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Abstract

We develop a high-performance adsorbent for phosphate removal from water or
wastewater by impregnating lanthanum (La) on a coal fly ash—blast furnace cement
composite (La-FACC). The optimized impregnation percentage of La and calcination
conditions of the La-FACC were 1% and 800 “C for 2 h, respectively. The adsorption
kinetics of phosphate onto the La-FACC was well fit by the intra-particle diffusion model,
indicating that film and intra-particle diffusion were the rate-controlling step in the
adsorption process of phosphate onto the La-FACC. The pseudo second-order kinetic
model could also describe the adsorption kinetics of phosphate. Hence, adsorption of
phosphate onto the La-FACC occurred mainly via chemisorption. The Langmuir isotherm
was appropriate for describing the phosphate adsorption behavior onto the La-FACC. The
monolayer maximum adsorption capacity was 24.9 mg-P g!. The La-FACC showed high
adsorption capacity and selectivity for phosphate with a wide range of pH, and with high

concentrations of coexisting ions attributed to both formation of inner sphere complexes
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and electrostatic interaction. Magnesium ion slightly inhibited the adsorption of

phosphate. Hence, the La-FACC developed in this study is a promising adsorbent for

water treatment with a wide pH range and high ion strength.
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Highlights

>

Lanthanum-doped adsorbent for phosphate was developed.

The lanthanum support carrier was mixture of coal fly ash and blast furnace cement.
The monolayer maximum adsorption capacity of the adsorbent was 24.9 mg-P g
The adsorbent showed high adsorption capacity and selectivity for phosphate

The adsorbent shown high adsorption capacity with wide pH.
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Introduction

Phosphorus is an essential substance for living organisms, a component of DNA,

RNA, ATP, and phospholipids. Furthermore, phosphorus is necessary for the formation

bones and teeth in all vertebrates. Demand for phosphorus has been increasing with the

rising demand for food to meet the needs of the growing global population, because

phosphate is essential for high crop yields in agriculture (Childers et al., 2011).

Agricultural demand over the last 75 years—a result of the Green Revolution—has

increased global phosphorus mobilization roughly fourfold (Childers et al., 2011).

Currently, agribusiness and plant factories using biotechnology and ICT (information

and communication technology) to produce high-value-added plants such as organic

vegetables, functional vegetables, and medicinal plants are widespread (Yanata et al.,

2015). However, the excessive discharge of phosphate from industrial or domestic

wastewater and cultivated fields into water bodies and lakes leads to eutrophication,

including the proliferation of harmful algal blooms and formation of hypoxia in coastal

marine ecosystems (Conley et al., 2009; Asaoka and Yamamoto, 2011). Secondary

effluent from municipal wastewater treatment plants (WWTPs) are considered a main

source of such nutrients (Citulski et al., 2009; Gao et al., 2016).
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Treatments proposed to remove phosphate from wastewater have included biological

treatment, chemical precipitation and crystallization (Hiraishi et al., 1998; Wang et al.,

2012; Yang et al., 2016; Huang et al., 2017; Lei et al., 2017; Mulder et al., 2018). Most

of these technologies are generally available for the removal of high concentration

phosphate. In contrast, adsorption is a promising method for removing low concentrations

of phosphate in wastewater. Many adsorbents have been developed for phosphate removal,

including Fe-Al-Mn ternary oxide, iron oxides, zeolite, hydrotalcite etc. (Hermassi et al.,

2016; Abebe et al., 2017; Ajmal et al., 2018; He et al., 2018; Peng et al., 2019; Hsu et al.,

2019; Ogata et al, 2019). In particular, lanthanum (La), which is considered

environmentally friendly and is relatively abundant in the earth’s crust, has a high affinity

to phosphate with the formation of the La—phosphate complex (Xie et al, 2014). La

doped with suitable substrates has been proven to improve phosphate adsorption

efficiency (Zhang et al., 2010; Zhang et al., 2012). Therefore, La has been attracting

attention as a material for developing new adsorbents for removal of phosphate from

wastewater.

In this study, we develop a cost effective La support carrier by mixing coal fly ash

from an electric power plant with blast furnace cement (Asaoka et al., 2012; Asaoka et

al., 2014; Asaoka et al., 2017). When coal fly ash is mixed with cement, the silicon oxide
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and aluminum oxide contained in the coal fly ash react with the calcium hydroxide in the
blast furnace cement in what is called the pozzolanic reaction (Shi and Day, 2000a,
2000b). This reaction increases the specific surface area. Therefore, a coal fly ash—blast
furnace cement composite (FACC) prepared by the pozzolanic reaction with high specific
surface area (11.4 m? g'!; Asaoka et al., 2017) is an advantageous support carrier for La
doping. Annual global generation of fly ash is estimated to be approximately 750 million
tons (Yao et al., 2015). Therefore, new applications utilizing byproducts from coal-fired
power plants are expected to contribute to waste reduction and promote recycling within
society.

The purposes of this study are to: (1) optimize the preparation conditions of an
adsorbent for phosphate, the La-doped coal fly ash—blast furnace cement composite (La-

FACC), and (2) verify the phosphate adsorption performance of the La-FACC.

Experimental
2.1 Preparing the La-FACC

The La support carrier was prepared by mixing with coal fly ash (Chugoku Electric
Power Co., Inc., Japan) and blast furnace cement (Class B: Nippon Steel Blast Furnace

Slag Cement Co., Ltd, Japan). The mixing ratio of coal fly ash and blast furnace cement
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was 7:3 by mass, which was found to be the most effective for increasing the specific
surface area of the composite (Asaoka et al., 2017). Then, the mixture was sprayed with
12.5% pure water to the total weight of the mixed composite. The composite was then
granulated to approximately 5-mm diameter using a rotary pan granulator (PZ-01R: AZ
ONE, Japan). Pure water was sprayed so as to wet the surface of the granulated composite
every day for the first week. The granulated composite was then air-dried for at least 3
months in a laboratory at 25 “C to complete the pozzolanic reaction between the coal fly
ash and blast furnace cement. Finally, the granulated composite was sieved to a diameter
of 1.00-3.35 mm.

La was impregnated into the granulated composite by the incipient wetness
impregnation method. The granulated composite was immersed in an aqueous solution
containing an La precursor, lanthanum chloride hepta-hydrate (Wako Special Grade,
FUJIFILM Wako Chemicals, Japan) for 1 day at 25 °C. After impregnation, the
lanthanum chloride hepta-hydrate solution was evaporated to dryness at 105 °C ina dry
oven. The La-doped composite was calcined at 800 ‘C for 2 h in air using an electric
furnace (HPM-ON, AZ ONE, Japan), and then allowed to cool naturally in the furnace.

The amount of La doped on the granulated composite was controlled by dissolving

different amounts of lanthanum chloride hepta-hydrate into pure water. The impregnation
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percentage of La in the final La-FACC product was verified by determining the
concentration of La using a wavelength dispersive type X-ray fluorescence analyzer
(Supermini; Rigaku, Japan) with fundamental parameter mode. The chemical
composition of the optimized La-FACC is presented in Table 1.

The zeta potential of the powdered FACC and La-FACC in 10 mmol L' NaCl solution
was analyzed at different pH ranging from 3 to 10 using a zeta-potential & particle size

analyzer (ELSZ-2000; Otsuka Electronics, Japan).

2.2 Optimization of calcination conditions of the La-FACC

La-FACC calcination temperature and time varied in the range of 600-1000 °C and
0.5-8 h, respectively. Batch experiments were carried out to investigate the effects of
calcination conditions on the adsorption of phosphate onto La-FACC. Five g L! samples
of La-FACC were placed in Erlenmeyer flasks with 100 mg-P L™! solution prepared by
dissolving sodium dihydrogen phosphate dihydrate (Guaranteed Reagent, FUJIFILM
Wako Chemicals, Japan) in ultrapure water. The Erlenmeyer flasks were closed with
silicosen plugs (Shin-Etsu Polymer, Japan), and then agitated at 100 rpm at 25 °C in a
constant-temperature oven. After reaching equilibrium (168 h), the phosphate solution

was filtered with a 0.45-um pore syringe filter (SLHNO33NB; Merck, Germany).
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The phosphate concentration in the filtrate was analyzed by molybdenum blue
absorption photometry (Motomizu et al., 1983) using a flow injection analyzer (FIA-POy;
Kyoritsu Chemical-Check Lab, Japan). The initial and final pH of the phosphate solution
was measured with a pH meter (LAQUA twin B-711; Horiba, Japan). We also conducted
batch experiments without the La-FACC using the same procedure as a control. These
batch experiments were conducted in triplicate. The phosphate adsorbed per gram of La-

FACC was calculated using Eq. (1).

Cc-c)v
Qe = —w €Y

where C and C, represent the concentrations of phosphate of the control and the La-FACC
applied solution (mg-P L) at equilibrium, respectively, Q. (mg-P g!) indicates the
amount of phosphate adsorbed per unit weight (g) of the La-FACC, W shows the mass of

the applied La-FACC (g), and V is the volume of the phosphate solution (L).

2.3 Optimization of impregnation percentage of La in the La-FACC

The impregnation percentage of La in the La-FACC was varied within the range of
0.1-4%. The batch experiments investigated the effects of impregnation percentage of La
in the La-FACC on adsorption of phosphate following the procedure described in 2.2.

The load to collapse the La-FACC particles was easily measured by a digital force
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gauge (DST-500N; IMADA, Japan) attached with a cone-type attachment (S-3, IMADA,

Japan).

2.4 Adsorption Kinetics of phosphate onto the La-FACC

The 1 g L'! of La-FACC samples were placed in Erlenmeyer flasks with 10, 25 and
100 mg-P L' solution. The batch experiments were carried out using the procedure
described in 2.2, and then aliquots of the phosphate solution were taken at regular
intervals to determine residual phosphate in the solution. The adsorption kinetics of
phosphate onto the La-FACC was fit by the three well-known models: pseudo first-order
model, pseudo second-order model, and intra-particle diffusion model. The equations of

these models are expressed as Egs. (2)-(4), respectively.

k
log(Qe — Q2) = logQe + 5=t @
t_1 + 1, (3)
Q koQZ " Qe
0 = Iit? )

where ¢ represents contact time (h), Qe, and Q; (mg-P g'!) indicate the amount of phosphate
adsorbed per unit weight (g) of the La-FACC at equilibrium and the amount of phosphate
adsorbed per unit weight (g) of La-FACC at time t (h), respectively, and k; (h™!) , k2 (g

mg ! h'') and k; (mg g! h™'’%) are the rate constants for the pseudo first-order, second-order,

10
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and intra-particle diffusion models, respectively.
The adequacy of kinetic models was verified by calculating percentage deviation
(D%) between observed and calculated amounts of phosphate adsorbed onto the La-

FACC at equilibrium using Eq. 5 (Rehman, et al., 2013).

— (Qe,obs - Qe,cal) .

D(%) Qe cal
e,ca

100 (5)

where, Qc, obs (mg-P g!) and Qc, cs (mg-P g!) indicate the observed or calculated amount

of phosphate, respectively, adsorbed per unit weight (g) of the La-FACC at equilibrium.

2.5 Adsorption isotherm of phosphate onto the La-FACC

The 5 g L! of La-FACC samples were placed in Erlenmeyer flasks with 10-200 mg-
P L! solution. Batch experiments were carried using the procedure described in 2.2. The
adsorption behavior of phosphate onto the La-FACC was expressed as Langmuir (Eq. 6),
Freundlich (Eq. 7) and Dubinin—Radushkevich (Eq. 8: Dubinin and Radushkevich, 1947)
isotherms.

c, 1 C,

0. “abta ®)

11
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logQ, = logF +£l0gCe (7)

e = qme e’ (8)

where C. (mg-P L) represents the equilibrium phosphate concentration, a (mg-P g™)
indicates the maximum adsorption capacity, b (L mg') represents the adsorption
equilibrium constant, and F and » are the Freundlich constants, which show the amount
of phosphate adsorbed for unit equilibrium concentration and the intensity of the
adsorption process, respectively. Q. (mg-P g') indicates the amount of phosphate
adsorbed per unit weight (g) of the La-FACC at equilibrium.

Dimensionless constant separation factor (R;) of the Langmuir isotherm was

calculated using Eq. 9 (Huang et al., 2014).

(9
where b indicates the adsorption equilibrium constant (L mg™!) obtained by the Langmuir
isotherm, and Ci; is the initial concentration of phosphate (mg-P L).

In the case of Dubinin-Radushkevich isotherms (Eq. 8), g. (mol g'!) represents the
molar of the phosphate adsorbed per unit weight (g) of La-FACC at the equilibrium, and
gm (mol g') the theoretical isotherm saturation capacity of the La-FACC. Ky is the

Dubinin—Radushkevich isotherm constant (mol? kJ2), and ¢ the Dubinin—Radushkevich

12
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isotherm constant calculated following Eq. 10 (Hasany and Chaudhary, 1996;

Benhammou et al., 2005; Akar et al., 2013).

. ) (10)

me

€ = RTIn <1 +
where R, represents the gas constant (8.314 + 10~ kJ mol™! K1), T is absolute temperature
(K), and and C. is the phosphate equilibrium concentration (mol L!).

The root mean squared error (RMSE) between estimated the amount of phosphate
adsorbed on the La-FACC obtained by the three isotherms (Q., cu) and the those of

observed values (Q., obs) Was calculated by Eq.11.

n _ 2
RMSEzjzi_l(Qe,obs Qe,cal) . . '(11)

n

2.6 Effect of solution pH on adsorption of phosphate onto the La-FACC

We investigated the effect of solution pH on phosphate adsorption onto the La-FACC
in the same manner with batch experiments as described in 2.2, except that the initial
phosphate concentration was 200 mg-P L', The solution pH was kept within the desired

range of 4-10 by addition of 0.1 mol L"! HCI or NaOH to the solution.

2.7 Effect of coexisting ions on adsorption of phosphate onto the La-FACC

The effect of 100 mg L' of coexisting ions on phosphate adsorption onto the La-

13
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FACC was examined with batch experiments, as described in 2.2. The solutions of
coexisting ions such as Na*, K*, Ca?", Mg**, CI, NOy", NO;" and SO4> used in this study
were prepared from their respective salts sodium chloride, potassium chloride, calcium
chloride, magnesium chloride hexahydrate, potassium nitrite, potassium nitrate and

potassium sulfate, respectively.

3. Results and discussion
3.1 Optimization of calcination conditions of the La-FACC

Calcination conditions were optimized to prepare the La-FACC. The effect of
calcination temperature on La-FACC phosphate adsorption was investigated, as shown in
Fig. 1. The pH of the solution varied in the range of 7.8—8.2 at equilibrium. The phosphate
adsorbed per g of La-FACC (impregnation percentage of La: 4%; calcination time: 2 h)
showed no statistical difference in the calcination temperature range of 600—800 °C.
However, in La-FACC calcined at 600 and 700 °C, white La phosphate precipitation
exfoliated from the La-FACC was observed in the liquid phase after the batch experiments
(Fig. S1). In contrast, the exfoliation of La phosphate from the La-FACC was not
observed at calcination temperatures at 800 °C.

On the other hand, at temperatures between 900 and 1000 °C, phosphate adsorption

14
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capacity of the La-FACC decreased compared to that between 600—-800 °C (statistical
significance level: p-value <0.01). This decrease in phosphate adsorption capacity was
due to the reduced number of adsorption sites for phosphate. Xie et al. (2014) reported
that phosphate adsorption on La is performed by the formation of an inner-sphere
complex (=La0O-POs%). Because the surface pH of FACC was 11.7 (Asaoka et al., 2017),
the zeta potential of the FACC was negative (Fig. S2). Hence, it is considered La**
adsorbed on the surface of negatively charged FACC through the incipient wetness
impregnation. When the calcination temperature exceeds 400 ‘C, LaCl is transformed
into LaOCI and bonds to the fly ash—blast furnace cement composite. In turn, LaOCl is
transformed to La>O3 above 800 °‘C(Kim et al., 2000). Therefore, we consider that most
phosphate adsorption sites in the La-FACC calcined at 900 and 1000 ‘C were
transformed to inactive La,O; from active LaOCI. Hence, the calcination temperature was
optimized to 800 “C to obtain high adsorption capacity without exfoliating La phosphate
from the La-FACC.

The calcination time was also investigated in the range of 0.5—8 h. When the calcination
time was 0.5—4 h, the phosphate adsorption capacity of La-FACC did not show a statistical
difference. However, the phosphate adsorption capacity of La-FACC calcined for 8 h

decreased slightly (3.5-6.0%) compared to that at 0.5-4 h (p <0.05). Therefore,

15
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calcination time was optimized to 2 h to allow some margin.

3.2 Optimization of impregnation percentage of La in the La-FACC
The impregnation percentage of La on the La-FACC was investigated in the range of
0.1-4%. The solution pH was in the range of 7.9-8.3 at equilibrium. When the
impregnation percentage of La on the La-FACC was between 0.1-1%, the phosphate
adsorption capacity of the La-FACCs ranged from 19.9-20.6 mg g'! without a statistical
difference (Fig. 2). However, when the percentage of La exceeded 1%, the phosphate
adsorbed per g of La-FACCs decreased (p <0.01). The surface pH of the La-FACC can
affect the phosphate adsorbed per g. Moreover, the species of phosphate ion differs at
different pH, as shown by the following equations (Huang et al., 2014).
H;PO; ©HoPO4 +HY pKar=2.15
H,POs ©HPO4* + H"  pKa=7.20
HPO4* ®PO4 + H"  pKa=12.33
We calculated the species of 100 mg-P L' of phosphate at different pH using the
chemical equilibrium model software, Visual MINTEQ ver.3.0 (Fig. S3). For a
impregnation percentage of La between 0.1-1%, the surface pH of the La-FACC ranged

from 9.5-10.2 (Fig. 2). Within this pH range (9.5-10.3), HPO4> was the major species of

16
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phosphate, accounting for 98.9-99.4% of all phosphate. In contrast, with impregnation
percentage of La of 2% and 4% the surface pH was 7.4 and 6.9 (Fig. 2); the phosphate
species were 33.4% H2PO4 and 66.6% HPO4> at pH 7.4, and 62.1% and 37.9% at pH 6.9
(Fig. S3). Therefore, the electrostatic interaction between the 2% or 4% La-doped La-
FACC and phosphate was lower than that of 0.1-1% La-doped La-FACC. Hence, we
considered the adsorption capacity of 2 or 4% La-doped La-FACC to be decreased.

The load to collapse the La-FACC particles were 2.8, 1.9, 4.1, 4.5 and 5.0 N for the
La-FACC with 0.1, 0.5, 1, 2 and 4%, respectively, of the La impregnated La-FACC. When
the load exceeded 3 N, the crushing strength of the La-FACC particle was sufficient for
stirring or filling in a wastewater treatment column. Therefore, the optimum impregnated
percentage of La on the La-FACC was 1%, taking into account both the phosphate

adsorption capacity and crushing strength.

3.3 Adsorption kinetics of phosphate onto the optimized La-FACC

In the case of initial concentration of 100 mg-P L"!, the adsorption of phosphate onto the
La-FACC reached 90% of equilibrium adsorption within 72 h and at equilibrium within
168 h. Adsorption kinetics for phosphate onto the optimized La-FACCs were fit by three

kinetic models: the pseudo first-order model (Eq. 2), pseudo second-order model (Eq. 3)

17
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and intra-particle diffusion model (Eq. 4). The results of parameter fitting using the three
kinetic models are shown in Table 2. In the case of 10 and 25 mg-P L'}, the intra-particle
diffusion model, which indicates film diffusion, showed linearity (Fig. 3). The straight
lines fit by the intra-particle diffusion model did not pass through the origin, implying the
coexistence of both film and intra-particle diffusion mechanisms (Lalley, et al., 2016;
Ajmal et al., 2018). In the case of 100 mg-P L', the adsorption kinetics could be fit by
the intra-particle diffusion model for the first 48 h (6.9 h''”?). Therefore, it is considered
that film and intra-particle diffusion are the rate-controlling step in the adsorption process
of phosphate for the first 48 h. Furthermore, the pseudo second-order kinetic model could
describe the adsorption kinetics of phosphate (Fig. 4). The coefficient of determinations
for the pseudo second-order kinetic model (R?=0.979-0.998) were higher than those of
the pseudo first-order model (R?=0.751-0.965). The deviation in the amount of phosphate
adsorbed onto the La-FACC at equilibrium (Q.) fit by the pseudo second-order kinetic
model was much lower compared to that of the pseudo first-order model (Table 2). These
results indicate adsorption of phosphate onto the La-FACC occurs mainly via

chemisorption (Ho and McKay, 1999).

3.4 Adsorption isotherm of phosphate onto the La-FACC

18
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The adsorption behavior of phosphate onto optimized La-FACC has been investigated
by Langmuir (Eq. 6), Freundlich (Eq. 7) and Dubinin—Radushkevich (Eq. 8) adsorption
isotherms (Fig. 5). The coefficient of determination, p-value, and RMSE between
observed and calculated amounts of phosphate adsorbed on the La-FACC are shown in
Table 3. The Langmuir isotherm (R?=0.992, RMSE=2.80) fit well with observed values
compared to the Freundlich isotherm (R?=0.657, RMSE=5.28) and Dubinin—
Radushkevich isotherm (R?>=0.703, RMSE=11.9). The Langmuir isotherm is therefore
appropriate for describing the phosphate adsorption behavior of the La-FACC. Hence, the
adsorption behavior of phosphate onto the La-FACC was a monolayer adsorption, which
is in good agreement with previous findings on La-modified adsorbents, such as La-
modified bentonite (Haghseresht et al., 2009), La hydroxide-doped activated carbon fiber
(Zhang et al., 2012) and La-loaded biochar (Wang et al., 2016). The adsorption
equilibrium constant, b (L mg') and maximum monolayer adsorption capacity a (mg-P
g!) obtained by the Langmuir isotherm were 0.212 L mg™! and 24.9 mg-P g’!, respectively.
The estimated maximum monolayer adsorption capacity was in good agreement with
observed values (23.6 mg-P g'!). The observed lanthanum utilization efficiency (La/P
molar ratio) was 0.090.

The dimensionless separation factor (Rp) calculated by Eq. 9 indicates adsorption
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characteristics as follows (Memon et al., 2008; Balouch et al., 2013): Rr = 0: irreversible

isotherm, 0 < Ry < 1: favorable isotherm, Ry = 1: linear isotherm, Ry > 1: unfavorable

isotherm. The calculated Ry values of the La-FACC were between (0.0230-0.321),

indicating highly favorable sorption of phosphate onto the La-FACC.

3.5 Effect of solution pH on adsorption of phosphate onto the La-FACC

The effect of final pH at equilibrium on the maximum adsorption capacity of

phosphate onto the La-FACC was investigated at the final pH range of 4.1-9.6 (Fig. 6).

The maximum adsorption capacity rose with increased final pH from 5.3-8.3, reached a

plateau within a final pH range from 8.3—-8.9, then decreased at a final pH of 9.6.

The point of zero charge (pHpc) of the La-FACC was pH 7.1 and 3.0 (Fig. 7). When

the pH value is 3.0 to 7.1, phosphate adsorption mainly proceeded by a ligand exchange

process, giving rise to the formation of inner-sphere complex (Zhang et al., 2012; Xie et

al., 2014). This ligand exchange process at such high pH was also reported in a previous

study (Elzinga and Sparks, 2007). Additionally, the surface hydroxyl groups of can be

protonated. The surface positive charge can interact with the anionic phosphate by

electrostatic forces (Zhang et al., 2012). Again, the acid dissociation constants of

phosphate are pKa1=2.15, pKa2=7.20 and pKa3=12.33 (Huang et al., 2014). Therefore, the
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dominant phosphate ion species transformed into divalent HPO4> from monovalent
H>PO4 with the increase of final pH from 4.1 to 8.9 (Fig. S3), which allowed phosphate
to strongly adsorb onto the La-FACC due to the electrostatic interaction with its
increasing divalent negative charge. When the pH exceeds the pHp.. (pH7.1), the
predominant species are HPO4>". Simultaneously, the laudanum on the La-FACC is
negatively charged (LaO"). The strong electrostatic repulsion between LaO™ and HPO4*
prevents phosphate from approaching to the surface of the La-FACC. Therefore, the
ligands exchange become weaker. In contrast, the Lewis acid—base interaction would be
strengthened (Zhang et al., 2012). Previous studies reported the decrease of adsorption
capacity of phosphate onto some La-doped adsorbents above pH 68 (Tian et al., 2009:
Zhang et al., 2010; Huang et al, 2014). In contrast, the La-FACC proposed in this study
maintained high adsorption capacity at pH above 8, which is advantageous for water

treatment with a wide pH range.

3.6 Effect of coexisting ions on adsorption of phosphate onto La-FACC
The effect of coexisting ions on adsorption of phosphate onto the La-FACC were
evaluated in the presence of Na*, K¥, Ca*", Mg?*, Cl;, NO2", NOs” and SO4*". Fig. 8 shows

the relative removal percentage of phosphate with each coexisting ion against that of the
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removal percentage of phosphate without them. Inhibition of phosphate adsorption was
not observed in the presence of Na', K*, Ca*" and SO4*. The presence of CI, NO;™ and
NO>" decreased the removal percentage of phosphate onto the La-FACC due to the
competition between the anions and phosphate for adsorption sites. However, the
decrease of removal percentage compared to without coexisting ions was only in the range
of 6.3-11.8%, indicating that the La-FACC had a high selectivity for adsorption of
phosphate in the presence of anions. When Mg?" was in the phosphate solution, the
removal percentage of phosphate was 19.3% lower than that without coexisting ions. The
dissolved species of phosphate with Mg?* at pH 8 using a chemical equilibrium model
software, Visual MINTEQ ver.3.0., showed the main dissolved species were HPO4>
(55.4%) and MgHPO4 (38.3%), indicating a decrease of HPO4>" due to formation of
MgHPOs, which is likely to inhibit the formation of inner-sphere complex of phosphate.
Overall, it is can be said that the La-FACC has high selectivity for phosphate adsorption

and is advantageous for water treatment with high ion strength.

Conclusions
We developed a high-performance adsorbent, lanthanum-doped coal fly ash—blast

furnace cement composite (La-FACC), to remove phosphate from water; the mixture was
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prepared with 70% coal fly ash and 30% blast furnace cement. The optimized
impregnation percentage of La and calcination conditions were 1% and 800 °C for 2 h,
respectively. The maximum adsorption capacity was 24.9 mg-P g'. The La-FACC
showed high adsorption capacity for phosphate with a wide pH range. Magnesium ions
slightly inhibited the adsorption of phosphate. Hence, the La-FACC developed in this
study is a promising adsorbent for water treatment with wide pH range and high ion

strength.
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Fig. 1 Effect of calcination temperature on adsorption phosphate onto the La-FACC.
Impregnation percentage of La: 4%; Initial phosphate concentration: 100 mg-P L''; La-FACC dosage:
5 g L'!; Temperature: 25 °C; Agitation rate: 100 rpm; Contact time: 168 h; pH at equilibrium: 7.8-8.2.
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Fig. 2 Effect of impregnation percentage of La on adsorption capacity of phosphate onto the La-
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Initial phosphate concentration: 100 mg-P L!; La-FACC dosage: 5 g L!; Temperature: 25 °C;

Agitation rate: 100 rpm; Contact time: 168 h; pH at equilibrium: 7.9-8.3
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Impregnation percentage of La: 1%; Initial phosphate concentration: 10-200 mg-P L!'; La-FACC
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Impregnation percentage of La: 1%; Initial phosphate concentration: 200 mg-P L™'; La-FACC dosage:
5 g L'!; Temperature: 25 °C; Agitation rate: 100 rpm; Contact time: 168 h
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Tables

Table 1 Chemical composition of the optimized La-FACC (wt.%)

Mg 0.661 Mn 0.049
Al 7.37 Fe 1.71
Si 24.1 Cu 0.0134
P 0.0958 Zn 0.0108
S 0.576 Sr 0.064
Cl 0.486 Y 0.006
K 0.682 Zr 0.0366
Ca 12.3 La 0.984

Ti 0.465




Table 2 Parameters for adsorption of phosphate onto the La-FACC obtained by the three kinetic models

Pseudo first-order kinetic model

Pseudo second-order kinetic model

Initial concentration (mg-P LY 100 25 10 100 25 10 100 25 10
Coefficient of determination (R?) 0.965 0.751 0.766 0.998 0.979 0.989  0.967* 0.996 0.983
p-value <0.01 <0.05 <0.05 <0.01 <0.01 <0.01 <0.05* <0.01 <0.01
Q. cal 12.2 5.9 2.6 19.1 9.0 4.1 - - -
Q.. obs 18.4 8.6 3.9 18.4 8.6 3.9 - - -
Deviation of Q,(%) 50.9 44.3 48.2 -4.0 -4.8 -4.4 - - -
k,;(h!) 0.0212 0.104 0.121 - - - - - -
k,(gmgth?) - - - 0.00467 0.0282 0.255 - - -
k;(mg g h'/?) - - - - - - 1.72¢  1.22 0.54
* h2<7
Table 3 Adsorption isotherm for phosphate onto the La-FACC

Langmuir Freundlich Dubinin—Radushkevich
Coefficient of determination (R?) 0.992 0.657 0.703
p-value <0.01 <0.01 <0.01
RMSE 2.80 5.28 11.9

Intra particle diffusion model
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Fig. S1 Photo of the La-FACC particles (Impregnation percentage of La: 4%) and white colored
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Fig. S2 The zeta potential of the FACC as a function of pH.

Fig. S3 Phosphate ion species as a faction of pH
Phosphate concentration: 100 mg-P L' Temperature:25°C
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