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Abstract

As safe byproducts of drinking water treatment processes, ferric and alum water treatment residuals (FARs) have the potential to be
new phosphate (P) immobilization materials. In this study, batch experiments were conducted to investigate and compare the adsorption
characteristics of three P species by FARs. The results showed that the kinetic processes of different P species’ adsorption by FARs
could be described by a pseudo second-order model. The ranking list of the initial adsorption rates with respect to different phosphates
was pyrophosphate, phytate, orthophosphate, hexametaphosphate and glycerophosphate. Of the six models considered, the two-site
Langmuir model most effectively described the adsorption characteristics of the various P species. Upon fitting the results, the maximum
adsorption capacities were determined to be 40.24 mg/g for phytate, 18.04 mg/g for pyrophosphate, 17.14 mg/g for orthophosphate,
15.86 mg/g for hexametaphosphate and 10.81 mg/g for glycerophosphate. In addition, the adsorption processes of the different P species
were spontaneous endothermic processes and were favored at lower pH values. The pH dependency was found to be especially true for
orthophosphate, where the adsorption capacity decreased by 1.22 mg/g with an increase in pH from 5 to 9. Fractionation of the adsorbed
P species from the FARs demonstrated that Al-P and Fe-P were the dominating forms, constituting approximately 80%—90% of the
total P fractions, which indicated that the adsorbed P species had a low leaching risk and could stably exist in the FARs. Therefore, the

FARs could be effective in controlling pollution in water caused by different P species.
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Introduction

Phosphorous (P) has been regarded as a key element caus-
ing eutrophication in surface waters. P in wastewater and
surface water exists in various forms such as orthophos-
phates (ortho-P), condensed phosphates (condensed-P) and
organic phosphates (organic-P). Commonly, ortho-P can
be utilized by algae directly, whereas condensed-P and
organic-P have to undergo hydrolysis in aqueous solution
to revert into ortho-P, making them available for immediate
biological uptake (Babatunde et al., 2008). Thus, ortho-P
are direct contributors to eutrophication, unlike condensed-
P and organic-P, which are potential threats.

Ortho-P are usually found in the forms of H,PO4~,
HPO,2~ and PO,>~ in water bodies. Condensed-P existing
as P,0;*, P30,0°~ and PO~ are indispensable assistants
of detergents and are also widely used as fertilizers in soil
(Dick and Tabatabai, 1987; Guan et al., 2007). Organic-P,
such as glycerophosphate and phytate, primary come from

* Corresponding author. E-mail: yspei@bnu.edu.cn

food scraps and human waste. Typically, approximately
25% of total P in settled sewage is present as ortho-P,
and 50% of total P in municipal sewage is present as
condensed-P and organic-P (Finstein and Hunter, 1967).
However, in industrial and agricultural wastewaters, P
forms are more complex. In general, the forms and concen-
trations of P species present in water can be highly varied
and particularly source-dependent.

Water treatment residuals (WTRs) are by-products of
water treatment plants including four types: Fe-WTRs
(only iron salt is used as a coagulant), AI-WTRs (only
aluminum salt is used), Fe/AI-WTRs (both ferric and
aluminum salt are used, denoted as FARs) and Ca-WTRs
(generated from the lime softening process). Studies found
WTRs have strong P adsorption capacity owing to their
containment of substantial iron and aluminum, which
provide a reactive surface and a strong affinity for P (Elliot

and Dempsey, 1991; Babatunde and Zhaotll Z0T10; Wang et
al., 2011b). The mechanisms of P adsorption onto WTRs
involve ligand-exchange, competitive effdcts with humic
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substances and chemical reaction and coprecipitation. Lig-
and exchange has been demonstrated to be the dominant
mechanism for exchanging P with OH™ (Yang et al., 2006;
Michael et al., 1998). Many studies have shown that FARs
can better adsorb ortho-P (Wang et al., 2011b, 2012; Gao
et al., 2012). Less attention has been paid to condensed-
P and organic-P, which also have the potential to damage
received water. To date, only hexametaphosphate and
adenosine monophosphate have been investigated with
respect to their adsorption characteristics on Al-WTRs
(Razali and Zhao, 2007; Babatunde et al., 2008). The
adsorption processes of different P species can be affected
by their shapes and sizes as well as their structures.
Consequently, it is essential to more deeply understand the
characteristics of various P species’ adsorption on FARs.

In this study, a contrastive investigation was carried out
regarding the adsorption of three P species in five forms by
FARs. Kinetic models, isothermal models, thermodynamic
study and P fractionation were used to determine the
characteristic of each P adsorption on the FARs. The study
can provide evidence for the reuse of FARs to control
pollution by various P species.

1 Materials and methods

1.1 Materials

FARs were collected from the 9th Water Supply Plant
of Beijing, China, where both ferric and aluminum salts
are used as coagulants. Samples were air-dried, ground
and selected for particles < 80 mesh. The FARs were
digested by HNO;3;, HCl and H,0, (US EPA method
3050B), to detect the primary elemental compounds using
an Inductively Coupled Plasma-Atomic Emission Spec-
trometer (ICP-AES, ULTMA, JY, France). The contents
of Fe, Al, Ca and Mg were 89.06, 40.06, 7.10 and 0.64
mg/g, respectively (Fe:Al:Ca:Mg = 125:63:11:1) (Wang et
al., 2011b). The surface area of the FARs was measured
by the N, adsorption-desorption technique using a NOVA-
4200e analyzer (USA) and was determined to be 76.83
mz/g (Wang et al., 2011b).

The ortho-P, condensed-P and organic-P were prepared
from sodium dihydrogen phosphate (ortho-P), sodium
pyrophosphate (pyro-P) and sodium hexametaphosphate
(hexameta-P), sodium glycerophosphate (glycerol-P) and
sodium phytate (phytate) (Altundogan and Tiimen, 2003;
Li and Guan, 2011; Razali et al., 2007).

Ortho-P was analyzed using the ammonium molybdate
spectrophotometric method. The total P was digested to
ortho-P using the acid hydrolysis method by heating the
samples at 120°C with potassium persulphate salt, then the
analysis method was the same as for ortho-P (Du, 2006).
The condensed-P and organic-P concentrations were de-
termined by calculating the difference between total P and
ortho-P.

1.2 Sorption kinetics

A total of 0.1 g of FARs was loaded into 50-mL polyethy-
lene bottles. Afterward, 20 mL of different P species
solutions containing 30 mg-P/L and 0.01 mol/L NaCl were
added. The pH value was maintained at 7 by adjusting with
NaOH and HCI solutions, and samples were shaken for 2,
4,8,12, 16,24, 36 and 48 hr at 25°C, 120 r/min. Thereafter,
the samples were filtered using 0.45-um Millipore filter
paper. Triplicate samples were taken, and the standard
error deviation was within 5%.

1.3 Factors affecting P sorption

The different P species solutions containing 30 mg-P/L and
0.01 mol/L NaCl were mixed with the FARs. The ratio of
solid to liquid was 1:200 (g/mL). By using 0.1 mol/L HCI
or NaOH to adjust the pH, the effect of pH on P sorption
was examined at pH 5, 7 and 9. The samples were shaken
for 24 hr at 25°C, which was the optimum time determined
by the kinetic experiment. Triplicate samples were taken,
and the standard error deviation was within 5%.

In a test procedure similar to the above, different initial P
concentrations (i.e. 10, 30, 50, 100, 150, 200, 300, 400, 600
mg-P/L) and temperatures (i.e. 288, 298, 308, 318, 328 K)
were used to investigate the effects on different P species’
adsorption by the FARs. The pH value was maintained at
7 and the shaking time employed was 24 hr.

1.4 P fractionation of the adsorbed P

A mass of 2.5 g of FARs was placed in a 1000-mL
Erlenmeyer flask, and 500 mL of a solution with a P
concentration of 30 mg/L was then added, followed by
shaking for 24 hr at 25°C. The pH was maintained at 7.
After adsorption, mixtures were filtered, and the residuals
were dried at 50°C.

A sequential P extraction method was implement-
ed for the residuals (Cox et al, 1997; Wang et al.,
2011a). The sample was then sequentially extracted with
1 mol/L. NH4Cl1 (loosely bound P referred to as L-P), 0.5
mol/L NH4F (Al-P), 0.1 mol/L NaOH (Fe-P), 0.3 mol/L
Na3(CgHs507)-2H,0 with 1 g Na,S,04-2H,0 (occluded-
P referred to as O-P) and 0.5 mol/L H,SO, (Ca-P).
The sample was washed twice between each extraction
step by suspension in 25 mL of saturated NaCl solution
and centrifuged to remove the residual solution of the
previous step. The extraction temperature was controlled
at 25°C, and the concentrations of ortho-P and total P were
determined after each extraction step. Triplicate samples
were taken, and the standard error deviation was within
5%.

2 Results and discussion

2.1 Kinetics of different P species adsorptiom

Figure 1 shows the kinetic curves of different P species’
adsorption on FARs. The kinetic curves dgmonstrated that
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the adsorption trends of ortho-P, condensed-P and organic-
P by FARs were quite similar. The processes could be
modeled in two stages (Sanyal and De Datta, 1991). The
first stage was the initial fast adsorption. Owing to a mass
of vacant adsorption sites on the FARs surface, P could
move rapidly from liquid to the FARs particle exteriors and
in macropores (Zumpe et al., 2002; Babatunde and Zhao,
2010). Subsequently, the adsorption capacities of different
P species increased significantly. The second stage was
the slow equilibrium. The adsorbed P diffused around and
inside the FARs surface and precipitated on the surface
followed by occlusion. Thus, the adsorption rate decreased.
As shown in Fig. 1, the adsorption could reach equilibrium
in 24 hr, which was determined as an equilibration period
for subsequent work.

The pseudo first-order and pseudo second-order equa-
tions were applied to describe different P species’ adsorp-
tion kinetic characteristics by the FARs (Table 1). The
results showed that the related correlation coefficients (R?)
of the pseudo second-order equation were greater than
those of the pseudo first-order equation. Meanwhile, the
equilibrium adsorption capacities (g.) obtained from the
former were close to the observed data (g."). Therefore, the
pseudo second-order equation better described the adsorp-
tion processes of different P species, including liquid film
diffusion, surface adsorption and intra-particle diffusion
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Fig. 1 Kinetics curves of different P species’ adsorption on FARs.

(Chang and Juang, 2004). Comparing % values of different
P species, the highest initial adsorption rate was obtained
for pyro-P (0.043 mg/(g-min)), followed by phytate, ortho-
P, hexameta-P and finally glycerol-P. The difference in
initial adsorption rate suggested that there were different P
structures and different intrinsic affinities between different
P and FARs (Guan et al., 2005).

2.2 Effects of initial P concentration

Figure 2 shows the adsorption capacities of FARs for dif-
ferent P species under different initial P concentrations. It
could be observed that the adsorption capacities increased
with increasing initial P concentrations. The ranking list of
the adsorption capacities with respect to different P species
for various concentrations was phytate, pyro-P, ortho-P,
hexameta-P and glycerol-P. The difference in adsorption
capacities could be attributed to the different adsorption
mechanisms of ortho-P, condensed-P and organic-P (Raza-
li and Zhao, 2007).

The P adsorption isotherms under different initial con-
centrations were fitted by the Langmuir, Freundlich,
Two-site Langmuir, Temkin, Harkins-Jura and D-R models
to determine the sorption characteristics. The parameters
of these models are listed in Table 2. In view of the R?
of these models, it could be determined that the highest R2

30
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Fig.2 Adsorption capacities of different P species on FARs under
different P concentrations.

Table 1 Parameters for kinetic models of different P species’ adsorption on FARs

P species qe’ (mg/g) Pseudo first-order kinetic equation Pseudo second-order kinetic equation
In(ge = ¢:) = Inge — K11 T matn
ge (mg/y)  Ki(min™h) R ge (mg/g) Ko (g/mgmin)) & (Kage?) (mg/(gmin)) R

Ortho-P 3.59 3.22 0.006 0.94 3.50 0.003 0.037 0.98
Hexameta-P 2.41 2.17 0.007 0.94 2.38 0.005 0.023 0.99
Pyro-P 3.73 3.31 0.008 0.91 3.60 0.003 0.043 0.97
Glycero-P 1.61 1.42 0.003 091 1.63 0.002 0.006 696
Phytate 3.46 2.98 0.008 0.93 3.24 0.004 0.039 0.97

ge’ is the actual P adsorption capacity at 48 hr. ¢; (mg/g) and ¢ are the adsorption capacities at time ¢ and equilibrium, respectively} and K; and K, are

the pseudo first-order and pseudo second-order rate constants, respectively.
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was obtained for the Two-site Langmuir, ranging from 0.96
to 0.99, indicating that it was the best model to describe the
characteristics of the different P species. The Langmuir,
Freundlich, Two-site Langmuir, Temkin, and D-R models
also had higher R? values ranging 0.75 to 0.99, except for
that of pyro-P for D-R (R? = 0.68). However, the poor fit of
the Harkins-Jura model resulted in lower R? values (0.65—
0.84).

The parameters K and n reflected the adsorption capac-
ity and adsorption strength of the FARs, respectively. As
listed in Table 2, the K and n values for the different P
species varied. FARs presented the best adsorption strength
for ortho-P, followed by condensed-P and organic-P, which
may be attributed to the different shapes and sizes of the
various P molecules.

Comparing the fitting results of the Langmuir and
Two-site Langmuir models, it could be observed that the
latter fitted the data better. Therefore, g, of the Two-site
Langmuir model has usually been used to estimate the
theoretical maximum P adsorption capacity (Wang et al.,
2011a). The Two-site Langmuir model is a modification
of the classical Langmuir isotherm model assuming that
the sorption occurs either on two types of surfaces, each
with different bonding energies, or on one surface with
two distinct energies (Bolster and Hornberger, 2007). A
more complex model would probably include too many
adjustable parameters to allow a realistic interpretation of
their values (Angovel et al., 1998). Therefore, the Two-site
Langmuir isotherm model can describe the data closely,
and the fitted parameters give a consistent description of
the characteristics of different P species’ adsorption on
FARS. g1 and g represented the P adsorption capacity

at two types of surfaces, respectively, and the maximum P
adsorption capacity was the sum of g, and g;. Ranking
the list of the maximum P adsorption capacities with
respect to different P species yields phytate (44.24 mg/g),
pyro-P (18.05 mg/g), ortho-P (17.14 mg/g), hexameta-
P (15.86 mg/g) and glycerol-P (10.81 m/g). This result
indicated that the P absorption capacity largely depend-
ed on the P molecular structure (Guan et al., 2005).
For example, the four functional groups of the phytate
molecule were attached to the aluminum hydroxide surface
and formed four nuclear complexes when phytate was
adsorbed. However, the structure of the complexes formed
between ortho-P/condensed-P and metal hydroxide surface
were monodentate, bidentate, or binuclear (Ognalaga et
al., 1994). Therefore, each P functional group of phytate
occupied a smaller area compared with other phosphates;
thus, more phytate could be adsorbed than other species
(Celi et al., 1999, 2001).

2.3 Effects of pH

The effects of pH on different P species’ adsorption are
shown in Fig. 3. The adsorption capacities of ortho-P,
condensed-P and organic-P on FARs were highly influ-
enced by pH; in particular, low pH values were favorable
for P adsorption. Correspondingly, the adsorption capaci-
ties decreased with increasing pH. The largest adsorption
capacity occurred at a pH of 5 in this study, and the
removal rates of different P species by the FARs ranged
from 28.63% to 64.74%. As the pH of the solution was
raised from 5 to 9, the adsorption capacities of ortho-P,
hexameta-P, pyro-P, glycerol-P and phytate decreased by
1.22, 0.54, 0.73, 0.58 and 0.66 mg/g, respectively. The

Table 2  Fitting results of the adsorption isotherm experiment of FARs (pH =7)

Models Equation Parameters Ortho-P Hexameta-P Pyro-P Glycero-P Phytate
1
Freundlich ge = KC? K (L/mg) 0.59 0.52 0.54 0.37 0.38
n 2.28 2.19 2.13 1.85 1.56
R? 0.98 0.98 0.96 0.96 0.99
Langmuir ge = ‘{*:j,’gg b (L/mg) 0.0053 0.0051 0.0037 0.0041 0.0020
gm (Mg/g) 13.91 12.19 17.24 11.34 41.65
R? 0.97 0.92 0.97 0.95 0.98
Two-site Langmuir Ge = Gl Tt + g Tt gm1 (mg/g) 2.15 2.59 1.00 4.91 0.78
b 0.13 0.14 0.04 0.004 1.09
gm2 (Mg/g) 14.99 13.27 17.05 5.89 43.46
by 0.002 0.001 0.003 0.004 0.002
R? 0.99 0.99 0.96 0.97 0.99
Temkin ge = B In(K1Ce) B 2.26 1.86 2.87 1.79 4.99
Kt (L/mg) 0.13 0.15 0.08 0.09 0.07
R? 0.92 0.88 0.92 0.90 0.85
Harkins-Jura q% =8_tlogC. A 3.98 5.19 0.52 0.80 12.21
B 2.47 2.54 2.39 243 8.29
R? 0.76 0.84 0.65 0.75 0.72
D-R e = gme K& gm (mg/g) 8.81 7.52 11.28 7.03 20.46
K (mol?/kJ?) 0.0007 0.0006 0.0017 0.0015 0.0013
E= ﬁ E (kJ/mol) 26.73 28.88 17.14 18.26 19.61
R? 0.75 0.68 0.83 0.90 0.86

gm, gm1 and gmp are the maximum P adsorption capacities; Ce (mg/L) is the equilibrium P concentration.
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Table 3 Thermodynamic and adsorption parameters at different temperatures
P species AH' AS® AG? (kI/mol)
(kJ/mol) (J/(mol-K)) 288 K 298 K 308 K 318K 328K
Ortho-P 37.94 171.78 -11.53 -13.25 -14.97 -16.69 -18.40
Hexameta-P 31.95 145.35 -9.91 -11.36 -12.82 -14.47 -11.29
Pyro-P 53.70 224.66 -10.99 -13.25 -15.49 -17.74 -19.99
Glycerol-P 24.43 115.96 -8.97 -10.12 -11.29 -12.45 -13.61
Phytate 31.83 150.33 -11.47 -12.97 -14.47 -15.98 -17.48
5| zApH=5
EdpH=7 0 0
I pH = AH® AS
KXY pH =9 InKy=——— 4+ 22 2)
4r RT R
AG® = AH® - TAS® 3)

P adsorption capacity (mg/g)

AT RN

%

Ortho-P Hexameta-P  Pyro-P

Glycero-P  Phytate

Fig. 3 Effectiveness of P species’ adsorption on FARs at various pH
values.

various decreases could be related to either the P struc-
tures or functional groups (Altundogan and Tiimen, 2001).
According to Yang et al. (2006), P was mainly adsorbed
by ligand exchange between P and OH™. An increase in
pH would lead to a rise in OH™ ions, which would occupy
more active sites on the surfaces of FARs and enhance
the competitive strength with P. Meanwhile, the increasing
amount of OH™ ions would induce the formation of a new
charged counter-ion layer, which would reject P adsorption
(Ye et al., 2006). Apart from these factors, the pH at the
point of zero charge (pHpzc) also played an important
role in the adsorption processes (Hamdi and Srasra, 2012).
The pHpzc of FARs was approximately 7.5 (Yang et al.,
2006), and the surface charge of FARs would be positive
at a pH less than the pHpzc. Consequently, at lower pHs,
P adsorption would be facilitated by electrostatic and
chemical attraction onto the abundantly positive charged
surface. However, as pH rose above the pHpzc, the surface
charge of FARs became predominantly negative and P
adsorption decreased.

2.4 Effects of temperature

The distribution coefficient (Ky, mL/g), the standard
free energy (AG, klJ/mol), the standard enthalpy (AH°,
kJ/mol), and the standard entropy (AS?, J/(mol-K)) were
used to confirm the processes of different P species’ ad-
sorption at different temperatures (Kilislioglu et al., 2003).
They were calculated by the following equations:

Co—-Ce V
_G-C Vv

K
d Ce m

ey

The adsorption capacities of different P species at var-
ious temperature values are illustrated in Fig. 4a. The
AH® and AS° values were determined by the slopes and
intercepts of linear regression of InKy vs. 1/T (Fig. 4b).
The values of AH?, AS? and AG? are shown in Table 3. As
shown in Fig. 4, the adsorption capacities and K, of all P
species increased with increasing temperature, indicating
the endothermic nature of adsorption (Kilislioglu and
Bilgin., 2003). Increasing the temperature is known to
increase the rate of diffusion of the adsorbate molecules
across the external boundary layer and in the internal pores
of the adsorbent particle, owing to the decrease in the
viscosity of the solution (Al-qodah, 2000). The AH° values
were positive for ortho-P, hexameta-P, pyro-P, glycerol-P
and phytate (ranging from 24.43 to 53.70 kJ/mol), which
indicated that the adsorption reactions of the different P
species on FARs were endothermic. The AS? values for
all P species were greater than zero, which could be the
result of water molecules previously bonded to the metal
ions being released and dispersed in the solution when P
was absorbed onto the FARs surface (Oguz, 2005). The
AG values for all the systems were negative (—8.97 <
AG° < -19.99) and decreased with increasing temperature,
indicating that the different P species’ adsorption reactions
were spontaneous processes.

2.5 Fractionation of the adsorbed P

The results of P fractionation are presented in Fig. S.
The amount of total extracted P as ortho-P, hexameta-P,
pyro-P, glycerol-P and phytate was 3.44, 2.24, 3.55, 1.52
and 3.31 mg/g, respectively, which accounted for 95.84%,
93.19%, 95.52%, 94.12% and 95.79% of the adsorbed
P, respectively. The results indicated that the adsorbed P
could stably exist in FARs and had a low leaching risk.
Meanwhile, ortho-P, condensed-P and organic-P adsorbed
on the FARs mainly existed in the forms of Al-P and
Fe-P, which accounted for approximately 80%-90% of

total P, while only small percentages werg-determined ta
be L-P, O-P and Ca-P. Fractions of orthoP decreased in
the following order: Al-P (52.62%), Fe-P| (31.71%), O-P
(5.81%), L-P (3.64%) and Ca-P (1.89%). Hor condensed-P
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Fig. 4 (a) Effect of temperature on different P species’ adsorption by FARs; (b) plot of InKy vs. 1/T for different P species.
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and organic-P, similar orders of different P fractions were
observed.

In Dayton’s research, it was demonstrated that amor-
phous Fe and Al had been considered to be favorable
for P adsorption (Dayton and Basta, 2005). The contents
of Fe and Al in the FARs were 89.06 mg/g and 40.06
mg/g, respectively, and were found in relatively higher
concentrations than other elements (Wang et al., 2011b).
Fe and Al had a high affinity for P sorption due to positive
Fe-P and AI-P precipitation. In addition, because of their
high charge density, AI’** and Fe®* may strongly attach the
anion of P to FARs (Gan et al., 2009). Therefore, the com-
bination of Fe and Al mainly contributed to the adsorption
of ortho-P, condensed-P and organic-P on FARs.

3 Conclusions

The FARs had strong adsorption abilities for ortho-P,
condensed-P and organic-P. The adsorption processes of
different P species were similar, and could be roughly
divided into the fast adsorption and slow equilibrium
stages, and were well described by the pseudo second-

order equation. The initial adsorption rate of each P species
was considerably different, and the observed maximum
rate was for pyrophosphate (0.043 mg/(g-min)) while the
observed minimum rate was for glycerophosphate (0.006
mg/(g-min)). The adsorption capacities fitted by the Two-
site Langmuir isotherms varied for the different P species
as well as with the pH of the P suspension. The ranking
list of highest adsorption capacity with respect to different
phosphates was determined to be phytate, pyro-P, ortho-
P, hexameta-P and finally glycerol-P. P adsorption favored
acidic suspensions rather than alkaline suspensions for all
three types of P species tested. Moreover, the adsorption
reactions of different P species were spontaneous endother-
mic processes. In addition, the adsorbed P on FARs mainly
existed in the forms of Al-P and Fe-P and hardly desorbed
from FARs. These findings could be significant for the
efficient reuse of FARs as low-cost P adsorption materials.
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