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bstract

To reduce the generation of hydrogen sulfide gas from sulfate ions, we synthesized a layered double hydroxide hydrotalcite-like compound
ntercalated with chloride ions in the interlayer (HT-Cl) using a coprecipitation reaction. The resultant HT-Cl material had a Mg/Al molar ratio of
pproximately 2, and the molar fraction of the chloride ions on the intercalated anion layer of the HT was 0.90. A higher molar fraction of chloride

ons can be inserted into the interlayers of the HT by increasing the initial concentration ratio of chloride ions to aluminum ions [Cl−]0/[Al3+]0 in
he solution. Approximately 98% of the sulfate ions in the solution were removed within 10 min after adding 1.12 times the stoichiometric quantity
f synthesized HT-Cl, which contained a Mg/Al molar ratio of 2 equal to a solution containing a 12 mM calcium sulfate solution.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A serious environmental issue has been raised by the detec-
ion of high concentrations of harmful hydrogen sulfide gas in

any anaerobic subsurface environments, such as landfill sites.
urrent measures, such as capture-fixed methods or diffusion,
re being applied to the emission of hydrogen sulfide gas, which
s principally due to the reduction of sulfates by sulfate-reducing
acteria, linked to the degradation of naturally occurring and
ontaminant forms of organic matter under anaerobic condi-
ions [1–3]. In these cases, one of the methods for controlling
he emission of H2S gas is to remove the sulfate ions (SO4

2−),
.e., the source of the sulfur, thereby moderating the activity of
ulfate-reducing bacteria.

Traditionally, the use of clay material as an anion exchanger
s a method used for removing SO4

2− to lower the emis-

ion of harmful gases into the environment. Hydrotalcite-like
ompounds (HTs) are layered double hydroxides with anion-
xchange properties [4,5]. The chemical composition of a
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T is Mg1−x
2+Alx3+(OH)2(An−)x/n·mH2O, where An− is an

valent anion, such as CO3
2−, SO4

2−, OH−, or Cl−, and
.20 ≤ x ≤ 0.33. The crystal structure consists of positively
harged brucite-like octahedral hydroxide layers, which are
harge neutralized by the interlayer anion. Water molecules
ccupy the remaining interlayer space inside the crystal lattice.
ince CO3

2− has an exceptionally high affinity for HTs, CO3
2−

ntercalated in the interlayer (HT–CO3) is a preferred solution,
hich can be synthesized using a coprecipitation method. An

queous solution containing Mg2+ and Al3+ ions is continu-
usly added to the appropriate aqueous solution of anions at
slow flow rate maintaining at pH from 8 to 10 by the drop-
ise addition of a base such as NaOH and/or Na2CO3. This
ethod can yield HTs intercalated with anions such as CO3

2−,
O4

2−, OH−, and Cl− in interlayers [6–9]. It has been reported
hat Cl−-intercalated hydrotalcite (HT-Cl) [10,11] is an excel-
ent phosphate ion exchanger [12–14].

The selectivity for the HT increases with the increasing elec-
ric charge of the anion and decreasing anion size, for example,
O3

2− > SO4
2− > OH− > F− > Cl− > Br− > NO3

− > I− [7,15].
he anion, which has the highest electric density, exhibits the

ighest electrostatic force toward the host layer. When a higher
mount of Cl− is intercalated inside the HT layer, a smaller con-
entration of CO3

2− and/or OH− is present in the intercalated
ayer; therefore, the SO4

2− in the solution can be removed more

mailto:miho@tohtech.ac.jp
dx.doi.org/10.1016/j.jhazmat.2006.09.073
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in the interlayer of the HT material.

Inside the structure of hydrotalcite-like compounds, the
excess charge of the host layer is caused by Al3+ ions. To main-
tain a charge balance, the amount of Al3+ in the host layer must
A. Tsujimura et al. / Journal of Ha

ffectively. The charge density in the interlayer is proportional to
he number of Al3+ ions, and the number of intercalated anions
s determined by the charge density. The selectivity for the HT
ncreases with anions containing a higher electric field density
ue to a higher electrostatic field interaction between the HT and
he anion. SO4

2− can be intercalated in the HT more rapidly than
ther anions, decreasing the Mg/Al molar ratio in the host layer.
onsequently, HT-Cl, in which the Mg/Al molar ratio is 2, is
ighly suitable for removing the SO4

2− in the solution.
In this study, we prepared a HT-Cl material containing a

g/Al molar ratio of 2, and conducted experiments examining
he possible variables to reduce SO4

2− by varying the concen-
rations of MgCl2 and AlCl3 in the solution, the aging time, and
he dripping method for the solution. We report the conditions
or synthesizing the optimal ratio of Cl− intercalated within the
T, and describe the SO4

2− exchange for the synthesized HT-Cl
aterial.

. Materials and methods

.1. Synthesis of Cl−-intercalated hydrotalcite

The HT-Cl was prepared using a standard coprecipitation
ethod (i.e., mixing MgCl2·6H2O and AlCl3·6H2O solutions,
hich had a [Mg2+]0/[Al3+]0 molar ratio of 2 and total [Mg2+]0

nd [Al3+]0 concentrations of 1 M) in water or NaCl solution in
five-necked, round-bottomed flask using a peristaltic pump at
rate of 5 ml/min. The resulting solution was kept at pH 10 by

dding 2 M sodium hydroxide solution using a peristaltic pump
hrough another port in the flask. Two glass bars were placed
etween the injection ports for the added solutions and bulk
olution in order to add solutions that were moving along the
lass bars to the bulk solution continuously. The solution was
tirred at 600 rpm and 25 ◦C, continuously venting the nitrogen
as in order to prevent carbon dioxide gas from being dissolved.

pH of 10 was kept constant to maintain the following stoi-
hiometric equation:

MgCl2·6H2O + AlCl3·6H2O + 6NaOH

→ [Mg2Al(OH)6]Cl·mH2O + 6NaCl + (18-m)H2O.

The formed precipitate was stirred between 1 and 24 h at
00 rpm and 70 ◦C, and then cooled at ambient temperature for
h. The HT-Cl material was isolated by centrifuging the result-

ng suspension, washing it four times with deionized water, and
rying it at 105 ◦C for 24 h. The precipitates were analyzed by X-
ay diffraction (XRD) using a Rigaku Denki RINT-2200VHF.
he precipitates were dissolved with nitric acid and the chlo-

ide concentration was determined by ion chromatography using
ionex QIC and a Dionex model AS4A column (eluent: 1.8 mM

odium carbonate and 1.7 mM sodium bicarbonate, flow rate:
.5 ml/min, detection limit: 0.06 mg/l). The Mg and Al concen-
rations were quantified by ICP-AES using a Seiko Instruments

PS7800. The hydroxide concentration in the HT-Cl material
as estimated from a charge balance assuming that the excess

harge with the Al3+ ion in the host layer was compensated by
he Cl− and OH−.
us Materials 143 (2007) 582–586 583

.2. SO4
2− removal by HT-Cl

A solution containing 1.2–12 mM CaSO4 with a volume of
0 ml and a prescribed amount of HT-Cl (chemical composition:
Mg1.98Al(OH)5.95]Cl0.71(OH)0.29·1.48H2O) were placed in a
0-ml screw-tube and shaken at 10–60 ◦C for up to 60 min at
50 strokes per minute.

Assuming that only the Cl− is exchanged for SO4
2− in the

nterlayer of the HT, a stoichiometric quantity of HT-Cl should
e regarded according to the following theoretical ion-exchange
quation, replacing Cl− for the SO4

2−:

HT-(Cln, OH1−n) + nSO4
2−

→ 2HT-((SO4)n/2, OH1−n) + 2nCl−.

The pH of the suspended solution was measured after shak-
ng, and the solids were filtered and washed with deionized
ater. The SO4

2− and Cl− concentrations were determined by
on chromatography as described in Section 2.1.

. Results and discussion

.1. Synthesis of HT-Cl

Fig. 1 shows the XRD patterns of HT-Cl, which has a
hemical composition of [Mg1.98Al(OH)5.95]Cl0.71(OH)0.29·
.48H2O. Since all of the XRD peaks of HT-Cl corresponded
o those of hydrotalcite, the prepared HT-Cl was confirmed to
ave the structure of HT. The interlayer thickness of 2.95 Å was
stimated by subtracting the brucite layer thickness 4.77 Å from
he basal spacing (d0 0 6) 7.72 Å. The value of the basal spac-
ng was slightly smaller than that of HT–CO3 (7.84 Å) shown
n JCPDS card 22-700. These calculated values were in good
greement with the reported interlayer spacing values of syn-
hesized HT-Cl materials [7,9,16]. This suggests that the Cl− is
ot only absorbed on the surface of the HT but also intercalated
Fig. 1. X-ray powder diffraction pattern of the synthesized HT-Cl.
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ig. 2. Effect of the initial concentration ratio ([Cl−]0/[Al3+]0) on the molar
raction of Cl− in the interlayer site.

e proportional to the total equivalent of the anions in the inter-
ayer. The [Cl−]0/[Al3+]0 molar ratio of the preparation solution
hould affect the molar fraction of the Cl− intercalated in the
T. The HT-Cl was prepared from varied [Cl−]0/[Al3+]0 ratios

n the solution under an excess [Cl−]0 condition. The effect of
he [Cl−]0/[Al3+]0 ratio in solution on the molar fraction of the
l− in the interlayer is shown in Fig. 2.

The fraction of Cl− in the interlayer site of the HT increased
y raising the [Cl−]0/[Al3+]0 molar ratio. When the concentra-
ion of Cl− at the end of dripping of solution was 55 times more
han required, all of the anions in the interlayer of HT could be
xchanged by the Cl−, yielding a 94% molar fraction of Cl−
n the HT interlayer. When the [Cl−]0/[Al3+]0 molar ratio was
etween 13 and 26, the molar fraction of Cl− was about 83%,
nd rarely changed.

The change in the molar fraction of the Cl− intercalated in
he HT was examined as a function of varying aging times for
ynthesizing HT-Cl, i.e., from 1 to 24 h. A series of XRD pat-

erns following various aging times and the change in the molar
raction of Cl− in the interlayer site (xCl) is shown in Fig. 3.

The molar fraction of Cl− intercalated in HT increased as a
unction of longer aging times when the [Cl−]0/[Al3+]0 molar

ig. 3. XRD patterns of products are presented as a function of aging time and
he change in the molar fraction of Cl− in the interlayer site (xCl). The initial
oncentration ratio of [Cl−]0/[Al3+]0 was 55. The curves represent: (a) 1 h, (b)
h, (c) 8 h, and (d) 24 h of aging time.
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3
4
e
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atio was 55. The difference in the molar fraction of Cl− accord-
ng to an aging time between 1 and 24 h was about 18%. This
esult and that of the effect of the initial Cl− concentration in
olution suggest that not only Cl−, but also OH−, is intercalated
n the HT during the preparation of HT-Cl; the OH− in the inter-
ayer of the HT may be exchanged with Cl− in solution during
ging. Equilibrium is achieved between the solution and inter-
ayer site within a minimum of 24 h, and with a longer aging
ime, the HT-Cl material will became well crystallized. Thus, a

inimum of 24 h of aging is required to prepare HT-Cl with a
table chemical composition.

When HT is prepared by the coprecipitation method, drip-
ing the mixed MgCl2–AlCl3 solution and the NaOH solution
ith a peristaltic pump, the pH of the suspension may change
ramatically and locally since the solutions are added to the bulk
olution drop-wise. In spite of preparing the HT under the same
onditions, it is difficult to prepare the HT-Cl, which is of a fixed
hemical composition, due to the local pH change in solution.
hus, two glass bars were placed between the injection ports for

he added solutions and bulk solution in order to add solutions
hat were moving along the glass bars to the bulk solution contin-
ously. As a result, the HT-Cl was synthesized three times with
his method under the optimum conditions of a [Cl−]0/[Al3+]0

olar ratio of 55 and aging time of 24 h. The HT-Cl material had
n average Cl− molar fraction of 0.90 ± 0.04 (average ± S.D.)
n the interlayer of the HT, and an average Mg/Al molar ratio of
.13.

.2. SO4
2− removal by HT-Cl

Fig. 4 shows the effect of added HT-Cl on SO4
2− removal.

he ratio of added HT-Cl to the stoichiometric quantity
aried from 0.2 to 2.7. The chemical compositions of the
dded HT-Cl were [Mg1.98Al(OH)5.95]Cl0.71(OH)0.29·1.48H2O
Mg/Al molar ratio 2, theoretical sulfate ion-exchange capacity

.0 meq./g-HT-Cl) and [Mg4.03Al(OH)9.62]Cl0.80(OH)0.20·
.26H2O (Mg/Al molar ratio 4 and theoretical sulfate ion-
xchange capacity 1.0 meq./g-HT-Cl). When HT-Cl with a
g/Al molar ratio of 4 was added at 2.5 times above the

ig. 4. The effects of adding HT-Cl on SO4
2− removal. The time was 1 h, the

emperature was 25 ◦C, and the initial concentration of CaSO4 was 12 mM. HT-
l with a Mg/Al molar ratio of 2 is depicted as a circle (�), and that with a
olar ratio of 4 as a triangle (�).
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Fig. 6. The course of SO4
2− removal as a function of time after HT-Cl was
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toichiometric quantity in a CaSO4 solution, up to 60% of the
O4

2− was removed. However, when HT-Cl with a Mg/Al
olar ratio of 2 was added at 1.12 times above the stoichiomet-

ic quantity into a CaSO4 solution, about 99% of the SO4
2−

as removed. The sulfate ion adsorption capacity was 129 mg
O4

2− per 1 g of HT-Cl, i.e., 2.7 meq. SO4
2− per 1 g of HT-Cl. It

as thus confirmed that increasing the electrical charge density
n the interlayer of the HT had the ability to strongly attract
O4

2−.
The XRD patterns of the precipitates derived from the reac-

ion of the CaSO4 solution with 1.12 times the stoichiometric
uantity of the HT-Cl (Mg/Al molar ratio of 2) showed only the
T phase. This result suggests that anion exchange was achieved
hile maintaining the HT structure. The XRD peak of (0 0 6)
as split in two after the ion-exchange reaction. It is assumed

hat more than one anion, of different ionic size, was interca-
ated inside the HT, thus supporting the premise that SO4

2− was
ntercalated in the HT.

Fig. 5 shows the pH change in the reaction solution and the
egree of dissolved Mg2+ from the HT-Cl material when 1.12
imes the stoichiometric quantity of HT-Cl with a Mg/Al molar
atio of 2 was added to a 12 mM CaSO4 solution. With the addi-
ion of HT-Cl, the pH of the solution rose from 6.6 to 9.0, and
he dissolved Mg2+ was detected in the reacted solution.

These results suggest that a part of the HT host layer dissolved
nto the solution. Since the concentration of OH− increased fol-
owing the dissolution of the host layer and competitive ion
xchange between SO4

2− and OH− occurred, it is thought that
on exchange did not progress according to the above stoichiom-
try. Fig. 6 shows the time course of SO4

2− removal when 1.12
imes the stoichiometric quantity of HT-Cl with a Mg/Al molar
atio of 2 was added to the 12 mM CaSO4 solution.

In the case of adding HT-Cl with a Mg/Al molar ratio of 2,
e removed 99% of the SO4

2− within 10 min of the addition.
fter the 10-min period, the removal rate of sulfate reached a

lateau, indicating that the rate of ion exchange between HT-Cl
nd SO4

2− was faster than the rate of removing SO4
2− with

g/Al oxides [17]. In the case of adding HT-Cl with a Mg/Al
olar ratio of 4, nearly 50% of the SO4

2− was removed after

ig. 5. The change in pH of the reaction solution and the degree of dissolved
g2+ from HT-Cl with a time of 1 h. The temperature was 25 ◦C, the initial

oncentration of the CaSO4 was 12 mM, and the Mg/Al molar ratio was 2. The
H of the reaction solution is represented by a circle (�), and the degree of
issolved Mg2+ from the HT-Cl material is shown as a triangle (�).
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emperature was 25 ◦C and the initial concentration of the CaSO4 was 12 mM.
T-Cl with a Mg/Al molar ratio of 2 is depicted as a circle (�), and that with a
olar ratio of 4 as a triangle (�).

2 h, indicating that the removal rate of SO4
2− mainly depends

n the Mg/Al molar ratio within the HT-Cl material.
When 1.12 times the stoichiometric quantity of HT-Cl with

Mg/Al molar ratio of 2 was added to a solution containing
2 mM CaSO4, and the temperature of the resulting solution
as changed from 10 to 60 ◦C, over 88% of the SO4

2− was
emoved after 1 h, independent of the temperature of the solu-
ion. A maximum of between 88 and 98% of the SO4

2− was
emoved, regardless of the temperature of the solution.

When 1.12 times the stoichiometric quantity of HT-Cl with
Mg/Al molar ratio of 2 was added to a CaSO4 solution

ontaining a concentration of CaSO4 at 1.2, 6, and 12 mM,
he SO4

2− removed after 1 h was 81, 90, and 98%, respec-
ively. Increasing the initial concentration of CaSO4 in the
olution caused the removal percentage of SO4

2− to increase
n small increments. Since the removal degree of SO4

2− was
ver 80% at 1.2 mM CaSO4, which is a dilute solution, HT-Cl
ould efficiently remove SO4

2−. The concentration of SO4
2−

n landfill leachates is approximately a few millimolar [1];
herefore, we postulate that HT-Cl with a Mg/Al molar ratio
f 2 will efficiently remove SO4

2− in landfill leachate within
his concentration. However, after treatment with HT-Cl, the
esidual sulfate concentrations are still not negligible, which
an result in levels that can generate sulfide under anaerobic
onditions.

The synthesized HT-Cl and resulting HT–SO4 can produce
T–CO3 with anion exchange in carbonate aqueous solution.
agnesium-aluminum oxide is obtained when the HT–CO3 is

eated to between 450 and 800 ◦C. This material can in turn
ntercalate anions in solution, reconstructing the HT-structure
17] so that it is recyclable. Since hydrotalcite is a clay mineral,
t can be disposed of it in landfill.

. Conclusions
Hydrotalcite-like compounds intercalated with chloride ions
n its interlayer site can be synthesized by a coprecipitation
eaction. This coprecipitation reaction can generate a higher
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oncentration of chloride in the interlayer site, achieving the
ollowing results:

The concentration ratio of chloride ions to aluminum ions
([Cl−]0/[Al3+]0) in solution increased.
The aging time should be sufficiently long for the anion-
exchange material in solution to reach equilibrium.

Ion-exchange properties with SO4
2− in solution were exam-

ned with synthesized HT-Cl, and we obtained following results:

Adding 1.12 times the stoichiometric quantity of synthesized
HT-Cl with a Mg/Al molar ratio of 2 to a solution contain-
ing 12 mM of calcium sulfate yielded approximately a 98%
reduction in SO4

2− within 10 min.
The percent removal of SO4

2− in solution was generally inde-
pendent of the temperature and initial concentration of the
SO4

2− in solution.
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