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Abstract—The conventional cauliflower-like shape of magadiite imposes serious limitations on its
applications in adsorption, catalysis, ion exchange, etc. To overcome this problem, a method to prepare it
with plate-like structures was developed. This novel approach is based on an interface-controlled
heterogeneous nucleation process. Zirconia grinding balls with diameters of 2.0 mm were dispersed in the
starting solution to provide solid�liquid interfaces. Then the starting solution with a SiO2:NaOH:H2O
molar ratio of 9:2:75 was subjected to hydrothermal treatment at 433 K for 96 h. The presence of the
solid�liquid interface improved the crystallization yield and controlled the morphology and specific
surface area of the crystals. With the zirconia balls, the yield and sizes of the plate-like magadiite were 52
wt.% and 1�3 mm, respectively. In the absence of zirconia balls, the yield was smaller (45 wt.%) and
magadiite shaped like cauliflower was formed. The plate-like magadiite had a specific surface area of 66
m2 g�1 and a pore-size distribution between 4 and 5 nm, compared with a surface area of 28 m2 g�1 for the
cauliflower-like magadiite. In addition, the plate-like magadiite was a more effective ion exchanger than
the cauliflower-like magadiite with a cation exchange capacity of 64.5 mmol/100 g (compared to 53.8
mmol/100 g for the cauliflower-like form) and it had a faster sorption rate for calcium ions.

KeyWords—Ca2+ Adsorption, Cauliflower-like Magadiite, Heterogeneous Nucleation, Hydrothermal
Reaction, Plate-like Magadiite.

INTRODUCTION

Magadiite (Na2Si14O29·xH2O) belongs to the family

of hydrous sodium silicate minerals which also includes

kanemite, makatite, kenyaite, and octosilicate (Almond

et al., 1997; Huang et al., 1999). Magadiite was first

described by Beugster (1967) who discovered it,

together with kenyaite, in lake beds in Lake Magadi in

Kenya. Magadiite has a layered structure with negatively

charged silicate layers. The silicon atoms are tetrahed-

rally coordinated to four oxygen atoms, with sodium

ions in the interlayer spaces. Due to the presence of the

Na+ ions, water molecules, and silanol groups in the

interlayer spaces, several derivative compounds of

magadiite have been prepared through interlayer graft-

ing, silylation, and pillaring reactions (Mallouk and

Gavin, 1988; Takahashi and Kuroda, 2011). Recent

studies of magadiite have mainly focused on adsorption

(Guerra et al., 2010; Ide et al., 2011; Nunes et al., 2011),

cation exchange (Eypert-Blaison et al . , 2002;

Supronowicz et al., 2012; Chen et al., 2013), intercala-

tion (Ágnes et al., 1999; Pastore et al., 2000; Kooli et

al., 2006), and modification (Zhang et al., 2003; Dı́az et

al., 2007; Macedo et al., 2007).

Although magadiite is found in nature, it can also be

synthesized under hydrothermal conditions using com-

mercial silicas, such as silica gel, silica powder, and

colloidal silica. Production costs, however, are high and

these need to be reduced in order for synthetic magadiite

to become practical for conventional industrial applica-

tions. A route for synthesizing magadiite that uses a

sodium silicate solution and fluorosilicic acid (H2SiF6)

was reported by Kwon and Park (2004). Rosette-like

magadiite was prepared using water glass as the silicon

source and a hydrothermal reaction at 423 K (Wang et

al., 2006). The use of sodium silicate or water glass as

the silica source could reduce production costs as both of

these materials are inexpensive.

The present study reports a novel process to prepare

plate-like magadiite by heterogeneous nucleation at a

solid–liquid interface. Commercially available zirconia

balls were dispersed in a sodium silicate solution to form

solid–liquid interfaces. The ball-containing solution was

then subjected to a static hydrothermal reaction. The

effects of the presence or absence of zirconia balls on the

magadiite crystallization process and crystalline forms

were studied by scanning electron microscopy (SEM),

transmission electron microscopy (TEM), N2 adsorption,

infrared (IR) spectroscopy, and X-ray diffraction (XRD).

The cation exchange capacity (CEC) of Ca2+ was also

investigated using the synthesized magadiite.

EXPERIMENTAL

Materials

The raw material was a commercially available

aqueous sodium silicate solution (also known as water

glass, 26 wt.% SiO2, 8.2 wt.% NaOH, molar ratio of

SiO2/Na2O = 3.3, Tianjin Hui Da Cheng Chemical Co.,

Ltd., China) and a silica sol (30 wt.% SiO2, Qingdao
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Ocean Chemical Co., Ltd., China). The zirconia grinding

balls (5% yttria-stabilized) with a mean diameter of

2 mm were purchased from Jiangsu Grand Advanced

Ceramics Co., Ltd, China. Calcium chloride (CaCl2)

with 99% purity was obtained from Tianjin Chemical

Reagent Co., China, and was used without further

purification to prepare a standard Ca2+ stock solution

of 300 mg L�1. Distilled water was used throughout the

study.

Preparation of magadiite

Magadiites were prepared in an aqueous solution with

a SiO2:NaOH:H2O molar ratio of 9:2:75, the optimal

ratio reported by Lagaly and Beneke (1975). In short,

14 g of water glass and 10 mL of deionized water were

stirred in a water bath at 333 K for 1 h and then 21 g of

silica sol was added dropwise to the solution and stirring

was continued for another 5 h. Checks were made using

pH indicator strips to ensure the pH was maintained at

12.0. The solution was then transferred to a Teflon-lined

cylindrical reactor, sealed, and reacted hydrothermally

under static conditions at 433 K for 4�120 h. The

pressure in the autoclave was maintained at the

equilibrium pressure at 433 K. In order to form

solid�liquid interfaces in the solution, yttria-stabilized

zirconia grinding balls were added to the solution prior

to the start of the hydrothermal process. With the

presence or absence of zirconia balls, two different kinds

of magadiites were formed during hydrothermal crystal-

line reaction.

After synthesis, the autoclave was cooled to room

temperature. The dispersion was then centrifuged for

5 min with a single-bearing centrifuge at 28006g. The

separated solid product was washed several times with

deionized water and vacuum-dried in air at 373 K for

12 h. The yields of magadiites for the different periods

of hydrothermal treatment (4�120 h) were defined as the

mass ratio of dried sample to the maximum theoretical

amount of magadiite that could be formed from 45 g of

starting solution. At least three replicates were per-

formed for each measurement. The reported yields are

the mean values of several measurements.

Physical measurements

Scanning electron microscopy images were recorded

for the samples using a Nanosem-430 scanning electron

microscope (FEI Corp., Hillsboro, Oregon, USA).

Energy dispersive X-ray spectroscopy (EDS) was used

to confirm the atomic compositions of the samples and

to reveal any contamination from the zirconia balls. The

sample prepared with the zirconia balls was deposited on

a carbon-coated copper mesh from an ethanol dispersion

and high-resolution transmission electron microscopy

(HRTEM) images were collected using a Tecncai G2

F20 transmission electron microscope (FEI Corp.,

Eindhoven, The Netherlands) at an accelerating voltage

of 200 kV. Selected area electron diffraction (SAED)

patterns were then recorded to identify the crystal

structure. Infrared spectra (Nicolet 6700, Thermo

Fisher Scientific Inc., Waltham, Massachusetts, USA)

of the samples were obtained in KBr pellets; the

powdered samples were combined with infrared-grade

KBr powder at a ratio of 2:180 mg. The XRD

measurements (D/max-2500, Rigaku Corp., Tokyo,

Japan) were collected at a tube voltage of 40 kV and a

tube current of 200 mA using CuKa radiation (l =

1.5406 Å), at a scanning rate of 0.02º s�1 from the 2y
range of 1 to 80º. The N2 adsorption-desorption

isotherms were obtained using a NOVA 2000 instrument

(Quantachrome Corp., Boynton Beach, Florida, USA) at

77 K. Specific surface areas were calculated using the

Brunauer-Emmet-Teller (BET) method and pore-size

distributions were calculated using the Barrett-Joyner-

Halenda (BJH) method.

Adsorption of calcium ions

Adsorption studies were performed by adding 0.2 g of

sorbent (magadiite) to 100 mL of 300 mg L�1 Ca2+

aqueous solution (pH = 7) in a capped conical flask. The

mixture was then agitated for t min (t = 2, 6, 10, 20, 30,

50, 70, 90, 110, 130, 150, or 170) in a temperature-

controlled water bath shaker (SHZ-88, Shanghai, China)

at 298 K. At time t, the supernatant was removed and

filtered, and the Ca2+ concentration in each flask was

determined using an atomic absorption spectrophot-

ometer (AAS) (180-80, Hitachi, Japan). The adsorption

capacity of Ca2+ at a given time (qt (mg g�1)) was

calculated as follows:

qt = (C0 � Ct)V/W

where C0 is the initial Ca
2+ concentration (mg L�1); Ct is

the Ca2+ concentration measured by AAS at time t

(mg L�1); V is the volume of the solution (L); and W is

the weight of the sorbent (g).

The CEC of Ca2+ (mmol/100 g) was calculated using:

CEC = (qmax6100)/MCa

where qmax is the maximum adsorption capacity of Ca2+

(mg g�1) at equilibrium and MCa is the molar mass of

Ca2+, 40 g mol�1.

RESULTS AND DISSCUSSION

The effect of the zirconia balls on the crystallization

of magadiite was investigated by adding 250 zirconia

balls with diameters of 2 mm (Figure 1a, total solid

volume of 1 mL) to the hydrothermal sodium silicate

synthesis solution. These balls provided constant

solid�liquid interfacial areas in the solution. The

zirconia balls had a significant effect on the crystal-

lization process. With no zirconia balls, the magadiite

formed was the conventional cauliflower-type

(C-magadiite) and with the zirconia balls the magadiite

formed was plate-like in form (P-magadiite). The yields
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of both C- and P-magadiite (Figure 1b) increased with

hydrothermal treatment though greater yields were

obtained for P-magadiite. In the presence of the zirconia

balls, the yield started to increase after ~12 h and the

equilibrium and maximum yields were reached after

72 h; the yield was ~52% of theoretical yield. When

zirconia balls were not used, yield started to increase

after 16 h and the maximum yield of ~45% was not

reached until after 96 h.

Analysis by XRD was used to confirm that the

products obtained with and without the zirconia balls

during the hydrothermal treatment at 433 K were in fact

magadiite. The XRD patterns of both the magadiites

prepared (Figure 2) showed a d001 reflection correspond-

ing to a basal spacing of 15.6 Å. This interlayer spacing

is in agreement with the literature value of 15.5 Å,

corresponding to the d001 reflect ion peak of

Na-magadiite (Eypert-Beneke et al., 2001), and all the

reflections could be indexed to magadiite peaks based on

the information provided by Schwieger and Lagaly

(2004). The XRD patterns and chemical analysis of the

samples synthesized were also in agreement with JCPDS

42-1350 for single-phase Na-magadiite.

In general terms, SEM provides information about the

morphology and TEM identifies the internal structure of

the layered crystals. The SEM and TEM images of the

magadiites prepared with and without zirconia balls by

hydrothermal synthesis at 433 K for 96 h are shown in

Figure 3. In the absence of zirconia balls, the

C-magadiite particles (Figure 3a,b) were shaped like

cauliflower with the diameters of the ‘flowers’ and

‘petals’ of ~10�20 and 3�5 mm, respectively. This

cauliflower-like morphology is typical and similar to

images given in the literature (Kooli et al., 2006; Kikuta

et al., 2002). Conventional magadiite powder has been

reported to have ‘cauliflower’ or ‘rosette’ morphology,

consisting of aggregates of thin platelets with diameters

of ~10�20 mm. In the presence of the zirconia balls, the

P-magadiite (Figure 3c) showed isolated plate-like

morphology. The size of the plates was ~1�3 mm. The

SEM-EDS compositional analyses of the point marked

with a cross in Figure 3c shows that the Na:Si:O atom

ratio was ~4.44:27.75:67.81 for the P-magadiite

(Figure 3d). This is in good agreement with the

approximate composition of Na2Si14O29·xH2O suggested

by Zhang et al. (2003). In addition, EDS analysis of the

two magadiite samples showed that the level of

impurities in the sample prepared with zirconia balls

was almost the same as that for the sample prepared

without the balls. The samples were, therefore, not

contaminated by the zirconia balls during the hydro-

thermal process.

Selected area electron diffraction coupled with

HRTEM constitutes a powerful tool for analyzing the

crystalline structure in the layers. The magadiite sample

prepared with zirconia balls shows a typical morphology

for thin tetragonal platelets (Figure 3e) and the SAED

pattern (Figure 3f) indicates a highly crystalline

material. The SAED pattern belongs to the tetragonal

I41/amd space group, and the crystalline structure was

confirmed by the XRD data (Figure 2). The decrease in

the symmetry of the electron diffraction spots under the

electron beam is probably due to the migration of the Na

cations and the lack of structural stability in the

Figure 1. (a) Zirconia balls with a diameter of 2.0 mm and

(b) yields of magadiite vs. hydrothermal reaction time at 433 K.

Figure 2. XRD patterns of C- and P-magadiite synthesized

hydrothermally at 433 K for 96 h.
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magadiite during the testing. The representative HRTEM

images of P-magadiite (Figure 3g,h) show the edges and

internal structures of the mesoporous plates. The P-

magadiite sample has the characteristics of an outer

lamellar structure (Figure 3g) and an inner ordered

mesoporous structure (Figure 3h). The P-magadiite

interlayer distance measured from the outer lamellar

structure was 1.6 nm, which is in good agreement with

the interplanar spacing obtained from the XRD results

(15.6 Å).

The Fourier-transform infrared (FTIR) spectra

(Figure 4) show the existence of five-membered rings

in the P- and C-magadiite structures. As magadiite is

related to hydrous alkali silicates which have multi-

layered structures, the vibrational spectra can be divided

into two regions, one at 4000�1600 cm�1 and the other

at 1600�450 cm�1. The region from 4000�1600 cm�1 is

where the stretching and bending vibrations of water

molecules appeared. The two peaks at 3659 and

3584 cm�1 are OH-stretching vibrations, n (OH); and

the peak at 1628 cm�1 is the water bending vibrations,

n (HOH). The region from 1600�450 cm�1 contains the

silicate-layer vibrations. The two bands at 1235 cm�1

and 1190 cm�1 can be assigned to the asymmetric

stretching vibration of Si�O�Si, nas (Si�O�Si). This

band was interpreted by Garcés et al. (1988) an

indication of a five-membered ring in the structure.

The band at 1090 cm�1 is the terminal Si�O� stretching

Figure 3. SEM images of C-magadiite (a,b) and P-magadiite (c); (d) EDS of the point marked with a + sign in part c; (e) low-

magnification TEM of P-magadiite; and (f) the corresponding SAED pattern; (g,h) HRTEM of P-magadiite showing the edge and

internal structures of the mesoporous plates.
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band, n (Si�O�) (Huang et al., 1999). The bands at 783,

622, 577, and 461 cm�1 represent the Si�O�Si

symmetric stretching vibration, n (Si�O�Si). The

framework vibrations (at 1235 and 1190 cm�1) indicate

crystalline ordering in the magadiite. These bands have

been observed in the IR spectra of many zeolites

containing five-membered rings with known structures,

including silicalite-1 and ZSM-5 (Szostak, 1998). The

spectra in Figure 4 support the interpretation of Garcés

et al. (1988) that the bands at 1235 and 1190 cm�1 can

be assigned to asymmetric vibrations, nas (Si�O�Si) of

five-membered rings.

The nitrogen adsorption-desorption isotherms and

pore-size distributions of C- and P-magadiite (Figure 5)

show that the C-magadiite had a small surface area of

28 m2 g�1 and a pore volume of 0.048 cm3 g�1, whereas

for P-magadiite they were 66 m2 g�1 and 0.064 cm3 g�1,

respectively. The inset curves in Figure 5 show the BJH

pore-size distribution of the C- and P-magadiite. Both

have a relatively narrow distribution with a pronounced

peak corresponding to pores with diameters of 4�5 nm.

The C- and P-magadiite isotherms have a clearly visible

hysteresis loop in the medium relative pressure range

(P/P0 = 0.3�0.8) and in the high-pressure range (P/P0 =

0.8�0.95) both curves show Type III isotherm char-

acteristics that are typical of mesoporous materials.

Magadiite is often used as an adsorbent, so the ability

of the C- and P-magadiite samples to adsorb Ca2+ was

tested. The Ca2+ removal and adsorption capacities of

the two samples (Figure 6) were plotted as a function of

agitation time. For both samples, the Ca2+ concentration

in the supernatant dropped rapidly in the first 20 min.

The concentration then decreased more slowly until

50 min for P-magadiite (or 70 min for C-magadiite) and

then remained constant at longer adsorption times

(Figure 6a). The concentration decreased more in the

P-magadiite because of its larger BET surface area. The

experimental equilibrium and maximum adsorption

capacities (qmax) for P- and C-magadiite were 25.8 and

21.5 mg g�1, respectively (Figure 6b). The calculated

CEC of P- and C-magadiite were 64.5 mmol/100 g and

53.8 mmol/100 g, respectively. The Ca2+ exchange

capacity of P-magadiite is equivalent to that for

Figure 4. FTIR spectra of C- and P-magadiite.

Figure 5. N2 adsorption-desorption isotherms and pore-size

distributions (inset) of C- and P-magadiite.

Figure 6. (a) Ca2+ removal and (b) Ca2+ adsorption capacity vs.

agitation time, t, for C- and P-magadiite. (Ca2+ initial

concentration, C0 = 300 mg L�1, magadiite dosage = 2 g L�1,

pH = 7.0 � 0.2, temperature = 298 � 1 K).
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d-Na2Si2O5 (de Lucas et al., 2002), which suggests that

P-magadiite could be used as a builder in detergents. In

addition, P-magadiite may be a better choice for

preparing magadiite derivative compounds through

intercalation, interlayer grafting, and pillaring reactions

due to its plate-like shape and greater BET surface area.

CONCLUSIONS

A hydrothermal process for the preparation of plate-

like magadiite has been reported. Adding zirconia balls

to the hydrothermal solution not only affected the

microstructures of the magadiite, but also the yield of

the product. Adding the balls promoted the crystal-

lization process by providing a solid�liquid interface for

heterogeneous nucleation. The product started to form

after 12 h of reaction and the maximum yield reached

52% of the theoretical yield after 72 h. In contrast, when

no balls were added, the product did not start to form

until after 16 h and the maximum yield was only 45%

after 96 h. With no zirconia balls, the magadiite formed

by the hydrothermal process had cauliflower-like

characteristics with aggregates of thin platelets of

~10�20 mm diameter. With the zirconia balls, the

magadiite synthesized contained isolated plate-like

shapes, with wafers of 1�3 mm radius, and few

aggregates. Both the synthesized P- and C-magadiite

contained single Na-magadiite phases with mesoporous

characteristics and average pore sizes of 4�5 nm. The

P-magadiite had a surface area of 66 m2 g�1, a pore

volume of 0.064 cm3 g�1, and a Ca2+ binding capacity of

25.8 mg g�1 for an initial Ca2+ concentration of

300 mg L�1 at 298 K. These properties show that the

P-magadiite could be an ideal adsorbent or pillared

material.
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