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Abstract: High input of phosphate (PO,*) in rivers can lead to eutrophication, which jeopardizes
aquatic life and human health. In this study, PO,* was removed from synthetic solution and domestic
wastewater treatment plant effluent (DWTPE) by waste mussel shell (WMS). The PO,* adsorption by
WMS was examined for the initial PO,* concentration (7 mg L™), solution volume (0.2 L), adsorbent
dosage (4, 8, 12, 16, and 20 g), and contact time (1-6 d). The batch experiment's optimum performance
could reach approximately 75.1% for the removal of PO4> from synthetic solution and approximately
66.2% for the removal of PO4> from DWTPE after a contact time of 5 d. This work suggests that the
WMS can remove PO43 from both synthetic solution and DWTPE. Future works are necessary to
increase WMS's capacity to adsorb PO, from waters, either by physical or chemical modification.

Keywords: adsorption; domestic wastewater; eutrophication; isotherm model; kinetic model;
phosphate; waste mussel shell.
Nomenclature:

C. concentration of the solute at equilibrium  <n number of measurements
(mg LY
Ci solute concentration at initial n dimensionless
Cr solute concentration in the solution (mg p number of parameters in the kinetic
LY experiment
E removal efficiency (%) q adsorption capacity (mg g ™)
Fe error function Qe adsorption capacity at equilibrium (mg g ™)
ki PFO constant (min?) Omax  Maximum adsorption capacity (mg g )
ka  PSO constant (g mg™* min %) O adsorption capacity at a certain time (mg g )
Kr  Freundlich constant (mg g %) t(exp) experignental value of adsorption capacity
(mgg™)
K. adsorption energy coefficient (L mg™?) Qitheo) the theloretical value of adsorption capacity
(mgg™)
m  mass of adsorbent (g) t adsorption time (min)
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1. Introduction

Phosphorus (P) is a key nutrient that stimulates the development of biological
organisms and algae. However, the discharge of an excessive amount of P into surface water
strongly accelerates eutrophication, which threatens aquatic life and human health [1-3]. The
effects of the release of P to surface water have resulted in legislation; the United States
Environmental Protection Agency (USEPA), the European Union (EU) Wastewater Directive,
and the Malaysia Environmental Quality (Sewage) Regulations 2009 -P.U. (A) 432/2009. The
USEPA permits the effluent limit of total P ranging from 0.1 to 0.5 mg L™ [4]. Meanwhile,
according to the EU Wastewater Directive, P's effluent limit is 2 mg L™ for 10,000 — 100,000
population equivalents [5]. According to the Malaysian effluent standards, the acceptable limit
for P concentration must be less than 5 mg L. In contrast, the Malaysian effluent standards
have been allowed to release higher P concentration into surface water than the EU Wastewater
Directive and USEPA effluent standards. The Malaysian government legislation has paid less
attention to the high concentration of P in effluent, which can initiate the degradation of the
environment. The concentration of P effluent standard needs to be revised to a significant value
by the Malaysian government, which would be more realistic to alleviate P pollution and
improve the quality of water.

The excessive amounts of P can be treated with various methods, such as adsorption,
biological and chemical processes. The drawbacks of biological treatment are that the bio-
conversion is a slow process, and it needs a long start-up time to initiate the treatment process
[6]. In contrast, the chemical treatment entails high chemical costs [7]. From all these removal
methods, adsorption is the potential technology employed to remove P from water due to its
simple operation, inexpensive, and highly efficient processes [8-10]. Commonly, a wide range
of seashell waste can be used as adsorbents for P removal, such as crab carapace [11], cockle
shells [12], and oyster shells [13]. These wastes are available in large volumes in certain
countries, and most of them are landfilled.

In Malaysia, about 2,000 tonnes per year of waste mussel shells (WMS) are produced,
resulting in environmental pollution due to the unpleasant odor dumped in open areas [14].
This problem leads to low quality of living for people in such areas. Approximately 500 tonnes
of WMS in Malaysia are used for fertilizers and handicrafts. The remainder (1,500 tonnes)
constitutes a serious solid waste problem. WMS was previously used as the adsorbent for heavy
metals and dye removal [15,16]; however, there is a paucity of studies for describing the
removal of phosphate (PO4*") from water using WMS. Therefore, this study scrutinizes the
feasibility of using WMS for PO4>~ removal from synthetic solution and domestic wastewater
treatment plant effluent (DWTPE). This research's novelty is reflected by discovering a new
type of adsorbent derived from waste to remove PO4*~ from an aqueous solution.

2. Materials and Methods
2.1. Adsorption kinetics and isotherms.
2.1.1. Kinetic adsorption models.

Two adsorption kinetic models (i.e., Pseudo-first-order (PFO) and pseudo-second-order
(PSO)) were applied to describe the adsorption behavior [17]. PFO equation can be written as
[18]:

In(qe — q¢) = In(q.) — kqt 1)

https://biointerfaceresearch.com/ 11474



https://doi.org/10.33263/BRIAC114.1147311486
https://biointerfaceresearch.com/

https://doi.org/10.33263/BRIAC114.1147311486

PSO equation can be expressed as [19]:

t 1 t
L + = 2
ac k2a% e (2)

2.1.2. Isotherm adsorption models.

The Freundlich and Langmuir isotherm models were used to explain the adsorption
phenomena. The Freundlich model describes the surface of the adsorbent is heterogeneous.
The stronger active sites are occupied first [20]. The Langmuir model assumes that the
adsorption of solute attributed to monolayer adsorption on the surface of adsorbent [21]. The
Freundlich equation can be written as [22]:

Ing, = InKy +-InC, (3)
The Langmuir equation can be expressed as [23]:
1 1 n 1 4)

de - K1dmaxCe Amax
2.2. Adsorbents.

WMS was used as an adsorbent in this study. The WMS was collected from riverbank
areas at Kampung Pasir Putih, Pasir Gudang, Johor, Malaysia. The sample was cleaned with
tap water and dried in an oven at 30°C for 48 h. The sample was crushed and finally sieved to
particle sizes with a range of 0.60-1.18 mm.

2.3. Synthetic solutions.

Synthetic solution (i.e., 100 mg L) was prepared by dissolving 0.1433 g of anhydrous
potassium dihydrogen phosphate (KH2PQO4) (analytic grade) into 1 L of deionized (DI) water
in a volumetric flask. The synthetic solution was diluted with DI water to get the desired
concentration.

2.4. Analytical methods.

The synthetic solution and domestic wastewater compositions were measured
according to the Standard Methods for the Examination of Water, Wastewater [24] (Table 1),
and the instrumental equipment identified WMS characteristics in Table 2.

2.5. Domestic wastewater treatment plant effluent.

The tertiary treatment of secondary municipal effluents to remove PO4>~ is necessary
to meet environmental regulations worldwide. In this work, the DWTPE was used in the batch
studies with an average PO4>~ concentration of 7 mg L (Table 3). The treatment plant is
located at Taman Sri Pulai, Johor, Malaysia.

Table 1. Analytical methods of domestic wastewater.

Parameter Standard Method

pH Jenway 350 pH meter

Ammonical nitrogen Nessler method of HACH 8038

Chemical oxygen demand | Reactor digestion method of HACH 8000
Chloride Mercuric thiocyanate method of HACH 8113
Nitrate HR cadmium reduction method of HACH 8039
Phosphate Amino acid method of HACH 8190

Sulfate SulfaVer4 method of HACH 8051

Suspended solids Gravimetric method of APHA 2540D
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Table 2. Characterization of the adsorbent.

Characteristic Instrument

Surface morphology Scanning electron microscope (SEM) (Model TM3000, Hitachi, Japan)

Chemical composition Energy Dispersive X-Ray Fluorescence (EDXRF) Spectrometer (Rigaku, Japan)
Functional group Fourier Transform Infrared (FTIR) Spectroscopy (IRTracer-100, Shimadzu, Japan)
Specific surface area Surfer analyzer (Surface Analyzer, Thermo Scientific Technologies, Italy)

Types of mineral phases High-Resolution X-Ray Diffractometer (XRD) (Bruker D8 Advance, Jerman)

Table 3. Characteristics of the DWTPE.

Parameter Unit Value
Range Average

PO mg L? 56-8.4 7.0
NH4* mg L* 74-11.8 10.2
S04 mg L 8-15 12.5
Cl- mg L*! 10-375 18.01
NOs mg L*! 01-11 0.48
COD mg L? 73151 106.7
SS mg L*! 12 -84 31.2
pH - 7.2-85 7.66

2.6. Batch experiments.

The batch experiments were conducted to determine adsorption isotherm and Kinetic.
The Kkinetic experiments were carried out by adding 4, 12, and 20 g of the adsorbent into an
Erlenmeyer flask. Each flask containing 0.2 L of either synthetic solution or the DWTPE with
a concentration of 7 mg PO+ L2, respectively. Note that the concentration of PO4>~ in the
synthetic solution for the adsorption of a single solute was adjusted to having the same
concentration as those that have been verified in the DWTPE for the adsorption of multifarious
solutes. Each sample solution was shaken from 1 to 6 d at 160 rpm, and then the concentrations
of PO4>~ in each flask were determined at certain time intervals until the adsorbent saturates.
The sample solutions were centrifuged, and the concentrations of PO4% in each flask were
monitored using the HACH DR 6000 UV-Vis Spectrophotometer. The PFO and PSO models
were applied to understand the kinetics of the adsorption of PO4* onto WMS from either the
synthetic solution or the DWTPE.

The isotherm experiments were carried out by adding 4, 8, 12, 16, and 20 g of the
adsorbent into a different flask containing 0.2 L of either synthetic solution or the DWTPE
with a concentration of 7 mg PO4*> L2, respectively. Each sample solution was shaken ranged
from 1 to 6 d, depending on the time period of the isotherm equilibrium of PO4*. The sample
solutions were centrifuged, and the concentrations of PO4% in each flask were monitored using
the HACH DR 6000 UV-Vis Spectrophotometer. Two isotherm models (i.e., Freundlich and
Langmuir) were used to describe the adsorption isotherms of PO4* for the synthetic solution
and the DWTPE.

Each batch adsorption experiment was conducted in duplicate. Eq. (5) and Eq. (6) were
used to calculate g and E's value, respectively.

_(C—C) xV ()
1= m

(6)

Ci — G
E=———" x 100%
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3. Results and Discussion

3.1. Physical and chemical characteristics of the WMS.

The WMS's chemical composition is important due to WMS's ability to adsorb a solute
such as PO4* from waters greatly depends on its physical and chemical properties. The major
chemical compositions of WMS discovered in this study are CaO (96.50%) and Naz0 (2.62%),
while the minor compositions are Al203 (0.13%), Fe203 (0.03%), P20s (0.03%), and K20
(0.02%), as shown in Table 4. In this study, the WMS used as an adsorbent for the adsorption
of PO4* has a BET surface area of 1.83 m? g,

Table 4. Composition of the WMS (wt.%).
CaO | Na20 | AlOs | Fe:0s | P20s | K20
9650 | 262 |013 [003 [003 |o0.02

The images from the SEM micrograph with 1500, 6000, and 10000 times magnification
were used to examine the WMS's surface morphology, as shown in Figure 1. The figure (Figure
la and Figure 1b) shows that the surface feature of WMS has no regular structure [25] and
possesses a compact surface with a low porosity structure [26]. The SEM micrograph image
with 10000 times magnification exhibits small pores at the WMS surface (Figure 1c).

The XRD pattern (Figure 2) of the WMS sample indicates that aragonite (CaCQO3) is
the WMS's major component. The other components listed on the XRD pattern are calcium
oxide (Ca0), sodium oxide (Naz0), iron oxide (Fe203), and quartz (SiO2). Several researchers
have reported that aragonlte and CaO have good adsorptlon ab|I|ty for PO4* ions [12, 27]

5 MAR. 2018

DATE
100K X] 6.0 mm | 5 MAR. 2018

Figure 1. SEM photomicrograph of WMS: (a) 1500 times magnifications (b) 6000 times magnifications (c)
10000 times magnifications.
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The FTIR spectra (Figure 3) of natural and PO4> adsorbed WMS were carried out over
the range from 600 to 4000 cm™ and were compared with each other to obtain information on
the modifications and surface functional groups [28]. A group (Table 5) of absorption peaks,
with a range of the different frequencies from 2 to 17 cm was observed from the FTIR pattern,
which is due to PO4* stretching vibration of the WMS surface. The position and shape of the
PO4* stretching band in the FTIR spectra of the WMS are influenced by the nature and position
of the surface functional groups. The tetrahedral PO4* molecules are coordinated [29].

70
Lod <@ Aragonite
60
Calcium oxide
50 A sodium oxide
—_ * cide
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Figure 2. X-ray diffraction patterns of WMS.

Before the adsorption of POs*, the FTIR spectral results with two bands observed at
857 and 710 cm™ would confirm the presence of aragonite [12], [29]. Four shifted bands have
a significant change from the frequencies of 710, 857, 1,451, and 3,547 cm™ before adsorption
to those of 713, 860, 1,458, and 3,564 cm™, respectively, after adsorption of the PO4> ions
from synthetic solution onto the WMS. The differences of the frequency spectrum of 17 cm
(3,564 — 3,547 cm™) is because the OH stretching bands at the surface of WMS are affected by
asymmetric stretching mode of vibration for PO4* group [30].

24

Before adsorption
22 1

—— After adsorption

Transmittance (%)

1451
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4000 380036003400 3200 300028002600 240022002000 1800 1600 1400 1200 1000 800 600
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Figure 3. The FTIR spectra of WMS of before and after PO4*~ adsorption.

The influence of the PO4* molecules adsorbed onto the surface of WMS on C-O
bending may increase by 2 cm™ (713 — 710 cm?), 3 cm™ (860 — 857), and 7 cm™ (1,458 —
1,451) frequency spectrum due to ion exchange between PO4* and C-O functional group. This
can affect the stretching because of the vibrations [31]. After the adsorption of POs* solute
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from synthetic solution onto the WMS, a new peak located at 2,359 cm™ was observed and
could be associated with O—H stretching vibration of H2PO4 onto the surface WMS on C-O,
indicating that dihydric phosphate was generated [32].

Table 5. FTIR spectral characteristics of WMS before and after adsorption of PO, ions.

No. Freguency spectrum (cm™) Detection of functional Reference
Before After Differences group
adsorption adsorption
1 3,547 3,564 17 OH-stretching bands [30]
2 - 2,359 O-—H stretching band [32]
3 1,451 1,458 7 C-O stretching bands [33]
4 857 860 3 C-O stretching bands [12], [29]
5 710 713 2 C-O stretching bands [12], [29]

3.2. Adsorption of PO,’~ from a synthetic solution.

The result of Figure 4a shows the variations of E pursuant to t for the adsorption of
PO4*> from a synthetic solution onto the WMS. The efficiency of PO+* removal can reach
approximately 31.3, 47.9, and 75.1% for removing PO4* after t of 120 h with the amounts of
WMS used to run the experiments being 4, 12, and 20 g, respectively. The E rapidly increases
during the first 2.5, 3.5, and 7.5 h and then continues to increase slowly until it reached an
equilibrium state at 120 h (Figure 4a). The rapid adsorption of PO4s*>~ onto WMS from a
synthetic solution during the initial stage of the experimental run may be due to the availability
of many free active sites on the surface of the adsorbent [34].

m: dg-a-12g ==10g

100

N

&0 4

i 30 i) ai) 120 150 il o) 120 150
i(h) 1]

Figure 4. Variation of E for the adsorption of PO4*- onto WMS from (a) synthetic solution and (b) DWTPE.

The effects of different m on both E and q for adsorption of POs* onto WMS from
synthetic solution was observed using 4, 8, 12, 16, and 20 g of the WMS as shown in Figure 5.
The figure shows that E for adsorption of POs* gradually increases from 31.3 to 75.1%; more
adsorbent used could have more binding sites available to adsorb PO4* from a synthetic
solution and thus the E increases [27], but q gradually decreases from 0.110 to 0.054 mg g
with the amounts of WMS increasing from 4 to 20 g; the increase in the ratio of WMS to PO4*
can lead to having more free active sites on the surface of WMS, resulted in comparatively less
adsorption capacity at a higher amount of the WMS [35].

3.3. Adsorption of PO,’~ from a DWTPE.

The results of Figure 4b shows the variation of E pursuant to t for the adsorption of
PO4* onto the WMS from DWTPE. The removal efficiency of PO+ as shown in Figure 4b
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can reach 23.9, 51.6, and 66.2% using 4, 12, and 20 g of WMS, respectively. A slow increase
in the efficiency of POs* removal may be due to high concentrations of both CI~ and SO4?-
present in DWTPE can cause competition among the solutes of PO4*, SO4> and CI~ for
occupying the acceptor sites on the surface of WMS [36].

100 | 0.12
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S e ~e—____to00s
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0 T T T 0-00
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Figure 5. Relationship of: (a) E for the adsorption of PO, and (b) q for the adsorption of PO,% onto WMS
from synthetic solution.

A plot of either E or g against m for adsorptions of POs* onto WMS from DWTPE
gives the curves as shown in Figure 6. The figure shows that E for the adsorption of PO4*
increase from 23.9 to 66.2%, with an increase in the amount of WMS from 4 to 20 g. The
increase in E could be due to the fact that the increased amount of the WMS may have increased
the surface area and a number of active sites on the WMS, providing more possibility of
adsorbing more PO4* ions [27], [36]. The value of g decreases from 0.085 to 0.047 mg g with
an increasing amount of the WMS from 4 to 20 g; this is due to the use of more WMS could
be difficult to reach at a saturation condition [37]. At high WMS dosage, the available number
of PO4>~ ion in the bulk solution was not enough to completely interact with all effective
binding sites on the WMS surface, resulting in a surface equilibrium state and a reduction in
the g value per unit mass of adsorbent.
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Figure 6. Relationship of: (a) E for the adsorption of PO, and (b) q for the adsorption of PO,* onto WMS
from DWTPE.
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3.4. Adsorption kinetics of PO,* onto the WMS.

The linear regression analysis of the kinetic models for the adsorption of PO43 from a
synthetic solution is shown in Figure 7. Table 6 shows the kinetic parameters ki, k2, and ge for
PFO and PSO models for the adsorption of PO4> onto WMS from synthetic solution and
DWTPE. The value of Fe can be calculated according to the following equation [38]. The most
appropriate model, either PFO or PSO should have the smallest Fe value and highest R? value.

P— : 7
E, = ( )Z (CIt( )~ qt(theo))
e en—p . exp

The linear kinetic curves obtained for the adsorption of PO4* from synthetic solution
by WMS are depicted in Figure 7. As listed in Table 6, the correlation coefficient (R? > 0.989)
for PSO model was higher than that (R? > 0.835) for PFO model; PSO model could be more
suitable compared to PFO model due to the lower value of Fe, and the higher value of R? have
been evaluated (Table 6). According to the results of this study, the adsorption between
adsorbent-adsorbate can be categorized as chemisorption because of the adsorption process
involving valency forces by sharing or exchanging electrons between the adsorbent and
adsorbate (the replacement of CO3? by PO4*) [39]. Similar results have been reported for the
adsorption of PO4* onto raw shrimp shells [40]. Calcined waste eggshells [41] to show that the
value of k2 increases while the value of ge decreases with an increasing amount of the adsorbent.

0 1000 2000 3000 4000 5000 6000 200000
0 . . . . (b)) TR
,( () r
m *4g ®l2g 420¢ -
-2 4 120000 4 2
s S
' <~ 80000 B
S -4
E 10000
6 1 >
0 . " . .
0 2000 1000 6000 000 10000
. 0
£ f (min)

{(min)
Figure 7. Linear regression analysis for the adsorption of PO,* onto WMS from a synthetic solution using (a)
PFO model and (b) PSO model.
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Figure 8. Linear regression analysis for the adsorption of PO4* onto WMS from DWTPE using (a) PFO model
and (b) PSO model.
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The linear Kinetic curves obtained for the adsorption of PO4* from DWTPE by WMS
are shown in Figure 8. Correlation for the parameters in PSO model is good (R? > 0.865) and
is better than the PFO model (R? > 0.842), while the Fe values for the PSO model are lower
than for the PFO model for the adsorption of PO4* onto WMS from DWTPE (Table 6). In
conclusion, the kinetic model for the adsorption of PO4*~ can be well described by PSO model.
For PSO model, the values of k2 increase with increasing the amount of WMS (Table 6) due to
the fact that the adsorption of PO4* is faster with a higher amount of the WMS [41]. As can be
seen in Table 6, the values of k2 are lower for the adsorption of PO4*> from DWTPE than that
from synthetic solution due to the competition between PO4* and other anions (i.e., CI~, NOs",
and SO4*) that exist in DWTPE (see Table 3), which may impede the mobilization of PO4*
ions to reach the active sites at the surface of WMS [41].

3.5. Adsorption isotherms of PO,* onto the WMS.

The experimental data for the adsorption of POs* onto WMS from synthetic solution
and DWTPE were analyzed using the linearized forms of the Freundlich and Langmuir models.
All the values of the parameters calculated using these two isotherm models are listed in Table
7. This study found that the experimental data were best described by the Freundlich isotherm
model (Figure 9a and Figure 10a) compared with the Langmuir isotherm model (Figure 9b and
Figure 10b) due to the values of R? close to 1 for the adsorption of POs*>onto WMS from either
synthetic solution or DWTPE (Table 7). The adsorption of PO4* occurred on the
heterogeneous site of WMS progression with multilayer adsorption where the adsorbed PO4*
on the WMS surface can attract more PO+~ from the bulk water. The surfaces of the WMS are
heterogeneous, and sorption of POs* onto WMS occurs in the form of multilayers [42], [43].
The adsorption of PO4>~ from synthetic solution would be more favorable than that from
DWTPE because of the n value of 1.33 for the adsorption of PO%~ from the synthetic solution,
which is higher than the 1.28 recorded for the adsorption of PO4> from DWTPE as was verified
[44].

Table 6. Kinetic parameters were obtained from the PFO and PSO models for the adsorption of PO, onto
WMS from synthetic solution and DWTPE.

Amount PFO model
Sample (9 Ce(theo) ki R? Fe Ce(exp)
(mgg™) (min™) (mgg?)
Synthetic solution 4 0.103 0.0007 0.835 0.016 0.110
12 0.056 0.0005 0.991 0.017 0.072
20 0.037 0.0005 0.972 0.019 0.054
DWTPE 4 0.077 0.0002 0.915 0.017 0.085
12 0.053 0.0005 0.967 0.010 0.061
20 0.023 0.0011 0.842 0.026 0.047
Amount PSO model
Sample @ Ge(theo) ko R? Fe Ge(exp)
(mg g™t (g mg™* min') (mg g™
Synthetic solution 4 0.115 0.015 0.989 0.010 0.110
12 0.075 0.027 0.991 0.030 0.072
20 0.055 0.051 0.995 0.005 0.054
DWTPE 4 0.091 0.006 0.865 0.010 0.085
12 0.067 0.017 0.995 0.010 0.061
20 0.049 0.063 0.990 0.003 0.047
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Linear line of plotting (a) In(qe) versus In(Ce) and (b) 1/ge versus 1/C. for the adsorption of PO,
onto WMS from synthetic solution.

Figure 9.
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Figure 10. Linear line of plotting (a) In(qe) versus In(Ce) and (b) 1/qe versus 1/C. for the adsorption of PO4*-
onto WMS from DWTPE.

As enumerated in Table 7, the constant Kr (i.e., 0.032 mg g?) for the adsorption of
PO4* from synthetic solution is higher than that from DWTPE onto WMS (i.e., 0.023 mg g}).
This could be due to an easy uptake of PO4>~ ions from the synthetic solution since there are
no competing anions present in the synthetic solution that may affect the migration of POs*
from solution to occupy the active sites at the surface of the WMS [45]. The n values of 1.33
and 1.28 were verified for the adsorption of PO4*>" onto WMS from synthetic solution and
DWTPE, respectively. The value of n higher than 1 could be favorable for the sorption of PO4*
onto WMS, indicating that active sites with the highest binding energies are utilized first for
less heterogeneous surfaces and then followed by weaker sites for more heterogeneous surfaces
[46].

Table 7. The parameters n, Kr, gmax, and K for the adsorption of PO4* onto WMS from synthetic solution and

DWTPE.
Freundlich model Langmuir model
Sample n Kr R? Qmax KL R?
(mgg™) (mgg") | (Lmg")
Synthetic solution 1.33 0.032 0.941 0.233 0.156 0.897
DWTPE 1.28 0.023 0.947 0.248 0.093 0.919

4. Conclusions

In this work, the verification of kinetic and isotherm models has been performed to
describe the mechanism of the adsorption of PO4*~ from synthetic solution and DWTPE onto
WMS. The adsorption kinetic data were well fitted to the PSO model, suggesting that the
adsorption phenomena for removing PO4>~ from synthetic solution and DWTPE by adsorbing
onto WMS could be leading to chemisorption. The adsorption isotherm data can be described
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well with the Freundlich model, suggesting that adsorption of PO4*~ onto WMS from both
synthetic solution and DWTPE is more likely a multilayer adsorption process. The present
study demonstrated that WMS could serve as a promising adsorbent for PO4>~ removal from
waters and make substantial contributions to improving environmental quality.
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