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Abstract

The stability of Chinese sepiolite with respect to acid, base, and heat treatments was examined based on changes that occur in its crystal

structure, its morphology, its surface area, and the ions that leach into solution. Treatment in HCl for 3 h caused predominantly Mg2+ to leach and

increased the surface area of the sepiolite. Increased temperature accelerated the leaching, resulting in the disappearance of the sepiolite phase

above 100 8C. Treatment in NaOH caused Si4+ to be leached and this was accompanied by a minor change in the crystal structure of the sepiolite.

Thermal treatment in air caused the manifestation of several types of dehydration behavior and the sepiolite was decomposed completely at above

�800 8C. Composite sheets of sepiolite and nitrile butadiene rubber were made from sepiolite after it had undergone various treatments. The tensile

stress of each composite was measured and this is discussed with respect to its degradation features.
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1. Introduction

Sepiolite is a natural, fibrous, phyllosilicate clay mineral with

a high surface area and nano-sized channels. It is used in a

number of applications including producing pharmaceuticals [1],

filters [2], catalyst supports [3], absorbents [4,5], pigments [6,7],

and sepiolite–polymer sheets [8,9]. It is also a candidate for

asbestos substitutes [10,11] because of its less hazardous nature.

Sepiolite is mined in Spain, Turkey, the USA, and China.

Sepiolite mineral from China contains a larger fraction of long

fibers [12], which offers advantages in terms of fabricating

composite materials with better mechanical properties.

The theoretical formula of sepiolite is Mg8Si12O30(O-

H)4(OH2)4�nH2O. It consists of octahedrally coordinated

magnesium layers and tetragonally coordinated silicon layers

with nano-sized channels containing water [13,14], as shown in

Fig. 1. According to previous reports, acid-, base- and heat-

treatment of sepiolite alters its crystal structure and chemical

composition [3,6,15–17]. Acid treatment of sepiolite removes

Mg2+ located in its octahedral layer but leaves Si4+ coordinated

in its tetrahedral layer [3]. In addition, acid attack greatly
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increases its surface area [3,15]. Base treatment causes a slight

shift in its X-ray diffraction (XRD) peaks, but the reason for this

is not clear [6,16]. Heat treatment causes dehydration below

approximately 800 8C and induces a phase transition above

800 8C [6,17]. However, a systematic investigation of Chinese

sepiolite has not been performed. In this report, the stability of

Chinese sepiolite with respect to acid, base, and heat treatments

is examined based on changes that occur in its crystal structure,

its morphology, its surface area, and the ions that leach into

solution. In addition, the mechanical properties of composites

made of nitrile butadiene rubber (NBR) and sepiolite that had

been treated with acid, base, and heat were measured. These

investigations were performed because we believe that the

durability of sepiolite produced from such treatments is

important when considering its practical and potential

applications. This is especially true for producing filter and

sepiolite–polymer composites.

2. Experimental procedure

2.1. Chemical and heat treatments of sepiolite

Sepiolite of the composition shown in Table 1 was used as a

starting material [18]. It contained calcite, dolomite, and quartz
d.
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Fig. 1. The crystal structure of sepiolite. Mg–O octahedral layers are sand-

wiched in between Si–O tetragonal layers, thus forming nano channels along the

c-axis. Zeolitic water in the nano channels is not drawn for the sake of brevity.

The solid lines denote a unit cell.
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impurities. First, sepiolite of ca. 60 g was dispersed in 2.0 L of a

1 mass% aqueous acetic acid and stirred for 48 h to remove the

calcite. The powder was then filtered, rinsed with distilled

water, and dried at 70 8C overnight. The sepiolite (0.60 g) was

next put in a Teflon-lined steel autoclave together with 5 mass%

aqueous HCl or 5 mass% aqueous NaOH (50 ml). Then, the

autoclave was tightly closed and maintained at room

temperature or kept in an oven that was operated at 40, 70,

100, 120 or 180 8C for 3–336 h. Afterward, each product was

filtered, washed with distilled water, and dried at 70 8C for

approximately 15 h. Heat-treated sepiolite was made by heating

sepiolite without calcite at 300–900 8C at a rate of 1 8C/min and

maintaining it at the maximum temperature for 1.5 h, after

which the furnace was turned off.

2.2. Composite sheets of sepiolite and NBR

All of the composite sheets were produced using the same

procedure [18], but they were made from the different types of

sepiolite that were produced using the different treatments

described above. Approximately 8.75 g of sepiolite was used to

produce one sheet. Sepiolite powder was dispersed in 500 ml of
Table 1

Chemical composition of Chinese sepiolite [18].

Composition Mass%

SiO2 36.8

MgO 16.5

CaO 19.4

Fe2O3 0.51

Al2O3 0.89

K2O 0.10

Na2O 0.11

lg. loss 25.3

Total 99.6
water and ultra-sonicated at 28 kHz for 120 min. Following

this, each solution was stirred with a magnetic stirrer for 5 min.

Then, 3.75 g of NBR was added to each solution. To each of

these was then added 25 ml of 1 M aqueous aluminum sulfate

approximately 5 min after adding the NBR and stirred the

mixtures for another 5 min. Then, each solution was deformed

at 1500 rpm for 3 min. Sheets 150 mm in diameter were

obtained by filtration using a suction pump for 30 min. Each

sheet was compressed at a pressure of 10 MPa and dried at 50–

70 8C for about 14 h.

2.3. Characterization

Powder XRD (RINT-2000, Rigaku; CuKa radiation) was

used for structural characterization. The specific Brunauer–

Emmett–Teller (BET) surface area (SBET) for each composite

was derived from N2 adsorption isotherms that were measured

using a BELSORP-mini II (Bel Japan. Inc.). Scanning electron

microscopy (SEM; JEOL 6300-F) was employed for making

morphological observations of powder samples on carbon tape.

The quantities of Ca2+, Mg2+, and Si4+ extracted from the

sepiolite by the chemical treatments were determined by

inductively coupled plasma-atomic emission spectroscopy

(ICP-AES). The tensile stress of each composite was measured

by using a universal testing instrument (A&D RTF-1325) at a

pulling rate of 300 mm min�1.

3. Results and discussion

3.1. Removal of calcite by acetic acid treatment

Sepiolite was characterized by XRD, SEM and N2

adsorption before and after the acetic acid treatment. The

XRD pattern of the starting material, shown in Fig. 2, exhibits

the peaks assigned for sepiolite (Mg8Si12O30(O-

H)4(OH2)4�nH2O), calcite (CaCO3), dolomite (CaMg(CO3)2),

talc (Mg3Si4O10(OH)2), and quartz (SiO2). The acetic acid

treatment resulted in no significant difference without the
Fig. 2. XRD patterns of sepiolite before (downward) and after (upward) acetic

acid treatment. ICSD patterns of sepiolite (#156199), calcite (#16710), talc

(#21017), quartz (#34636), and dolomite (#10404) were used for the assign-

ments.



Fig. 3. SEM images of sepiolite (a) before and (b) after acetic acid treatment.
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disappearance of the calcite peak. The amount of dissolved

Ca2+ in solution was approximately 8 mass%, which was

consistent with the removal of calcite phase. The quantities of

dissolved Mg2+ and Si4+ were less than 0.6 mass%, implying

that little or no compositional change in the sample occurred

with respect to these elements.

Fig. 3 shows SEM images before and after the acetic acid

treatment. Both the images show fibrous morphologies. The

surface areas of the sepiolite before and after the treatment were

95.9 and 104 m2/g, respectively. A slight increase in the surface

area may be attributed to the removal of calcite with a relatively

low surface area.

3.2. HCl treatment

HCl treatment was performed on the sepiolite after the

removal of calcite by the acetic acid treatment as described

above. Fig. 4 shows the relationship between the heating

temperature and the quantities of ions that were leached from

the samples into the 5 mass% HCl. With increasing tempera-

ture, the amount of Mg2+ increased, and a significant change

was observed from 70 8C to 100 8C. If it is assumed that the

removal of calcite from the sepiolite gives a single-phase

theoretical dodecahydrate sepiolite (Mg8Si12O30(O-

H)4(OH2)4�8H2O), then 86% of Mg2+ in the sepiolite can be

said to have dissolved at 120 8C. The amount of Ca2+ that was

leached remained almost constant. An increase in the
Fig. 4. Quantities of leached ions into HCl solution (5 mass%) by soaking

sepiolite in an autoclave for 3 h at different temperatures.
temperature also enhanced the leaching of Si4+ although the

leached amount based on the theoretical sepiolite was only

5.3% at 120 8C. Thus, the products after HCl treatment were Si-

rich in composition. The surface areas for the products are

listed in Table 2. With increasing temperature up to 100 8C, the

surface area increased. However, it decreased by further heating

at 120 8C. Fig. 5 shows XRD patterns of the sepiolite before and

after HCl acid treatment for 3 h at various temperatures. All of

the treatments removed the dolomite peak, which is in

agreement with the observed leaching of Ca2+ and Mg2+.

Above 100 8C, the sepiolite peaks changed to a very broad peak

around 20–308, which was related to the significant leaching of

Mg2+.

The fibrous morphology of the sepiolite after the acid

treatment can be seen at 70 and 120 8C in Fig. 6. At 120 8C,

small amount of fibers longer than 10 mm were found.

According to the literatures [3,6,15], hydrochloric-, sulfuric-

, or nitric-acid treatment at or below 80 8C leaches Mg2+ from

sepiolite and forms micro-pores, thereby increasing the surface

area of sepiolite. The leached amount increases with the

soaking time, temperature, and concentration of the acid, and

the sepiolite phase disappears over time. Our results show that a

temperature of over 100 8C greatly enhanced the kinetics of

Mg2+ leaching. The increase in surface area and the

disappearance of sepiolite phase were observed at these

temperatures.

3.3. NaOH treatment

The effect of NaOH treatment on the calcite deficient

sepiolite was examined in terms of temperature and time. The

base treatment leached predominantly Si4+, but a small amount

of Ca2+ was leached in addition to Mg2+ (less than 0.1 mass%),
Table 2

BET surface areas of sepiolite before and after HCl treatments for 3 h at various

temperatures.

Treatment SBET (m2/g)

Before 104

R.T. 166

40 8C 181

70 8C 227

100 8C 335

120 8C 197



Fig. 5. XRD patterns of sepiolite before and after HCl treatment for 3 h at

different temperatures. ICSD patterns of sepiolite (#156199), talc (#21017),

quartz (#34636), and dolomite (#10404) were used for the assignments.

Fig. 7. Relationship between time and quantities of Si4+ leached into NaOH

(5 mass%) by soaking sepiolite in an autoclave at different temperatures.
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resulting in Mg2+-rich products. The temperature dependence

of the amount of Si4+ leached is shown in Fig. 7. With

increasing temperature and time, the leached amount increased

up to 5.7 mass%, which corresponds to 22% of Si4+ in the

theoretical sepiolite. The leached rates decreased after 48 h of

treatment. It was noted that the amount of leached Si4+ was less

than that of Mg2+ by the acid treatment, indicating more

tolerance of the sepiolite toward the base treatment. Table 3

shows that all of the treatments for 3 h resulted in comparable or

slightly changed surface areas. While long-term treatment at

room temperature did not cause any significant change, the

treatments above 70 8C decreased the surface area.

The temperatures of the NaOH treatments altered the XRD

patterns while the duration did not affect them significantly.

Fig. 8 shows XRD patterns for before and after the NaOH

treatments at various temperatures for 168 h. The pattern of the

sepiolite after treatment at room temperature was similar to that

before the treatment. In contrast, the diffraction peaks between

70–180 8C showed slightly different patterns. For example, the

most intensive peak at 7.48 shifted toward a lower angle (7.08)
over the range 70–180 8C. The treatment at 180 8C resulted in

another peak at 7.88. Thus, NaOH treatment at above 70 8C
likely caused structural changes in or decomposition of the

sepiolite. The impurity phases of quartz and dolomite

disappeared at 70 and 120 8C, respectively.
Fig. 6. SEM images of sepiolite after HCl trea
There were no significant differences in the SEM images

after 3 h of treatment in the range between room temperature

and 180 8C (Fig. 9(a)). It was possible to observe some fibers

that were longer than 10 mm. On the other hand, the images of

the sepiolite after 168 h for treatments at and above 70 8C
showed decreased numbers of these fibers (Fig. 9(b)–(d)).

NaOH treatment for 3 h did not cause significant leaching at

room temperature or at higher temperatures, indicating that the

sepiolite was more tolerant toward the base treatment.

However, long-term treatment at above 70 8C changed the

composition, morphology, crystal structure, and surface area of

the sepiolite. The morphological changes may be due to the

crystallographic structural change of sepiolite and/or formation

of Mg-rich compounds in the sepiolite after the leaching of the

Si4+ ions. The origin of the change of crystal structure is not

clear, although similar XRD patterns have been reported [6].

The decreased surface area can be explained by the partial

destruction of nano-sized channels in the sepiolite, which were

possibly related to the changes in its crystal structure or by the

formation of Mg-rich compounds with low surface areas.

3.4. Thermal treatment

The decrease in weight of the sepiolite without calcite was

measured by thermal gravimetric analysis (TGA; Fig. 10). The
tment for 3 h at (a) 70 8C and (b) 120 8C.



Fig. 8. XRD patterns of sepiolite before and after NaOH treatment for 168 h at

different temperatures. ICSD patterns of sepiolite (#156199), talc (#21017),

quartz (#34636), and dolomite (#10404) were used for the assignments.

Fig. 9. SEM images of sepiolite after NaOH treatment (a) for 3 h a

Table 3

BET surface areas of sepiolite before and after NaOH treatment under various

conditions.

Treatment SBET (m2/g)

Before 104

25 8C/3 h 111

70 8C/3 h 97

120 8C/3 h 87

180 8C/3 h 112

25 8C/168 h 119

70 8C/168 h 56

120 8C/168 h 76

180 8C/168 h 61
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mass of the sepiolite decreased rapidly at approximately 50 8C,

280 8C, 600 8C, and 800 8C, and was stable at above 900 8C.

The XRD patterns of the sepiolite after the different heat

treatments are shown in Fig. 11. The pattern after the treatment

at 300 8C was similar to that before the treatment. The patterns

after the heat treatments over the range 450–750 8C had peaks

that were assigned to sepiolite dihydrate, quartz, and talc. Peaks

for clinoenstatite were observed after the heat treatment at

900 8C together with the peak for quartz. Similar fibers were

observed at 450 and 900 8C (Fig. 12), although their lengths

were shorter than those present before the treatments had been

carried out. Table 4 shows that the surface area decreases with

increasing treatment temperature.

The mass changes and phase changes were similar to those

noted in previous reports [6]. The mass loss below and above

approximately 300 8C corresponded to the loss of adsorbed

water and water from the sepiolite framework (zeolitic water),

respectively. The mass loss at around 800 8C was probably

related to the phase transition changes from dehydrated

sepiolite to clinoenstatite and was possibly accompanied by

the formation of an amorphous phase. The decreased surface

area may be caused by the destruction of nano-sized channels in

sepiolite structure and the thermal aggregation of the fibers.

3.5. Mechanical properties of sepiolite–NBR composite

sheets

We examined the mechanical properties of the composite

sheets made from chemical/heat-treated sepiolite. Fig. 13

shows the relationship between the temperature for the HCl and

NaOH treatments and the tensile strength of the sepiolite–NBR

sheets, where the tensile stress of three pieces cut out from one
t 180 8C and for 168 h at (b) 70 8C, (c) 120 8C, and (d) 180 8C.



Fig. 11. XRD patterns of sepiolite before and after heat treatment for 3 h in air

at different temperatures. ICSD patterns of sepiolite (#156199), sepiolite

dihydrate (#156200), clinoenstatite (#30893), talc (#21017), quartz

(#34636), and dolomite (#10404) were used for the assignments.

Table 4

BET surface areas of sepiolite before and after heat treatment at different

temperatures in air.

Treatment SBET (m2/g)

Before 104

300 8C 95

450 8C 44

600 8C 44

750 8C 42

900 8C 8

Fig. 13. Relationship between the tensile strength of sepiolite–NBR composite

sheets and temperature for HCl and NaOH treatments. The sepiolite after these

treatments was used as a component of each respective composite. The strength

of three pieces cut out from one composite is plotted for the specific type of

treatment noted in the figure.

Fig. 10. A TG curve of sepiolite after acetic acid treatment in air at a heating

rate of 10 8C/min.
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composite are plotted. The figure also details the strength of the

sheets made from sepiolite that had only been treated with

acetic acid. The tensile strengths of the sheets for the sepiolite

that were only treated with acetic acid were greatest and ranged

from 15.5 to 18.0. The HCl treatment greatly reduced their

strengths to �3 MPa even at room temperature. An increase in

the temperature brought about further degradation. The NaOH

treatment for 3 h reduced their strengths, but they displayed
Fig. 12. SEM images of sepiolite before and after heat t
much higher values when compared with that of the acid treated

sheets. The treatments at different temperatures did not

significantly affect their strengths. The sheets that underwent

long-term treatment showed comparable or slightly decreased

strengths independent of the temperature, indicating higher

tolerances toward the base treatments.

Fig. 14 shows the relationship between the heating

temperature and the tensile strength of the sepiolite–NBR

sheets. The strength of the composite made from the sepiolite

heated at 300 8C ranged from 6 to 9 MPa. These values are

much higher than those of the composite made from acid-

treated samples, which indicates that the intense acid

degradation is not caused only by thermal degradation.
reatment for 3 h in air at (a) 450 8C and (b) 900 8C.



Fig. 14. Relationship between tensile strength of sepiolite–NBR composite

sheets and temperature of for the heat treatment. Sepiolite after being heated at

different temperatures was used as a component for each respective composite.

The strength of three pieces cut out from one composite is plotted for the

specific type of treatment in the figure.

A. Miura et al. / Ceramics International 38 (2012) 4677–4684 4683
Thermal treatment decreased their strengths with increasing

temperature. The sheet that was produced from the sepiolite

after treatment at 900 8C could not be fabricated because it

could not be dispersed in water.

The strengths of the sheets may be related to the surface area

of the sepiolite. Fig. 15 shows the relationship between the tensile

strength and the surface area of the sepiolite after various

treatments, where a peak at �110 m2/g of the surface area can be

seen. Thus, surface area measurement is considered useful for

estimating the tensile strength of the composite. As described

previously, the HCl treatment greatly increased the surface area

of the sepiolite, while the NaOH and heat treatments increased or

reduced it slightly. Thus, the degradation of strength caused by

HCl treatment can be explained by the formation of micro-pores.

In contrast, the base treatment did not bring about significant

changes, possibly because of the absence of such micro-pores.

The decreased strength caused by heat treatment possibly related
Fig. 15. Relationship between the tensile strength of sepiolite–NBR composite

sheets and the surface area of the sepiolite. Sepiolite after various treatments

was used as a component for each respective composite. The strength of three

pieces cut out from one composite is plotted for the specific type of treatment

noted in the figure.
to the structural changes that were accompanied by the decreased

surface area. The possibility of other factors influencing the

strength such as acetic acid-induced modifications to the surface

cannot be precluded.

4. Conclusions

The degradation behavior of sepiolite was investigated

following acid, base, and thermal treatments. Fibrous morphol-

ogy was observed for all of the samples after the treatments, but

smaller quantities of fibers were found in high-temperature or

long-term treatment samples. While acid treatment intensively

leached Mg2+ and caused an increase in the surface area of the

sepiolite, base treatment caused moderate Si4+ leaching and

decreased its surface area. Increases in temperature and time for

both treatments brought about structural changes. Heat treatment

in air caused dehydration, which was accompanied by structural

changes and a decrease in the surface area of the sepiolite. The

tensile strength of the sepiolite–NBR composites made from

sepiolite after the treatments depended on the type of treatment

that was carried out. The acid treatment brought about more

severe degradation when compared with the base treatment and

the thermal treatment in air below 300 8C.
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