process, such
as chemical precipitation, since (bi)carbonate is the
most competitive anion for phosphate adsorption
onto the composite. Second, the use of adsorption
byproduct to create an economic adsorption system,
such as the processing of desorbed phosphorus
in the regeneration process to a valuable product
like hydroxyapatite, or the application of saturated
composite as the slow release phosphate fertilizer.
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