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ABSTRACT

A new granular mesoporous ceramic adsorbent based on Hangjin clay was developed to
evaluate the feasibility for phosphorus removal from aqueous environment. Batch
experiments were performed to study the influence of various experimental parameters
such as contact time, initial phosphorus concentration, initial pH, and surrounding
temperature on the adsorption of phosphorus. Four kinetic models were tested, and the
pseudo-second-order kinetic model fitted well with the adsorption kinetics. Besides that, the
kinetic data were also fitted to the intra-particle diffusion model, presenting three linear
regions, indicating that the kinetics of adsorption should follow multiple sorption rates. The
equilibrium data revealed the Sips and Redlich-Peterson isotherm models fitted well with
the phosphorus sorption process. The maximum adsorption capacity of ceramic adsorbent
for phosphorus removal was 5.96 mg g . The optimum phosphorus removal was observed
between pH ranges of 4.0-12.0. The calculated thermodynamic parameters indicated that
the adsorption process was spontaneous and endothermic in nature. Adsorption process
appeared to be controlled by the mechanism of electrostatic attraction, ligand exchange, and
chemical precipitation.

Keywords: Phosphorus removal; Hangjin clay; Redlich-Peterson model; Kinetics and
isotherms; Adsorption mechanism

1. Introduction

Phosphorus has been known as an essential
nutrient for the growth of organisms in ecosystem;
however, amounts of soluble phosphorus in wastewa-
ter from household, agricultures, and industries could
cause severe ecological problems such as algal
blooms and eutrophication [1-3]. Additionally, limited
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availability of the exploitable reserves of phosphate
rock emphasizes the need for phosphorus recovery
from high P content wastewater [4]. On the basis of
above considerations, it is essential to develop effec-
tive methods for removing phosphorus from effluents,
while facilitating its recovery.

The conventional methods used to remove phos-
phorus from aqueous effluents include chemical pre-
cipitation [5], biological processes [6,7], ion exchange
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[8,9], membrane technologies [10], and adsorption
[11]. Among these methods, adsorption has been
found to be superior to other techniques based on its
high removal efficiency, easy operation, high effi-
ciency, less sludge, and low cost [11]. A large number
of adsorbents have been tested for the removal of
phosphorus from aqueous solution, for example,
hydrated metal oxide [12], Ca-based materials [13],
and modified activated carbon [14,15]. Due to the high
investment of these materials, a plenty of low-cost
adsorbents such as agricultural waste, industrial tail-
ings and different natural soil materials have gained
significant research attention for phosphors removal in
recent years. For example, Barca et al. reported high
phosphorus adsorption capacity for steel slag [16],
while Oguz found that the adsorption of phosphorus
by blast furnace slag was effective [17]. Similarly,
Karaca et al. analyzed effectiveness of dolomite in the
removal of dissolved phosphate [18]. However, a
major problem of using these adsorbents is the diffi-
culty in separation after use since the adsorbents are
present in powder form.

In China, rare earth mining produced a large
amount of industrial tailings waste including the
Hangjin clay every year. This clay is mainly present in
Inner Mongolia of China and contains quartz, feld-
spar, calcite and amorphous iron oxide (Fe,O3). Many
effective components of the Hangjin clay such as sili-
cium, calcium, and aluminum and their oxides can be
useful in the phosphorus removal [18]. In this work, a
spherical particle was prepared from the Hangjin clay
for the removal of phosphorus. The main objective of
this study was to investigate the mechanism of phos-
phorus removal process at the solid-liquid interface
based on the adsorption kinetic and isotherm charac-
teristics. The study outcomes are expected to con-
tribute to the recycling of rare earth tailings waste and
phosphorus.

2. Materials and methods
2.1. Chemical reagents and adsorbent preparation

The Hangjin clay (particle size < 200 mesh) used in
this study was obtained from the region of Hangjinqi
(Ordos, China). Montmorillonite was purchased from
the Zhenyongwei Technology Development Co., Ltd
(Beijing, China). Corn straw was collected from the
outskirts (Beijing, China), dried in an electric oven at
50 + 2°C for 48 h and milled with a small high-speed
smashing machine (KINGSLH ZX-08, China) for
10 min before passing it through a 160 mesh sieve.
Finally, the fine powders were stored at room temper-
ature in an airtight container for further experiments.
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All chemical reagents were of analytical grade, and
were obtained from the Sinopharm Chemical Reagent
Co., Ltd (Beijing, China). Phosphorus stock solution of
200 mg L' concentration was initially prepared by
dissolving KH,PO, reagent in deionized water and
was serially diluted to obtain solutions at different
concentrations for further experiments. The solution
pH was adjusted with 0.1 M HCl and 0.1 M NaOH
solutions.

The Hangjin clay, montmorillonite and corn straw
powders were manually blended homogeneously at
2:1:1 w/w/w) and mixed with deionized water.
Montmorillonite was used as a bonding agent to
enhance the stability of the adsorbent, while corn
straw was used to increase the pore size. After the
artificial granulation procedure, nearly spherical gran-
ular composite material with a diameter of 2-3 mm
was prepared. The samples were then dried in an
electric oven at 105+ 2°C for 24 h and calcined at
600°C for 1h in a muffle furnace in the presence of
air. Finally, the novel granular ceramic adsorbent was
cooled to room temperature in a desiccator for further
studies.

2.2. Batch studies

Batch studies were conducted in triplicates at room
temperature (25 + 2°C) using 100-mL phosphorus solu-
tions with initial concentrations of 10 and 50 mg L'
in 250-mL conical flasks without any shaker in order
to investigate the effect of contact time and adsorption
kinetics. For the adsorption isotherm study, the initial
phosphorus concentrations were varied between 5 and
100 mg L' at predetermined temperatures (10, 20, 30,
and 40°C). The effect of pH was investigated by vary-
ing the pH in the range of 2.0-13.0, using 0.1 M HCI
and 0.1 M NaOH solutions, at an initial phosphorus
concentration of 10 mg L™'. During the adsorption
process, 1-mL aqueous sample was withdrawn at pre-
set time intervals, and then filtered through a 0.45 um
cellulose acetate filter to determine the phosphorus
concentration.

The amount of phosphorus adsorbed at any time
per unit mass of the sorbent and the phosphorus
removal efficiency were calculated using Egs. (1) and
(2) [15]:

g = G =CV M

x 100 % ()
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where g, (mgg™") is the amount of phosphorus
adsorbed per unit mass of sorbent at any time f (i.e.
adsorption capacity); R (%) is the removal efficiency;
Co (mg L") and C, (mg L") are the initial and equi-
librium phosphorus concentration in solutions, respec-
tively; V (L) is the volume of phosphorus solution;
and m (g) is the mass of sorbent added.

2.3. Analytical methods

Phosphorus analysis was carried out with a
UV-visible spectrophotometer using the molybdenum
antimony method at 700 nm (HACH-DR/5000, USA).
A digital standard pH meter (ORION 8157BNUMD,
USA) was used for pH measurement. Surface mor-
phology of samples was analyzed using a scanning
electron microscope (SEM) (SHIMADZU SSX-550,
Japan). The specific surface area of samples was deter-
mined by the Brunauer-Emmett-Teller (BET) method
with N, adsorption (COULTER ASAP2020 M, Japan).
Elemental analysis of samples was undertaken using
an electron probe microanalysis instrument (SHI-
MADZU EPMA1600, Japan). The crystalline structure
of materials was characterized by the X-ray diffrac-
tometer (XRD) (D8 Focus, Germany). Fourier trans-
form infrared (FTIR) spectroscopy (SHIMADZU
IRPrestige-21, Japan) was used to investigate the pres-
ence of the functional groups in the samples before
and after the experiments. The metal elements
released were analyzed by the inductively coupled
plasma optical emission spectrometer (ICP-OES)
(THERMO ICAP6300, USA).

3. Results and discussion
3.1. Material characterization

The photos of original and treated samples are
shown in Fig. 1(a) and (b), respectively. As evident
from Fig. 1, a distinct thick layer of white crystals was
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attached on the surface of the treated sorbent in
comparison to the original sorbent. The transformation
of minerals during the adsorption is also evident in
the SEM images. Fig. 1(c) and (d) show the surface
characteristics of the original and treated sorbent at a
magnification of 500x. It can be seen that Fig. 1(c)
shows the samples had considerably loose and rough
surface and complex drape trench texture morphology
before phosphorus adsorption. But as seen from
Fig. 1(d), the composite surface significantly changed
with abundant agglomerates attached on the surface
of the treated sorbent. Most of the rough drape struc-
tures were filled and covered by layered crystals,
which can be attributed to the phosphorus adsorption
onto the surface active sites. The typical nitrogen
adsorption—-desorption isotherms and their corre-
sponding pore-size distributions (PSD) for the ceramic
adsorbent are shown in Fig. 2(a). According to the
International Union of Pure and Applied Chemistry
(IUPAC) classification, the sample displayed the
IV-type isotherm model, which is typical to many
mesoporous adsorbents [19]. The hysteresis in the iso-
therm model appeared in the range of 0.44-0.98 of
physisorption isotherms suggesting that capillary con-
densation took place in mesopores structures. In the
range of relative pressure between 0.4 and 1.0, the
shape of hysteresis loop resembles type-H3, which
may be attributed to an increase in the N, sorption in
mesoporous [19,20]. The corresponding pore size dis-
tribution of the original sample was determined using
the Barrett-Joyner-Halenda (BJH) method from the
adsorption isotherms. The PSD curve shows that the
typical surface of the adsorbent is highly porous, with
pore diameters ranging from 2 to 30 nm. Furthermore,
the adsorbent had relatively high BET-specific surface
area of 75.344 m”> g ', and high total pore volume of
0.150 cm® g~ ! (Table 1) that can facilitate the phospho-
rus adsorption.

The outcomes of the electron probe micro analysis
(EPMA) of adsorbent are shown in Table 1. As evident

Fig. 1. Photo of (a) pristine granular ceramics and (b) granular ceramics after adsorption; SEM images of surface section
of (¢) pristine granular ceramics 500 and (d) granular ceramics after treated 500x.
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Fig. 2. (a) Nitrogen adsorption/desorption isotherms and pore size distribution curves of pristine granular ceramic
adsorbent, (b) Mapping of P element analysis in treated adsorbent by Electron Probe Micro Analyzer (EPMA), (c) X-ray
diffraction (XRD) of precipitate and (d) FTIR spectra of granular ceramics before and after adsorption phosphorus.
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Table 1
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Surface area characterization of pristine granular ceramics, component analysis of pristine/adsorbed granular ceramics,

and solution precipitates

Pore volume

Sger (m? g™) (em®g™) Average pore size (nm)
L . 75.344 0.150 7.684
Surface area characterization (pristine)
Composition (wt%) Ca Si Al Fe K Mg Na @) p
Pristine sorbents 12.35 14.78 9.51 3.39 1.52 2.31 0.29 55.85 -
Treated sorbents 14.26 13.55 4.75 3.67 1.28 1.83 0.35 51.91 8.40
Solution precipitate 26.51 3.52 2.03 1.31 0.23 0.25 - 51.30 14.85

in Table 1, the original adsorbent contained abundant
metal/nonmetal elements (M) and their oxide com-
pounds (MO). The percentage mass content of Ca, Fe,
and K ions shows no significant changes between
original and treated adsorbent. However, decreased
amount of Al, Si, and Mg ions was found in treated
adsorbent, which could be due to the loss of some ele-
ments via hydration and dissolution. Phosphorus
appeared on the surface of the treated adsorbent with
a weight percentage of 8.40%, indicating that phos-
phorus was bound to the active sites present on the
surface of adsorbent. The precipitates obtained after
adsorption primarily contained P and Ca with the
weight percentages of 14.85 and 26.51%, respectively,
along with a small amount of elements such as Al, Fe,
and Si (Table 1). P elemental analysis by EPMA map-
ping in Fig. 2(b) also shows that P was adsorbed well
and dispersed throughout the entire surface of the
adsorbent, indicating that the ceramic adsorbent had
been effective for phosphorus removal. The X-ray
diffraction pattern of precipitate powder is presented
in Fig. 2(c). It was found clearly that the main compo-
nent in precipitation was hydroxyapatite, which sug-
gested that the uptake of phosphorus ions is partly by
chemical adsorption.

The FTIR spectra of original and treated ceramic
adsorbent are shown in Fig. 2(d). The figure displays
a number of absorption peaks, indicating that the
material had complex chemical characteristics. The
infrared spectrum suggested adsorbent heterogeneity,
which was further confirmed by different characteris-
tic peak with the possible presence of hydroxyl (535,
611, 3,200-3,600 cm™'), hydrocarbyl (2045, 2,360 cm™")
and carbonyl (1,640 cm™") groups, C-H bending bond
(867, 990 cm™!) and C-O stretching bond (773, 831,
1,265cm™") of carboxyl groups, CH; symmetrical
deformation mode (1,385 cm™!) and C-O-C bonds
(1,088 cm™) [21]. Smoother and red shifted bands
were observed in the spectrum after adsorption of
phosphorus at about 3,200-3,600 cm™ !, This can be

attributed to the complexation of phosphate ions with
the ionized hydroxyl and to the bond with O-H bands
of carboxylic acids leading to a weak O-H stretching
vibration. The changes in functional groups and sur-
face properties of adsorbent were illustrated by the
stretching transformation of several key bands, and
further indicate the existence of ligand exchange
mechanism between phosphate and -OH on the sor-
bent surface during the sorption process.

3.2. Effect of contact time and adsorption kinetics

The effects of contact time and the phosphorus
sorption kinetic characteristics were investigated to
determine the phosphorus adsorption rate and the
main sorption mechanisms. As evident from Fig. 3(a),
the slope is relatively steep during the initial 10 h sug-
gesting a rapid adsorption rate. This can be attributed
to the significant amount of free surface area were
available on the ceramic leading to the adsorption of a
large number of phosphate ions onto the adsorbent.
Since the availability of free surface areas decreases
subsequently, the rate of phosphorus adsorption
decreased [22]. Consequently, the removal rate gradu-
ally slows after 10 h. It is worthy to note that only
insignificant amount of phosphorus removal takes
place after 24 h. Thus, the optimum contact time for
the adsorption was taken as 24 h.

Four kinetic models, including pseudo-first-order,
pseudo-second-order, Elovich, and intra-particle diffu-
sion models, were used to investigate the phosphorus
adsorption kinetics. The first two models are based on
the adsorption capacity, predicting the behavior over
the concentration range investigated and assume that
the physisorption and chemisorption are the rate-con-
trolling steps. Two nonlinear kinetic equations are
given below as Egs. (3) and (4) [23], respectively:

g =q. (1 —el77) 3)
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Fig. 3. (a) Effect of contact time, (b) Initial-particle diffusion modeling, (c) Effect of initial pH on phosphorus adsorption,
and (d) Effect of pH on the zeta-potential of adsorbent. Initial phosphorus concentration 10 and 50 (mg L"), adsorbent

dosage 1 (g 100 mL™"), and temperature 25 = 2°C.

kzqgt

qt

where g. and g; are the amount of phosphorus
adsorbed (mg g™') at equilibrium and at time t (h),
respectively, k; (h™') and k, (g mg™' h™") are the first-
and second-order reaction rate constant, respectively.
The 4> and R? values for the pseudo-second-order
model were slightly batterer than that for the pseudo-
first-order model (Table 2) suggesting that the
phosphorus adsorption kinetics followed the pseudo-
second-order model well. It can be indicated that the
chemical adsorption is the process of rate-limiting step
[24]. Similar results were also reported by previous
researchers [25,26].

The Elovich equation is for general application to
chemisorption kinetics [27]. This model has been
applied satiafactorily to some chemisorption processes
and has been found to cover a wide range of slow
adsorption rates. The Elovich kinetic model could be
written as [28]:

=) )

%)

where o (mg g ' h™") is the initial adsorption rate and
B (gmg™") is related to the extent of surface coverage
and the activation energy involved in chemisorption.
It could be stressed that although the best R* value
obtained with the concentrated solution of phosphorus
(50 mg LY, conversely, with the lower initial concen-
tration of phosphorus (10 mg L™), the value of R* was
little bit worse.

The kinetic experimental data were further ana-
lyzed with the intra-particle diffusion model. The
adsorption mechanism followed a three-stage process:
film diffusion, intra-particle diffusion and ion binding
on active sites. The linear form of the equation is
given in Eq. (6) [29], which can confirm the presence
or absence of intra-particle diffusion:

gr = kiq 2 4 C (6)
where kg (mg g ' h™'/?) is the intra-particle diffusion
rate constant, while i = 1-3 represents the three stages
of adsorption, respectively; and C is the constant
indicating the thickness of the boundary layer. The
intra-particle diffusion is the only rate-controlling step
if the plot is linear and passes through the origin. The
parameters kig and C can be determined from the
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Table 2

Kinetic models constants for sorption of phosphorus at
different initial phosphate concentration. Initial phospho-
rus concentrations 10 and 50 (mg L"), adsorbent dosage 1
(g 100 mL™"), and temperature 25 + 2°C

Initial concentration (mg

L™

10 50
Pseudo-first-order
ki (h™h) 0.1010 0.1231
ge (mg g™ 1.0408 3.3837
ba 0.0036 0.0032
R? 0.9950 0.9956
Pseudo-second-order
ky (gmg ' h™) 0.0627 0.0263
ge (mg g™ 1.3986 4.3789
ba 0.0015 0.0028
R? 0.9972 0.9964
Elovich
a(mgg'h™) 0.2699 1.0895
B (gmg ™) 3.3224 0.9807
Pa 0.0551 0.0018
R? 0.9935 0.9979
Intra-particle diffusion
kig (mg g~ ' h™%%) 0.6737 0.9553
R? 0.9952 0.9985
kzq (mg g ' h™"%) 0.1933 0.5310
R3 0.9998 0.9989
ksq (mg g ' h™*) 0.0256 0.0327
R3 0.9022 0.8304
slope and the intercept of the linear plot of g; vs. t'/2,

respectively, as shown in Fig. 3(b).

Fig. 3(b) clearly shows that the plot is not a
straight line over the entire time range. Three steps
are shown on the curve with the first line corre-
sponds to the external surface adsorption while the
second line represents the internal surface
adsorption. The presence of the third line on the
curve is attributed to the presence of the saturation
step. In addition, k14 was greater than koq and ksg in
Table 2, indicating that the external surface
adsorption was significantly faster than the intra-
particle diffusion. Furthermore, the curve did not
pass through the origin (C; # 0) suggesting that the
intra-particle diffusion was not the only rate-limiting
step [29]. Therefore, both film diffusion and pore
diffusion were likely to have influenced the
adsorption process.
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3.3. Adsorption equilibrium isotherm

The adsorption isotherm describes the relationship
between the amount of adsorbate uptaken by the
adsorbent and the adsorbate concentration remaining
in solution [28]. There are many equations for
analyzing experimental adsorption equilibrium data.
The equation parameters of these models often pro-
vide some insight into the adsorption mechanism. In
this study, the Langmuir, Freundlich, Sips and
Redlich—Peterson isotherm models were tested.

The Langmuir isotherm model assumes that the
adsorbent surface is homogenous and the adsorption
energy for each adsorption site is equivalent. Solute
immobilization occurs without mutual interactions
between the molecules adsorbed at the surface [30]. The
nonlinear forms of the Langmuir isotherm equation is:

de 1

Ce - Kyp Im

)

where g. (mg g™') is the amount of solute sorbed per
unit weight of material; C. (mg g™") is the equilibrium
concentration of phosphorus; g, (mgg ') is the
maximum adsorption capacity of the material, and K,
(L mg™") are the Langmuir constants corresponding to
the binding energy of the sorption system.

The Freundlich model is based on an exponential
distribution of adsorption sites and energies, and
mutual interaction between adsorbed molecules is
possible [30]. The nonlinear forms of the Langmuir
and Freundlich equations are expressed as [31]:

ge = Ke CI/1 ®)

where Kr (mg g~ ') and 1/#n are the empirical constants
in the Freundlich isotherm, indicating that the
sorption capacity factor and intensity parameter,
respectively.

The Sips model is empirical and it consists of the
combination of the Langmuir and Freundlich isotherm
type models. This model takes the following form
[32]:

g AnKsC” ©)
1+ KsCY"

where Ks (mg L") is the Sips constant related with
affinity constant and 1/ is the Sips exponent.

The Redlich-Peterson model also is an empirical
equation that describes an equilibrium isotherm [33]:
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Kgrp Ce

= (10
1 + agrp C3

e

where Kip (L mgfl) and agp (mg L") are Redlich-
Peterson constants and g is the Redlich-Peterson
dimensionless, whose value should be <1. This equa-
tion reduces to a linear isotherm in the case of low
surface coverage (¢ =0) and to a Langmuir isotherm
when g =1 [28].

The data of the fitted models are presented on
Table 3. Based on the y* and R? values, the Langmuir,
Sips and Redlich-Peterson isotherm models show a
better fit than the Freundlich model at low tempera-
ture (10 and 20°C). This indicates that phosphate ions
were adsorbed in the form of monolayer coverage on
the surface of adsorbent at low temperature. Con-
versely, the Freundlich, Sips, and Redlich-Peterson
models show a better fit with the experimental data at
higher temperatures such as 30 and 40°C. This implies

Table 3

Isotherm constants for phosphate adsorption at different
temperatures. Initial phosphorus concentrations 10-100
(mg L"), adsorbent dosage 1 (g 100 mL™"), and tempera-
tures 10, 20, 30, and 40°C

Temperature (°C)

10 20 30 40
Langmuir model
Gmax (Mg g ") 3.689 4.0306 5.359 5.8936
Ky (Lmg ") 0.2638 0.3146 0.276 1.4414
0.0151 0.0295 0.6498 1.4288
R? 0.9937 0.9902 0.886 0.8545
Freundlich model
Kg (mg g™ 0.9895 1.1338 1.5695 2.0720
1/n 0.3232 0.3199 0.3254 0.3530
Pa 0.1416 0.1403 0.0492 0.3186
R? 0.9412 0.9536 0.9913 0.9675
Sips
Gmax (mg g ") 1.7468 3.1604 4.4762 5.9583
Ko (mg L) 0.2794 0.2949 0.0074 0.0046
s 1.2784 1.2608 3.0698 2.8302
P 0.0182 0.0266 0.0542 0.0885
R? 0.9961 0.9942 0.9932 0.9754
Redlich—Peterson
Kgp (L mg ™) 1.2866 1.7261 3.9121 5.4784
agp (mg L) 0.4977 0.6588 1.9200 2.1200
g 0.9114 0.8969 0.6747 0.6472
I 0.0075 0.0119 0.0438 0.0779
R? 0.9983 0.9974 0.9924 0.9616
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that a multilayer adsorption occurred in the process of
phosphorus removal at a high temperature.

A comparative study to most other reported adsor-
bents was performed. The results are presented in
Table 4, which suggested that the Hangjin clay granu-
lar ceramic adsorbent had a relative higher affinity
toward phosphorus molecules among those sorbents.
Therefore, Hangjin clay was suitable and promising
for phosphorus removal from aqueous solutions since
it has a relatively high adsorption capacity.

3.4. Adsorption thermodynamics

The adsorption thermodynamics characteristics
were analyzed to investigate the adsorption process.
The thermodynamic equilibrium constants (K4) of the
adsorption process were calculated as the ratio of
the amount of adsorbate removed at equilibrium to
the equilibrium solution concentration (g./C). AH and
AS were calculated from the slope and intercept of
InKy vs. 1/T plot using Eq. (11). The Gibbs free
energy change (AG) for the adsorption on composite
sorbent is related to AH and AS, which represent
changes in enthalpy and entropy, respectively, as
expressed in Eq. (12):

AS AH
AG = AH — TAS (12)

where R and T are the gas constant (8.314 ] mol ™' K™)
and Kelvin temperature, respectively.

Table 4
Adsorption capacity of calys and some other adsorbents
for phosphorus removal

Adsorbents Im (mg g™ Refs.
BOF-modified slags 2.49 [16]
Tablet porous material 4.39 [22]
Ground burnt patties 0.43 [24]
Hydrous niobium oxide 2.90 [25]
Natural palygorskite clay 10.9 [26]
Zeolite 0.71 [34]
ZrO,-Fe;04-modified carbon 451 [35]
La-modified Bentonite 8.59 [36]
Coir pith 4 [37]
Posidonia oceanica fibers 7 [38]
ZnCl,-modified activated carbon 4.2 [39]
Al-pillared bentonite 5.05 [40]
Hangjin clay granular ceramic 5.89 This study
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The AG, AH, and AS values for the adsorption of
phosphorus onto ceramic adsorbent are listed in
Table 5. The negative values for AG indicate that the
adsorption process was spontaneous. The AS is posi-
tive, which shows that the increase in randomness
during the phosphorus adsorption process. The posi-
tive AH value indicates that adsorption of phosphorus
was endothermic in nature, further highlighting that
high temperature is beneficial to the occurrence of
adsorption reaction. It can be hypothesized from the
enthalpy value that the adsorption forces on the sor-
bent surface were mainly the hydrogen and dipole
bonds, along with the van der Waals force.

3.5. Effect of initial pH on phosphorus adsorption

The pH of aqueous solution is an important vari-
able that influences the adsorption process of sorbates
at the solid-liquid interface. According to Fig. 3(c), the
phosphorus adsorption capacity increased when pH
was below 3.0, and reached the peak at pH 3.5. The
adsorption almost remained stable between 3.0 and
12.0, while the amount of phosphorus adsorption
began to decrease after pH 12.0.

Phosphate exists in the form of H;PO, H,PO,,
HPO; , and PO; at different pH according to the
acid dissociation constant values of phosphoric acid,
as shown in Eq. (13) [41]:

pKal KaZ 2. pKa?
H3;PO4 <+ H' + H,PO, <« 2H" + HPO; «+ 3H"

+ POy~
(13)

where pKa1 = 2.16,
respectively.
Previous studies have noted that certain anions
were adsorbed for ligand exchange via outer-sphere
and inner-sphere complexation. The former involves
electrostatic attraction and demands a water molecule
retained between the exchange sites and the ligand
[42], while the latter is formed by covalent bonding

pKaix =7.20, pKaz = 12.35,

Table 5
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between the metal ions and ligand [43]. Table 1
shows that granular ceramic contained significant
amount of silicon oxide and other metal oxides. The
ligand (-OH) can bond with these metal/nonmetal
oxides (MO) hydrates to form =M-OH when the
granular sorbent was impregnated in aqueous solu-
tions, as shown in Eq. (14). The effect of pH on the
zeta potential of original adsorbent is shown in
Fig. 3(d), in which the isoelectric point pHzpc of
adsorbent is at about the point 10.5. When the pH
was varied from 3 to 10, the surface of adsorbent
was protonated, as seen in Eq. (15). In this pH range,
the dominant phosphate forms are monovalent
H,PO, ion and divalent HPO?  ion. Protonated
active sites can favor the electrostatic attraction to the
phosphate species, and the outer-sphere complex for-
mation can be described by following Eqs. (17)-(18)
[42,43]:

MO + H,O — =M — OH (14)
=M -OH + H" — =M — OHj (15)
=M-OH =M -0 + H* (16)
=M — OH; + H,PO; <=M — (OH;)(H,PO;) (17)
=M — OH; + HPO;™ <=M — (OH;)(HPO;") (18)

In addition, at acidic pH, H" ions in aqueous solu-
tions can favor the inner-sphere ligand exchange, as
seen in Egs. (19)-(20). Considering the structure of
ceramic adsorbent, the H,PO; and HPOi* can react
with M-OH via hydrogen bonding according to
Egs. (21)-(22) [44]:

=M - OH + H,PO; <=M — (H,POs) + OH™ (19)

2 =M - OH + HPO}  « M, — (HPO,) + 20H"
(20

Thermodynamic parameters for phosphate adsorption for phosphate adsorption at different temperature. Initial
phosphorus concentrations 10-100 (mg L), adsorbent dosage 1 (g 100 mL™Y), and temperatures 10, 20, 30, and 40°C

Temperature (°C) AG (k] mol™) AS Jmol 1K) AH (k] mol ™)
10 -19.42 68.71 24.18

20 -20.11

30 -20.79

40 -21.48
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=M -OH + H,PO;, <~ M- OH...H,PO, 21

=M - OH + HPO? < M —OH...HPO} (22)
However, when the solution pH was increased and
above the isoelectric point, the active sites were depro-
tonated (Eq. (16)), leading to more negative charges on
adsorbent surface causing electrostatic repulsion
between phosphate species and the negatively charged
adsorbent surface. Additionally, the existence of a
competition between phosphate and hydroxide groups
can disturb the occurrence of ligand exchange. Never-
theless, there was only a slight decrease in the adsorp-
tion capacity at pH between 10.0 and 12.0. Several
studies found that the rise of solution pH to alkaline
can be favorable to the precipitation of calcium phos-
phate. Consequently, the ceramic sorbent can be still
effective in the phosphorus removal at the pH range
between 7.0 and 12.0 (Eq. (23)). In addition, a small
quantity of Al, Fe, and Mg ions that were leached
from adsorbent also can react with phosphate to form
the following possible precipitates [44]:

5Ca%t + 3HPO£7 + 40H — Ca5(PO4)3OH + 3H,O
(23)

The decrease in phosphorus adsorption after pH 12.0
can be due to the formation of the dominant phos-
phate PO;~ ion, which has a tendency to form only a
weak bond with the active sites of the sorbent. In gen-
eral, it can be concluded that the granular ceramic

-—————
- -
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adsorbent is efficient for the removal of phosphorus in
a wide range of pH values.

3.6. Possible mechanism of adsorption

As discussed above, phosphorus adsorption onto
granular ceramic adsorbent can be hypothesized to
occur via different mechanisms, such as electrostatic
attraction, ligand exchange, hydrogen bonding, and
chemical precipitation. According to the intra-particle
diffusion model, the adsorption process occurs
through three stages (Fig. 4): (1) film-diffusion, in
which MO on the adsorbent is hydrolyzed to MOH
resulting in electrostatic attraction to phosphate spe-
cies by the protonated surface active sites, while
ligand exchange occurs between the complexes and
phosphate leading to phosphate transferring from
aqueous solution to the adsorbent. Furthermore, if the
water environment tend to be basic, chemical precipi-
tation also could occur on the adsorbent surface or in
aqueous solutions; (2) inter-particle diffusion, in which
the phosphate ions can reach the interior of the mate-
rial through the aperture and then combine with the
active sites present inside of adsorbent; and (3)
dynamic equilibrium and precipitation of the distinct
thick layer of white phosphate crystal attached on the
surface of the treated granular sorbent.

3.7. Desorption and residual metal ions test

Desorption studies were carried out using 10 g L™"
phosphorus-adsorbed Hangjin clay granular ceramic

"\.
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e |g-on i \

! Solid o Liquid \\

! y e ]

| phase f +  phase :

\ 8@ <«=—8§ <-- !

liquid film \\ fy gresepore ’ 1™ y 7/ white crystal
\l | €= .";'qu.ﬂ"?ﬁfm
O\ -0 g i

adsorbent
cross-section

© Active site
© Ca, Mg ions
+ Phosphate ion

Fig. 4. Schematic illustration of granular ceramic adsorbent and its phosphates sequestration.
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Table 6

Concentrations of major inorganic cations in ultrapure water after 24 h

Metal inorganic K Ca Na Mg Al Fe
Concentration (mg L") 15.8 23.1 8.20 0.31 0.161 0.001

adsorbent at various pH values by adding 0.1 M HCl
or NaOH. It was found that the amount of the des-
orbed phosphorus increased with decreasing pH.
When the pH was 2.0, more than 83.53% of adsorbed
phosphorus was released into the solution. However,
desorption of only 5.82% was obtained when the pH
was 7.0, and then slight increased with increasing pH.
When the pH reached 13.0, just 20.88% of desorption
was observed. The results of these desorption studies
may indicate that phosphorus adsorption on the
Hangjin clay ceramic adsorbent is not completely
reversible. The phosphorus adsorbed by electrostatic
attraction and ligand exchange could be desorbed,
while the phosphorus adsorbed by chemical precipita-
tion could not be desorbed completely.

A metal dissolution experiment was carried out to
study the impact of adsorbent on water quality. The
concentrations of the main inorganic cations in treated
aqueous solutions are shown in Table 6. The result
shows that the metal ions do not exceed the limits set
by the drinking water quality standards, although
they are detected in ultrapure water. It can be con-
cluded that the composite material did not generally
have a significant negative effect on water quality.

4. Conclusions

The present study investigated the effectiveness of
an innovative granular ceramic adsorbent based on
Hangjin clay in the removal of phosphorus from aque-
ous solutions. Several advantages of the granular cera-
mic make the adsorbent a highly effective medium for
removing phosphorus at normal pH, including (a) its
granular structure, (b) its high surface area, and (c)
the low cost of the preparation process from industrial
tailings waste. The maximum adsorption capacity of
ceramic adsorbent for phosphorus removal was
5.96 mg g '. The adsorption process followed both the
pseudo-second-order and intra-particle diffusion
kinetic models, as assesses by the correlation coeffi-
cient and chi-square values. Further, the isotherm
models suggested that the temperature could affect
the adsorption form. The thermodynamic investigation
showed that the removal process was spontaneous
and endothermic in nature. The adsorption efficiency
was found to be independent of the solution pH,

while the concentrations of inorganic cations present
in aqueous solutions did not exceed the standard
threshold limits for drinking water quality. Electro-
static attraction, ligand exchange, and surface chemical
precipitation can be the main mechanism for control-
ling phosphorus sorption rate. Based on the outcomes
of this study, it can be concluded that the use of the
granular ceramic adsorbent in practical applications is
feasible in addition to facilitating the recycling of the
tailings waste, reusing phosphorus, and developing a
low cost, but efficient adsorbent.
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