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Abstract

In this study, lithium intercalated gibbsite (LIG) was investigated for its effectiveness at removing phosphate from water and the mechanisms
involved. LIG was prepared through intercalating LiCl into gibbsite giving a structure of [LiAl,(OH)¢]* layers with interlayer C1~ and water. The
results of batch adsorption experiments showed that the adsorption isotherms at various pHs exhibited an L-shape and could be fitted well using
the Langmuir model. The Langmuir adsorption maximum was determined to be 3.0mmol g~! at pH 4.5 and decreased with increasing pH. The
adsorption of phosphate was mainly through the displacement of the interlayer C1~ ions in LIG. In conjunction with the anion exchange reaction,
the formation of surface complexes or precipitates could also readily occur at lower pH. The adsorption decreased with increasing pH due to
decreased H,PO,~/HPO,4>~ molar ratio in solution and positive charges on the edge faces of LIG. Anion exchange is a fast reaction and can be
completed within minutes; on the contrary, surface complexation is a slow process and requires days to reach equilibrium. At lower pH, the amount
of adsorbed phosphate decreased significantly as the ionic strength was increased from 0.01 to 0.1 M. The adsorption at higher pH showed high
selectivity toward divalent HPO,>~ ions with an increase in ionic strength having no considerable effect on the phosphate adsorption. These results

suggest that LIG may be an effective scavenger for removal of phosphate from water.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Phosphorus is an element most commonly associated with
eutrophication in surface waters [1-3]. The over-enrichment of
lakes, rivers and seas with phosphorus as aresult of human activi-
ties can accelerate eutrophication that subsequently results in the
deterioration of water quality and limits its usage. For example,
eutrophication has been linked to shellfish poisoning of humans
[4]. The bloom of toxic microalgae species as well as oxygen
depletion that results from eutrophication can also have harmful
effects on aquatic organisms and can reduce the benthic biomass
and biodiversity [2,3,5]. These may further lead to ecological
loss and a reduction in the economic values of aquatic ecosys-
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tems. Meanwhile, with the growing population of the world,
the global fresh water supply is already expected to be lim-
ited, so the impact of high levels of phosphorus can ultimately
condemn millions of people to an avoidable premature death.
Protection of water resources is an urgent task for healthy liv-
ing and sustainable development. For water conservation, the
removal of phosphorus from surface waters and wastewaters to
control eutrophication is of great importance.

Conventional techniques for removing phosphorus from
waters include physical (e.g., settling and filtration), chemical
(e.g., precipitation, ion exchange, and sorption), biological pro-
cesses (e.g., consumption by algae, bacteria or plants) [6-8].
Among these techniques, anion exchange and adsorption meth-
ods are more preferred because of their low cost, ease of
equipment use, lower sludge production and the potential of
recycling retained phosphorus.

In this study, a novel adsorbent, Li intercalated gibbsite (LIG)
was investigated for its effectiveness for phosphate removal from
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Fig. 1. Crystal structure of lithium intercalated gibbsite projected along the ¢
and b axes, respectively.

water. This material is synthesized through LiCl intercalation of
gibbsite (a-Al(OH)3) or polymorphs and has a chemical formula
[LiAl,(OH)g]Cl-xH, O [9-12]. Gibbsite has been recognized as
an important adsorbent for phosphate in soils and sediments
[13—15]. Phosphate ions are adsorbed by gibbsite through ligand
exchange of surface OH groups with Al [16-21]. Formation of
aluminum phosphate phases on the surface of gibbsite has been
previously suggested [21-23]. The reported values for the phos-
phate adsorption of gibbsite was 0.2 mmol g~! or less, mainly
depending on the solution pH and the surface area of gibbsite
[14,18,20,24]. After intercalation of lithium salt (e.g., LiCl), the
structure of LIG is composed of permanent positive charged
LiAl,(OH)g sheets with interlayers occupied by counter-anions
and H,O (Fig. 1) [10]. In gibbsite, each of the AI(OH)3 layers
consists of nearly close packed OH™ ions in which the AI**
occupy 2/3 of the octahedral holes in the layers [25]. Lithium
cations are inserted in the vacant octahedral sites of the gibbsite-
like AI(OH);3 layers and contribute the positive charges of the
hydroxide layers (Fig. 1A) [10]. The positive charge sites in
the hydroxide sheets are counterbalanced by anions intercalat-
ing between adjacent hydroxide layers (Fig. 1). Unlike gibbsite
whose phosphate ions are only adsorbed on the external surface
with pH dependent charges, the internal surface of each individ-
ual hydroxide sheet in LIG may additionally serve as adsorbents
for phosphate and other anionic contaminants. The adsorption
capacity of LIG is therefore expected to be significantly greater
than that of gibbsite. Previous studies on the adsorption of some

inorganic and organic anions by LIG have demonstrated its reac-
tivity toward these anions [26-29]. For example, a maximum
adsorption of 3.81 mmol g~! was previously reported for chro-
mate [29]. To the best of our knowledge, phosphate removal of
LIG has not been reported before and has been investigated in
this study. The effectiveness of phosphate removal by LIG was
studied as a function of pH, ionic strength and adsorbent dosage.
X-ray diffraction (XRD) and 3'P magic angle spinning nuclear
magnetic resonance spectroscopy (*'P MAS NMR) were used
to study the structures of LIG with and without adsorbed phos-
phate. This aided the interpretation of the adsorption mechanism
of phosphate on LIG.

2. Materials and methods
2.1. Synthesis of LIG

The adsorbent LIG was synthesized through intercalating
LiClinto gibbsite (a-Al(OH)3). Ten grams of gibbsite was added
into 100 mL 10M LiClI solution at 90 °C and the temperature
of the suspension was maintained at 90 °C for 18h. Subse-
quently, the suspension was centrifuged and the collected solids
were washed with iced water until free of chloride. Iced water
was used to wash the samples to inhibit the Li deintercalation
reaction of LIG that would otherwise occur at higher tempera-
tures [28]. The solid product was subsequently dried at 90 °C
for 24h in an oven and stored in a glass vial prior to further
use.

2.2. Phosphate adsorption kinetics

Kinetic adsorption of phosphate was observed at pH 4.5 and
9.5. Phosphate solutions were prepared by dissolving NaH>PO4
or NapHPOy into deionized water. The 500 mL of 100 mg Lt
phosphate solution at pH 4.5 or 9.5 was added into a 1 L water-
jacked reaction vessel and the temperature was adjusted to 25 °C.
Then, 0.25 g of the adsorbent was added into the phosphate
solution. As a result, the initial phosphate concentration in the
suspension was 100 mg L~! while the solids concentration was
0.5 gL~ This adsorbate/adsorbent ratio was selected to ensure
that residual phosphate concentrations were above detectable
levels during the experiments. The pH value of the suspension
was re-adjusted to a desired value, if necessary, using 10 mM
NaOH and HCl solutions, and was maintained constant through-
out the experiments. An aliquot of the suspension was extracted
at0,0.25,0.5,0.75, 1, 2, 3,4.5, 6, 9, 12, 24, 36 and 48 h. The
withdrawn samples were filtered through a 0.45-pm cellulose
acetate membrane filter to collect the filtrate and adsorbent. The
phosphate concentration in the filtrates was determined using
the molybdenum blue method [30]. The amount of adsorbed
phosphate was calculated using the difference between the ini-
tial and final measured phosphate concentrations. The data from
the duplicated experiments were then averaged. Meanwhile, the
collected adsorbents were washed with deionized water until
free of salt, air-dried, and grounded prior to XRD and >'P MAS
NMR analyses.
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2.3. Phosphate adsorption isotherms

Adsorption experiments were conducted using the batch
method. Each experiment was repeated twice. The 20 mg of LIG
solids was added into 25 mL phosphate solution, with pH pre-
adjusted to 4.5, 6.0, 8.0 or 9.5 using 10 mM HCIl and NaOH
solutions. The initial phosphate concentrations of the samples
at each pH ranged from 0 to 100mgL~!. Under vigorously
stirring the pH value of the suspensions was readjusted to the
desired value. The samples were subsequently shaken at 100 rpm
at 25°C for 24h. The pH values of the samples were mea-
sured every 3h and were readjusted if necessary. After 24 h,
the samples were centrifuged at 5000 rpm for 10 min and the
pH values of the supernatants were measured. The supernatants
were then filtered using 0.45-pm cellulose acetate membrane
filters and the phosphate concentrations in the filtrates were
measured using the molybdenum blue method [30]. The data
of the duplicated analyses were then averaged. The residual
sediments of the samples selected for XRD and NMR studies
were collected, washed with DI water until free of salt and dried
at 110°C. The samples were then stored in glass vials before
use.

The adsorption equilibrium data of phosphate on LIG were
analyzed in terms of the Langmuir model. The Langmuir
isotherm equation can be rearranged to the linear form given
below:

Ce _ G 1
KLSm

x/m Sm

where K1, and Sy, are Langmuir constants, which are related
to the adsorption energy and adsorption maximum, respec-
tively. These constants can be calculated from the slope and
intercept of the linear plot with C/(x/m) versus C., where C,
and x/m are equilibrium concentration and adsorbed phosphate,
respectively.

2.4. Effects of adsorbent dosage and ionic strength

The effects of adsorbent dosage and ionic strength on the
phosphate removal by LIG were investigated using the batch
method. A specific known amount of KH,PO4 or K;HPO4 was
dissolved in 0.001, 0.01 and 0.1 M KCl solutions at pH 4.5 and
pH 9.5 to give a 50mgL~! concentration of phosphate. Sub-
sequently, 25 mL of each phosphate solution was added into
a series of centrifuge tubes. To each tube various amounts of
LIG were added to make a range of solid concentrations of LIG
from 0.1 to 2.5 gL ™!, The centrifuge tubes were then mechani-
cally agitated at 100 rpm for 24 h. The pH values of the samples
were measured every 3 h and were readjusted if necessary. After
24 h, the samples were centrifuged at 5000 rpm for 10 min. The
supernatants were then filtered using 0.45-pm cellulose acetate
membrane filters and the residual phosphate concentrations in
the filtrates were measured using the molybdenum blue method
[30]. The data obtained from the duplicated experiments were
then averaged.

2.5. X-ray diffraction and 3 P MAS NMR analyses

X-ray diffraction (XRD) patterns of LIG samples were
obtained using an X-ray diffractometer (Rigaku Miniflex) with
Cu Ka radiation. The XRD patterns were recorded in the range
of 2-60° 26 with a scanning rate of 2° 20 min—!. The 3'P MAS
NMR spectra of phosphate-containing LIG samples were col-
lected with a carrier frequency of 201.810 MHz. A 90° pulse
was used to excite the spin system and the recycle time was
10s. The number of collected scans was 1024 for each spec-
trum. The chemical shift was referenced to the signal of 85%
H3PO4 solution.

3. Results and discussion
3.1. Adsorption kinetics

The dissociation constants pKj, pK> and pK3 of H3POy4 are
2.15,7.20 and 12.33, respectively. Depending on the pH value in
solution, phosphate ions exist as different ionic species. There-
fore, it is necessary to consider the different ionic species while
the adsorption reaction is investigated. On the other hand, LIG
consists of gibbsite-like layers (Fig. 1). Because the dissolution
of gibbsite becomes relatively significant below pH 4 and above
pH 10 [31], the LIG structure is also expected to be unstable in
the same pH range. To avoid any considerable interference from
the dissolution reaction, the phosphate adsorption of LIG was
thus investigated in the pH range between 4 and 10.

Fig. 2 shows the adsorption kinetics at pH 4.5 and 9.5,
at which HoPO4~ and HPO42—, respectively, are the primary
ions in the solutions. After mixing phosphate solutions with
LIG, a fast removal of phosphate from the solutions was
observed at either pH. At pH 9.5, the adsorption of HPO4>~
ions reached 1.8 mmolg~! in the first 15min. This value is
equivalent to 3.6 mmol. g~!, corresponding to 78% AEC of
LIG (AEC=4.6 mmol. g_l, determined based on the chemi-
cal formula of dried LIG). After the first 15 min, the amount
of adsorbed phosphate was virtually the same, indicating that
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Fig. 2. Phosphate adsorption and cumulative H* consumption of lithium inter-
calated gibbsite at pH 4.5 and 9.5. The initial phosphate concentration was
100 mg L~! while the solids concentration was 0.5 gL~



208 S.-L. Wang et al. / Journal of Hazardous Materials 147 (2007) 205-212

0.831 nm

£
c
©
s

0.217 nm
0.202 nm
0.189 nm

©)

(B)

(A)

>o 769 nm
0.441 nm
0.384nm

0.256 nm

0.251 nm

0.228 nm

0.212 nm

0.196 nm

e e

5 10 15 20 25 30 35 40 45 50
Degree 20

Fig. 3. X-ray diffractions patterns of original LIG (A) and samples collected
after phosphate reaction at pH 9.5 (B) and 4.5 (C) for 15 min.

the reaction reached equilibrium within 15 min. Meanwhile, the
concurrent monitoring of the solution pH showed no discernible
change during phosphate adsorption, implying that the occur-
rence of ligand exchange of the surface OH groups by phosphate
ions was insignificant under this experimental condition. Thus,
phosphate ions may be adsorbed primarily through the displace-
ment of the interlayer C1™ ions in LIG (Fig. 1B). The relative
high reaction rate is also characteristic of an anion exchange
reaction, in contrast to the slow reaction rate when forming
surface complexes or precipitates.

Unlike the reaction at pH 9.5, which attained equilibrium
within 15 min, the removal of phosphate at pH 4.5 increased
rapidly to 2.2 mmol g~ in the first 15 min and then the increased
slowly up to 3.0 mmol g~ ! after 48 h (Fig. 5). At the same time,
addition of HCl solution was required to maintain a constant pH
during the reaction (Fig. 2). This result indicates an increasing
release of OH™ ions from LIG structure resulting from phos-
phate adsorption. Ligand exchange of the surface OH groups by
H,PO,4™ ions occurs, consequently resulting in the formation of
surface complexes with Al. Since anion exchange is a relatively
fast reaction, the portion of removed phosphate involving in slow
adsorption is attributed to the formation of surface complexes
or precipitates [17,22,23,32]. The time for reaching equilib-
rium at pH 4.5 is therefore much greater than that at pH 9.5
(Fig. 2).

The XRD patterns of LIG collected after reacting with phos-
phate at pH 4.5 and 9.5 are shown in Fig. 3. Because the XRD
patterns exhibited no change upon increasing reaction time,
only the patterns collected at 15 min are shown. Before phos-
phate adsorption, the basal spacing of LIG containing C1~ was
0.769 nm (Fig. 3A), which is consistent with the value previously
reported [9,10,33]. After reacting with phosphate, the basal spac-
ing of the adsorbent at either pH value shifted to 0.831 nm. The
shift of basal spacing indicated the replacement of the interlayer
C1~! ions by phosphate ions. The disappearance of the peak of
0.769 nm in the first 15 min supported the observation revealed
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Fig. 4. 3P MAS NMR spectra of LIG reacted with phosphate at pH 9.5 and 4.5
as a function of time.

in Fig. 2 that the anion exchange reaction occurs in the early
stage of phosphate adsorption on LIG.

In addition to the reflections of LIG, the reflections appear-
ing at 0.485 and 0.438 nm were contributed by gibbsite (Fig. 3B
and C). Since gibbsite was not detected in the original LIG
(Fig. 3A), the formation of gibbsite was due to Li deintercala-
tion of LIG. However, the intensities of the reflections of gibbsite
were weak and showed no considerable increase upon increasing
reaction time. The interference from the formation of gibbsite
was therefore not considerable.

Although aluminum phosphate precipitates have the
potential to form in the system, the XRD patterns
showed no occurrence of crystalline aluminum phos-
phate, such as variscite (AlIPO4-2H>O; d=0.304nm),
metalvariscite  (AIPO4-2H,0; d=0.476nm), wavellite
(Al3(PO4)2(OH)3-5H;0; d=0.867nm) or Na-montebrasite
(NaAIPO4OH; d=0.297nm) [22,23,31,34,35]. To detect
adsorbed or amorphous phases, >'P MAS NMR was applied.
The 3'P MAS NMR spectroscopy is a short-range order tool
and therefore can be used to determine the local structure of
phosphate in LIG. The results are shown in Fig. 4. A single peak
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appeared at 2.3 ppm in the 3'P MAS NMR spectra collected
for LIG samples at pH 9.5. This peak exhibited a symmetric
line shape and showed no changes in its position and line shape
upon increasing reaction time (Fig. 4A). On the other hand,
this 2.3-ppm peak also appeared predominantly after phosphate
adsorption at pH 4.5 for 15 min. Upon increasing reaction time,
the peak at 2.3 ppm also showed no change in its position and
line shape (Fig. 4B). But, a new peak appeared at —11.4 ppm
and its relative intensity increased with increasing reaction
time.

The 3'P chemical shift of phosphate is determined by the
number and type of cations coordinated with phosphate and
the bond lengths and angles of phosphate [36,37]. For exam-
ple, the 31p chemical shifts of aqueous PO43—, HPO42~, and
H,PO4 ™~ ions are 8.70, 6.25 and 3.75 ppm, respectively, in rela-
tion to H3PO4 [38]; the 3'P chemical shift decreases as the
number of proton bound to phosphate increases. For phos-
phate bound to Al, the 3!'P chemical shift will further decrease
to more negative values as the number of Al bound to phos-
phate increases [38,39]. In extreme cases, when four Al atoms
are bound to the oxygen atoms of phosphate, such as those in
variscite (AIPO4-2H,0), the corresponding 31p chemical shift
is —19.2 ppm [40]. Because the 3'P chemical shift at 2.3 ppm
is between those of HyPO4~ (3.75 ppm) and H3PO4 (0 ppm),
it is assigned to the interlayer phosphate ions involved in H-
bonding with the hydroxyl group and interlayer water in LIG.
The symmetric line shape of this peak at either pH revealed that
the phosphate ions retained in the interlayer of LIG are probably
present as a single phase. On the other hand, the broad peak at
—11.4 ppm indicates a direct bonding of phosphate with Al and
may arise from surface complexes or precipitates of phosphate.
The broad width of this peak also indicates a disordered environ-
ment of the corresponding phosphate species and the center of
this peak is possible a certain weighted mean value for the phos-
phate of similar chemical species. The curve-fitted result of the
3P MAS NMR spectrum collected at equilibrium showed that
the relative intensities of the 2.3- and —11.4-ppm peaks were
66 and 34%, respectively. Using the corresponding adsorbed
amount of phosphate (i.e., 3.0 mmol g~ 1), the concentrations of
the corresponding phosphate species were calculated to be 2.0
and 1.0mmol g~ !, respectively. At the same time, the cumula-
tive H* consumption in Fig. 2 revealed that the released amount
of OH™ due to ligand exchange of HyPO4~ was 0.94 mmol g~ .
Since the molar ratio of released OH™ and adsorbed H,PO4~
was approximately one, adsorbed phosphate may form mon-
odentate complexes on the external surface of LIG at pH 4.5, if
surface precipitation was not considered.

Although XRD results showed no indication of the occur-
rence of crystalline aluminum phosphate phases after phosphate
adsorption, the possibility of forming surface precipitates can-
not be completely ruled out here. As suggested in Veith and
Sposito [22], an amorphous aluminum phosphate with chemical
formula AI(OH),H;PO4 was formed after gibbsite interacted
with phosphate in the pH range from 2.5 to 9. In this case, two
oxygen atoms of phosphate are bound to Al and the other two
are terminal OH groups providing a chemical environment of
the P atom consistent with the >' P chemical shift at —11.4 ppm.

In Lookman et al. [41], the 3'P MAS spectrum of aluminum
hydroxide reacted with phosphate in 33 mM for 10 days and also
showed a broad peak at —11 ppm. This peak was also assigned
to amorphous aluminum phosphate on the surface.

The results of kinetic adsorption, XRD and 31p NMR consis-
tently showed that the anion exchange is the main mechanism
for phosphate adsorption of LIG at pH 4.5 and 9.5. The inter-
layer C1~ ions were replaced by HoPO4~ and HPO4%~ ions
for the positively charged binding sites in the hydroxide sheets,
resulting in the increase in the interlayer spacing (Fig. 3). Mean-
while, the formation of surface complexes or precipitates was
also observed at pH 4.5. Previous studies suggested that the OH
groups on the basal planes of gibbsite posses no reactivity toward
phosphate ions and phosphate adsorption sites are Al atoms
situated on the edge faces of the crystal [14,16,17,19,21]. At
lower pH, the edges faces carry more positive charges and conse-
quently more significantly attract negatively charged phosphate
ions in solution. The positively charged OH groups (e.g., OH"
in Fig. 1A) are also more readily replaced by phosphate ions,
which consequently form surface complexes with Al [21,42].
Since LIG consisted of gibbsite-like hydroxide layers (Fig. 1),
such a ligand exchange reaction can occur for LIG, as confirmed
by the results of kinetic adsorption and 3'P MAS NMR. Upon
increasing pH, the phosphate adsorption is reduced due to the
decrease in positive charges and a build-up of negative charges
on the edges of the hydroxide sheets. As a result, formation of
surface complexes at pH 9.5 was insignificant and phosphate
adsorption dominated by anion exchange reached equilibrium
within 15 min.

3.2. Phosphate adsorption at various pHs

Phosphate adsorption isotherms at pH 4.5, 6.0, 8.0 and 9.5 are
shown in Fig. 5. Regardless of the pH and phosphate composition
in the solutions, all isotherms exhibit the L-shape, suggesting
that limited sites are available for phosphate adsorption. As more
sites are occupied by phosphate ions, it becomes increasingly
difficult for the subsequent phosphate ions to be adsorbed on the
remaining vacant sites. The adsorption isotherms were analyzed
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Fig. 5. Phosphate adsorption isotherms of LIG at various pHs.
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Table 1
Langmuir adsorption maximum (Sp,) and adsorption energy (K1) for phosphate
adsorption on lithium intercalated gibbsite at various pHs

pH Smax (mmol g’l) K, 72

4.5 3.0 2.6 0.9996
6.0 2.5 5.8 0.9997
8.0 1.9 2.1 0.9978
9.5 1.8 0.6 0.9964

in terms of the Langmuir model to give the fitted constants listed
in Table 1. The adsorption maximum Sy, was 3.0 mmol g ~! at pH
4.5 and decreased to 1.8 mmol g~ ! as the pH value was increased
to 9.5 (Table 1).

XRD patterns of the adsorbent collected at different pHs are
shown in Fig. 6. After interacting with HyPO4™~ at pH 4.5 for
24 h, the basal spacing shifted to 0.831 nm (Fig. 6). The XRD
patterns of the adsorbents exhibited no discernible changes as
the pH was increased up to 9.5. Especially, the basal spacing
was also 0.831 nm for LIG interacting with HPO4>~ at pH 9.5
(Fig. 6). No change in the basal spacings for the interlayer
HyPO4~ and HPO4 ™~ due to their similar sizes and interactions
with the hydroxide layers of LIG.

Fig. 7 shows the 3'PMAS NMR spectra of LIG collected after
phosphate adsorption for 24 h at various pHs. At pH 4.5, a sharp
peak at 2.3 ppm and a broad shoulder centered at —11.4 ppm
were seen. The relative intensity of the peak at —11.4 gradu-
ally decreased with increasing pH and was undetectable at pH
9.5. Only one single peak at 2.3 was shown in the 3'P MAS
NMR spectrum for the sample interacting with HPO4>~ at pH
9.5 for 24 h (Figs. 4 and 7). The 3!'P chemical shift of 2.3 ppm
was assigned to phosphate ions retained in the interlayer of LIG.
As the reaction pH was increased, there was no change in the
position of the 2.3-ppm peak showing that the interactions of
H,PO,~ and HPO,42~ ions with the hydroxide layers are sim-
ilar, as confirmed by the same corresponding basal spacings
(Fig. 6). Meanwhile, with increasing pH, the decrease in the rel-
ative intensity of the peak at —11.4 ppm indicated a decrease in
the formation of surface complexes or precipitates.
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Fig. 6. X-ray diffraction patterns of LIG collected after reacting with phosphate
solutions at pH 4.5, 6.0, 8.0 and 9.5 for 24 h.
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Fig. 7. The 3'P MAS NMR spectra of LIG collected after reacting with phos-
phate solutions at pH 4.5, 6.0, 8.0 and 9.5 for 24 h.

As revealed from the results of kinetic adsorption, phosphate
ions were adsorbed on LIG mainly through replacing the inter-
layer C1~ ions. Because the amount of positively charged sites
contributed by Li* in the hydroxide sheets is independent of pH,
the decrease in the corresponding phosphate adsorption upon
increasing pH results from the decrease in the HyPO4~/HPO4>~
molar ratio. To exchange each Cl~ ion, one H,PO4™ ion or
0.5 HPO42_ ion was adsorbed. From pH 4.5 to 9.5, the molar
ratio of monovalent HyPO,4~ ions to divalent HPO42~ ions in
solution decreases. Therefore, the amount of adsorbed phos-
phate decreased with increasing pH. On the other hand, the
formation of surface complexes or precipitates is concurrent and
become significant at lower pH, as revealed by the decrease in
the relative intensity of the 3'P chemical shift of —11.4 ppm.
Upon increasing pH, the decrease in positive charges and build-
up of negative charges on the edges of the hydroxide sheets
also result in a decrease in phosphate adsorption. As a result,
formation of surface complexes is insignificant at pH 9.5 and
anion exchange is the predominant mechanism for phosphate
adsorption.

3.3. Effects of adsorbent dosage and ionic strength

The effects of adsorbent dosage and ionic strength on phos-
phate removal at pH 4.5 and 9.5 are presented in Fig. 8. With
50 mg L ™! phosphate in 0.001 M KCl, the removal rate increased
with increasing adsorbent dosage. At pH 9.5, an adsorbent
dosage of 1.20gL~! produced 94.2% removal of phosphate
(Fig. 8A). The removal rate further increased to 99.2 and 99.9%
when the dosage was increased to 1.50 and 2.00 gL ™!, respec-
tively. The extent of phosphate removal in 0.001 M, 0.01 M
and 0.1 M KCI solutions was similar at the different adsor-
bent dosages. For example, with 1.5 g L~! adsorbent dosage, the
removal rates were 99.2,98.7 and 96.3%1in 0.001,0.01 and 0.1 M
KCl, respectively. When the adsorbent dosage was increased to
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Fig. 8. Effects of adsorbent dosage and ionic strength on the removal rate of
phosphate by LIG at pH 9.5 (A) and 4.5 (B). The initial phosphate concentration
was 50mg L1,

2.00 gL_l, the removal rates in the different concentrations of
KCl were all above 99.5%.

At pH 4.5 the removal rate was 98.6% when using 0.80 g L~
adsorbent to treat 50mgL~! phosphate in 0.001 M KCI. The
removal rate increased above 99% as the dosage was increased to
1.00 g L~! or more. The adsorbent dosage required for achieving
a99% removal rate was lower at pH 4.5 than pH 9.5. Meanwhile,
the effect of increasing ionic strength on phosphate removal
was more significant at pH 4.5, compared with the result at pH
9.5. For example, with 0.80 g L~! adsorbent, the removal rates
were 98.6% in 0.001 M KCl, 88.9% in 0.01 M KCI and 22.9%
in 0.1 M KCI. The removal rate significantly decreased as the
ionic strength was increased to 0.1 M KClI (Fig. 8). Even using
2.0gL~! adsorbent, the maximum removal rate of phosphate
in 0.1 M KCl was 47.0%. It is clear that phosphate adsorption
was more strongly inhibited at pH 4.5 than pH 9.5 with increas-
ing ionic strength. This is mainly due to the higher affinity of
LIG toward anions with higher charge density, with divalent
HPO4>~ ions adsorbed more preferentially than monovalent
H,PO,4™ ions. In other words, the background C1™ ions affect the
adsorption of HyPO4 ™~ ions more strongly than HPO42~ ions.

4. Conclusions

Phosphate adsorption on LIG proceeded mainly through the
anion exchange of the interlayer C1™ ions by phosphate ions.
Anion exchange was relatively rapid and could be completed
within minutes. With decreasing pH, the formation of sur-
face complexes or precipitates became relatively significant;
Coulombic attraction could readily occur at lower pH in con-
junction with anion exchange reaction. The slow reaction rate
of the forming surface complexes resulted in a longer equilib-
rium time at lower pH. Ionic strength showed no considerable
effect on the adsorption of divalent HPO4>~ ions. On the other
hand, a significant decrease in the removal rate occurred for
monovalent HPO4™ ions as the ionic strength was increased to
0.1 M. The results indicated that LIG can be used as an effective
scavenger for removing phosphate from waters.
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