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a b s t r a c t

One hydroxyaluminum-montmorillonite complex (HyAl-Mt), two hydroxyiron-montmorillonite com-
plexes (HyFe-Mts) with different iron contents, and three hydroxyiron/aluminum-montmorillonite
complexes (HyFeAl-Mts) with various Fe:Al molar ratios were synthesized. Behavior and kinetics of phos-
phate (P) sorption on selected Mt-complexes mentioned above were investigated under acidic conditions.
The results indicated that the intercalations of polymeric HyFe and/or HyAl ions in interlayers of Na-
saturated montmorillonite (Na-Mt) caused significant changes in surface properties of the Na-Mt, such as
cation exchange capacity, specific surface area, pH at zero point of charge. In pH range tested (3.0–6.5), P
adsorption on the Mt-complexes decreased with increasing pH, whereas the effect became weaker with
increasing Fe contents in the Mt-complexes. The adsorption capacities of the HyFeAl-Mts were greater
than those of the HyAl-Mt and HyFe-Mt, which could be attributed to decreasing crystallinity of Fe and Al
oxides in the HyFeAl-Mts. The equilibrium adsorption of P on the Mt-complexes could be well described

using the Langmuir isotherm, and the kinetics of P adsorption could be well described by both the pseudo-
second-order and Elovich models. An increase in Fe contents in the Mt-complexes could enhance the
initial kinetic rate of P adsorption, as suggested by the Elovich models. It is inferred that a great number
of Fe-related active sorption sites have been located on the outer surfaces of the HyFe-Mt, as indicated by
extremely high ˛ value in the Elovich model. Previous studies focusing mainly on P sorption on HyAl-Mt
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complexes might have un
high in Fe contents.

. Introduction

Phosphate (P) is one of the major nutrients for plant growth
nd widely distributed in agricultural soils. Phosphate leached from
gricultural soils is one of the main sources of P in waters. Excessive
upply of P can result in eutrophication of receiving waters, which
ay cause great adverse consequences on aquatic ecosystem [1].

hosphate retention in agricultural soils is of immense importance
n assessing its fertility and mobility [2]. Adsorption and desorption
f P are closely related to soil constituents, among which aluminum

Al) and iron (Fe) (hydro)oxides serve as the most important sinks of
[3,4]. At high P concentrations, Al and Fe oxides may play equally

mportant roles in P retention; at low P concentration, however, P
ends to adsorb preferentially on Fe oxides [5].

∗ Corresponding author. Tel.: +86 532 66782513; fax: +86 532 66782540.
E-mail address: zhumaoxu@ouc.edu.cn (M.-X. Zhu).
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timated the contributions of Mt-complexes to P retention in acidic soils

© 2008 Elsevier B.V. All rights reserved.

In acidic soil environments, polymeric hydroxyaluminum (HyAl)
ations with various OH/Al ratios form via hydrolysis of Al3+ [6].
olymeric hydroxyiron (HyFe) cations may also form in soils high
n Fe content. Some structural models for polymeric HyAl cations
ave been proposed, for instance single [Al6(OH)12

6+] or double
Al10(OH)22

8+] gibbsite-like rings and much more complex Al13
olynuclear species [AlO4Al12(OH)24(H2O)12

7+] [7]. Due to high
urface reactivity and high surface charges, HyAl and HyFe ions
end to adsorb on expandable phyllosilicate clays with high cation
xchange capacity (CEC), particularly on montmorillonite (Mt),
orming HyAl-Mt, HyFe-Mt, or HyFeAl-Mt complexes depending
n solution pH and concentrations of HyAl and HyFe. Evidence has
hown that polymeric HyAl and HyFe cations are intercalated in
nterlayer spaces of clays and also adsorbed on the external pla-

ar surfaces and/or at the edges, and that the fixed cations are
onexchangeable. Polymeric HyAl and HyFe cations in the inter-

ayer exhibit much greater surface area than free amorphous Fe
nd Al hydroxides formed via direct precipitation [8,9]. In acidic
o slightly acidic soils, HyAl-Mt, HyFe-Mt or HyFeAl-Mt complexes

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:zhumaoxu@ouc.edu.cn
dx.doi.org/10.1016/j.jhazmat.2008.10.035
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collectively referred to as Mt-complexes in this study) are
biquitous [6,10]. Their surface properties and stability have
een extensively studied [11–13]. Interactions between polymeric
ations and clays may significantly influence surface properties
f the pristine clays [11,12,14,15]. Given the high reactivity, large
urface areas and high positive charges of HyAl and HyFe cations,
t-complexes may play a significant role in regulating the mobil-

ty of P and some potential anionic pollutants such as arsenate and
elenite.

Adsorption/desorption of a wide variety of pollutants on Fe or
l (hydro)oxides, Fe–Al (hydro)oxide co-precipitates, HyAl-Mt or
yFe-Mt complexes have been extensively investigated [15–20].
owever, study on P adsorption on Mt-complexes, particularly on
yAlFe-Mt complexes with varying Al:Fe molar ratios is to date
ery limited. Saha et al. [10] found that P retention on HyAl-Mt
omplexes was much greater than on pristine Mt, which showed
egligible P retention across pH 3–8. The study of Kasama et al.
16] indicated that P sorption on Al-pillared smectite was mostly
elated to –OH functional groups of HyAl. Violante and Gianfreda
21] investigated competitive adsorption between P and oxalate on
yAl-Mt complexes. To best of our knowledge, only Ramesh et al.

13] most recently reported the adsorption behavior of HyAlFe-Mt
omplexes as an adsorbent for removal of inorganic and organic
rsenic. To date, there is no report on P sorption on HyAlFe-Mt
omplexes. Considering that pure HyAl-Mt, HyFe-Mt and HyFeAl-
t are not easily obtained from natural soils, laboratory prepared
t-complexes were used in this study. HyAl-Mt, HyFe-Mt, and
yAlFe-Mt complexes with varying Fe:Al ratio were synthesized
nd used as model materials for insight into the interactions of nat-
rally occurring HyAlFe-Mt complexes with P in acidic soils high in
e content, such as red soils widely distributed in southern China
20].

. Materials and method

.1. Montmorillonite samples

Bentonite was collected from Jiashan, Jiangsu Province, China.
he ≤2.0 �m fraction of Mt clay was separated by sedimenta-
ion according to the Stokes law after the bentonite was ground
o pass through a 100-mesh sieve. Na-saturated Mt (Na-Mt)
as obtained by Na+ exchange using 0.1 mol/L NaCl solution 4

imes. The Na-Mt was washed with deionized water until free of
l− ions (AgNO3 examination), then dried under 60 ◦C for 16 h,
nd finally gently ground to pass through a 100-mesh sieve for
se.
.2. Preparation of HyFe-Mt, HyAl-Mt and HyFeAl-Mt complexes

A method following Jiang et al. [22,23] and Zhu et al. [24] with
ome modifications was used for preparation of HyFe-Mt and HyAl-
t complexes. For the HyAl-Mt and HyFeAl-Mt preparation, NaOH

t
T
m
s
l

able 1
asic physicochemical properties of Na-Mt and Mt-complexes.

amples CEC (cmol/kg) Specific surface areas (m2/g)

a-Mt 51.6 23.08
yAl-Mt 23.5 110.64
yFeAl-Mt0.1 21.8 97.49
yFeAl-Mt0.2 24.5 102.72
yFeAl-Mt0.5 20.8 131.76
yFe-Mt∞2 39.7 n.d.
yFe-Mt∞5 33.3 130.02

.d.: not determined.
Materials 165 (2009) 645–651

olution of 0.4 mol/L was added slowly into AlCl3 solution or mixed
olution of FeCl3 and AlCl3 (Fe:Al molar ratios = 0.1, 0.2, 0.5) at a
ate of 1 mL/min under magnetic stirring until the molar ratios of
H−:Al3+ or OH−:(Al3+ + Fe3+) reaching 2.0. After continuous stir-

ing for 2 h, the mixed solutions were aged at 65 ◦C in a water
ath for 24 h, then aged at room temperature for another 48 h and
nally filtered (0.20 �m) to remove any solid particles which might
ave formed. The resulting intercalant solutions were called HyAl
nd HyFeAl ion solutions, respectively. The preparation of HyFe-
t was conducted following the procedure of Chen and Zhu [25],

ut with some modifications. Firstly, Na2CO3 solution was added
lowly into Fe(NO3)3 under magnetic stirring until the molar ratio
f Na2CO3 to Fe3+ reaching 1:1 and the final concentration of Fe3+

eaching 0.2 mol/L, then the mixed solution was aged at 65 ◦C for
4 h followed by aging for another 3 d at room temperature to
btain HyFe ion solution, While vigorous motor stirring, the ion
olutions above were slowly added into suspensions containing 4%
wt.) Na-Mt until the ratios of Al3+ or (Al3+ + Fe3+) to Na-Mt reach-
ng 10 mmol/g for HyAl and HyFeAl, respectively, and the ratios
f Fe3+:Mt reaching 2 and 5 mmol/g for HyFe. The total amounts
f added metal ions (Al3+, Fe3+) were 3.8–19.8-folds of the CEC
f the Na-Mt (Table 1). After continuous stirring for 3 h the slur-
ies were aged at 75 ◦C in water bath for 24 h, then washed using
eionized water, dried at 80 ◦C and gently ground to pass through a
00-mesh sieve to obtain HyAl-Mt, HyFe-Mt and HyFeAl-Mt com-
lexes. The HyAlFe-Mt complexes with Fe:Al molar ratios of 0.1, 0.2,
.5 were denoted hereafter as HyFeAl-Mt0.1, HyFeAl-Mt0.2, HyFeAl-
t0.5, respectively, and the HyFe-Mt complexes with Fe3+:Mt ratios

f 2 and 5 mmol/g were denoted as HyFe-Mt∞2 and HyFe-Mt∞5,
espectively.

.3. Phosphate adsorption

Phosphate stock solution of 20 mmol/L was prepared by dis-
olving KH2PO4 in deionized water. Phosphate solutions of desired
oncentrations were obtained by dilution in 0.01 mol/L KCl solu-
ion (KCl as background electrolyte), and P solutions of desired
H were obtained by adjustment using dilute NaOH or HCl solu-
ions.

Phosphate adsorption experiments were conducted using a
atch technique. Fifty-mg HyAl-Mt, HyFe-Mt or HyAlFe-Mt com-
lexes were weighed into a series of 100-mL conic bottles, to which
5-mL P solutions with varying initial concentrations were added.
fter capped and vigorously shaken by hand, the conic bottles were
ut in a water bath of 27 ± 1 ◦C and gently shaken to predetermined
ime periods. Then the suspensions were centrifuged (3.46 × 104 g)
or 15 min and filtrated (0.45 �m) after transferred to 100-mL cen-

rifuge tubes. Filtrate pH was measured immediately after filtration.
he filtrates were then stored at 4 ◦C until P concentration deter-
ination. Equilibrium isotherms and kinetics of P adsorption on

elected Mt-complexes were investigated. Also pH effect on P equi-
ibrium adsorption was evaluated.

pHszpc Amounts of loaded Al and Fe (mol/kg Mt)

Al Fe

2.80 – –
4.65 0.89 –
5.60 0.83 0.07
5.65 0.74 0.13
5.80 0.61 0.25
6.20 – 0.78
6.25 – 0.82
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.4. Analytical methods

The amounts of HyAl and HyFe loaded on Na-Mt were deter-
ined from the Al and Fe concentrations extracted from the
t-complexes using NH4-oxalate [26], which were corrected for by

xtraction of untreated Na-Mt with the same method. Aluminum
nd Fe were analyzed using graphite furnace AAS (Thermo Elec-
ron Co. USA). Phosphate concentrations were determined using
he molybdate blue method. The quantities of P sorbed were deter-

ined by differences. X ray diffraction (XRD) patterns of the Na-Mt
nd Mt-complexes were obtained using a Rigaku D/max-rB diffrac-
ometer (Rigaku Corp., Japan) (Cu Ka, 40 kV, 100 mA, 7◦ min−1).
he pHs at zero point of charge (pHszpc) were determined using a
implified method [27]. Specific surface areas and CEC were deter-
ined using the BET method and ammonium acetate method [28],

espectively.

. Results and discussion

.1. Characterization of HyAl-Mt, HyFe-Mt and HyAlFe-Mt
omplexes

The total amounts of loaded Al and Fe on the Mt-complexes
ere 1.5–1.7 times higher than the CEC of the Na-Mt (Table 1). The

xcesses of Al and Fe contents relative to the CEC of the Na-Mt
ere probably caused by surface precipitation on the Na-Mt. Due

o larger ion radius of Fe than that of Al, the excesses of Fe content
n HyFe-Mts were slightly smaller than the excess of Al content in
yAl-Mt. The ratios of Fe/Al in HyFeAl-Mt complexes determined
y NH4-oxalate extraction were lower than the original Fe/Al ratios
f HyFeAl cation solutions. This result is in agreement with Violante
t al. [29], who found that in mixed hydroxy-Al-Fe-Mt complexes
ormed from the Fe(II) transformations in the presence of Al and Mt,
he short-range ordered materials present in the interlayers of Mt
ven after long aging periods were highly Al-substituted noncrys-
alline Fe oxides. The XRD patterns of the Na-Mt and Mt-complexes
re shown in Fig. 1. Similar to our previous report [24], the inten-
ity of XRD peaks of the HyAl-Mt was much less intense than that of
he Na-Mt. The basal spacing of the HyAl-Mt (d0 0 1 = 17.0 Å) was sig-
ificantly enlarged compared to that of the Na-Mt (d0 0 1 = 12.4 Å),

ndicating that at least some HyAl ions were intercalated the inter-
ayers of the Na-Mt. The (0 0 1) peaks of the HyAlFe-Mt and HyFe-Mt

ere much less intense as compared to those of the Na-Mt and
yAl-Mt. For the HyFeAl-Mt0.1 (Fig. 1g), the peak was almost unde-

ectable. It seems that the (0 0 1) peaks of the Mt-complexes with
ixed metals (HyFeAl-Mts) became farther weaker in comparison
ith the Mt-complexes with single metal (HyFe-Mt or HyAl-Mt).

he reduction in diffractogram of the Mt-complexes relative to the
a-Mt was probably due to delamination of Mt layers by HyAl,
yFeAl, or HyFe ions. For the HyFeAl-Mts, the reduction in diffrac-

ogram might also be caused by collapsing of the Na-Mt layers due
o partial incongruent phase transition of HyFe and HyAl into Fe/Al
xides because of their different ion radii and chemical reactivity,
nd interactions between HyFe and HyAl ions in interlayers of the
a-Mt during aging and drying, as suggested by Thomas et al. [30].
s a matter of fact, layer collapsing is very common during dia-
enesis of natural Mt in sediments and soils. The specific surface
reas of all the Mt-complexes increased substantially in compar-
son with that of the Na-Mt (Table 1), which can be attributed to
n increase in micropore volume and micropore surface area in the

nterlayer spaces or on the outer surfaces of the Mt-complexes [13].
or the three HyAlFe-Mts, the specific surface areas increased with
n increase in Fe:Al molar ratios. A similar trend was observed for
o-precipitated Fe–Al oxides by Potter and Yong [19], which was
ue to the fact that amorphous Fe oxides exhibit greater specific

l
o
H
d
fi

ig. 1. X-ray diffraction patterns of Na-montmorillonite (Na-Mt) and montmoril-
onite complexes (Mt-complexes) modified by HyAl or/and HyFe ions. (a) Na-Mt,
b) HyAl-Mt, (c) HyFe-Mt∞5, (d) HyFe-Mt∞2, (e) HyFeAl-Mt0.5, (f) HyFeAl-Mt0.2, (g)
yFeAl-Mt0.1.

urface areas than amorphous Al oxides [31,32], and Fe oxides are
ore resistant to crystallize than Al oxides during aging, particu-

arly when Al oxides are present [26]. Similar to Fe and Al oxides,
he relationship may also hold true for the HyFe and HyAl. How-
ver, the specific surface areas of two HyFeAl-Mts (HyFeAl-Mt0.1
nd HyFeAl-Mt0.2) with low Fe contents were lower than that of
he HyAl-Mt, which might be caused by layer collapsing of the Na-

t mentioned above. The specific surface area of the HyFeAl-Mt0.5
s similar to that of the HyFe-Mt, probably because Fe content of the
yFeAl-Mt0.5 was beyond a critical level, above which the HyFeAl-
t0.5 and the HyFe-Mt were not differentiable with respect to their

pecific surface areas. The coverage of permanent negative charge
ites on the surfaces of the Na-Mt by the HyAl and HyFe, alto-
ether with high pH-dependent charges (variable surface charges)
f the HyAl and HyFe themselves, rendered a decrease in CEC of
ll the Mt-complexes (Table 1) relative to the Na-Mt. Though the
Hszpc of the HyAl and HyFe are unknown, we believe that they
re not significantly different than those of amorphous Al and Fe
xides, respectively, because their surficial functional groups (i.e.,
Al–OH/OH2, Fe–OH/OH2) are similar in nature. Therefore, an

ncrease in pHszpc of the Mt-complexes as compared to that of the
a-Mt is understandable in that the pHszpc of both Fe oxides (pHszpc

–8) and Al oxides (pHszpc 9–9.5) are much higher than that of the
a-Mt (Table 1). The pHszpc of the Mt-complexes increased with
n increase in Fe contents, which is inconsistent with Anderson
nd Benjamin [31] and Potter and Yong [19], who found that the
Hszpc of co-precipitated Al-Fe hydroxides decreased with increas-

ng Fe contents, and attributed the decrease to lower pHszpc of Fe
hydro)oxides than those of Al (hydro)oxides. In the case of the

t-complexes, the pHszpc may be closely related to the coverage
f external planar surfaces of the Mt and blockage of the inter-
ayer spaces by the HyAl and HyFe polymers. Much higher pHs
zpc

f two HyFe-Mts than those of the HyAl-Mt might imply that the
yFe polymers were mainly fixed on the external planar surfaces
ue to large molecular size, whereas more HyAl polymers were
xed in interlayer spaces of the Mt and some of them were buried
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ig. 2. Effect of pH on phosphate adsorption on various montmorillonite complexes
Mt-complexes) at initial phosphate concentration of 1.6 mmol/L.

n the interlayer spaces during layer collapsing. Therefore, HyFe
layed a dominant role in determining the overall pHszpc of the
wo HyFe-Mts, which is seemingly confirmed by their only slightly
ower pHszpc than those of amorphous Fe oxides (pHszpc 7–8). The
Hzpc of the HyAl-Mt, however, was determined by the pHszpc of
oth HyAl and the Na-Mt. Similarly, HyFe in the HyFeAl-Mts played
progressively increasing role in determining the overall pHszpc

ith the increase in Fe contents. No peaks of crystalline Fe and
l oxide minerals were detected in the Mt-complexes as shown in
ig. 1. Thus it can be inferred that only amorphous or poorly crys-
alline Fe and Al (hydro)oxide phases were formed during phase
ransition of HyAl and HFe.

.2. pH-dependency of P adsorption

Generally, pH exerts significant impact on ion adsorption on
urface of solid phases, particularly on solid phases with vari-
ble charge surfaces, such as Al and Fe oxides. It has long
een established that P sorbs on Fe/Al oxides and clay miner-
ls mainly via ligand-exchange with reactive surficial functional
roups Al–OH/OH2 or Fe–OH/OH2, forming strong inner-sphere
omplexes [15,33]. Three possible P inner-sphere complexes may
e formed: monodentate, bidentate, and binuclear, depending on
eactivity and density of surficial functional groups and P concen-
rations. This mechanism was indirectly confirmed by the increases
n pHs of the equilibrium solutions relative to their initial pHs, with
H increments from 0.4 to 2.5. It is unlikely, however, to directly
dentify the specific surface complexes of P on the Mt-complexes
sing the present macroscopic experiments. Molecular-level tech-
iques such as X-ray adsorption near-edge structure spectrum,
uclear magnetic resonance spectrum, and zeta potential measure-
ents are needed for further confirmation.

s
T
t
p
c

able 2
angmuir and Freundlich isotherm parameters for phosphate sorption on selected Mt-com

Langmuir

KL (L/mg) Qm (mg/g)

yAl-Mt 0.47 10.06
yFe-Mt∞5 0.48 13.12
yFeAl-Mt0.2 0.90 15.97
yFeAl-Mt0.5 2.16 20.45

2: correction coefficient.
Materials 165 (2009) 645–651

Besides ligand-exchange mechanism, phosphate may also partly
e adsorbed by electrostatic force mechanism forming outer-
phere complexes, which subsequently transform slowly into
nner-sphere ones. The ligand-exchange mechanism is much less
ependent on pH than the electrostatic one. As shown in Fig. 2,
adsorption on the Mt-complexes at initial P concentration of

.6 mmol/L decreased to different extents with increasing pH. This
ould be attributed to the following two pH-dependent factors:
i) a decrease in the extent of protonation or an enhancement
n the extent of deprotonation (depending on the pHszpc of the

t-complexes) on the Mt-complex surfaces with increasing pH
ncreased the density of negative surface charge sites, and thus
he electrostatic repulsion between P and the surfaces; (ii) equilib-
ium shift towards the right side of the following reaction with an
ncrease in pH caused an increase in the fraction of HPO4

2−, a more
egatively charged species, which is unfavorable for P retention via
lectrostatic mechanism.

2PO4
− + OH− → HPO4

2− + H2O

For the HyAlFe-Mt, pH exerted progressively less effect on P
etention with an increase in Fe:Al molar ratios. In the extreme
ase, i.e., Al:Fe = 0 for HyFe-Mt, the effect of pH on P retention was
light in experimental pH range (3.0–6.5). An increase in Fe con-
ents in the HyFeAl-Mt implies an increase in density of active sites
vailable for P sorption via ligand-exchange, particularly at high
H due to an increase in the fraction of HPO4

2− species, and con-
equently progressively less pH-dependent of P sorption, because
igand-exchange is the dominant mechanism of P sorption and is
ess pH-dependent in comparison with electrostatic mechanism.

.3. Isotherms for P sorption on Mt-complexes

The Langmuir (Eq. (1)) and Freundlich (Eq. (2)) equations
re commonly used to describe P equilibrium sorption on soils,
hyllosilicate minerals and metal oxides, and can be expressed
athematically as follows:

Ce

Qe
= Ce

Qm
+ 1

KL · Qm
(1)

n Qe = ln KF +
(

1
n

)
ln Ce (2)

where Qe (mg/g) is the amount of P sorbed at equilibrium, Qm

mg/g) the theoretical maximum monolayer sorption capacity, Ce

mg/L) the equilibrium concentration of P in solution. KL, n and
F are empirical constants. KL measures the affinity of the sorbent

or the solute. A high value of KL means a high sorption level at
ow solution concentration. The value of n measures the extent
f impact on sorption of a change in solution concentration from
nity [34]. A high value of n implies a relatively large change in

orbed P when the solution concentration deviates from unity.
he isotherm data for P sorption on the Mt-complexes were fit-
ed to the Langmuir and Freundlich equations, and the calculated
arameters are given in Table 2. As evidenced by the correction
oefficient R2, P equilibrium sorption on the Mt-complexes could

plexes.

Freundlich

R2 n KF (L/g) R2

0.982 0.18 9.23 0.817
0.983 0.12 11.96 0.880
0.993 0.14 15.43 0.881
0.995 0.11 20.48 0.938
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12 h, then increased gradually for more than 20 h in the slow step.
The rapid step could be attributed to direct ligand-exchange pro-
cess together with electrostatic sorption on the outer surfaces and
at the wide pore entrances of the Mt-complexes. Phosphate also
ig. 3. Langmuir isotherm modeling of phosphate adsorption on various montmo-
illonite complexes (Mt-complexes).

e much better described using the Langmuir model than using
he Freundlich one. A linear plot of the Langmuir fitting is given in
ig. 3. Based on the values of Qm and KL (Table 2), the order of max-
mum sorption capacities and affinities of the Mt-complexes for

is: HyAl-Mt < HyFe-Mt∞5 < HyFeAl-Mt0.2 < HyFeAl-Mt0.5. Under-
tandable is the smaller sorption capacity and weaker affinity of
he HyAl-Mt than those of the HyFe-Mt∞5, respectively, because
he affinity of amorphous Fe oxides for P is much stronger than that
f amorphous Al oxides [5]. However, it is interesting to note that
he sorption capacity of the HyFe-Mt∞5 was lower than those of the
wo HyFeAl-Mts even though the facts that the HyFe-Mt∞5 exhib-
ted similar specific surface area to that of the HyFeAl-Mt0.5, and the
e content in the HyFe-Mt∞5 was higher than in the two HyFeAl-
ts (Table 1). A probable explanation is that the presence of HyAl

n the interlayers of the Na-Mt interfered with the crystallization
f HyFe while aging and drying, resulting in higher reactivity of sur-
cial functional groups and thus higher sorption capacities of the
wo HyAlFe-Mts. The increase in Qm and KL with increasing Fe con-
ents in the Mt-complexes (except the HyFe-Mt) further confirmed
he important role Fe played in the enhancement of P sorption.

It may be concluded that the presence of a large amount of
yAlFe-Mt complexes in acidic soils high in Fe contents could
nhance substantially P retention on soil solid phases, and there-
ore reduce P mobility. It should be pointed out that, although the
orption of P and other ions on pristine Mt and HyAl-Mt complexes
as been extensively studied in recent years, the existences of pris-
ine Mt, simple HyAl- or HyFe-Mt complexes in a large amount are
ot common in acidic soils high in Fe contents, instead, HyAlFe-Mts
re probably the main Mt-complexes. If this assumption holds true,
revious studies focusing mainly on P sorption on HyAl-Mt com-
lexes [10,16,21] may have underestimated the contributions of Mt-
omplexes to P retention in acidic soils high in Fe contents, which
hould be considered in assessing P mobility and bioavailability.

Further work is needed to determine both the lower and upper
imits of Fe contents in the HyFeAl-Mt, respectively, below and
bove which the HyFeAl-Mt and the HyAl-Mt, and HyFeAl-Mt and
he HyFe-Mt, respectively, are undifferentiable with respect to their
dsorption capacities.

.4. Phosphate sorption kinetics
Given the great differences in sorption capacities among the
t-complexes studied, a low initial P concentration (0.8 mmol/L)
as chosen for kinetic studies in the HyAl-Mt and HyFe-Mt sys-

ems, and a high initial P concentration (1.2 mmol/L) was chosen
F
(

ig. 4. Variations of phosphate adsorption on various montmorillonite complexes
Mt-complexes) with time.

n the HyAlFe-Mt system. As shown in Fig. 4, there is a rapid
tep followed by a slow one in P kinetic sorption for all the Mt-
omplexes. In the rapid step, P sorption increased rapidly within
ig. 5. Kinetics modeling of phosphate adsorption on montmorillonite complexes
Mt-complexes) using pseudo-second-order (a) and Elovich (b) models.
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Table 3
Kinetic parameters for phosphate adsorption on selected Mt-complexes.

Pseudo-second-order model Elovich model

K [g/(mg s)] qe (mg/g) R2 ˛ ˇ R2

HyAl-Mt 6.66 10.78 0.9960 0.702 0.82 0.923
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yFeAl-Mt0.2 27.14 12.08
yFeAl-Mt0.5 68.4 18.98
yFe-Mt∞5 12.42 9.23

2: correction coefficient.

iffuses into solid-phase matrix through meso- and micropores,
nd then adsorbs on the inner surfaces of deep pores [35]. In the
resent study, pore size distribution and porosity of the samples
ere not determined. However, the average pore sizes of the Mt-

omplexes were estimated to be at the range of 5.5–12.5 nm based
n the reports of Ramesh et al. [13] and Shin and Han [15]. Dif-
usion rate of ion in pores is closely dependent on pore geometry
uch as pore size and pore connectivity. Generally, ion diffusion in
ores is a slow process, particularly with increasing pore depth and
ecreasing pore size (less than 2 nm). Thus the slow step could be
ttributed to P (0.22 nm in radius) diffusion into pores.

Several commonly used rate models including the pseudo-first-
rder equation (Eq. (3)), pseudo-second-order equation (Eq. (4)),
ower function equation (Eq. (5)), Elovich equation (Eq. (6)), and

ntraparticle diffusion model (Eq. (7)) are tested to describe P sorp-
ion kinetics.

og(qe − qt) = log qe − k

2.303
t (3)

t

qt
= 1

kq2
e

+ 1
qe

t (4)

n qt = ln(Kqe) + 1
m

ln t (5)

t = 1
ˇ

ln(˛ˇ) + 1
ˇ

ln t (6)

t = kdt1/2 + C (7)

here qt (mg/g) and qe (mg/g) are the amounts of P adsorbed at
ime t (min) and at equilibrium, respectively; k is sorption rate con-
tant; kd is diffusion coefficient; ˛ is the initial adsorption rate and ˇ
s related to surface coverage and activation energy of chemisorp-
ion [36]; K, m, and C are constants of respective models. Among
he above kinetic models tested, P sorption kinetics could be well
escribed using both the pseudo-second-order (Eq. (4)) and Elovich
Eq. (6)) models with the correlation coefficients, R2, above 0.90.
he linear plots of P sorption kinetics to the two models and the
alculated kinetic parameters are given in Fig. 5 and Table 3, respec-
ively. As mentioned above, parameter ˛ is the initial kinetic rate
n the Elovich model, and thus could be roughly regarded as the
inetic rate in the rapid step. It can be seen that the initial rates,
, increased with an increase in Fe content in the Mt-complexes

Table 3), indicating the important role Fe played in regulating P
dsorption kinetics in the rapid step. For the HyFe-Mt (Al = 0), the
alue of ˛ is 1.34 × 104 mg/(g min), 2–4 orders of magnitude larger
han those for the HyAl-Mt and HyAlFe-Mt. This might imply that

uch higher Fe-related active adsorption sites were located on the
uter surfaces of the HyFe-Mt for direct ligand-exchange sorption
n comparison with the case of the HyAlFe-Mts. This conclusion

s in accordance with the results of surface characterization of the
yFe-Mt (Section 3.1). It is worth pointing out that, even though
diffusion in pores was the main kinetic process over the later

eriod of time as discussed above, the kinetic data could not be sat-
sfactorily described by the intraparticle diffusion model (Eq. (7)).
0.9998 8.91 0.86 0.940
0.9995 19.08 0.64 0.990
0.9991 1.34 × 104 2.14 0.906

his is probably because of only minor contribution of the diffusion
rocess to the whole kinetic processes.

. Concluding remarks

The intercalations of HyFe and/or HyAl polymeric ions in inter-
ayer spaces of Mt caused significant changes in chemical and
hysical properties of the Na-Mt. The presence of Fe at low contents

n the HyFeAl-Mt0.1 and HyFeAl-Mt0.2 diminished the specific sur-
ace areas of the two Fe-bearing Mt-complexes in comparison with
hat of the HyAl-Mt; however, when Fe content was high enough
n the HyFeAl-Mt0.5, the specific surface area was similar to that of
he HyFe-Mt. The pHszpc of the Mt-complexes increased with an
ncrease in Fe contents in the complexes probably because HyFe
olymers were mainly fixed on external planar surfaces of the Mt.

n pH range tested (3.0–6.5), P adsorption on the Mt-complexes
ecreased with increasing pH. However, the effect of pH on P
dsorption became weaker when Fe contents in the Mt-complexes
ncreased due probably to increasing fraction of ligand-exchange.
he adsorption capacities of the HyFeAl-Mts were greater than
hose of the HyAl-Mt and HyFe-Mt, which could be attributed
o decreasing crystallinity of Fe and Al oxides in the HyFeAl-Mts
uring aging and drying. The equilibrium adsorption of P on the Mt-
omplexes could be well described using the Langmuir isotherm.
he kinetics of P adsorption on the Mt-complexes could be well
escribed using both the pseudo-second-order and Elovich models.
n increase in Fe contents in the Mt-complexes could enhance the

nitial kinetic rate of P adsorption, as suggested by the Elovich mod-
ls. For the HyFe-Mt, an extremely high ˛ value calculated based on
he Elovich model might imply that a great number of Fe-related
ctive sorption sites have been located on the outer surfaces. Pre-
ious studies focusing mainly on P sorption on HyAl-Mt complexes
ight have underestimated the contributions of Mt-complexes to
retention in acidic soils high in Fe contents, and thus P mobility

nd bioavailability should be evaluated within the context of the
resent results.
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