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phate adsorption after the modification treatment. The effects of pH, adsorbent dosage, and co-ions on phosphate
adsorption, as well as adsorption thermodynamics and kinetics, and leaching features of spent (used) adsorbents
were also investigated. The isotherms data fit well with the Langmuir model rather than the Freundlich model,

Available online 7 July 2016

I;ﬁﬁﬂgﬁg giving maximum capacities (298 K) of 13.3 mg P g~ ! for MFA and 10.5 mg P g~ ! for MPal, respectively. Surface
Fly ash complexation modeling of P adsorption data with the nonelectrostatic generalized composite (GC) approach in-
Palygorskite dicates that phosphate were directly bound to the metal centers by ligand exchange to form two monodentate
Adsorption complexes, =SHPO, and =SPO3 . The GC model appears to be an easy and efficient tool to provide an insight

Surface complexation modeling into the mechanism of phosphate adsorption on complex adsorbents with limited model parameters. Leaching

Generalized composite approach

test results suggest that the spent adsorbents can be safely disposed or further reused.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Phosphorus (P) is an essential nutrient to the growth of aquatic algal
and other biological organisms; however, the excessive presence of
phosphate in natural water bodies, especially lakes or reservoirs, will
lead to algal blooms and eventually results in degeneration of water
quality. This process is well known as eutrophication (Correll, 1998).
Eutrophication of the Taihu Lake (Jiangsu, China) in the summer of
2007 caused a serious water crisis to both domestic and industrial
users. Removal of phosphate, using either chemical or biological
technologies, from such water bodies and inflows can therefore be
effective to control the eutrophication of the lakes. Phosphate can be
removed from wastewater by adsorption, ion-exchange, precipitation,
biological uptake, etc. (Mayer et al., 2013). Of these approaches of
phosphate removal, adsorption has attracted more attention due to its
simplicity, stability, and operability (Agyei et al., 2000; Das et al,,
2006; Yan et al.,, 2007; Haghseresht et al., 2009; Zamparas et al.,
2012). The adsorption of phosphate by commercial adsorbents, indus-
trial by-products, and clay minerals has been practiced for decades.
Industrial by-products (e.g., fly ash) and natural clays (e.g., palygorskite,
bentonite) are getting more attractive in phosphate removal other than
commercial adsorbents due to their lower cost, abundance, and
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excellent adsorption capabilities (Ye et al., 2006; Yan et al., 2007;
Gan et al., 2009; Haghseresht et al., 2009; Zamparas et al., 2012).
In fact, there are a variety of fly ash sources (e.g., coal-fired power
plants) as well as clay mines (e.g., palygorskite mines) around
the Taihu lake. It would be promising to solve the eutrophication prob-
lem of the Taihu lake if the abundant and cheap fly ash and/or
palygorskite can be utilized as adsorbents for phosphorous removal
from municipal sewages that used to be discharged into the lake with-
out any treatments.

Fly ash is a by-product derived from the combustion of pulverized
coal in power plants. The utilization of fly ash for phosphate removal
from wastewaters has been studied extensively recently, and the re-
sults have indicated that fly ash is an excellent alternative adsorbent
to commercial adsorbents in phosphate adsorption (Ugurlu and
Salman, 1998; Agyei et al., 2000, 2002; Grubb et al., 2000; Chen et
al,, 2007; Lu et al., 2009; Xu et al., 2010). It is reported that most of
dissolved phosphate can be efficiently precipitated by the high con-
centration of calcium in class C fly ash (i.e., one type of fly ash gener-
ally contains >20% Ca0) (Ugurlu and Salman, 1998; Lu et al., 2009).
For class F fly ash (i.e., one type of fly ash contains <7% CaO), metal
oxides in fly ash, such as Al,03, Fe,0s, etc., can also uptake phosphate
efficiently (Grubb et al., 2000; Chen et al., 2007). The phosphate ad-
sorption capacity of class C fly ash is generally greater than that of
class F fly ash due to the additional contribution from precipitation
by the high content of calcium in Class C fly ash besides the adsorp-
tion of phosphate by metal oxides in both types of fly ashes (Agyei
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etal.,, 2000; Grubb et al., 2000; Chen et al., 2007; Yan et al., 2007). On
the other hand, palygorskite (Pal, (Mg,Al)s(Si,Al)s050(OH),-8H,0)
is a naturally occurring layered aluminum silicate mineral, which
was widely used in catalyst, catalyst supports (Zhang et al., 2010,
2014; Pushpaletha and Lalithambika, 2011), and adsorbents (Ye et
al., 2006; Gan et al., 2009). Previous studies have confirmed that
phosphate can be effectively removed by both natural and modified
palygorskites (Ye et al., 2006; Gan et al., 2009).

To obtain a higher adsorption capacity, some surface modifica-
tions (e.g., introducing or incorporating new groups, thermal treat-
ment, acid activation, etc.) to these adsorbents are required.
Haghseresht et al. (2009) found that incorporating lanthanum into
bentonite can improve its adsorption capacity for phosphate in aque-
ous solution. Similarly, a recent study by Zamparas et al. (2012) also
showed that iron-modified bentonite can uptake more phosphate
than unmodified bentonite. Indeed, the other two typical modifica-
tion methods, i.e., thermal treatment and acid activation have long
been used to produce sorbents for certain practical applications
(Bergaya et al., 2006). It is suggested that thermal treatment of
palygorskite can increase its adsorption capacity for phosphate
(Gan et al., 2009). Ye et al. (2006) also investigated the effects of ei-
ther thermal treatment or acid activation of palygorskite on phos-
phate adsorption, and suggested that both modification approaches
can improve phosphate adsorption efficiently. Research by Li et al.
(2006b) using class F fly ashes (FA) as adsorbent for phosphate had
elucidated that both thermal treatment and acid activation can sig-
nificantly enhance its adsorption capacity. It was also reported that
both class F and class C fly ashes modified with sulfuric acid possess
a higher phosphate adsorption capacity as compared to the original
fly ashes due to the dissolution of the amorphous siliceous spherical
particulates that embedded active components for phosphorous ad-
sorption (Liang et al., 2010; Xu et al., 2010).

To gain an insight into the adsorption mechanism of phosphate
onto mono-component adsorbent, surface complexation modeling
is generally employed to quantitatively description of phosphate ad-
sorption data (Goldberg and Sposito, 1985; Bleam et al., 1991;
Nilsson et al.,, 1996; He et al.,, 1997; Gao and Mucci, 2001;
Rahnemaie et al., 2007). For multi-component or complex adsor-
bents, however, it still remains a great challenge to use surface com-
plexation modeling to explore the adsorption mechanism due to the
complication, even though only a few attempts using constant ca-
pacitance model (CCM) (Grubb et al., 2000) and chemical equilibri-
um model (Johansson and Gustafsson, 2000) has been made. To
date, the only successful example of modeling the adsorption data
of complex adsorbents is the generalized composite (GC) modeling
approach, which was developed by Davis et al. (1998), and can suc-
cessfully describe and predict the adsorption behaviors of many ra-
dionuclide and rare earth ions onto soils (Davis et al., 2004; Tertre
et al., 2008). However, GC modeling approach had not been used to
fit and predict phosphate adsorption on complex adsorbents yet. To
the best of our knowledge, this is the first work that shows how to
use the powerful GC modeling approach to describe P adsorption
over complex adsorbents, gaining insights into the mechanism of
phosphate adsorption.

The objective of this study was twofold: first, to examine the fea-
sibility of using acid-modified fly ash and palygorskite (termed as
MFA and MPal) as adsorbents for phosphate uptake in aqueous solu-
tion via batch experiments, and second, to gain an insight into the
adsorption mechanism of both acid-modified adsorbents via the GC
surface complexation modeling. The influences of pH, co-ions, and
adsorbent dosage on phosphate adsorption have been studied. Equi-
librium and kinetics studies were also performed and fitted with re-
lated isotherm models (i.e., Langmuir and Freundlich models) and a
kinetic model (i.e., the pseudo second-order rate model). Leaching
tests were also conducted to evaluate the safety of disposal or further
reuse of the spent (used) adsorbents.

2. Materials and methods
2.1. Materials

Class F fly ash (FA) was obtained from the electrostatic precipitator
(ESP) ash-hopper III of No. 4 pulverized coal (lignite bituminous coal)
boiler at Huaneng Changxing power plant (located in the southwest
lakeshore of the Taihu lake), while the palygorskite (Pal) was originated
from Xuyi County (Jiangsu, China). The chemical components of both FA
and Pal were measured by X-ray fluorescence spectroscopy (XRF), and
the results are listed in Table 1. All other chemicals (analytic reagent
(A.R.) grade) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China) and used as received. Milli-Q ultrapure water
(18.2 MQ-cm resistivity at 298 K) was used in all experiments.

2.2. Modification procedure

Three types of acid solution (Ye et al., 2006; Liang et al., 2010), in-
cluding H,S04 (2 mol L™"), HCl (2 mol L™ 1), and H,S04-HCl mixture
(1mol L~ H,S04 + 1 mol L™ ! HCl), were used to etch the original ma-
terials, i.e., fly ash and palygorskite. Typically, 20 g of FA or Pal was
ground to pass through a 160 mesh-sized sieve (size <94 um), followed
by drying in 393 K (120 °C) oven and then well mixing with 100 mL of
etching solution (e.g., 1 mol L~! H,SO4 + 1 mol L~ HCl) for 30 min
under ultrasonication. The mixtures were then filtered and washed
with excess water to provide salt-free sediments, followed by drying
in oven (393 K), cooling to ambient temperature, and regrinding. Final-
ly, the modified FA and Pal (termed as MFA and MPal, respectively)
were resieved to pass through a 160 mesh-sized sieve prior to collecting
and storing for further tests.

2.3. Characterization

X-ray diffraction (XRD) measurement was performed on an ARL
X'TRA diffractometer (ARL, Switzerland) at a voltage of 40 kV and a cur-
rent of 30 mA with Cu-Ka radiation. XRF data were collected on an ARL-
9800 spectrometer following the fused-disc method (Li et al., 2006a).
Scanning electron microscopy (SEM) was conducted on an S-3400 N
microscope (Hitachi, Japan) with an accelerating voltage of 20 kV. Fou-
rier transform infrared (FTIR) spectra were recorded on a NIKOLET
Nexus 870 spectrometer (Thermo Fisher, USA) following the KBr-
pressed-disc method (Li, 2013).

2.4. Phosphate adsorption tests

Phosphorous stock solutions (1000 mg L~') were prepared using
AR. grade K;HPO,. The effect of adsorbent dosage on phosphate adsorp-
tion was evaluated first, and the results (see Fig. S1 in the supplementary
data) indicated that a dosage of 2 g L™ ! of adsorbents is the optimum
value in consideration of efficiency and costing. The pH effect experi-
ments were performed to determine the adsorption envelope, which
is the percentage of phosphorous adsorbed as a function of the solution
pH. Dispersions containing 10 mg P L' (0.3226 mM ) phosphate and
2 g L' adsorbents were adjusted to a desired pH in the range of 3-12
by using 0.1 M NaOH and HCl solution. After shaking on a rotary shaker
at 200 rpm for at least 24 h to obtain equilibrium states, the suspensions
were filtered with 0.45 pm cellulose membrane for P concentration
measurement. Typical ions including F~, SO3~, CO%~, Zn?>*, Cu?>™, and
A13+ (using NaF, Na2504. N32C03‘H20, ZH(N03)2'6H20, CU(NO3)2,
and AI(NOs)s as source salts, respectively) with concentrations of 5-
40 mg L™ ! were also selected to investigate the effect of co-ions on
phosphate adsorption with a dosage of 2 g L™ ! at pH 7.5 + 0.1.

Adsorption kinetics experiments were carried out by reacting 10 mg
P L~ ! of phosphate with 2 g L™ ! adsorbents at pH 7.5 4 0.1. The kinetic
data were fitted with the pseudo second-order rate model (Ho and
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Table 1

Chemical composition of fly ash and palygorskite in terms of oxide contents. (wt.%).
Sample Si0, Al,05 Fe,03 Ca0 MgO K,0 Na,0 TiO, P,0s SO; LOI®
FA 45.29 4135 3.57 3.21 0.63 0.62 N/AP 1.73 0.62 0.21 2.44
Pal 52.95 9.52 4.78 0.37 10.01 0.90 0.02 0.39 0.01 0.01 N/A

¢ LOI: loss on ignition at 960 °C.
> N/A: not available.

McKay, 1998) as given in Eqs. (1) and (2):

t 1 1
t_1.1, (1)
qe VYo (e

= koq,? 2
Vo qu ( )

where vy (mg g~ '-min~!) is the initial adsorption rate, g. (mg g~ ') is
the adsorption capacity at equilibrium, g, (mg g~ !) is the adsorption ca-
pacity at time t, and t is contacting time (min), k, (gmg~'-min~!) is the
pseudo-second-order rate constant.

Adsorption isotherm experiments were conducted with the increas-
ing P concentration (5-30 mg L™ !) in conical flasks. After adjusting pHs
of these suspensions to 7.5 4 0.1, these flasks were sealed and shaken at
200 rpm under controlled temperatures (i.e., 283 K, 298 K, and 313 K)
for 24 h. Then, the mixtures were filtered for P analyses. The Langmuir
and Freundlich equations (Egs. (3) and (4)) were employed to fit the
adsorption equilibrium data:

_ bgnCe
e = m (3)
qe = KgCe/ (4)

where ¢ is the equilibrium P adsorption capacity in mmol g~ !, C. is the
equilibrium P concentration in mmol L™}, g, is the maximum adsorp-
tion capacity in mmol g~ !, and b (L mmol~!) is Langmuir adsorption
energy constant. Both Kr and n are Freundlich constants.

Phosphorous concentration was determined by an UV-vis spectro-
photometer (UV-9200, Beijing Rayleigh Instrument Co., China) at
700 nm following the ascorbic acid method (APHA, 1998).

2.5. Thermodynamic analysis

The thermodynamic parameters including standard free energy
change (AG®) and standard enthalpy change (AH®) for the adsorption
reaction are estimated by the following equations (Gibbs, 1873):

AG® = —RTInb (5)
AGY = AH?—TAS? (6)

where AGC is the change of standard free energy in kcal mol~!, AH® is
the change of standard enthalpy in kcal mol~!, AS® is the change of
standard entropy in kcal mol~!' K=, T is the absolute temperature
(K), Ris the gas constant (i.e., 1.986 cal mol~! K~ '), and b is the equilib-
rium constant from the Langmuir model.

The standard differential heat of adsorption can be determined from
the Van't Hoff expression (Atkins and De Paula, 2006),

0

AH
Inb=— w7+ constant (7)

A plot of Inb versus 1/T can yield a straight line, and AH® can be ob-
tained from the slope of the line.

2.6. Surface complexation modeling

A generalized composite (GC) approach for surface complexation
modeling without the electrostatic correction terms was employed to
fit phosphate adsorption data using the speciation calculation software
visual MINTEQ 3.1 (Gustafsson, 2014). In the GC approach, genetic sur-
face sites are assumed to represent the whole mineral assemblage. This
semi-empirical approach would reduce the complexity of modeling and
can be used to simulate a number of adsorption processes over a range
of solution conditions (Davis et al., 1998). Besides, the nonelectrostatic
model does not require specifying the surface acidity reactions as well
as the capacitance values of the electric double layer, further simplifying
the modeling processes (Davis et al., 2004). Surface complexation reac-
tions and SCM parameters given in Table S1 (see Supplementary Data)
were either obtained from literature or optimized to best fit the exper-
imental data by using the PEST package in combination with visual
MINTEQ.

2.7. Leaching test of toxic ions

The leaching test of spent adsorbents was conducted following the
Solid waste—Extraction procedure for leaching toxicity-Horizontal vibra-
tion method (HJ 557-2010) Phosphate leaching tests were also per-
formed using the same method with different solid/water mass ratios
(see Fig. S2). The concentrations of leachable toxic metal ions were
measured on a J-A1100 inductively coupled plasma-atomic emission
spectrometer (ICP-AES, Jarrell-Ash, USA).

3. Results and discussion
3.1. Characterizations of fly ash and palygorskite

Table 1 presents the chemical composition of FA and Pal as deter-
mined by X-ray fluorescence spectrometer (XRF). The XRF data suggest
that the main elementary components of FA are silica, aluminum, iron,
and calcium, whereas the elementary chemistry of Pal is dominated
by silica, magnesium, aluminum, and iron. Moreover, it is noted that
both the calcium content (3.21 wt.%) of FA and the residual carbon con-
tent (2.44 wt.%) as determined by the loss on ignition (LOI) test are low,
which implies that the contribution of phosphate retention from either
precipitation by soluble calcium ion or adsorption by residual carbon
should be very tiny and hence ignored (Grubb et al., 2000).

XRD results (Fig. 1) indicate that FA mainly consists of mullite
(JCPDS PDF # 15-0776) and an amorphous phase (see the diffuse scat-
tering halo in 20-30° 260 range of Fig. 1a), while the major minerals in
Pal includes palygorskite (JSPDS PDF# 21-0958) and quartz (JSPDS
PDF# 65-0466). In addition, the absence of hematite or lime reflections
in the XRD pattern (Fig. 1a) suggests both iron and calcium are occurred
in amorphous forms. After etching with acidic solution (i.e., 1 mol L™!
HCl + 1 mol L™ H,50,), most of the amorphous phase in FA dissolved
accordingly (as verified by the disappearance of the diffuse scattering
halo in Fig. 1b) and a new minor phase, gypsum (JSPDS PDF# 47-
0964), grown as a result of the reaction between sulfuric acid and the
soluble calcium ions. Likewise, it also shows that palygorskite can partly
be dissolved upon the etching treatment, leading to a slight decrease of
the reflection intensity (cf. Fig. 1c and d).
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M: mullite
P: palygorskite

G: gypsum
Q: quartz
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201°

Fig. 1. XRD patterns of (a) fly ash, (b) modified fly ash (MFA), (c) palygorskite, and (d)
modified palygorskite (MPal).

The morphological characteristic of both FA and Pal was examined
with scanning electron microscopy (SEM). It is suggested that, from
the SEM images (Fig. 2), FA was composed of spherical particles ranging
from 1 to 10 um, and Pal comprised of fibrous rods or bundles, forming

% T A

1 0.0miy x1.0kSE 1/ 15/ 20098

Fig. 2. SEM images of (a) fly ash and (b) palygorskite.

randomly oriented, highly packed scaffolds as described elsewhere
(Gan et al., 2009).

Fig. 3 depicts the FTIR spectra of both FA and Pal before and after acid
modification. The broad bond at 3650-3200 was attributed to adsorbed
water molecular, and the band intensity increased after acid etching
(Frost et al,, 2001). The bands at 1622 cm ™', 1637 cm™"', 1660 cm™ !,
and 1655 cm™ ! were derived from the bending vibration of adsorbed
water molecular (Frost et al., 2001; Wang et al., 2008). The bands at
1170 cm ™! in FA samples were attributed to antisymmetric Si-O-Si
stretching vibration of SiO, tetrahedron while bands at 1104 cm ™!
were assignable to antisymmetric stretching vibration of Si-O-Al net-
work (Padmaja et al.,, 2001). The remaining weak bands in 900-
400 cm~ ! region were arose from stretching vibration of Al-O-Al except
that at 464 cm™ ! was from the bending vibration of 0-Si-O in SiO, tet-
rahedron. The weak shoulder band centered at 537 cm™ ! in the MFA
spectrum (Fig. 3b) can be assignable to Fe—O stretching vibration of re-
sidual amorphous iron oxides (Frost et al., 2001; Padmaja et al., 2001).
For Pal samples, the bands both around 1200 cm™! and in the range
of 1200-900 cm™ ! were from the stretching vibration of Si—O bond.
The band at 978 cm™! along with the shoulder band at 880 cm™!
were due to the Si-O-H deformation vibration and the band at
481 cm™~ ! was attributed to the bending vibration of 0-Si-O (Frost et
al., 2001; Wang et al., 2008).

It should be noted that both the band intensity of absorbed water
molecular and stretching vibration of Si-0-Si/Si-O-Al increased after
the acid etching, suggesting that acid-etching treatment can efficiently
dissolve the amorphous siliceous spherical particulates that embedded
active components for phosphorous adsorption (Liang et al., 2010),
and produce new surface -OH groups that probably account for the en-
hanced phosphate adsorption. In fact, surface hydroxyls including the
aluminol group (=AIOH) (Kasama et al., 2004) and ferrinol group
(=FeOH) (Wang et al., 2013), both of which are verified by the FTIR
spectra, are among the most active sites for phosphate retention in
aqueous solution.

3.2. Effect of acid modification methods
Fig. 4 illustrates the effect of acid modification with different acid so-

lutions on the P adsorption with an initial phosphate concentration of
10 mg P L™ ! and a dosage of 3 g L™ . It is obvious that, under the

Transmittance / %

P A N
3000 2500 2000

Wavenumbers / cm™'

P PRSI B
1500 1000 500

4000 3500

Fig. 3. FTIR spectra of (a) fly ash, (b) MFA, (c) palygorskite, and (d) MPal.
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Fig. 4. Phosphate adsorption as a function of modifications of adsorbents ([POZ3 ™ Jinitial =
10mgPL™"; dosage 3 gL~ '; pH5.3 + 0.1).

same conditions, the adsorbents modified with H,SO4-HCl mixture
adsorbed more P other than adsorbents treated with 2 M HCl and 2 M
H,S0,, over 94% and 98% of P being adsorbed by the H,SO4-HCl treated
MPal and MFA, respectively. However, only 0.4% and 2.59% of P were
fixed by untreated Pal and FA, respectively. The P adsorption capacities
of MFA and MPal were 17 and 188 times higher than those of the un-
treated counterparts, respectively. The enhancement of P adsorption
by both HCI- and H,SO,4-treated MFA and MPal is also apparent, giving
an improved capacity of at least 9-128 times higher than those of un-
treated samples. Accordingly, the H,SO4~HCI mixture was used as the
etching solution for modification of FA and Pal due to its high perfor-
mance in enhancing P adsorption. This high performance has also
been confirmed by results of the effect dosage on phosphate adsorption
(see Fig. S1).

3.3. Effect of pH

In general, the solution pH not only affects the speciation of phos-
phate anions, but also impacts the protonation/dissociation process of
the surface hydroxyl and hence influences the adsorption behaviors of
phosphate. For 10 mg P L™ ! (0.3226 mM) phosphate solution at
298 K, the major species are H3PO,, H,POZ, and HPO3 ™, respectively,
for pH < 2.15, 2.15 < pH < 7.2 and 7.2 < pH < 12.3, according to the cal-
culation results with visual MINTEQ (see Fig. S3). Moreover, it is expect-
ed that the surface site groups of both MFA and MPal are likely to be
protonated in the acidic pH range, while their protons will dissociate
from the hydroxyls in the alkaline pH range (Huertas et al., 1998). The
results of pH influence on phosphate adsorption by both MFA and
MPal are given in Fig. 5. Phosphate adsorption by both MFA and MPal
shows a similar trend that uptake of phosphate increased with increas-
ing pH from 3 to ~5, maintained stable for a certain range of pH, and
then declined as pH increased from 7 to 12. This observation is in agree-
ment with other reports showing that phosphate adsorption is more ef-
ficiently in acidic pH range other than alkaline pH range (Ye et al., 2006;
Gan et al,, 2009; Xue et al.,, 2009).

3.4. Effect of co-ions
Typical ions such as F~, SO, CO%", Zn? ™, Cu®*, and AP normally

occurred with phosphate in either natural or waste waters. The effect of
these co-ions on phosphate adsorption was studied with initial

100} " ] e 9 ]
F oo
: 0
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80 o
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30F
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Fig. 5. Phosphate adsorption as a function of solution pH.

phosphate concentration of 10 mg P L™ . The results illustrated in Fig.
6 reveal that bi- and trivalent cations, including Zn?>*, Cu®>*, and AP,
can efficiently improve phosphate adsorption by both MFA and MPal.
One reason for this observation may involve the formation of less solu-
ble compounds by reactions between phosphate and these cations as
reported previously (Grubb et al., 2000; Johansson and Gustafsson,
2000; Bournonville et al., 2004). Besides, it might also be contributed
from a positive charged surface of both adsorbents that resulted from
adhesion of the bi- and trivalent cations to the surfaces, which then
shifts their point of zero charge (pHpzc) values to more alkaline range
and enhances the adsorption of phosphate (Wilkie and Hering, 1996).

It is also suggested that phosphate adsorption by MPal was moder-
ately affected by fluoride, but not depressed by sulfate, and carbonate
(Fig. 5c and d). However, phosphate adsorption by MFA was slightly in-
terfered by fluoride, but not impacted by sulfate, and carbonate. This
phenomenon has also been reported for phosphate adsorption on mod-
ified palygorskite (Ye et al., 2006) and furnace slag (Xue et al., 2009).
The competing effect observation also indicates that the adsorption
mechanism of phosphate by both adsorbents are likely to be ligand ex-
change as described as follows (Goldberg and Sposito, 1984),

=SOH + H3PO4<> = SH,PO, + H0 (8)
=SOH + H,PO; «=SHPO; + H,0 9)
=SOH + HPO}~ < =SPO2~ + H,0 (10)

3.5. Adsorption kinetics

The adsorption kinetic curves of phosphate by both MFA and MPal
are depicted in Fig. 7. The adsorption kinetic processes can be apparent-
ly divided into two stages: an initial rapid adsorption step in which over
90% of phosphate was adsorbed in the first 10 min and a slow adsorp-
tion step which lasted ~60 min to reach an equilibrium state (see Fig.
7a and inset). The two-stage adsorption kinetic processes have also
been observed for phosphate adsorption by other adsorbents (Ye et
al,, 2006; Gan et al., 2009).

Besides, the adsorption kinetic data can be well-fit by the pseudo-
second-order rate model (Fig. 7) as indicated by the high correlation co-
efficients, R? > 0.99 (Table 2). The model has been extensively used for
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Fig. 6. Effect of co-occurring ions on phosphate adsorption.

phosphate adsorption over a variety of minerals (Karaca et al., 2004;
Liao et al., 2006). Moreover, both adsorbents offer much faster phos-
phate uptake rate than the widely studied calcined palygorskite (Ye et
al., 2006; Gan et al., 2009), Fe-based adsorbents (Liao et al., 2006;
Wang et al., 2008) and clay minerals (Karaca et al., 2004; Gao et al.,
2013), suggesting that both MFA and MPal are high efficient adsorbent
alternatives for phosphate removal.

3.6. Adsorption isotherms

In order to determine the maximum adsorption capacities of MFA
and MPal for phosphate, the adsorption isotherms were performed
with varying phosphate concentrations at pH 7.5 4 0.1. The adsorption
capacity of phosphate increased with increasing temperature, indicat-
ing that phosphate adsorption by both adsorbents is an endothermic
process. This was also observed for phosphate adsorption by other ad-
sorbents (Banerjee et al., 2008). A nonlinear fitting of the adsorption iso-
therm data with either Eq. (3) or Eq. (4) has been conducted by using
the OriginLab® OriginPro 9.0 software. The fitting results, as summa-
rized in Table 3 and Fig. 8, elucidate that the Langmuir adsorption
model (R? > 0.99), rather than the Freundlich model, can well describe
the adsorption isotherm data, suggesting that phosphate adsorption
was most likely occurring in a monolayer fashion.

The maximum adsorption capacities of phosphate at 298 K calculat-
ed by the Langmuir equation were 0.43 mmol (13.3 mg P) per g MFA
and 0.34 mmol (10.5 mg P) per g MPal, respectively (Table 3). As
given in Table 4, their maximum adsorption capacities are greater
than those of adsorbents such as class F fly ash (6.6 mg P g~ ') (Agyei
et al., 2002), natural (4 mg P g~ ') and acid-treated palygorskite (9 mg
P g~") (Ye et al,, 2006), and are comparable with those of Ca-rich
blast furnace slag (10.5 mg P g~ !) (Johansson and Gustafsson, 2000)
and calcined palygorskite (13.7 mg P g~ ') (Gan et al., 2009). To test
the feasibility of both adsorbents to treat wastewater, an attempt of re-
moving phosphate from municipal sewage with initial P concentration
of 5.8 mg L~ ' was made. The result (see Fig. S4) implies that all the mea-
sured parameters of the effluent were satisfactory with the limitation
values specified by the Discharge standard of pollutants for municipal
wastewater treatment plant (GB 18918-2002), suggesting that both ad-
sorbents can be used effectively in practice.

3.7. Thermodynamic analysis

Thermodynamic analysis is a useful tool for explanation of adsorp-
tion mechanism. Two thermodynamic parameters, i.e., the standard en-
thalpy change (AH®) and free energy change (AGP), can be obtained by
calculation of adsorption isotherm data with Egs. (5)-(7) (Table S2). For
both adsorbents, AHC is positive, implying that phosphate adsorption by
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both adsorbents is an endothermic process, in agreement with the
above analysis. All AG° are negative, suggesting that phosphate adsorp-
tion at different temperatures are spontaneous. These analyses lead to a
fact that a chemical adsorption mechanism may be involved in the ad-
sorption process of phosphate by both MFA and MPal, which will be fur-
ther discussed in the SCM section.

Table 3

349

Fitting parameters of both the Langmuir and the Freundlich models for the adsorption of

phosphate on MFA and MPal.

Table 2
Fitting parameters of pseudo 2nd-order rate model for adsorption of phosphate on MFA
and MPal.
Fitting parameters from pseudo 2nd-order rate model
Adsorbent  k; (gmg~'-min~") g (mgPg~") qi—gn (mgPg™') R
MFA 0.056 13.32 13.19 0.999
MPal 0.195 1031 10.28 0.999

Langmuir Freundlich
Adsorbent T (K) b(Lmmol™') g, (mmolPg~!) R? K n R?
MFA 283 3536 0.38 0.993 552 282 0974
298 41.72 0.43 0991 649 252 0976
313  56.73 0.47 0.997 820 227 0.987
MPal 283 36.48 0.30 0.990 547 449 0.953
298  40.10 0.34 0.990 5.88 4.12 0.949
313  50.53 0.37 0.991 552 281 0.954

3.8. Surface complexation modeling and adsorption mechanism

Many SCM models, including CCM (Goldberg and Sposito, 1984,
1985; Bleam et al.,, 1991; Nilsson et al., 1996; Gao and Mucci, 2001),
basic stern model (BSM) (Gao and Mucci, 2001), diffuse double layer
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Fig. 8. Adsorption isotherms of phosphate on (a) MFA and (b) MPal.
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Table 4
Reported maximum adsorption capacities of phosphate (mg P g~ ') on fly ashes and
palygorskites at 298 K in literature.

Capacity (mgP

Adsorbent g N Ref.

Class F fly ash 6.6 Agyei et al. (2002)

Ca-rich blast furnace slag 10.5 Johansson and Gustafsson

(2000)

Natural palygorskite 4.0 Ye et al. (2006)

Calcined acid-treated 9.0 Ye et al. (2006)
palygorskite

Calcined palygorskite 13.7 Gan et al. (2009)

MFA 133 This study

MPal 10.5 This study

model (DLM) (Butkus et al.,, 1998), triple layer model (TLM) (He et al.,
1997; Gao and Mucci, 2001), and charge distribution model (CDM)
(Rahnemaie et al., 2007), have been employed to well describe phos-
phate adsorption at various material/water interfaces over a range of so-
lution conditions. Although based on different electric double layer
models, all these models come to the same fact that phosphate were
adsorbed mainly by ligand exchange to form inner-spheric complexes
at the mineral/water interfaces (Goldberg and Sposito, 1984, 1985;
Bleam et al., 1991; Nilsson et al.,, 1996; He et al., 1997; Gao and Mucci,
2001; Rahnemaie et al., 2007). On the basis of this fact, we used a gen-
eralized composite (GC) SCM without the electrostatic correction
terms to simulate phosphate adsorption edge data (Fig. 9).

One general surface site (=SOH) and two different surface sites
(strong site, =SOH and weak site, =WOH) were proposed to best fit
the experimental data for MFA and MPal, respectively (see Table S1).
These constants were obtained from literature (see references in SI)
with an assumption that ferrinol group (=FeOH) and aluminol group
(=AIOH) (Vico and Acebal, 2006) are the main active binding sites for
MFA and MPal, respectively. For MFA, the GC model is able to represent
the experimental data well in pH range of 6-11, while in pH range of
3.5-6, the model underestimates the experimental data (Fig. 9a). This
is possible due to the precipitation of a fraction of phosphate by dis-
solved Ca2™ from partly dissolution of gypsum in acidic pH range
(Garverick, 1994). The model produces a close fit to the experimental
data for MPal over the pH range of 4-12 (Fig. 9b), confirming the ability
of GC model to describe phosphate adsorption in addition to fitting
other radionuclides and metal ions adsorption (Davis et al., 1998, 2004).

Detailed 3!P solid-state NMR studies of phosphate adsorption on
boehmite have indirectly confirmed that boehmite binds phosphate
anion by displacing the surface hydroxyls (=SOH) with phosphate an-
ions and forming a monodentate complex (Bleam et al., 1991). Previous
SCM modeling results also prefer a monodentate configuration to a
bidentate binding mode between phosphate anion and metal oxides
(Goldberg and Sposito, 1984, 1985; Bleam et al., 1991; Nilsson et al.,
1996; He et al., 1997; Gao and Mucci, 2001), even though both bidentate
and monodentate complexes were favorable in either CDM (Rahnemaie
et al,, 2007) or charge distribution-multisite surface complexation (CD-
MUSIC) models (Antelo et al., 2010). Based on these precedents, we
postulate that the phosphate anion is directly bound to the metal ions
of these adsorbents, most likely in monodentate fashions as formulated
in Egs. (8)-(10). For the best fitting of experimental data with the GC
model, two monodentate complexes, =SHPO; and =SPO3 ~ are likely
to form for both MFA and MPal in the current aqueous solution
conditions.

3.9. Leaching characteristics of spent MFA and MPal

The leaching problem of spent adsorbents from industrial by-prod-
ucts (such as fly ash, red mud) is a crucial concern with regard to the
post-adsorption disposal or reuse. As given in Fig. 10, the leaching test
results indicate that both spent adsorbents have very limited leachable
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Fig. 9. Fitting results of phosphate adsorption edges with generalized composite (GC)
modeling approach using the parameters given in Table S1. (a) MFA and (b) MPal.

toxic ions, e.g., chromium ions, copper ions, arsenic anions, zinc ions,
and manganese ions. All of these toxin concentrations are far less than
the maximum discharge concentrations (MDCs) as specified in Dis-
charge standard of pollutants for municipal wastewater treatment plant
(GB 18918-2002). The reasons responsible for the low leaching toxic
ions concentrations may include (i) the toxic heavy metal ions will
react with phosphate to form less soluble products (Agyei et al., 2002;
Bournonville et al.,, 2004), and (ii) the leaching of toxic elements is es-
sentially low for class F fly ash (Grubb et al., 2000). The leaching tests
of phosphate from the spent adsorbents were also performed to inves-
tigate the durability of phosphate retention. The results (Fig. 10) indi-
cate that over 99% of phosphate was firmly retained by the adsorbents
upon eluting treatment with excess water. Accordingly, both spent ad-
sorbents can be safely disposed or further reused as starting materials
for bricks or geopolymers (Lee and van Deventer, 2002 ). More recently,
it is reported that surface activation with phosphate can enhance the
ability of clay mineral to fix copper ion in aqueous solution (Siewe et
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al., 2015), which implies that both spent MFA and MPal can be alterna-
tively used in copper fixation in aqueous solution.

4. Conclusions

Phosphate adsorption by acid-modified fly ash (MFA) and
palygorskite (MPal) have been studied in this work. The experimental
results suggest that phosphate adsorption is enhanced by acid modifica-
tion, and that phosphate adsorption is pH dependent for both MFA and
MPal. That is, increasing pH in the acidic range led to increased phos-
phate adsorption, while further increasing pH in the alkaline range re-
sulted in a decreased phosphate uptake. Thermodynamics and Kinetics
results indicate that phosphate adsorption on both adsorbents is spon-
taneous and the adsorption rates follow the pseudo second-order rate
model. The Langmuir model is able to describe phosphate adsorption
isotherm data and produces maximum adsorption capacities (298 K)
of 13.3mgP g~ ! for MFA and 10.5 mg P g~ ! for MPal, respectively, mak-
ing them practicable in treating municipal sewage. This has been further
verified by the leaching test results of spent adsorbents, showing that
both spent adsorbents are safe enough for either disposal or reuse.
The mechanisms of phosphate adsorption as modeled with the general-
ized composite (GC) surface complexation modeling approach indicate
that phosphate was directly bound to the surface metal centers of MFA
and MPal, likely forming two monodentate complexes, =SHPO; and
=SPO7; "~ by ligand exchange. The SCM modeling results also confirm
the ability of GC model to predict phosphate adsorption behavior onto
complex mineral mixtures. Leaching test results suggest that the spent
adsorbents can be safely disposed or further reused.
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