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A B S T R A C T

Natural sepiolite mineral was used as a catalyst and catalyst support for the efficient

growth of single-walled carbon nanotubes (SWCNTs). With the introduction of hydrogen,

uniform active metal nanoparticles can be formed in the fibrous structure of sepiolite

ore. High-quality SWCNTs with few defects and a large aspect ratio (over 104) were synthe-

sized. The structure of the CNTs was modified by controlling the catalyst composition with

ion-exchange method and changing the growth conditions. The 1 wt.% Fe-based catalyst

exhibited excellent activity for the growth of SWCNTs, while the Co/Mo-based catalyst pre-

ferred to grow small diameter SWCNTs. The reaction temperature showed a sensitive

selectivity to the chirality and diameter distribution of the SWCNTs produced. Catalysts

based on the sepiolite can also afford the effective growth of SWCNTs in a fluidized bed

reactor. As-grown SWCNTs/calcined-sepiolite demonstrated excellent ability of phenol

adsorption, with an adsorption capacity of 155.8 mg/g, which was much higher than that

on natural sepiolite (12.7 mg/g).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Single-walled carbon nanotubes (SWCNTs), as a novel quasi-

one-dimensional material, have attracted tremendously

attention because of their excellent properties. A wide range

of applications, including composite materials, electrode

materials for energy conversion and storage, nanoelectronics,

and nano-scale sensors have been proposed [1–5]. The de-

mand for high-quality SWCNTs is rising quickly. The efficient

and controllable growth of SWCNTs is a prerequisite for their

industrial application.

Many efforts have been made to find easy routes for the

controllable growth of CNTs in a sustainable way. Growth of

CNTs on natural materials is one of most potential ways to

realize the environmentally benign and low-cost production

[6]. Up to now, a series of minerals, such as volcanic lava rock
er Ltd. All rights reserved
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[7,8], soil [6], garnet sand [9], wollastonites [10], bentonite [11],

forsterite [12], diopside [12], montmorillonite [13,14], vermicu-

lite [15–17], and biomass-based activated carbon [18–20], red

mud (a toxic waste product from bauxite processing) [21] have

been used as catalysts and/or catalyst supports for the syn-

thesis of nanocarbon. The as-obtained products grown on

natural materials have been used as catalysts in oxidative

dehydrogenation (carbon nanofiber/lava [8] and CNT/benton-

ite [11]), functional materials for energy absorption (alternat-

ing aligned CNTs and vermiculite layers [15]), catalyst

support, and fillers for strong polyamide-6 composites (CNT/

clay hybrids) [14]. Producing CNTs on natural materials is a

quite attractive method to obtain advanced functional mate-

rials for applications in material science and catalysis.

Nanocarbons synthesized on natural materials by far

were mainly multi-walled CNTs (MWCNTs) and/or carbon
.
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nanofibers with large diameters [6–11,13–20]. Few works on

the efficient synthesis of SWCNTs were reported, which

was mainly ascribed to the complex chemistry in the route

for SWCNT growth [12]. The formation of small metal cata-

lyst particles (0.5–5 nm) is the key factor for SWCNT produc-

tion. However, metal particles dispersed on the minerals

were prone to agglomerate into large particles, leading to

the growth of MWCNTs. Thus, the chemical modulation for

sustainable growth of SWCNTs on natural materials is still

a great challenge.

Herein, the clay mineral sepiolite, which is a microcrystal-

line hydrated magnesium silicate of theoretical unit cell for-

mula Si12O30Mg8(OH,F)4(OH2)4Æ8H2O, was used as catalyst or

catalyst support for efficient growth of high-quality SWCNTs.

The natural sepiolite exhibits a micro fibrous morphology. It

has been widely used to fabricate various advanced func-

tional materials, including functionalized carbon–silicates,

micro fibrous chitosan-sepiolite nanocomposites [22], tita-

nia-sepiolite nanocomposites [23], hybrid materials formed

by sequestration of pyridine molecules in the tunnels of sepi-

olite [24], graphene-like/sepiolite [25], and carbon nanofibers

[26]. With a large surface area, regular pore structure, and fi-

brous morphology, the sepiolite was a good support for metal

dispersion and can improve the thermal stability of nano-par-

ticles at high reaction temperature. The Fe element distrib-

uted in the sepiolite was the potential active catalyst source

for CNT growth. However, the Fe content, usually less than

0.5 wt.% in the natural sepiolite, was too small to synthesize

CNTs efficiently. Luckily, attributed to its high ion-exchange

capacity, the active phase content (such as Fe, Co) can be eas-

ily increased by ion-exchange method, which provided en-

ough active phase for the efficient growth of SWCNTs.

Based on those consideration, we designed an easy but effec-

tive chemical route for SWCNT synthesis on unpurified sepi-

olite ore (Fig. 1). The natural sepiolite is composed of blocks

similar to the layered clay minerals. Each block is formed by

two tetrahedral silica sheets and a central octahedral sheet

containing Mg2+ cations (Fig. 1a). The periodic inversion of sil-

ica tetrahedron creates abundant nano-scale channels and

the Mg2+, Ca2+ and K+ cations were easily replaced by other
Fig. 1 – Illustration of the synthesis of SWCNTs. (a) The pristine

Ca2+ in the chain structure of sepiolite. After (c) drying and (d) r

structure or inside the tunnels. With introduction of CH4, (e) SW
metallic ions, such as Fe2+, Fe3+, or Co2+ (Fig. 1b). After the

ion exchange, the sepiolite was dried and reduced, and small

metal nanoparticles were formed on the sepiolite. With the

introduction of CH4 as carbon source during the chemical va-

por deposition (CVD), SWCNTs would grow out. And structure

and quality of SWCNTs were controlled by varying the key

parameters, such as active metal species, loading amount,

and growth temperature, in the mentioned route above.

Meanwhile, the SWCNTs based on the sepiolite can be effi-

ciently synthesized in both a fixed bed and a fluidized bed

reactor. The as-obtained products from the sepiolite ore were

used to adsorb phenol in water to explore its application in

environmental protection.

2. Experimental

2.1. Catalyst preparation

The sepiolite used in our experiment was mined in Nanyang,

Henan Province of China. In brief, the catalyst was prepared

by ion-exchange method in which sepiolite powder with a

size ranging from 10 to 300 lm was suspended in deionized

water, and then a solution of Fe(NO3)3Æ9H2O (or Co(NO3)2Æ6H2O

and (NH4)6Mo7O24Æ4H2O) was added slowly into the suspen-

sion under stirring. In order to enhance active metal iron ex-

change and dispersion, a 15 min ultrasonic treatment was

performed, followed by drying at 100 �C for 24 h. Besides,

the natural sepiolite ore was also used as the catalyst without

any pre-treatment.

2.2. SWCNT synthesis in a fixed bed reactor

In the CVD growth, about 0.1 g catalyst was loaded into a hor-

izontal quartz tube (30 mm id) and then heated in the flow of

Ar (600 mL/min). Once the temperature of the furnace

reached the growth temperature, such as 900 �C, a mixture

of CH4/H2/Ar (100, 10, and 400 mL/min, respectively) was

introduced into the reactor for 15–30 min. Next, the products

were cooled to ambient temperature under Ar protection and

prepared for further characterization.
structure of sepiolite. (b) The Fe3+ can exchange with Mg2+,

eduction by H2, Fe particles formed on the surface of fibrous

CNTs efficiently grew on the sepiolite.
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2.3. SWCNT synthesis in a fluidized bed reactor

In addition, the growth of SWCNTs on sepiolite catalyst was

also carried out in a fluidized bed reactor similar to the previ-

ous studies [17]. The main quartz body was 1300 mm high and

50 mm in inner diameter with a sintered porous plate at the

bottom to support the solid catalyst before fluidization and

distribute the gas during the reaction. Here, about 1.0 g me-

tal/sepiolite catalyst was loaded into the reactor and heated

to 900 �C in the Ar flow (800 mL/min). The gas introduced at

a sufficient velocity, through the bottom distributor, dispersed

the catalyst particles and fluidized them smoothly. After that,

the carbon source/H2/Ar (600, 60, 100 mL/min, respectively)

was fed into the fluidized bed to realize the synthesis of

SWCNTs for 30 min, followed by cooling the furnace down

at Ar atmosphere. The carbon product was then collected

and characterized.

2.4. Phenol adsorption with SWCNT/cal-sepiolite
com- posite

Phenol adsorption experiments were conducted with

SWCNT/cal-sepiolite composite using a batch adsorption ap-

proach similar to that of Chen et al. [27]. Adsorption experi-

ments were carried out in a 100-mL glass-stoppered flask.

Approximate 0.1 g as-grown SWCNT product and natural

sepiolite were put into the flask with 50 mL diluted phenol

aqueous solution of the concentration ranged from 10 to

300 mg/L, respectively. And then, the flask was kept in a con-

stant-temperature shaker bath at 30 �C, 100 rpm for 2 days to

reach apparent sorption equilibrium (that was no further

mass uptake) and the samples were centrifuged at

14,000 rpm for 20 min. To settle down the CNTs, another

24 h was taken to leave the samples undisturbed on a flat

surface.

2.5. Characterization

The morphologies of the catalyst and SWCNT/cal-sepiolite

samples were characterized using a JSM 7401F scanning elec-

tron microscope (SEM) operated at 3.0 kV, and a JEM 2010

high-resolution transmission electron microscope (TEM)

operated at 120.0 kV. The samples for TEM observation were

prepared through a common sonication method. To under-

stand the structure of the catalyst better, X-ray fluorescence

(XRF) was recorded on an XRF-1800. X-ray diffraction (XRD)

pattern of the catalyst was recorded on a Rigaku D/max-RB

diffractometer at 40.0 kV and 120 mA with Cu Ka radiation.

The weight loss was obtained by thermogravimetry analysis

(TGA), in which the sample was heated to 1200 �C at a rate

of 10 �C/min using TGA Q500. The Brunauer-Emmett-Teller

(BET) specific surface area was also measured by N2 adsorp-

tion at liquid-N2 low temperature using Micromeritics Flow

Sorb II 2300. Besides, resonant Raman spectra of as-synthe-

sized SWCNTs were obtained with lasers excitation at 514

and 633 nm using Renishaw RM2000 and at 532 nm using

Horiba JY XploRA. UV–vis spectrophotometer (Shanghai Spec-

trum, Model SP-756PC) was used to analyze the concentra-

tions of phenol at maximum ultraviolet adsorption

wavelengths 269 nm.
3. Results and discussion

3.1. Catalyst derived from natural sepiolite for SWCNT
growth

Natural sepiolite mineral powder was directly used as a cata-

lyst and catalyst support without any further purification. It

was noticed that the sepiolite mineral powder was in an

agglomerated state with a diameter ranging from 5 to

300 lm (Fig. 2a). The SEM image (Fig. 2b) showed the fibrous

microstructure. Furthermore, the compositions were deter-

mined by XRF analysis. As shown in Table 1, the natural sepi-

olite mineral itself contained a small amount of iron impurity

except the major component 43.85 wt.% SiO2, 26.13 wt.% CaO

and 25.38 wt.% MgO. But ca. 0.36 wt.% Fe (0.51 wt.% Fe2O3)

loading was low for the efficient fabrication of SWCNTs.

The loading amount of active phase was increased by ion-

exchange, as described in the experimental section.

Typical XRD pattern of the sepiolite sample at ambient

temperature was given in Fig. 2c. The peaks in the pattern

suggested that the mineral powder was a mixture of differ-

ent compounds. The diffraction peaks of (1 1 0), (0 6 0),

(2 6 0), (0 8 0), (3 7 1) crystal face of the sepiolite occurred

up to 35� (2h) [28], and the other peaks were assigned to zeo-

lite ULM-5, Talc-2 M, syn-calcite and dolomite, respectively.

The BET surface area of the sepiolite sample was only

31.5 m2/g and TGA curves of the natural sepiolite were illus-

trated in Fig. 2d. The structure of sepiolite changed in two

stages during the heating in nitrogen atmosphere: (i) the

weight loss below 400 �C was attributed to the desorption

of zeolitic water; (ii) the weight loss above 600 �C was due

to the removal of coordinated water.

Ion-exchange in Fe(NO3)3Æ9H2O solution was used to in-

crease the metal active phase amount in the sepiolite, which

would not destroy the fibrous structure (Fig. 2e) after drying in

air atmosphere. The composition of the precursor with 1 wt.%

Fe loading was recorded in Table 1. The change of composi-

tion proportion reveals that the Mg2+, Ca2+ cations in the

chain structure were partially replaced by Fe3+ iron, which

was favorable for uniform distribution of the catalytic metal.

As a result, the total iron content reached 1.73 wt.% (2.47 wt.%

Fe2O3), almost three times of that in natural sepiolite, while

other components were roughly with the same proportion.

The Fe catalyst particles formed on the surface of fibrous

structure if the Fe/sepiolite catalyst was reduced in H2 condi-

tion at 900 �C. The blocks in structure weakened the sintering

and resulted in the formation of nano-sized catalytic parti-

cles. As shown in TEM image (Fig. 2f), the black dots, indicat-

ing the active catalyst particles, distributed uniformly on the

surface of the sepiolite fibers. This provided active sites for

the synthesis of SWCNTs on the Fe/sepiolte catalyst.

3.2. Typical as-grown SWCNTs on the sepiolite

The SWCNTs grew from the active sites on the 1 wt.% Fe/sepi-

olite catalyst after the introduction of CH4 into the reactor at a

temperature of 900 �C. Similar to the products on other man-

made supports, such as MgO [29], MCM-41 [30], zeolite [31]

and FSM-16 [32], SWCNTs were in small bundles entangled

with each other with a length of several-hundred microns
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Fig. 2 – SEM images of the sepiolite sample: (a) a whole scene, (b) local microfiber structure. (c) The XRD pattern of natural

sepiolite mineral powder. (d) TGA pattern of the sepiolite. (e) The fibrous structure of 1 wt.% Fe/sepiolite catalyst. (f) TEM

image of Fe particles on the surface of fibrous structure.
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(Fig. 3a). In addition, it was noticed that these bundles usually

extended along the sepiolite fibers (Fig. 3a and b), not on the
surface of other bulk impurities. The products were also well

characterized by TEM. As illustrated in Fig. 3c, the SWCNTs



Table 1 – Composition of the natural sepiolite and 1 wt.% Fe/
sepiolite catalyst determined by XRF.

Component Sepiolite (wt.%) 1 wt.% Fe/sepiolite
catalyst (wt.%)

SiO2 43.85 43.75
CaO 26.13 25.87
MgO 25.38 24.25
Al2O3 3.45 3.04
Fe2O3 0.51 2.47
TiO2 0.26 0.22
K2O 0.21 0.20
P2O5 0.09 0.08
Cr2O3 0.05 0.05
Other 0.07 0.07
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showed a clear single graphene layer with few defects. Mean-

while, the diameter distribution of SWCNTs was also given in

Fig. 3d. It can be found that more than 90% of the products

were SWCNTs and the diameters ranged from 0.8 to 3.2 nm.

To further understand the SWCNT evolution, the initial

growth of SWCNTs on the sepiolite was detected by limiting

the growth time to 30 s (Fig. 3e). In reductive atmosphere,

the Fe nanoparticles with diameters of 1–3 nm were formed

directly by the structural Fe ions and dispersed on the surface

of the sepiolite fibers. If the operation window was not appro-

priate, such as excessive supply of H2 or carbon source, the Fe

particles would sinter into iron clusters or large aggregates.

The large Fe particles were unfavorable for the growth of

SWCNTs and were easily deactivated by the surrounding

graphene layers. As shown in Fig. 3f, the diameter of iron

cluster was about 20 nm and it was wrapped by two graphene

layers.

Raman spectra were employed to analyze the diameter

distribution and the graphitization degree of the SWCNTs

through three main signals: G band, D band, and radial

breathing mode (RBM). The intensity ratios of D-band to G-

band were 0.07, 0.14, and 0.08 when the excitation wave-

length was 633, 514, and 532 nm, respectively (Fig. 4a–c). This

indicated the high graphitization degree of the as-grown

SWCNTs. Besides, sharp RBM peaks were also observed in dif-

ferent Raman spectra. The diameter distribution of SWCNT

products can be estimated based on the following equation:

x = 248/d [33]. The strong peak ranges appeared on the RBM

patterns at the three wavelengths 633, 514, and 532 nm corre-

sponded to the diameter ranges of 1.0–1.9, 1.3–1.8, and 0.8–

1.9 nm, respectively.

3.3. Catalyst-dependent growth of SWCNTs on the
sepiolite

The structure of the CNTs synthesized on the sepiolite min-

eral can be effectively modulated by changing the amount

of metal loading and the metal compositions. As shown in Ta-

ble 2, the Fe-based catalysts with the mass percentage of Fe

ranging from 0 to 10 wt.% were denoted as catalysts A–D,

especially catalyst A was the sepiolite ores without any pre-

treatment, while 1 wt.%, 5 wt.% Co/Mo-based catalyst with

the ratio of Co to Mo of 10:1 and 5 wt.% Co/Mo-based catalyst

(Co:Mo = 3:1) were denoted as catalysts E–G. Due to the
existence of Fe compounds in the natural sepiolite ores,

SWCNTs can be obtained even on the sepiolite sample with-

out any treatment followed by the introduction of CH4 at

900 �C. However, the catalytic active sites were quite limited

that the bundles of SWCNTs were rarely observed by the

SEM. Through the TEM images, it was noticed that the sepio-

lite fiber was usually encapsulated by the graphene layers and

there were some SWCNTs with the diameters of ca. 0.8 nm on

the sepiolite (Fig. 5a). The intensity ratio of the D to G band

was as high as 0.93 (Table 2). When the loading amount in-

creased to 1 wt.% (catalyst B), more than 90% of the CNT prod-

ucts were SWCNTs. The value of ID/IG reduced to 0.07, and the

distribution in diameter was estimated to be 0.8–1.9 nm based

on the RBM peaks (Table 2). Yet, the TEM images recorded the

diameter with a wide range from 0.8 to 3.2 nm (Fig. 5b). With

the further increase of the loading amount, the percentage of

SWCNTs decreased (Fig. 5e). Meanwhile, double-walled CNTs

(DWCNTs), triple-walled CNTs (TWCNTs), even MWCNTs ap-

peared (Fig. 5c and d). The changes of the diameter distribu-

tion and the wall number of CNTs were ascribed to the

larger iron particles formed due to the high loading amount,

similar to previous reports [34–36].

Compared with the Fe-based catalyst family, the Co/Mo-

based catalyst showed higher selectivity to the SWCNTs with

small diameters, similar to other reports [37,38]. The SEM im-

age (Fig. 6a) of the products obtained on catalyst E demon-

strated that the CNT bundles were obtained on the massive

sepiolite fibers. But the density of bundles was lower than

that on catalyst B. The high resolution TEM image (Fig. 6b) re-

vealed that the as-grown CNTs on catalyst E were mainly

SWCNT bundles, with some defects that caused the increase

of ID/IG ratio to 0.23 (Table 2). However, the diameter distribu-

tion, ranging from 0.8 to 2.0 nm, was much narrower than

that of the products grown on Fe-based catalyst with the sim-

ilar metal loading amount. The downward trend in diameter

was maintained even if the Co/Mo (10:1) loading amount

was increased to 5 wt.% (Fig. 6c). As illustrated in Fig. 6d,

the percentage of SWCNTs with the diameter smaller than

2 nm rose to 86%; and this was higher than that in the

SWCNTs on Fe-based catalyst C (67%). Even when maintain-

ing the Co/Mo loading amount at 5 wt.%, great changes in

the diameter and wall number distributions can be observed

when the ratio of Co to Mo became 3:1. Most of the products

were large bundles of MWCNTs, as shown in Fig. 6e and f.

Therefore, both the Fe and Co can be loaded on the natural

sepiolite ores for the controllable growth of SWCNTs.

3.4. Temperature-dependent growth of SWCNTs on the
sepiolite

In CVD growth, the temperature played a critical role in the

formation of nano-sized active metal particles, which af-

fected the structure of SWCNTs, such as the diameters and

charities [16,39,40]. The growth of SWCNTs on the natural

sepiolite mineral at various reaction temperatures with cata-

lyst B using CH4 as carbon source was conducted. The as-

grown products were shown in Figs. 3 and 7.

At the temperature below 750 �C, nearly no SWCNTs can

be synthesized due to the low activity of metal particle for

CH4 cracking. The morphologies of the sepiolite fibers were



Fig. 3 – (a) The morphology of the SWCNTs formed on 1 wt.% Fe/sepiolite catalyst with CH4 as carbon source at 900 �C. (b) Low

magnification TEM image of CNT bundles among sepiolite microfiber structure. (c and d) High resolution TEM image and the

diameter distribution of the SWCNT sample. (e and f) Initial growth of SWCNTs on the iron particles of the catalyst.
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well preserved, but a few Fe particles formed and some amor-

phous carbon deposited on the surface of the support (Fig. 7a).

When the reaction temperature was over 800 �C, SWCNTs

were synthesized (Fig. 7b). The diameters of the SWCNTs ran-

ged from 1.0 to 2.0 nm with the growth temperature of 800 �C.

When the temperature increased to 850 �C, few SWCNTs with

small diameter (<1.0 nm) were observed, and most of

SWCNTs were with large diameters (>2.0 nm) in the products

(Fig. 7c). The percentage of large diameter SWCNTs would fur-

ther increase if growth temperature further increased

(Fig. 7d). This was attributed to the severe metal sintering
among the catalyst under higher temperature, which caused

the formation of metal particles with larger diameters.

The Raman spectra, with the exciting wavelength of 633

and 514 nm, were recorded to characterize the structure and

quality of the CNTs. In all, the ID/IG values at 800, 850, and

900 �C were low (Fig. 7e), indicating that the SWCNTs were

all of high graphitization degree. The RBM peaks of the

SWCNTs grown at different temperatures were illustrated in

Fig. 7f. Moreover, the chirality of as-grown SWCNTs can be

determined by the Kataura plot [41]. For the Raman spectra

at 514 nm, it was found that the typical RBM region for



Fig. 4 – Raman spectra at excitation wavelength (a) 633, (b) 514, and (c) 532 nm for the SWCNT product on the 1 wt.% Fe/

sepiolite catalyst at 900 �C.

Table 2 – Comparison of products on sepiolite minerals grown at 900 �C for 15 min.

Catalyst Metal loading Typea ID/IG
b Diameter/nmc

A None SWCNTs/amorphous carbon 0.93 –
B 1 wt.% Fe SWCNTs 0.07 0.8–3.2
C 5 wt.% Fe S/FWCNTs 0.16 0.9–10
D 10 wt.% Fe MWCNTs 0.21 3.0–30
E 1 wt.% Co/Mo(10:1) SWCNTs 0.23 0.8–2.0
F 5 wt.% Co/Mo(10:1) S/DWCNTs 0.12 0.8–2.6
G 5 wt.% Co/Mo(3:1) MWCNTs/amorphous carbon 0.43 5.0–40

a The date was based on the statistical results by TEM images.
b The ID/IG ratio was obtained from the Raman spectra at excitation wavelength 633 nm.
c The diameter distribution was measured by TEM images.
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semiconducting nanotubes, 126–186 cm�1, was obvious when

the reaction temperature was 850 �C. In contrast, the intensity

of these peaks decreased significantly when the temperature

was down to 800 �C and they nearly disappeared when the

growth temperature was 900 �C. Besides, the peaks for metal-

lic nanotubes at around 223 and 263 cm�1 were all weak.

When the same products were excited by the 633 nm wave-

length laser, there were mainly two strong peaks at around

132 and 190 cm�1, corresponded to semiconducting and

metallic nanotubes, respectively. However, according to the
integral intensities of the relative peaks, the ratios of metallic

to semi-conductive bands were variant, estimated to be about

9:1, 4:1 and 6:1 for 900, 850, and 800 �C, respectively.

3.5. Growth of SWCNTs on the sepiolite in a fluidized bed
reactor

The intrinsic density of the natural sepiolite mineral was ca.

1000 kg/m3 and the bulk density of the CNTs/cal-sepiolite

agglomerates obtained in the fixed bed reactor was 530 kg/



0 2 4 6 8 10
0

20

40

60

80

100
 SWCNTs
 D/TWCNTs
 MWCNTs

P
er

ce
nt

ag
e 

(%
)

Fe Loading (wt%)

(e)

0 2 4 6 8 10
0.0

0.2

0.4

0.6

0.8

1.0

Fe Loading (wt%)

I D
/I G

(f)

Fig. 5 – The structure of the CNTs formed on Fe-based catalysts with different loading amount at 900 �C for 15 min. The mass

percentages of Fe on the sepiolite were (a) 0 wt.%, (b) 1 wt.%, (c) 5 wt.%, and (d) 10 wt.%. The comparison between the products

obtained by catalysts A–D: (e) CNT type and (f) the ratio of ID to IG.

C A R B O N 4 9 ( 2 0 1 1 ) 1 5 6 8 – 1 5 8 0 1575
m3. Based on the density and size distribution, the sepiolite

agglomerates can be considered as Type A particles with good

fluidization behavior according to Geldart particle classifica-

tion. The fluidization characteristics of the sepiolite catalysts

were investigated and the suitable gas velocity was defined to

be 20 cm/s. Under this gas velocity, stable fluidization state

can be achieved. CH4 was introduced into the fluidized bed

once the temperature reached 900 �C without reduction. The

typical CNTs on the sepiolite were shown in Fig. 8. It can be

found that small pieces of the sepiolite fibers inclined to gath-

er into the large agglomerate after the reaction due to the
entanglements of CNT bundles, which was indicated by the

white arrows in Fig. 8a. High resolution TEM image of the

products (Fig. 8b) illuminated that the CNTs in the fluidized

bed reactor were mainly SWCNTs. The intensity ratio of the

D to G band in the Raman spectra was 0.11, close to that in

the fixed bed reactor. The yield of SWCNTs grown in fluidized

bed was ca. 0.08 gSWCNT/gcatalyst. The BET surface area of

SWCNTs/cal-sepiolite was 61.61 m2/g, and the BET surface

area of SWCNTs was estimated to be 600 m2/g.

The purity and yield of SWCNTs synthesized on sepiolites

and other typical powder catalysts were listed in Table 3.



Fig. 6 – (a) SEM and (b) TEM images of the as-grown SWCNT sample on 1 wt.% Co/Mo/sepiolite catalyst (Co:Mo = 10:1). (c) TEM

image and (d) the diameter distribution of the as-grown SWCNT sample on 5 wt.% Co/Mo/sepiolite catalyst (Co:Mo = 10:1). (e)

SEM image and (f) TEM image of the as-grown SWCNT sample on 5 wt.% Co/Mo/sepiolite catalyst (Co:Mo = 3:1).
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Firstly, the sepiolite was an efficient catalyst support for

SWCNT growth both in a fixed bed and a fluidized bed.

Secondly, the purity of SWCNT was competitive to those

grown on well defined catalysts (such as Co/Mo/SiO2, Fe/

MgO, and Ni/Mg/Al LDHs). However, the yield of SWCNTs is

not very high (Table 3). Natural materials always possess a

complex composition, and some elements (such as K, P) were

harmful for the high yield growth of CNTs. However, growth

of SWCNTs on natural materials was a good solution towards

diminishing our current dependence on nonrenewable
feedstock for large-scale production of CNTs. Exploring an

efficient way to synthesize high-quality SWCNTs with a high

yield on natural materials is still highly interested.

3.6. Adsorption of phenol with SWCNT/cal-sepiolite
composite

The performance of SWCNTs/cal-sepiolite in the adsorption

of phenol was also investigated and the results were shown

in Table 4 and Fig. 9. The two-parameter isotherm Langmuir
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equation was applied for further analysis of the adsorption

data, expressed as [45],

Qe ¼ QLKLCe=ð1þ KLCeÞ ð1Þ

where Qe (mg/g) and Ce (mg/L) are equilibrium concentrations

of phenol on the adsorbent and in the aqueous solution,

respectively; QL is the monolayer adsorption capacity and KL

is the Langmuir constant.

The adsorptions on two adsorbents were highly nonlinear

and the equilibrium data can fit the Langmuir model well,

indicating that the adsorptions on two adsorbents were both
monolayer type. The correlative parameters and the coeffi-

cient of determination r2 were shown in Table 4. The QL va-

lue of the SWCNT/cal-sepiolite product was almost 12 times

higher than that of natural sepiolite. The equilibrium

adsorption amount was increased by ca. 10 times. In gen-

eral, the BET surface area was recognized as a crucial factor

affecting the adsorption capacity. The surface area varied

disproportionally with the adsorption capacity. The adsorp-

tion isotherm per unit surface area was illuminated in

Fig. 9, which described the similar trends per unit mass.

The SWCNTs/cal-sepiolite illustrated strong adsorption abil-



Fig. 8 – (a) SEM and (b) high resolution TEM images of SWCNT sample grown in a fluidized bed reactor at 900 �C.

Table 3 – Comparison of the SWCNTs grown on sepiolite and other catalyst supports.

Catalyst Reactora Product Purityb Yield (gSWCNT/gcatalyst) Ref.

B FxB SWCNTs 90% 0.06 This work
B FB SWCNTs 80% 0.08
F FxB S/DWCNTs 80% –
Co/Mo/SiO2 FxB SWCNTs 25–96% 0.33–2.2% [42]
Ni/SiO2 FB SWCNTs – 0.14 [43]
Fe/Mg/Al-LDH FB S/DWCNTs 54% 0.95 [44]
Ni/Mg/Al-LDH FB S/DWCNT 98% 0.17
Fe/MgO FxB SWCNTs – 0.05 [29]

a FB: fluidized bed; FxB: fixed bed.
b Purity: SWCNTs in the carbon products.

Table 4 – Langmuir model coefficients (QL and KL) obtained
from phenol adsorption at 30 �C.

Adsorbent QL (mg/g) KL (L/mg) r2

SWCNTs/cal-sepiolite 155.8 0.0012 0.9989
Natural sepiolite 12.7 0.0016 0.9874
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Fig. 9 – Adsorption isotherm of phenol on SWCNTs/cal-
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Langmuir model.
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ity of phenol, whose result can be inferred from the fact that

p–p electron-donor–acceptor (EDA) interactions enhance the

adsorption of phenol (p-electron acceptors) due to p-elec-

tron-rich regions (p-electron donors) on the SWCNT surface

[27]. Thus, it should be pointed out that the SWCNT/cal-sepi-

olite product was a good composite for the adsorption of

phenol on adsorption capacity per unit mass and per unit

surface area.
4. Conclusion

High-quality SWCNTs with large aspect ratio were efficiently

synthesized on low-cost sepiolite mineral which was pre-

treated through an ion-exchange route. The structure of the

CNTs was further modified by controlling the catalyst compo-

sition and changing the growth conditions. An Fe-based cata-

lyst at low loading amount (1 wt.%) showed excellent activity

for the growth of SWCNTs, while the Co/Mo-based catalyst

showed higher selectivity to small diameter SWCNTs. The

chirality and diameter distribution were highly depended on

the reaction temperature. The synthesis of SWCNTs can also

be scaled up in a fluidized bed reactor for mass production. Fi-

nally, the as-grown SWCNT/cal-sepiolite product was demon-

strated to be one kind of advanced functional materials for

the adsorption of phenol with an adsorption capacity of

155.8 mg/g. This provides an interesting route to transfer nat-

ural materials into advanced materials with potential applica-

tions for environmental protection.
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