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Abstract

The excessive amount of phosphate in domestic wastewater treatment plant effluent must be removed to protect the natural
environment of healthy aquatic ecosystem. Though a number of adsorption techniques with various low-cost adsorbent
have been proposed, it is still ambiguous how the iron-coated waste mussel shell properties affect the adsorption kinetics
of phosphate removal from an effluent. The analysis of experimental data was carried out using the bed depth service time,
Thomas, and modified mass transfer factor models to study the adsorption kinetics of phosphate deposited on the surface of
iron-coated waste mussel shell observed from hybrid plug flow column reactor. The overall adsorption kinetics of phosphate
investigated using the K, and N, values referred to the bed depth service time models and the K and g, values referred to the
Thomas models are still acceptable. Detailed analysis of the mechanisms of film mass transfer and porous diffusion using
the modified mass transfer factor models is able to determine the kinetic rate of phosphate adsorption. Mass transfer resist-
ance for the adsorption of phosphate onto iron-coated waste mussel shell from domestic wastewater treatment plant effluent
is dependent on porous diffusion ultimately contributing to develop advanced iron-coated waste mussel shell adsorbent for
enhancing the performance of hybrid plug flow column reactor in future.
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Introduction

Even though the water quality parameters of pH, dissolved
oxygen (DO), biochemical oxygen demand (BOD), chemi-
cal oxygen demand (COD), and ammonium (NH,*) have
been regularly monitored for domestic wastewater treat-
ment plant effluent (DWTPE) in many developed coun-
tries, the monitoring of soluble and total phosphorus is
not common in Malaysia, but it is valuable. An excessive
amount of phosphate (PO,*) in the aquatic environment
can lead to an increased growth of algae and other aquatic
plants (Wu et al. 2019), which can result in a decreased
level of DO in the water leading to depopulate the aquatic
life and deteriorate the quality of water (Li et al. 2016).
The acceptable limits of phosphorus discharged into the
surface waters have been regulated by the United States
Environmental Protection Agency (USEPA), the Euro-
pean Union (EU) Wastewater Directive, and the Malaysia
Environmental Quality for Sewage Regulations 2009. The
application of effluent quality standards regulated by the
law is a vital requirement to protect the environment for
better public health. In spite of the USEPA permits the
total phosphorus (TP) concentration of less than 0.8 mg
L~!in an effluent and the effluent limit of TP regulated by
the EU Wastewater Directive is 2 mg L™! for an agglom-
eration with population equivalent of 10,000—100,000
(Fulazzaky et al. 2014a), the Malaysian effluent stand-
ards can tolerate the amount of TP in effluent up to 5 mg
L~! (Sabeen et al. 2018; Osman et al. 2020). This argues
that higher concentration of TP permitted by the Malay-
sian effluent standards makes the operators of wastewater
treatment plant less sensitive to an eutrophication of the
aquatic environment. The limit of environmentally realistic
TP concentration regulated by the Malaysian Environmen-
tal Quality Act is required to avoid the eutrophication of
water body in Malaysia.

Various methods of the physical, chemical and bio-
logical processes have been proposed for the removal
of PO43_ from an effluent. Using the biological method
may achieve a high efficiency of PO,*~ removal, but it has
several types of variables to be controlled to ensure an
optimum performance of the treatment process (Bali and
Gueddari 2019; Nagoya et al. 2019). The application of
chemical method requires an additional cost of chemical
usage in the wastewater treatment system (Lalley et al.
2016). The combination of biological and chemical pro-
cesses can allow to protect the eutrophication of receiving
water from phosphorus pollution while saving on P-sludge
disposal costs (Tomei et al. 2020), but it is still compli-
cated and expensive. Among all these purification meth-
ods, adsorption is a promising and attractive method of
PO, removal from effluent due to the adsorption process
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may gain popularity for the reasons of operational simplic-
ity and cost effectiveness, while the possibility of produc-
ing secondary pollutant is minimal (De Gisi et al. 2016;
Zhang et al. 2019). The use of the renewable resource-
based iron oxides nanocomposites could be useful for the
removal of PO,*>~ from contaminated waters (Nakarmi
et al. 2019). The application of sand and eggshell coated
with iron has been proposed as a favorable and low-cost
adsorbent for the removal of PO,*>~ from wastewater
(Mezenner and Bensmaili 2009; Liu et al. 2018), but the
potential of waste mussel shell coated with iron as a poten-
tial adsorbent to remove PO,>~ from effluent has not been
investigated yet.

The applicability of the various adsorption models has been
assessed for the removal of PO,*~ from the waters by different
adsorbents (Abou Nohra et al. 2007; Mekonnen et al. 2020).
The various adsorption isotherm and kinetic models have been
proposed to describe the behaviors of adsorbate—adsorbent
interactions (Jung et al. 2015; Riahi et al. 2017; Syafiuddin
et al. 2018). Even though many physical and mathematical
models have been proposed to study the behavioral kinetics of
PO43‘ adsorption (Kumar et al. 2010; Song et al. 2011; Bunce
et al. 2018; Silva et al. 2020), the application and validity of
the kinetic models to describe the behaviors of PO,*~ adsorp-
tion onto the iron-coated waste mussel shell (ICWMS) are
still not fully understood. The adsorption isotherm and kinet-
ics of the PO,’~ removal have been studied using the batch-
adsorption techniques to provide better understanding on the
feasibility of ICWMS used as the potential adsorbent mate-
rial (Abdul Salim et al. 2021). However, the investigation of
PO,*~ removal by the ICWMS material is still required to
understand the behavioral kinetics of column adsorption. The
objectives of this study are: (1) to investigate the applicability
of the bed depth service time (BDST), Thomas, and modi-
fied mass transfer factor (MMTF) models for describing the
mechanisms of PO,>~ adsorption onto [ICWMS from domes-
tic wastewater treatment plant effluent (DWTPE) and (2) to
determine the resistance of mass transfer, which is dependent
on either film mass transfer (FMT) or porous diffusion (PD),
to provide a better understanding on the behavioral kinetics
of PO,*~ adsorption onto ICWMS from DWTPE in hydro-
dynamic column. The column experiments using the hybrid
plug flow column reactor (HPFCR) were performed at the
Laboratory of Center for Environmental Sustainability and
Water Security, Research Institute for Sustainable Environ-
ment, Universiti Teknologi Malaysia, from 12 November 2017
to 23 May 2018.
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Materials and methods
Domestic wastewater treatment plant effluent

Because of the content of PO,>~ is commonly higher than
a limit value regulated by the law, the tertiary treatment
of DWTPE is required before discharging into a river.
This study used the effluent samples of DWTPE collected
from the Taman Sri Pulai of Johor Bahru in Malaysia (lat-
itude 1°33'59.1"N and longitude 103°36'56.7"E) to feed
the laboratory-scale device of HPFCR treatment system.
Characteristics of the DWTPE quality can be classified
as a moderate concentration based on an average value of
the parameters of PO,*~, NH,*, NO,™, SO,>~, CI~, COD,
SS, pH, DO, and conductivity monitored during seven
months from November 2017 to May 2018 (see Table 1).
The fickle nature of weather patterns in a tropical region
could be not related to the quality of DWTPE released
into the receiving environment (Misra 2014). The adsorp-
tion of PO,*~ onto ICWMS from DWTPE aimed to allow
the design characterization of HPFCR treatment system
and to describe the kinetic behaviors of PO,’~ removal.

Fig.1 The waste mussel shell dumped on the riverbank of kampung
Pasir Putch at Pasir Gudang village of Johar state in Malasiya

Adsorbent

Approximately 8-g sample of the waste mussel shell (WMS)
was collected from the riverbank area of Kampung Pasir
Puteh, Pasir Gudang, in Johor state of Malaysia (see Fig. 1).
The WMS sample was washed several times with tap water
and then dried in an oven at 30 °C for 48 h. The dried WMS
sample was crushed using the mortar crusher and then
sieved through the sieve fraction of 1.18 mm and retained

Table 1 Characteristics of DWTPE and PFC dimension used for running experiments

The characteristics of DWTPE collected from Taman Sri Pulai of Johor Bahru

Parameter Unit Concentration

Minimum Average Maximum
PO~ mg L} 5.6 7.0 8.4
NH,* mg L™ 7.4 10.2 11.8
NO,~ mg L~ 0.1 0.5 1.1
Nl mg L™ 8.0 12.5 15.0
Cl~ mg L™! 10.0 18.0 37.5
COD mg L! 170.0 180.0 195.0
SS mg L™ 12.0 31.2 84.0
pH - 6.6 7.1 74
DO mg L™ 5.1 54 5.6
Conductivity uS cm™! 369.0 383.5 414.0
Dimensions of PFC bed equipped the HPFCR treatment system
Parameter Unit Dimension
Internal diameter cm 2.6
Column height cm 24
Average size of ICWMS mm 0.6
Volumetric flow rate Lh™! 0.071
PFC bed depth cm 3,5,7,10,13, 16
Amount of ICWMS in the PFC bed g 19.0, 33.8, 44.9, 63.1, 79.8,

101.3
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on the 0.60 mm mesh. The mean size of WMS was cal-
culated at around 0.89 mm. The solution of 0.5 M Fe(III)
was prepared by dissolving Fe(NO;);.9H,0 into deionized
water. Base solution of 5.0 N NaOH was added using the
dropper into 100 mL of 0.5 M Fe(III) solution until reaching
at pH of 9.5+0.1. Then, 200 g of WMS sample was added
into 100 mL of 0.5 M Fe(IIl) and mixed by agitating on the
mechanical shaker at the speed of 160 rpm at room tempera-
ture for 24 h to obtain the ICWMS material sample. Then,
the sample of ICWMS was washed with tap water until its
runoff reaching at pH 7 and then dried at 100 °C for 8 h. The
ICWMS material was used as a potential adsorbent for the
adsorption of PO,*~ from DWTPE applied in hydrodynamic
column.

Experimental device and operational procedure

This study used the HPFCR equipment of combining slow
sand filtration (SSF) and plug flow column (PFC) as the lab-
oratory-scale device. The fine sand with an average diameter
of 0.6 mm used to fill the SSF bed must be rinsed with tap
water to remove as much of the impurities as possible. The
SSF process can partially remove the organic and inorganic
compounds and filters certain microorganisms depending
on the SSF bed depth and flow rate of the DWTPE passing
through the HPFCR treatment system. The laboratory-scale
HPFCR system consists of 50-L storage tank, perforated
acrylic sheet with its round hole diameter of 2 mm, silicon
tubes, peristaltic pump, fixed bed ICWMS column, and sam-
pling bottles, as shown in Fig. 2. SSF was filled with fine
sands (an average diameter of 0.6 mm) placed on the top,
coarse sands (an average diameter of 1.18 mm) in middle,
and gravels (an average diameter of 2.2 mm) at the bottom
of SSF bed, whereas each layer of the SSF bed has a depth

Fig.2 Schematic of the HPFCR
with (1) storing tank, (2)
perforated acrylic fleet with

a hole diameter of 2 mm, (3)
sand filter, (4) silicon tube, (5)
peristaltic pump, (6) plug flow
columns, and (7) sampling
bottles
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of 0.1 m. The dimension of SSF bed has a cross-sectional
area of 0.1 0.3 m? and depth of 0.9 m. The PFC bed made
up of acrylic glass used for the adsorption of PO,*>~ from
DWTPE has an inner diameter of 26 mm. The concentra-
tions of PO43', NH4+, COD and SS were regularly moni-
tored at inlet in the storage tank, after the SSF bed, and
outlet of the HPFCR treatment system. Table 1 shows the
design characterization of HPFCR system for the removal
of PO,*~ from DWTPE. The experimental period of 192 d
aimed to include the dry and rainy seasons in Malaysia was
set to reach nearly 100% of the PO,>~ breakthrough.

Analytical methods

The performance of HPFCR was analyzed based on the con-
centrations of PO43_, NH4+, COD, and SS monitored at inlet
and outlet of the HPFCR treatment system during the experi-
mental period of 192 d. The measurements of PO,*~ by the
amino acid method, NH4Jr by the Nessler method, COD by
the COD reactor digestion (HACH DRB200 COD Digester)
and spectrophotometric method, and SS by the gravimet-
ric method (APHA 2017) were performed at 3.5, 24, 48,
96, 144, 168 and 192 d of the experiment. The analysis of
PO,*", NH,", COD was carried out using the HACH DR
6000 UV-Vis Spectrophotometer. The measurements of
pH and DO were performed using the portable pH meter
(Jenway Model 350 pH meter) and the portable DO meter
(Jenway Model 970 DO meter), respectively.

The material of ICWMS was sputtered coating with a
thin layer of gold using the SC7620 Mini Sputter Coater
(Quorum Technologies Ltd., Lewes East Sussex, UK) for
the physical and chemical characterizations. The chemical
compositions (in %) of ICWMS material were analyzed
using the energy dispersive X-ray fluorescence (EDXRF)
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spectrometer (Rigaku, Sendagaya, Shibuya-Ku, Tokyo,
Japan). The Brunauer, Emmett and Teller (BET) surface
area of ICWMS material was determined by the multiple-
point method using the Surfer Analyser (Thermo Scientific
Technologies, Milan, Italy). The characterization of surface
morphology of the ICWMS material was performed using
the TM3000 Scanning Electron Microscope (SEM) (Hitachi
High-Technologies, Naha-shi, Okinawa, Japan). Types of
the mineral phases in the ICWMS material were identified
using the X-ray diffraction (XRD) analysis of the Bruker D8
Advance High resolution diffractometer.

Numerical simulation and data analysis
Calculation of the HPFCR efficiency

The adsorption capacity of ICWMS used as an adsorbent
was assessed from the HPFCR performance to remove the
pollutants of PO,*~, SS, COD, and NH,* from DWTPE.
Based on the data of monitoring the PO43‘, SS, COD, and
NH,* concentrations at inlet and outlet of the HPFCR treat-
ment system with a PFC depth of 7 cm, the performance of
HPFCR can be calculated using the equation of:

E= GG x 100% 6))
G

where E is the efficiency of HPFCR to remove either PO,
SS, COD or NH4Jr from DWTPE (%), C; is the concentration
of either PO43‘, SS, COD or NH4Jr at inlet of the HPFCR
treatment system (mg L™') and C, is the concentration of
either PO43_, SS, COD or NH4Jr at outlet of the HPFCR
treatment system (mg L™1).

Bed depth service time models

Even though the adsorption behaviors of solutes onto the
various materials can be described using several kinetic
models (Syafiuddin et al. 2018), this study used the BDST,
Thomas, and MMTF models to predict the kinetics of
PO,*~ adsorption onto ICWMS from DWTPE because
each of these models has a typical underlying assumption
in the process modeling. The BDST models originally
developed based on the quasi-chemical rate law (Bohart
and Adams 1920) can be used to analyze the effect of vari-
ous operating variables on the performance of ICWMS to
remove PO43_ from DWTPE. However, the dispersion of
PO,* caused by the mass transfer resistance in film zone
surrounding the surface of ICWMS or by the PD within the
pores is negligible. The modified BDST models proposed
by Hutchins can be written in the form of linear equation
(Pember et al. 2016):

I_Naxh 1 I C, !
“Cxv K xC, \C 2)

s

where ¢ is the service time (h), N, is the dynamic adsorption
capacity per unit volume of the PFC (mg L"), & is the depth
of PFC (cm), C, is the concentration of PO,’~ entered the
PFC (mg LY, v is the linear flow rate (cm h™}), K, is the
adsorption rate constant (L h™' mg~!), and C, is the concen-
tration of PO43‘ flowed out of the PFC bed (mg L7h.

By simplifying Eq. (2) can be written in the form of:

t=(@xh)—b 3)

with a= 22 is a constant (in h ecm™!) and

. C[)gv
b=ren(& 1),

By plotting ¢ versus & provides the graph of linear func-
tion with a as the slope and b as the Y-intercept, which can
be used to calculate the value of N, for a given set of the C,
and v values. The variant K, according to the percentage of
PO43_ breakthrough can be calculated using the equation of:

k=Lt (% _
« T pxc \C @)

where a is the retention coefficient relying to the velocity of
the PO43_ passed the PFC bed (h cm™!) and b is the contact
time constant relying to the availability of the space and
acceptor sites of the ICWMS adsorbent (dimensionless).

Thomas models

The Thomas models developed based on the assumptions
that the kinetic process of PO,*>~ adsorption onto ICWMS
from DWTPE is to follow the adsorption—desorption kinet-
ics of the Langmuir model with no any axial dispersion and
no other mass transfer resistances (Ahmed and Hameed
2018). The prediction of concentration—time profile can
help achieve a proper design of HPFCR treatment system
by simulating the experimental data collected from the
PFC depths of 3, 5, 7, 10, 13 and 16 cm and can be used to
investigate the PO,>~ content of tracer breakthrough curve.
The calculation of equilibrium solute uptake per gram of
ICWMS gives an insight on the requirement for the devel-
opment of HPFCR treatment system to adjust the design
parameters. The Thomas models can be written as follows
(Khadhri et al. 2019):

C, 1
C,  1+explK;(q,xm—C,xV)/0l ©

where K is the kinetic coefficient or the Thomas rate con-
stant (L h™! mg™"), g, is the equilibrium PO,*>~ uptake per
gram of ICWMS (mg g~!), m is the amount of ICWMS in

a
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the PFC bed (g), Vis the effective volume of DWTPE passed
the PFC bed (L), and Q is the volumetric flow rate (L hh.

A simplification of Eq. (5) can be written in the linear
equation (Kausar et al. 2017) of:

CO
In[f =—-1)=—(cxt)+d (6)
¢
with ¢ =Ky x C, as the slope is a constant (h™}), = gis the
service time (h), and d = KTX—Z”X'" as the Y-intercept is a con-

stant (dimensionless) due to the experiment was set at a con-
stant flow rate.

The values of K and g, can be calculated for a given flow
rate if the values of ¢ as the slope and d as the Y-intercept
have been verified from the linear graph of In(C/C—1)
versus t according to Eq. (6) (Recepoglu et al. 2018).

Modified mass transfer factor models

The accumulative quantity of PO,>~ deposited on the sur-
face of ICWMS pursuant to the effective volume of DWTPE
flowed through the PFC bed can be calculated using the
equation (Fulazzaky et al. 2013):

" (c, - c)av
q= /T %)
0

where ¢ is the cumulative quantity of PO,*~ deposited on
the ICWMS surface at volume V of DWTPE passed the PFC
bed (mg g7!).

The MMTF models as the improvement of the mass trans-
fer factor models (Fulazzaky 2011) could be useful to study
a competitive effect of coexisting C1~, NO,~ and SO,*" ani-
ons on the kinetics of PO,*~ adsorption onto ICWMS from
DWTPE and can be written in the form (Fulazzaky et al.
2013) of:

C
ln<F"> = [kal, X e x 1 ®)

s

where [kLa]g is the global mass transfer factor (h™!) and j8
is the absorbate—adsorbent affinity parameter (g h mg™).

The simplification of Eq. (8) yielding a linear equation
can be mathematically written as:

In(g) = % x In(t) + B ©)

with

1n([kLa]g) - ln{ln(g—f)} (10)

B

where B is the potential mass transfer index relating to driv-
ing force of PO,*~ mass transfer from bulk water to acceptor
sites (mg g~ ).

A correlation of the external mass transfer factor
([kaly) to [kLa]g can be written in the form (Fulazzaky
et al. 2013) of:

B =

[kpal; = [k al, X e~ PXIn(@) (1)

where [k a; is the external mass transfer factor or film mass
transfer factor (h™").

The values of 1/f as the slope and B and the Y-intercept
according to Eq. (9) can be verified from the graph of plot-
ting In(g) versus In(¢). The variation of [kLa]g value pursu-
ant to the C,/C, ratio can be verified using Eq. (10) and the
variation of [k; a]; value to follow the level of PO,*~ accu-
mulated on the surface of ICWMS can be verified using
Eq. (11). The value of [k a] o minus [k; a]; is the value of
internal mass transfer factor ([k; a];), which can be written
in the equation (Fulazzaky et al. 2013) of:

kyaly = [k al, — [k al; (12)

where [k a], is the internal mass transfer factor or porous
diffusion factor (™).

The variation of [k} a]y value followed the values of
[kLa]g and [k; al; can be verified using Eq. (12) to describe
the transport mechanism of PO,*>~ moved through the
matrix pores and to determine the mass transfer resist-
ance by comparing the variation pattern of [k a]y with
[k a]; for the adsorption of PO,*~ from DWTPE onto the
ICWMS adsorbent.

Table 2 Chemical composition of ICWMS material (wt.%) analyzed by the EDXRF spectrometer

CaO Fe,0, SO,

MgO K,0

Na,O P,0,

88.0 5.90 0.15 0.10

ND ND ND

Remarked that the table shows ND for not detected

]
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Results and discussion

Physical and chemical characteristics of the ICWMS
adsorbent

The results (Table 2) of the EDXRF analysis show that the
chemical composition of ICWMS material consists of 88%
Ca0, 5.9% Fe, 05, 0.15% SO; and 0.1% MgO. It is neces-
sary to identify the presence of other components by the
XRD analysis since the ICWMS material should report the
amount of all elements to reach at 100%. An analysis using
the EDXRF spectrometer shows the major oxides of CaO
and Fe,0; and the minor oxides of SO; and MgO contained
in the ICWMS material. The pore space analysis of using the
surfer analyser shows that the granular ICWMS adsorbent
has a BET surface area of 0.055 m*> g~! and is narrower than
the untreated mussel shell powder of 1.120 m? g~! (Wei
et al. 2018). Surface morphology of the physical features can
be observed from the SEM photographs of ICWMS material
with 1500 and 6000 times magnification, as shown in Fig. 3.

The SEM image of Fig. 3a with 1500 times magnification
shows that the ICWMS material has a relatively rough and
irregular surface structure. The SEM image of Fig. 3b with
6000 times magnification exhibits the small pores like open-
ing at the surface of the ICWMS material. The formation of
iron oxide coated WMS material can be observed from the
SEM photographs and could be beneficial for the removal of
PO,*" ions from aqueous solution (Boujelben et al. 2008).
The XRD pattern of Fig. 3c indicates the presence of
aragonite (CaCOj;), CaO and Fe,Oj; as the major oxides and
that of SO; and MgO as the minor oxides contained in the
ICWMS material. The chemical composition of 5.85% can
be referred to the presence of CaCO; by considering the
ICWMS material made up of five components, i.e., CaO,
Fe,0;, CaCO;, SO; and MgO. The presence of CaCOj; in
aragonite state and CaO on the surface of ICWMS could
be favorable for the adsorption of PO, ions from aqueous
solution (Kim et al. 2018; Torit and Phihusut 2019). The
surface area and Fe,O; content of the ICWMS adsorbent
could be the important feature and have exhibited promising

1200
1100 | Aragonite
" O Calcium Oxide
2 0
2 %00 Tron Oxide
S m ¢ SulfirOide
o
.. 600 . .
. % Magnesium Oxide
& 400
g 300

0 n 0 o N & 1 o %
2 - Theta-Scale (Degree)

Fig.3 The characteristics of ICWMS materual observed from a SEM image of magnified 1500 times, b SEM image if magnified 6000 times

and ¢ XRD pattern
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(a) 100 1 —@— Phosphate
—4&—SS
—¢—COD

—&— Ammonium

80 1

60 1

8
<
]
40 A
N ‘\\’\‘\’\’\ﬂ
s 5 = _ a
0 25 50 75 100 125 150 175 200
t(h)
(b) 8.6 -
8.2 1
:5. 7.8 1
—®— storage tank
74 1 —A— after passing SSF bed
—4— outlet of the HPFCR system
7.0 T T T T T T T \
0 25 50 75 100 125 150 175 200
t (h)
(c) 8
7 4
6 -
—
T, 51
-
o0
g 4
=
2 31
5 —®— Storage tank
—&— After passing SSF bed
14
—— outlet of the HPFCR system
0

0 25 50 75 100 125 150 175 200
t(h)

Fig.4 Varitions of a £, b pH and ¢ DO pursuant to ¢

performance for the adsorption of PO,*~ ions from water (de
Sousa et al. 2012; Lalley et al. 2016).

Performance of the HPFCR system and its operating
conditions

The results (Fig. 4a) show that the removal efficiencies of
PO43_, SS, COD and NH4Jr by the HPFCR treatment sys-
tem monitored at 3.5 h of the experiment can reach 98.7%
(see Fig. 4a; line-i), 56.3% (see Fig. 4a; line-ii), 37.5% (see
Fig. 4a; line-iii), and 9.5% (see Fig. 4a; line-iv), respectively.
A decrease in the performance of HPFCR could be due to
the pore space and acceptor sites of the ICWMS adsorbent

]
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occupied by the different solutes increase and this can be
monitored from an increased breakthrough of the solutes
over time during the experiment. The removal efficiency of
PO,*" slightly decreased by 1.7% from 98.7 to 97% moni-
tored after 48 h of the experiment (see Fig. 4a; line-i) could
be due to the presence of CaO, Fe,O; and CaCO; on the
surface of ICWMS has a benefit of the positively charged
Ca®* and Fe** ions for the adsorption of negatively charged
PO,*~ ions from DWTPE. Then, the performance of HPFCR
decreased by 75.1% from 97.0 to 21.9% could be due to
the reactive surface of CaO, Fe,O; and CaCO; occupied
by the PO43_ ions rapidly decreases during the period of
144 h from 48 to 192 h of the experiment. A decrease in the
performance of the HPFCR treatment system to remove the
mineral and organic pollutants of SS and COD, respectively,
could be due to the availability of pore space decreased over
time may lead to a significant reduction of the van der Waals
force that attracts the mineral and organic matters from

The efficiency of NH,* removed by the HPFCR treatment
system has a small fluctuation that ranges from 6.3 to0 9.5%
(see Fig. 4a; line-iv) and is mainly dependent on the bio-
logical process that takes place in the presence of oxygen in
DWTPE (Fulazzaky et al. 2018; Karri et al. 2018).

The operating conditions of HPFCR treatment system
were investigated by monitoring the variations of pH and
DO at inlet in the storage tank, after passing the SSF bed,
and outlet in the sampling bottle over time to get better
understanding on the characteristic change in the DWTPE.
The variations of pH ranged from 7.50 to 8.40 with an aver-
age of 8.18 (see Fig. 4b; curve-i) and from 7.30 to 8.30 with
an average of 8.04 (see Fig. 4b; curve-ii) were monitored
at inlet in the storage tank and after passing the SSF bed,
respectively, during the experimental period of 192 h. The
pH decreased very slightly could be due to the chemical
reaction of fine sand with DWTPE may slightly produce the
H* ions (Crundwell 2017). The variation of pH monitored at
outlet of the HPFCR system ranged from 7.31 to 8.21 with
an average of 7.87 (see Fig. 4b, curve-iii) could be due to the
presence of Fe,O; in the form of heterolytically dissociated
structure on the surface of [CWMS may attract the OH™ ions
from solution attached to surface site of Fe>* ions leading to
a decreased pH of treated DWTPE (Ovcharenko et al. 2016).

The variation of DO monitored at inlet in the storage tank
decreases from 5.65mg L' at3.5hto 1.65mgL™"at 192 h
of the experiment (see Fig. 4c; curve-i) and that after passing
the SSF bed decreases from 7.33 mg L' at 3.5 h to 1.63 mg
L~!at 192 h of the experiment (see Fig. 4c; curve-ii). The
DO value of DWTPE monitored after passing the SSF pro-
cess is remarkably higher than that monitored in the stor-
age tank during the experimental period of 48 h due to the
transfer of oxygen from air trapped in fine sands to the water
flowing through the SSF bed can lead to increased level of
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DO in DWTPE at the beginning of the experiment. The deg-
radation of organic matter occurred during the experiment
with the presence of microorganisms in DWTPE can lead
to continuously decrease the value of DO monitored from
3.5 to 192 h of the experiment (Passerini et al. 2016). The
content of DO monitored at outlet of the HPFCR system
decreases from 6.43 mg L™ at 3.5hto 4.00 mg L™ at 96 h
of the experiment (see Fig. 4c; curve-iii) could be due to the
bacterial degradation of organic matter with the aid of oxy-
gen can lower the level of DO in the treated DWTPE effluent
during the experimental period of 96 h (Le Moigne et al.
2017). An increase in the value of DO from 4.00 mg L~ at
96 h to 5.91 mg L~" at 192 h of the experiment could be due
to the diffusion of oxygen in water from the atmosphere may
occur when the availability of organic matter in the treated
DWTPE effluent is low (Fulazzaky 2013).

Numerical analysis using the bed depth service time
models

The dynamic capacity of PO,*~ adsorbed per unit volume
of ICWMS and the rate constant of adsorption at certain
percentage of PO,*~ out flowing through the various depths
of PFC bed can be determined since both the values of a as
the slope and b as the Y-intercept have been verified from
linear graph of ¢ versus & plotted according to Eq. (3). The
correlation between ¢ and & can be made by interpolating
the curve of C/C, versus t to determine an actual value of ¢
at 5, 10, 20, 50 and 90% of the PO43' breakthrough for the
PFC depths of 3, 5, 7, 10, 13 and 16 cm. The plot (Fig. 5a)
of ¢ versus h accorded to Eq. (3) yielding the graph of linear
function makes the time ¢ to reach at certain percentage of
the PO,>~ breakthrough gradually increased with increasing
of the PFC depth. Correlation for the parameters a and b is
very good (R2>0.966, see Table 3); therefore, the use of a
and b values could be useful to calculate the values of N,
and K. The value of N, increased from 797 to 805 to 1142
and to 1558 mg L' is due to the percentage of PO43_ break-
through increases from 5 to 10 to 20 and to 50%, respec-
tively (see Table 3). An increase in the value of N, related
to increased amount of PO,*~ deposited on the surface of
ICWMS material may not be enough to completely occupy
the acceptor sites of CaO, Fe,0; and CaCO; polymorphs
with increasing of the C/C ratio up to 0.5. The capacity
of dynamic PO,>~ adsorption increased with increasing of
the C/C, ratio could be due to an increased velocity of the
DWTPE flow can lead to an increased force of PO,*~ depo-
sition per unit area of the ICWMS adsorbent (Podder and
Majumder 2016). A deep depth of PFC extended life span
of the PO,*>~ adsorption per unit volume of the ICWMS
adsorbent with a maximum capacity of 1558 mg L™! can be
achieved at 50% of the C/C, ratio. Physical meaning of the
constant K, can’t be clearly understood since an irregular

(@)
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t(h)

©

Ah=16 cm
Oh=13 cm
Bh=10 cm
®h=7 cm
Ah=5cm
®h=3 cm

In (¢) (mg g™)

In(®) (h)

Fig.5 The linear curves of plotting: a ¢ versus i, b In(C/C, — 1) ver-
sus ¢ and ¢ In(g) versus In(z)

trend of the K, variation with increasing of the C/C, ratio
(see Table 3) appeared due to the dispersion of PO,*~ caused
by the resistance of mass transfer controlled by either film
zone surrounding the solid of ICWMS material or PD of
PO,* inside the pores of ICWMS adsorbent is still negli-
gible. Investigating the kinetic behaviors of FMT and PD
for the adsorption of PO,*~ onto ICWMS from DWTPE in
hydrodynamic column can gain better understanding of the
mechanisms and mass transfer resistance of transporting
the PO,>~ ions from bulk water toward the acceptor sites of
CaO, Fe,05; and CaCO; polymorphs.

* @ Springer
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Table 3 Results of the different parameters calculated using the BDST, Thomas, and MMTF models to describe the adsorption of PO43_ onto

the ICWMS adsorbent

The parameters N, and K, calculated using the BDST models

CJC, (%) a(hem™) b (dimensionless) N, (mg L™ K, (Lh™'mg™) R?
5 8.52 - 11.18 797 —0.0281 0.99877
10 8.61 — 246 805 —0.1276 0.97485
20 12.21 —-4.01 1142 —0.0485 0.96672
50 16.65 15.67 1558 0.0000 0.96605
90 13.87 93.18 1298 —0.0034 0.97971
The parameters K and g, calculated using the Thomas models
h (cm) m (mg) Ky (Lh~™ mg™) g, (mg g™ R

19.0 0.0072 1.77 0.95553

338 0.0050 1.58 0.97398

449 0.0048 1.48 0.97797
10 63.1 0.0043 1.32 0.96448
13 79.8 0.0040 1.26 0.96027
16 101.3 0.0039 1.15 0.97621
The parameters $ and B calculated using the MMTF models
h (em) p(ghmg™) B (mgg™) R

1.208 - 3417 0.98290
5 1.190 -3.920 0.97658
1.123 —4.276 0.98641

10 1.076 —4.688 0.99286
13 1.054 —4.957 0.99558
16 1.051 —5.190 0.99527

Numerical analysis using the Thomas models

The kinetic investigation of PO,>~ adsorption onto the
ICWMS adsorbent can be performed based on the analy-
sis of data collected from the experiments run at flow rate
of 0.071 L h™! for the various depths of PFC bed using
the Thomas models. The plot (Fig. 5b) of In(C,/C—1)
versus ¢ according to Eq. (6) yields a graph of linear func-
tion with the slope marked as ¢ and the Y-intercept as
d, which can be used to calculate the values of K1 and
q,- Because of the correlation for the parameters K and
q, 1s very good (R2>0.9555; see Table 3), the use of
K and g, values could be useful to describe the kinetic
behaviors of PO,>~ moved from DWTPE to the surface
of ICWMS. The value of K decreased from 0.0072 to
0.0050 to 0.0048 to 0.0043 to 0.0040 and to 0.0039 L
h™' mg~! and the value of ¢, also decreased from 1.77
to 1.58 to 1.48 to 1.32 to 1.26 and to 1.15 mg g~ could
be due to an increased depth of the PFC bed from 3 to 5
to 7 to 10 to 13 and to 16 cm, respectively (see Table 3).
The collision frequency of PO,*~ ions with the acceptor
sites of CaO, Fe,O; and CaCO; polymorphs decreased
with increasing of the granular ICWMS dosage can be

o’
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verified from a decreased value of K for a given flow
rate of DWTPE passed across the PFC bed. The distri-
bution of PO,>~ ions spread over the ICWMS adsorbent
can expand with an increased amount of ICWMS in the
PFC bed and can therefore retain considerable amount of
PO, ions deposited on the surface of ICWMS material.
The kinetic coefficient K decreased with decreasing of
the water velocity caused by an increased ICWMS dosage
is sensitive to the pore space feature of ICWMS depended
on the internal structure and chemical functional groups
of the acceptor sites (Ahmed and Hameed 2018; Fulaz-
zaky 2019). The value of g, decreased with an increase in
the PFC depth could be due to the driving force of trans-
porting the PO,>~ ions from the bulk liquid to film zone
closely near the solid surface decreases with an increased
amount of the ICWMS adsorbent (Charola et al. 2018).
Application of the Thomas models for the adsorption of
PO, may help explain the collision frequency and driv-
ing force of the mass transfer and is related to an external
mass transfer of PO,>~ moved from the bulk liquid to a
solid surface of the ICWMS adsorbent. The rate of mass
transfer controlled by either FMT or PD cannot be pre-
dicted from the assessment of the Ky and g, values. It is
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necessary to use a proper kinetic model to determine the
mass transfer resistance of PO,>~ adsorption onto ICWMS
from DWTPE in the next step of numerical analysis.

Numerical analysis using the modified mass transfer
factor models

By plotting In(g) versus In(f) according to Eq. (9) yields a
graph of linear function with 1/4 as the slope and B as the
Y-intercept (see Fig. 5¢). Correlation for the parameters
and B is very good (R2 >(0.9765; see Table 3), meaning that
the use of the MMTF models could be useful to describe
the kinetic behaviors of PO,*~ adsorption onto ICWMS
from DWTPE. The results show that both the values of f
decreased from 1.208 to 1.190 to 1.123 to 1.076 to 1.054 and
to 1.051 gh mg~! and B decreased from — 3.417 to — 3.920
to — 4.276 to — 4.688 to — 4.957 and to — 5.190 mg g~!
could be related to an increased depth of PFC bed from 3 to
5to 7 to 10 to 13 and to 16 cm, respectively (see Table 3).
The value of f§ decreased with increasing of the surface area
and pore volume distribution of the ICWMS adsorbent could
be due to an increased opportunity of ICWMS attracted
coexisting anions of C1~, NO;~ and SO,*~ by the van der
Waals force leads to a decreased electronic interaction of
PO,*~ with active sites of CaO and Fe,O; (Charola et al.
2018; Afridi et al. 2019). A decrease in the value of B with
increased depth of PFC bed is due to the more retention
of PO, spread over a large surface area of film zone can
reduce the concentration of PO,>~ in the bulk water leading
to a decreased driving force of liquid—solid interphase mass
transfer (Fulazzaky 2011).

The variation of [k a], calculated using to Eq. (10) is
dependent on the C/C; ratio since both the values of § and
B have been verified from graphing a linear function. By
plotting [k a], versus percent PO43_ breakthrough (Fig. 6a)
shows the pattern of [k a] . variation decreased with increas-
ing of the outflow. The GMT of PO,*~ ions transported from
the bulk DWTPE to acceptor sites of CaO, Fe,O; and CaCO,
polymorphs decreased with increasing of PO,>~ flowing out
of the PFC bed is due to the van der Waals and electrostatic
forces decrease with increasing of the pore space occupied
by the PO,*>~ and coexisting anions. The pattern of [kpal,
variation progressively lowered with increasing of the PFC
depth could be related to the driving force of PO,>~ anions
moved toward the reactive surface of Ca** and Fe** cati-
ons increases with increasing of the movement of DWTPE
across the PFC bed (Fulazzaky et al. 2014a). Understanding
the mass transfer behaviors of PO,*>~ adsorption required
more detailed explanation can be gained by investigating
the pattern of the [k al; and [k; a]; variations to determine if
the rate of mass transfer is controlled by either FMT or PD.

The variation of [k a]; depended on the accumulative
amount of PO,>~ deposited on the surface of ICWMS
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Fig.6 The variations a [kLa]g, b [kLa]g, c [kLa]g pursuant to the per-
centage of PO,>~

adsorbent can be calculated using Eq. (11) since the value
of j verified from straight line graph and the variant [k a],
pursuant the C/C, ratio calculated using Eq. (10) have
been obtained. By plotting the curve of [k al; versus per-
cent PO,*>~ breakthrough showing the pattern of [k al;
variation sharply decreases before reaching at around 5%
of PO, flowed out of the PFC bed (see Fig. 6b). High
rate of PO, mass transfer moved toward the reactive
surface of CaO, Fe,0; and CaCO; polymorphs could
be due to an electronic interaction of the positive Ca**
and Fe* cations can react with the PO,’~ anions leading
to the formation of Ca,y(PO,)¢(OH),, Fes(OH)(PO,),,
Fe-H,PO, or (Fe-),HPO, precipitate, depending on

a
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the environmental conditions of DWTPE solution. The
reactions of ion exchange on the surface of ICWMS
can be described as follows: (1) 10Ca-CO;+2H* +
6HPO,*” + 2H,0 — Ca,((PO,)s(OH), + 10HCO;~, (2)
15Fe** +9P0,* + 18H,0 — 3Fes(OH)4(PO,); + 18H™,
(3) Fe-OH + H,PO,” —» Fe-H,PO,+ OH™ or (4)
2Fe-OH + HPO,*>~ — (Fe-),HPO, + 20H~ (Karageorgiou
et al. 2007; Fulazzaky et al. 2014b; Cadez et al. 2018;
Liu et al. 2019; Zhong et al. 2019). Chemical reaction of
the acceptor sites of the positive Ca®* and Fe®* cations
with the PO,*~ anions generates the new chemical bonds
at the surface of ICWMS adsorbent. This suggests that
the movement of PO,*~ attracted from DWTPE toward
the surface of ICWMS mainly dominated by chemisorbed
interaction state (Jurado et al. 2021). The depth of chem-
isorption well within the pores could be a measure of the
strength of PO,>~ binding to the ICWMS adsorbent. The
modification of WMS surface coated by iron provides a
new evidence for the importance of surface functional
groups in the chemisorption process (Fulazzaky 2019).
The variation (see Fig. 6¢) of [k; a], used to describe the
diffusion behavior of PO,*~ adsorption can be calculated
using Eq. (12) since the values of [k; a], calculated using
Eq. (10) and [k a]; calculated using Eq. (11) have been
obtained from the data subject. An increase in the value
of [k, a], varied in the negative zone cannot totally coun-
terbalance the decreasing of the [k; a]; value varied in
the positive zone; hence, the variation of [kLa]g value is
still in the positive zone during the adsorption process.
This determines that the resistance of mass transfer con-
trolled the kinetic rate of PO,>~ adsorption onto ICWMS
from DWTPE is dependent on PD. The interaction of
PO,*~ with the acceptor sites of CaO, Fe,05 and CaCO,
polymorphs within the pores driven by van der Waals force
is quite difficult due to the movement of PO,*~ ions in
a very narrow space of the ICWMS adsorbent as indi-
cated by its BET surface of 0.055 m? g~ is very limited.
The pattern of [k a], variation increased but that of [k a];
variation decreased slowly with decreasing of the C./C,
ratio can be observed after passing from around 5% until
reaching 100% of the PO,>~ breakthrough. This indicates
that the rate of adsorption depended on both FMT and PD
ultimately controls the residence time of PO,>~ uptake at
the ICWMS-aqueous phase interface. The movement of
PO,>~ anions from DWTPE cannot enter the pores because
the PO,*~ anions would be repelled by the fixed coexisting
C1~, NO;™ and SO,*™ anions inside the ICWMS adsorbent.
The capacity of ICWMS material adsorbed the PO43_ ions
from DWTPE can be increased by developing the pore
space and acceptor sites of the ICWMS adsorbent by the
various physical and chemical modifications. The modi-
fication of pore structure by the calcination process has
been proposed to increase the BET surface of the WMS

* @ Springer

powder (Wei et al. 2018) giving an insight into the future
development of the ICWMS adsorbent.

Conclusion

This study proposed the ICWMS material as a potential
adsorbent for the adsorption of PO,*~ from DWTPE applied
in hydrodynamic column of the HPFCR treatment system.
The performance of HPFCR to remove the pollutants of
PO,*", SS, COD and NH," from DWTPE reaches 98.7,
56.3, 37.5 and 9.5%, respectively, at 3.5 h of the experiment.
The analysis of experimental data used the BDST, Thomas,
and MMTF models enables to link the kinetic behaviors of
PO,’~ adsorption with the surface properties of [CWMS
material gained from the EDXRF analysis, surfer analyser,
SEM photographs, and XRD pattern. An application of the
BDST models with its K, and N, values and Thomas models
with its K and ¢, values is limited to describe the detailed
kinetic mechanisms of mass transfer controlled the overall
adsorption rate of PO,’~ onto ICWMS from DWTPE. The
application of the MMTF models enables to describe the
mechanisms of FMT and PD and determines the kinetic rate
of PO,*~ adsorption controlled by PD. The resistance of
mass transfer for the adsorption of PO,>~ ions onto ICWMS
from DWTPE in hydrodynamic column was verified to con-
tribute to the development of low-cost material as a potential
adsorbent for the removal of PO,*>~ from aqueous solution
in future.
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