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Abstract

Here we present an exploratory study on the generation of mesopores in zeolite crystals by templating with carbon

during synthesis. With nitrogen physisorption, scanning electron microscopy and (three-dimensional) transmission

electron microscopy we have studied the influence of the carbon source and zeolite synthesis conditions on the meso-

pores generated after the carbon has been burned off. In particular, silicalite-1 crystals have been synthesized in the

presence of a carbon matrix. After burning off the carbon, zeolite samples with mesopore volumes between 0.05 and

0.71 ml/g were obtained. With dissolved SiO2 at a crystallization temperature of 150 �C large crystals (15 lm length)

were obtained, whereas the use of tetraethylorthosilicate at a crystallization temperature of 170 �C yielded crystals with

a size between 0.5 and 6 lm. Low heating rates (0.5 �C/min) to a final crystallization temperature of 170 �C led to rather

uniform small zeolite crystals (0.6–1 lm), whereas the crystals were less uniform in size when the autoclave was rapidly

heated to the final temperature, i.e. also much larger crystals were found. Both carbon nanofibers and carbon black

aggregates were capable to act as a template for cylindrical mesopores that start at the external surface of the zeolite

crystals. However, the tortuosity of the mesopores templated by the carbon black aggregates was much higher than the

cylindrical mesopores templated by the carbon nanofibers. With increasing zeolite crystal size the chance that carbon

aggregates are completely surrounded by the zeolite increases, leading to inkbottle type mesopores. The results show for

the first time carbon nanofiber skeins to be highly promising secondary templates to obtain cylindrical mesopores with a

low tortuosity in zeolite crystals.
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1. Introduction

Zeolites with hierarchical porous structures
combining micropores with mesopores and/or

macropores are attractive for a wide range of ap-

plications such as catalysis, adsorption and sepa-

ration [1–5]. In order to create a zeolite with a
d.
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hierarchical pore structure roughly three ap-

proaches can be followed. The first is to support

small zeolite crystals on e.g. latex spheres [6],

carbon fibers [7] or surfactants [8–10], after which

the support is removed by calcination. The second

is the (partial) �zeolitization� of the walls of a
mesoporous aluminosilicate, e.g. Al-MCM-41 [11],

or a macroporous oxide like diatom [4]. In the

third method, which was developed recently by

researchers from Haldor Topsøe, the mesopores

are templated with carbon during the zeolite syn-

thesis. It consists of impregnating a carbon source,

e.g. carbon black [12,13] or carbon nanotubes [14],

with a zeolite precursor solution after which the
material is subjected to a hydrothermal treatment

in order to grow the zeolite crystals. During the

subsequent calcination the carbon is burned away,

resulting in intracrystalline mesopores in the zeo-

lite. Earlier, layers of zeolites have been grown on

hollow carbon fibers [7,15,16]. Because the diam-

eters of these hollow carbon fibers are in the order

of several micrometers, a hollow zeolite tube with
intercrystalline meso- and macropores is left after

calcination. On the contrary, the method devel-

oped by the researchers from Haldor Topsøe re-

sults in intracrystalline mesopores. This strategy

enables one to tune the size, shape and connec-

tivity of the mesopore system in the zeolite by

choosing the proper carbon source and crystalli-

zation conditions. It also offers a way to vary the
Si/Al ratio and the mesopore system indepen-

dently. This makes it possible to study the indi-

vidual roles of the mesopore system and the Si/Al

ratio on the catalytic activity. Up to now meso-

pores are most often created by steaming and/or

acid leaching [17]. However, these post-synthesis

treatments also alter the Si/Al ratio of the zeolite,

making it difficult to separate the contributions of
the accessibility, number and nature of the acid

sites on the catalytic activity and selectivity.

Here we present an exploratory study on the

generation of mesopores by templating with car-

bon during zeolite synthesis. Next to carbon black

we have investigated, for the first time, the po-

tential of carbon nanofibers [18] as template for

mesopores. Carbon nanofibers can be produced
much cheaper than carbon nanotubes [18] and

may bring down the overall synthesis costs. As a
model system we have used the synthesis of sili-

calite-1. The effect of the generated mesopores

will be much larger for a zeolite with one-dimen-

sional micropores like mordenite than for a zeolite

with a two-dimensional micropore system like sili-

calite-1. Nonetheless, the beneficial effect of meso-
pores templated in titanosilicalite-1 has been

demonstrated for the epoxidation of alkenes with

hydrogen peroxide [19]. Unlike the synthesis of

mordenite, the crystallization of silicalite-1 can

be done from a clear solution, which is favorable

for an exploratory study of this mesopore tem-

plating method. With nitrogen physisorption,

scanning electron microscopy and (three-dimen-
sional) transmission electron microscopy (TEM)

we have characterized the size and shape of the

mesopores and the zeolite crystals to study the

influence of the carbon source and zeolite synthesis

conditions on the mesopores obtained after burn-

ing away the carbon.
2. Experimental

2.1. Nitrogen physisorption

Nitrogen adsorption and desorption measure-

ments were performed at liquid nitrogen temper-

ature on a Micromeritics ASAP 2400. The samples

were outgassed in vacuum at 200 �C prior to
measurement. Micropore volumes and external

surface areas were determined using t-plot analysis
[20]. Pore size distributions were calculated from

the desorption isotherm according to the method

developed by Barret et al. [21].

2.2. (3D)-transmission electron microscopy

For electron microscopy a droplet of a colloidal

gold suspension (Sigma, 5 nm gold) was dried on a

copper grid supported carbon film, thus providing

markers for the alignment of the data set. The

sample was suspended in ethanol using ultrasound

after which a droplet of the suspension was dried

on this grid. From a representative crystal a tilt

series of �141 images was taken from about +70�
to )70� with 1� intervals at a magnification of 14.5

or 19 k on a Tecnai 20 microscope (200 kV), using
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software for automated electron tomography.

After alignment of the tilt series a 3D reconstruc-

tion of the crystal was calculated as a stack of

thin (1–2 nm) slices using IMOD [22].

2.3. Scanning electron microscopy

Scanning electron microscopy (SEM) was per-

formed on a Philips XL30 FEG. On the calcined

zeolite samples a 10 nm carbon layer was depos-

ited for conductivity.

2.4. Materials

For the synthesis of mesoporous zeolites four

types of carbon sources were used. Two carbon

black powders (Mogul L and Monarch 1300) with

different pore volumes and a pelleted carbon black

(BP2000) were obtained from Cabot Corporation.

In Table 1 some characteristics of these carbon

blacks are given. For the growth of the carbon

nanofibers (CNF) a 20 wt% Ni/SiO2 catalyst was
prepared by homogeneous deposition–precipita-

tion using the hydrolysis of urea [23]. Prior to the

fiber growth the Ni-catalyst was reduced in situ for

2 h in a flow of 20% H2/Ar (1 bar) at 700 �C. Next

the CNFs were grown at 550 �C in CO/H2/Ar (20/

7/73) at 1 bar total pressure for 24 h. Subsequently

the CNFs were refluxed for 3 h in a 1 M solution

of NaOH (Merck p.a.) in water to remove the
silica support. After filtration and washing the

CNFs were refluxed for 1 h in a 1:1 mixture of

concentrated HNO3 (Lamers & Pleuger 65%, pure)
Table 1

Physical data of the carbon sources used

BET SA

(m2/g)

N2 pore

volume (ml/g)

Median pore

diameter (nm)a
P

p

Mogul L 129 0.84 30 2

Monarch-

1300

485 0.94 10 1

BP2000 1500d 1

CNF 154 0.25 8 2

a From BJH method of desorption isotherm.
bDi-butyl phtalate adsorption; a higher DBPA indicates a stronge
c By heating to 950 �C; measure for amount of oxygen containing
dData from Cabot Corporation [33].
e Fiber diameter.
f Estimate from [24] (heated to 850 �C).
and H2SO4 (Merck, 95–97% p.a.) to remove the

nickel and to activate the CNFs by forming oxy-

gen containing groups [24]. After filtration and

washing (until pH� 7) the CNFs were dried at

60 �C. The amounts of chemicals used for the

synthesis of the samples are given in Table 2. In
a typical synthesis 2.5 g of a carbon source

in a porcelain cup was impregnated to incipient

wetness with a solution of tetrapropylammonium

hydroxide (TPAOH: Alfa, 40% aqueous solution),

water and ethanol. The amount of ethanol corre-

sponded to half of the carbon pore volume (de-

termined with a 50:50 water:ethanol mixture).

After evaporation of the ethanol the carbon was
impregnated with tetraethylorthosilicate (TEOS:

Acros 98%) to �20% excess compared to incipient

wetness, resulting in an overall molar composition

of about TPAOH:H2O:TEOS¼ 1:20:2.4. After

ageing for 3 h the porcelain cup was placed in an

autoclave, while enough water was added around

the porcelain cup to produce saturated steam. The

autoclave was heated to 170 �C either with 0.5 �C/
min or by rapidly heating it in an oven to the

final temperature. After 3 days the autoclave was

cooled to room temperature, after which the

product was filtered and washed three times with

water. Finally the product was dried at 60 �C. The
template and carbon source were removed by

calcination in air according to the following

scheme: heating to 120 �C with 5 �C/min, after 1 h
heated to 300 �C with 2 �C/min (to remove the

TPA), after 3 h heated to 600 �C with 5 �C/min (to

remove the carbon) and after 8 h cooled to room
rimary

article size (nm)

DBPA

(ml/100 g)b
Bulk density

(g/ml)

Volatile

content %c

4d 62d 0.24d 9.0d

3d 100d 0.26d 5.0d

2d 330d 0.15d 2.0d

0–40e 0.72 7.0f

r agglomeration of the primary particles.

groups.



Table 2

Amounts of chemicals used for the synthesis of mesoporous zeolites

Carbona

(g)

Water

(ml)

TPAOH

40% (ml)

Ethanol

(ml)

TEOS

(g)

NaAlO2

(g)

NaOH

(g)

SIL-SiO2 2.5 3.90 0.19b 0.33c 0.074

SIL-Mogul 2.5 0.25 1.25 1 1.21

SIL-Monarch 2.5 0.5 2.5 2 2.42

SIL-CNF 2.5 1.25 1.25 1.15

ZSM-Monarch 2.5 2.25 2.25 2.33 0.02

SIL-HT 15 3.3 22.2 23.75 25.0

a Type of carbon is described in Table 3.
b TPABr (g).
c Aerosil 200.
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temperature. These silicalite-1 samples will be in-

dicated corresponding to the carbon source used
as SIL-Mogul, SIL-Monarch and SIL-CNF.

Yields are between 0.13 and 0.26 g of zeolite per

gram of carbon used.

SIL-HT was synthesized at Haldor Topsøe as

follows: 15 g of carbon black (BP2000) was dried

in an oven at 130 �C for 2 h. The cooled carbon

black was impregnated to incipient wetness with a

clear solution consisting of 22.2 g of a 40 wt%
aqueous solution of tetrapropylammonium hy-

droxide, 3.3 g of water and 19.0 g of 99% ethanol.

Subsequently, the ethanol was evaporated at

room temperature and the carbon black was

then impregnated to incipient wetness with 25.0 g

of tetraethylorthosilicate (TEOS). Over night, i.e.

at least 16 h, the resulting sample was allowed to

digest and then the sample was crystallized in an
autoclave at 180 �C for 72 h (with an estimated

heating rate of 2 �C/min). The resulting sample

was then slurried in water, filtered, dried at 120 �C
and then calcined in a muffle furnace by distrib-

uting the sample in a thin layer (�2–3 mm),

ramping the temperature with 1 �C/min to 550 �C
and stay at this temperature for 6 h.

Two samples were prepared under different
conditions. For one sample SiO2 (Degussa aerosil

200) dissolved in a NaOH solution was used as a

silicon source instead of TEOS and TPABr was

used instead of TPAOH. The overall molar com-

position of the viscous gel was NaOH:TPABr:

SiO2:H2O¼ 2.6:1:7.7:303. In order to ‘‘impreg-

nate’’ this gel the carbon black (Mogul L) was

introduced by stirring with a spatula. After 3 h of
ageing the autoclave was directly placed in an oven

at 150 �C for 3 days. This sample will be indicated
as SIL-SiO2. For the other sample (with different

synthesis conditions) a source of aluminum was

added. The carbon source (Monarch 1300) was

impregnated with a solution of TPAOH, sodium

aluminate (Riedel de Haen, technical, anhydrous)

and ethanol. After evaporation of the ethanol the

material was impregnated with TEOS (20% excess

compared to incipient wetness). The overall molar
synthesis composition was TPAOH:H2O:Na-

AlO2:TEOS¼ 1:17:0.056:2.5, leading to a theoret-

ical Si/Al ratio of 45. After ageing for 3 h the

autoclave was heated to 180 �C with 0.5 �C/min

and kept at that temperature for 3 days. This

mesoporous ZSM-5 sample will be denoted as

ZSM-Monarch. An overview of the samples and

the synthesis conditions is given in Table 3 in
Section 3.
3. Results

3.1. Nitrogen physisorption

In Fig. 1 the nitrogen adsorption and desorption
isotherms of the zeolites after burning off the car-

bon are given. The isotherms of all samples con-

tain a hysteresis loop at relative pressures higher

than p=p0 ¼ 0:4. All these hysteresis loops have an

upward curvature at relative pressures above 0.8.

This upward curvature indicates the presence of

cylindrical mesopores. For SIL-Mogul, SIL-SiO2,

SIL-Monarch and SIL-CNF the hysteresis loop



Table 3

Synthesis conditions and nitrogen adsorption data of the six mesoporous zeolite samples

C-sourcea Si-source T (�C)/ramp

(�C/min)

Vmicro

(ml/g)b
Vmesoþmacro

(ml/g)c
Ext. SA

(m2/g)d

SIL-HT BP2000 TEOS 180/2 0.13 0.42 91

SIL-SiO2 Mogul SiO2
e 150/ 0.13 0.05 9

SIL-CNF CNF TEOS 170/0.5 0.11 0.26 72

SIL-Mogul Mogul TEOS 170/ 0.14 0.14 25

SIL-Monarch Monarch TEOS 170/ 0.14 0.11 20

ZSM-Monarch Monarch TEOS 180/0.5 0.13 0.71 105

aCNF¼ carbon nanofiber, Mogul¼Mogul L, Monarch¼Monarch 1300, BP2000¼Black Pearls 2000: carbon black pellets.
b From t-plot with density of solid nitrogen (V2 in Fig. 9), see Section 4.
c Vtotal � Vmicro.
d From t-plot, sum of external surface area and mesopore surface area.
e Aerosil 200.

Fig. 1. Nitrogen adsorption and desorption isotherms of

mesoporous zeolites. The order of the legend is the order of the

isotherms. Two isotherms in the lower image have been shifted

by 0.03 ml/g for clarity.
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has a flat part between relative pressures of 0.4 and

0.8. This indicates the presence of a limited number
of inkbottle mesopores. All isotherms, except for

the isotherm of ZSM-Monarch, contain a second

hysteresis loop at a relative pressure of about 0.2.

For SIL-CNF this second hysteresis loop is small

and hardly visible in Fig. 1. In Table 3 the external
surface areas and micro- and mesopore volumes of

all six samples are given. The micropore volumes

given are calculated with the t-plot method and

correspond to the second plateau in the isotherm

(after the first hysteresis loop). Because it is hard to

separate the intercrystalline mesopore volume from

the intracrystalline mesopore volume the sum of

both volumes is given. In Fig. 2 the pore size dis-
tributions of the mesoporous zeolites after calci-

nation are given. The pore size distributions are cut

off to exclude two peaks at �2 and 4 nm, which are

artifacts of the BJH method due to the closing of

the two hysteresis loops. All pore size distributions

are broad (6 to >50 nm) with a median size between

15 and 30 nm.
3.2. Electron microscopy

In Fig. 3 a series of electron microscopy images

of SIL-SiO2 are given as obtained with SEM and

transmission electron microscopy. The backscat-

tered electron (BE) image at low magnification in

Fig. 3a shows many large zeolite particles (white

shapes) sticking out of an amorphous carbon ag-
glomerate. In Fig. 3b a secondary electron (SE)

image of one of these zeolite crystals is shown.

From this image it is clear that there is partial



Fig. 2. Pore size distributions of mesoporous zeolites. The order of the legend is the order of the isotherms.
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contact between the carbon and the zeolite crystal.

The SE image in Fig. 3c gives a closer look at the

interface between the carbon and the zeolite par-

ticle. The unstructured material on top of the zeo-

lite crystal could well be some carbon, which might

indicate that this carbon extends inside the zeolite

crystal. In Fig. 3d a SE image is given which shows

the zeolite crystals after the carbon has been
burned away. The surfaces of the crystals seem to

be rather smooth. Fig. 3e shows a TEM image of a

zeolite crystal after the carbon has been removed.

From this image it is clear that the crystals are too

thick to image the mesopores with (3D)-TEM. The

lengths of the zeolite crystals are about 15 lm and

rather uniform.

Fig. 4 shows a series of SEM and (3D)-TEM
images of SIL-Mogul. From the BE image in Fig.

4a it can be seen that the zeolite crystals are be-

tween �0.5 and 2.5 lm in size and that many are

located at the surface of the carbon agglomerates.

Some of these zeolite crystals are shown in the SE

images of Fig. 4b and c. The crystals in Fig. 4b

seem to be separated from the carbon, whereas the

crystal in Fig. 4c has most likely grown around
some carbon as it has grown inside the pores in the

carbon agglomerate. In Fig. 4d an SE image of a

zeolite crystal after burning off the carbon matrix

is shown. The surface of the crystals shows ap-

preciable roughness that can be indicative of

mesoporosity [25–27] as well as a big hole in the

side of one of the crystals. The size of this big hole

is of the same order of magnitude as the mesopores
shown in the (3D)-TEM slice in Fig. 4f, whereas
the roughness of the surface seems to consist of

much smaller features. The TEM image in Fig. 4e

shows a zeolite crystal with many light areas,

caused by the presence of mesopores. One of the

slices through the 3D reconstruction of this crystal

is shown in Fig. 4f. The mesopores inside the zeo-

lite crystal are clearly visible as lighter areas. There

are several places where the mesopores reach the
external surface of the zeolite crystal. Already

from this single image it can also be seen that the

mesopores are highly branched. From the study of

subsequent slices it is clear that the majority of the

mesopores are connected to form a network. Be-

sides crystals with such a mesopore network also

(larger) crystals are present which do not show any

mesopores, or which are too thick to draw con-
clusions about the presence of mesopores from

TEM imaging. These larger crystals show the

characteristic shape of the crystals in Fig. 4b,

whereas the crystals that do contain mesopores

show multiple faces, just like the one in Fig. 4e.

Fig. 5 shows a series of SEM and (3D)-TEM

images of SIL-Monarch. The BE image in Fig. 5a

shows that the zeolite crystals are largely separated
from the carbon agglomerates. The size of the

crystals is between 1 and 4 lm. In Fig. 5b an SE

image is given, which shows that there is contact

between the zeolite crystal and the carbon, al-

though the zeolite has grown out of the carbon

matrix. After the carbon has been burned away,

the zeolite crystals show smooth surfaces in the SE

image (Fig. 5c). Most of the crystals are too thick
to image any mesopores with TEM. In Fig. 5d a



Fig. 3. Electron microscopy of SIL-SiO2 with the carbon matrix present (a–c) and after burning off the carbon matrix (d, e):

(a) backscattered electrons image (SEM), (b–d) secondary electrons images (SEM), (e) TEM image.
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TEM image of one of the thinnest crystals is

shown. In this image the mesopores inside the

crystal can be seen as light areas. In Fig. 5e a slice

through the 3D reconstruction of the zeolite crys-

tal of Fig. 5d also shows the mesopores. Next to
the zeolite crystal and the mesopores also some

unstructured material, probably remains of the

carbon matrix, are visible. From the study of
subsequent slices through the reconstruction it

seems that there are connections between some of

the mesopores, but only few openings to the ex-

ternal surface were found.

Fig. 6 shows a series of SEM and (3D)-TEM
images of ZSM-Monarch. The BE image in Fig. 6a

shows many small zeolite crystals in a carbon

particle. Besides zeolite crystals outside the carbon



Fig. 4. Electron microscopy of SIL-Mogul with the carbon matrix present (a–c) and after burning off the carbon matrix (d–f):

(a) backscattered electrons image (SEM), (b–d) secondary electrons images (SEM), (e) TEM image, (f) (3D)-TEM slice.
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particle that show up bright white, there are a few

bright white spots visible in the area of the carbon

particle, whereas the majority of the zeolite crys-

tals is more vaguely visible. Fig. 6b shows an SE
image of a zeolite crystal that caused a bright white

spot in Fig. 6a in the area of the carbon particle.

This crystal sticks out of the surface of the carbon

matrix. A zeolite crystal that is more vaguely vis-

ible in Fig. 6a is present below the surface of the

carbon matrix and is hardly visible in the SE image

of Fig. 6c. After burning off the carbon very dif-
ferent zeolite crystals are obtained, as can be seen

from the SE images in Fig. 6d and e and from the

TEM images in Fig. 6f and g. The size of the

crystals is between �1 and 6 lm. The larger zeolite
crystals have a smooth surface, while the surface

of the smaller crystals is more rough. The TEM

image in Fig. 6g shows a particle with mesopores,

but most of the zeolite crystals are too thick to

image possible mesopores. Besides the zeolite

crystals also amorphous material is present after

the carbon has been burned away.



Fig. 5. Electron microscopy of SIL-Monarch with the carbon matrix present (a, b) and after burning off the carbon matrix (c–e):

(a) backscattered electrons image (SEM), (b, c) secondary electrons images (SEM), (d) TEM image, (e) (3D)-TEM slice.
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In Fig. 7 a series of SEM and (3D)-TEM images

of SIL-HT is given. This material was only char-

acterized after the carbon had been burned away.

The SE images in Fig. 7a and b and the TEM

image in Fig. 7c show cauliflower like zeolite

crystals. The crystal size is rather uniform and

ranges from �0.6 to 1 lm. A slice through the 3D

reconstruction of the zeolite crystal in Fig. 7c is
given in Fig. 7d. It clearly shows that the high

mesoporosity of this material is due to the inter-
connected mesopore system that starts at the ex-

ternal surface of the crystals.

In Fig. 8 a series of SEM and (3D)-TEM images

of SIL-CNF is given. From the SE images in Fig.

8a and b it is clear that the CNFs are strongly

interwoven, leading to dense carbon skeins. The

zeolite crystals are located on the external surface

of the CNF skeins, but there is contact between the
carbon and the zeolite crystals. Some CNFs seem

to cover up the zeolite crystals, like in Fig. 8c,



Fig. 6. Electron microscopy of ZSM-Monarch with the carbon matrix present (a–c) and after burning off the carbon matrix (d–g):

(a) backscattered electrons image (SEM), (b–e) secondary electrons images (SEM), (f, g) TEM images.
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while others seem to extend into the interior of the

crystals, as is visible in the middle of Fig. 8d. The

crystals are rather uniform in size, ranging be-

tween 0.7 and 1 lm. The SE images in Fig. 8e–g

and the TEM images in Fig. 8h–j show the zeolite

crystals after the CNFs have been burned off. In

these images the mesopores in the crystals are

clearly visible. The SE images show many meso-
pores that start at the external surface of the

crystals. The mesopores vary strongly in diameter.

Some have the diameters that equal the diameters

of single CNFs (20–40 nm), e.g. the ones in Fig. 8g
and i, whereas others have much larger diameters,

like in Fig. 8f and j. Fig. 8i shows the left part of

the crystal of Fig. 8h at higher magnification.

These TEM images clearly show pores running

through the zeolite crystals. The crystalline nature

of the zeolite particles is apparent from the shape

of the crystals. The lattice planes visible in Fig. 8i

support this conclusion. In Fig. 8k a slice through
the 3D reconstruction of the SIL-CNF crystal of

Fig. 8j is shown. In this image a mesopore is

clearly visible. Subsequent slices show that the

large pore in the middle is well connected to the



Fig. 7. Electron microscopy of SIL-HT after burning off the carbon matrix: (a, b) secondary electrons images (SEM), (c) TEM image,

(d) (3D)-TEM slice.
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external surface of the crystal, whereas the small

circular mesopore in Fig. 8k (indicated with an

arrow) is a cavity inside the crystal. Besides the

zeolite crystals also some unstructured material

outside the zeolite crystals, probably remains of

the carbon matrix, is visible in the TEM images.
4. Discussion

4.1. Micropore volume

All nitrogen isotherms, except the one of ZSM-

Monarch, have two hysteresis loops. The hystere-

sis loop at relative pressures above 0.4 is indicative

for mesoporosity. The hysteresis loop at lower
relative pressures (around 0.2) is sometimes ob-

served for MFI-type zeolites (like ZSM-5 and

silicalite-1) and it becomes more pronounced when

the crystal size is increased or when the aluminum

content of ZSM-5 is lowered [28–32]. Therefore, it

is expected that ZSM-Monarch, the only sample
with aluminum in the zeolite framework, does not

show this hysteresis loop, while the all-silica zeo-

lites do. This hysteresis loop is due to the fact that

the nitrogen can be present in the micropores of

MFI in two ways [29]: In the first stage of the

adsorption of nitrogen the molecules occupy the

energetically most favorable positions in the mi-

cropores and intersections. With increasing rela-
tive pressure, the molecules reorient themselves to

allow the most favorable quadrupole–quadrupole

interactions between the nitrogen molecules to

occur. In the nitrogen adsorption isotherm this

is visible as the sudden adsorption at a relative

pressure between roughly 0.1 and 0.2. The mole-

cules go from a ‘‘fluid’’ phase to a ‘‘solid’’ phase.

For the calculation of the micropore volumes the t-
plot method was used. The adsorbed volume be-

fore the steep increase (between a relative pressure

of 0.1 and 0.2 in the normal isotherm; V1) using the

density of liquid nitrogen (0.8081 g/ml) is in good

agreement with the micropore volume calculated

using the density of solid nitrogen (1.026 g/ml)



Fig. 8. Electron microscopy of SIL-CNF with the carbon matrix present (a–d) and after burning off the carbon matrix (e–k):

(a–g) secondary electrons images (SEM), (h–j) TEM images, (k) (3D)-TEM slice.
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from the adsorbed volume including the steep in-

crease (V2) [28], which is given in Table 3. The
calculation of the micropore volume is illustrated
in Fig. 9 for SIL-SiO2. The obtained values of

0.13–0.14 ml/g are in good agreement with litera-
ture data for ZSM-5/silicalite-1 [28]. Only for



Fig. 9. Micropore volume calculated from t-plot for SIL-SiO2. V1 ¼ V2 � 0:8081=1:026. (see Section 4).

Fig. 8 (continued)
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SIL-CNF the micropore volume is somewhat

lower than for the other five samples. Burning off

the CNFs was performed at 600 �C, which might

be slightly too low to remove all the carbon, as can

also be seen from the amorphous material visible

in the TEM images in Fig. 8h and i. These remains
decrease the micropore volume per gram of ma-

terial. As SIL-CNF is the only sample that was

not synthesized with carbon black, an incomplete

removal of the graphitic CNFs (and a complete

removal of the carbon blacks) may give an expla-

nation for the fact that only for SIL-CNF the

micropore volume is lower than expected.

4.2. Size and shape of the crystals

From the very low external andmesopore surface

area of SIL-SiO2 it is evident that this sample con-

sists of very large crystals. This is confirmed by the

SEM and TEMmeasurements, which show crystals

of �15 lm length. The large crystal size may have

been caused by the relatively low crystallization
temperature of 150 �C, but the use of TPABr and

SiO2 dissolved in NaOH instead of TPAOH and

TEOS may also have influenced the final size of the

crystals. As the silica derived gel was very viscous it

had to be stirred through the carbon source with a

spatula, probably leading to a low penetration of

the solution in the pores of the carbon. Also the

condensation of silicon species in the gel is most
likely different from the silicon species in the clear

solution from TPAOH and TEOS. When the crys-

tals of SIL-SiO2 are compared with the crystals of

SIL-Mogul there are two main differences. The

crystals of SIL-Mogul are much smaller and con-

tain more mesopores than the crystals of SIL-SiO2.

SIL-Mogul was synthesized from the same carbon

source as SIL-SiO2 but with TEOS as silicon source
and a crystallization temperature of 170 �C. The
smaller crystal size of SIL-Mogul can be attributed

to the higher crystallization temperature and the

increased number of mesopores suggests that the

use of TEOS as silicon source favors the penetra-

tion in the pores of the carbon matrix. The low

crystallization temperature of SIL-SiO2 seems to be

the main reason for the large crystal size, while the
low penetration of the synthesis mixture in the

carbon agglomerates reduces mesoporosity.
The rough surface and high mesopore volume

of SIL-HT correspond to the high external sur-

face area. It has been shown before using electron

diffraction that these crystals do not consist of

randomly oriented small crystallites that have

grown together, but rather of 90� intergrown
crystals (twins) [12]. ZSM-Monarch also has a

high mesopore volume and external surface area.

Part of this is caused by the cauliflower like crys-

tals shown in Fig. 6g, but also the unstructured

porous material found after calcination contrib-

utes to this.

The SIL-HT sample has crystals of rather uni-

form size between 0.6 and 1 lm. Also SIL-CNF
has a very narrow crystal size distribution with

crystal sizes in the range of �0.7–1 lm. Both

samples had been heated to their final temperature

(170 and 180 �C, respectively) with a low heating

ramp. The two other samples that were heated to a

final temperature of 170 �C (SIL-Mogul and SIL-

Monarch) were rapidly heated in an oven to the

final temperature. These two samples show much
broader crystal size distributions, viz 0.5–2.5 lm
for SIL-Mogul and 1–4 lm for SIL-Monarch.

Obviously, a low heating ramp gives crystals of

more uniform size. However, the ageing time (to

hydrolyze the TEOS) could also be of importance.

SIL-Mogul and SIL-Monarch were rapidly heated

after an ageing time of 3 h. For SIL-HT the

heating ramp (2 �C/min) was higher than the
heating ramp of SIL-CNF (0.5 �C/min), but also

the ageing time was longer (16 and 3 h, respec-

tively). So, it could be that the low heating ramps

result in smaller crystals because more time is

given for the TEOS to hydrolyze before crystalli-

zation starts. In order to separate these effects

further study is necessary.

Besides a more uniform crystal size distribution,
SIL-HT and SIL-CNF also have much higher

mesopore volumes than SIL-Mogul and SIL-

Monarch. Most of the large crystals of SIL-Mogul

and SIL-Monarch have grown out of the carbon

matrix or on top of it, as can be seen from the SEM

images of these materials. By growing outside the

pores of the carbon agglomerates, the crystals do

not grow around carbon any more, thus decreasing
the amount of carbon inside the crystals, which

leads to a low mesopore volume after the carbon
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has been burned off. SEM imaging indicates that

the crystals of SIL-CNF seem to be located mainly

on the �external surface� of the CNF skeins. Be-

cause the CNFs are strongly interwoven, they form

very dense skeins, making it difficult for the TEOS

to penetrate in the carbon matrix and for the zeolite
crystals to grow inside the carbon skeins. There-

fore, the zeolite crystals can only grow around

(clusters of) CNFs sticking out of the surface of the

CNF skeins. Nonetheless, SIL-CNF has a much

higher mesopore volume than the SIL-Mogul and

SIL-Monarch samples. This suggests that CNF

skeins are very suitable as secondary templates for

mesopores in zeolite synthesis, although the syn-
thesis needs to be optimized.

4.3. Volume and shape of the mesopores

CNFs will form only cylindrical mesopores that

are connected to the external surface. The length

of the CNFs is such that it is unlikely that a

nanofiber is completely surrounded by the zeolite
crystal, which would lead to inkbottle type meso-

pores. The SEM images of SIL-CNF indicate

that the zeolite crystals grow more or less parallel

to the �surface� of the CNF skeins. This means that

these crystals only grow around CNFs that stick

out of the �surface� of the carbon skeins and,

consequently, the mesopores start predominantly

perpendicular to the zeolite platelets (see Fig. 8e–
k). As the tortuosity of the CNFs is rather low, the

cylindrical mesopores templated by the CNFs are

rather straight. This is well visible in Fig. 8h and i

where straight pores that extend through the

platelet are imaged.

Mogul L is a fluffy carbon black with primary

particles of 24 nm and a nitrogen surface area of

129 m2/g, whereas Monarch 1300 has primary
particles of 13 nm and a nitrogen surface area of

485 m2/g [33]. The primary particles of these car-

bon blacks are aggregated; more so for Monarch

1300 than for Mogul L (see DBPA values in Table

1). The aggregation is such that the mesopores in

SIL-Mogul form an interconnected pore system.

For SIL-Monarch also interconnected mesopores

were found, but due to the size of the zeolite
crystals the quality of the (3D)-TEM reconstruc-

tion was insufficient to determine whether there are
many cavities present and how many openings of

the mesopores to the external surface of the zeolite

crystal are present. The larger crystals of SIL-

Mogul and SIL-Monarch were too thick to allow

imaging of the mesopores with (3D)-TEM. How-

ever, the larger the zeolite crystal, the higher the
chance that a carbon aggregate is completely sur-

rounded by zeolite, leading to inkbottle type of

mesopores. The mesopore volume of SIL-Mogul

and SIL-Monarch is 3–4 times lower than the

mesopore volume of SIL-HT, while all of the

samples have been synthesized with a carbon black

as carbon source. One reason for this could be that

for SIL-Mogul and SIL-Monarch a fluffy powder
was used, whereas SIL-HT was synthesized from

carbon black pearls. For impregnations, shaped

bodies are favored over powders. So, incomplete

wetting of the carbon black powders during the

impregnation may have had a detrimental effect on

the growth of crystals inside the carbon matrix and

thereby on the final mesopore volume generated.

For SIL-HT the crystals are relatively small.
From the (3D)-TEM reconstruction (Fig. 7d) it is

clear that the carbon aggregates have acted as a

template for the formation of an interconnected

random pore system that extends to the external

surface of the zeolite crystals. So, carbon black

aggregates can be used as template for cylindrical

mesopores, just as CNFs. However, the tortuosity

of the mesopores in SIL-HT is much higher than
SIL-CNF because the carbon black forms tor-

tuous aggregates of primary particles, while the

CNFs are rather straight. A single CNF has a

uniform diameter, which leads to a mesopore

without any pore necks. The carbon agglomerates,

on the contrary, vary strongly in diameter, which

leads to pore necks in the mesopores, as can be

seen in Fig. 7d.

4.4. General remarks

The mesopore system and crystal size of SIL-HT

have been well optimized. The crystals are small,

rather uniform in size and have a high mesopore

volume. The mesopore system extends throughout

the whole particle, leading to a low effective path
length for diffusion. The mesopore volume of SIL-

CNF is not as high as for SIL-HT (0.26 vs. 0.42
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ml/g); however, the SIL-CNF system is not opti-

mized. As has been indicated above, the CNFs are

strongly interwoven which hinders the penetration

of the zeolite synthesis solution in the CNF skeins.

This leads to mesopores that start perpendicular to

the zeolite platelets, while at the same time only a
small part of the CNFs is effectively used for tem-

plating of the mesopores. For a silicalite-1 crystal

without mesopores the effective path length for

diffusion is the thickness of the platelet because of

the interconnected micropore system. So, straight

mesopores that start perpendicular to the platelet

will not be very effective in decreasing the effective

path length for diffusion. Therefore, optimization
of CNFs as secondary templates for mesopores

during synthesis of zeolites should be done on two

aspects. The first is to improve the penetration of

the synthesis solution in the CNF skeins by using

less dense skeins [18] and/or applying vacuum im-

pregnation. With a better use of the carbon also the

second aspect, to form more mesopores that run

parallel to the platelet, may be improved as the
crystals are forced to crystallize around several

CNFs that have most likely different orientations.

Finally, a better use of the carbon may also result

in higher yields of mesoporous zeolite per gram of

carbon.

Another area for optimization is the use of

different zeolites. As was already mentioned in the

introduction, silicalite-1 has been used as a model
system. For zeolites with a one-dimensional

micropore system the effect of mesopores on the

diffusivity is expected to be much larger. However,

dedicated synthesis techniques need to be devel-

oped for zeolites that grow from a gel or zeolites

that need seeds to crystallize. As silicalite-1 crys-

tallizes from a clear solution, the carbon can easily

be impregnated with the synthesis solution. If,
however, seeds are required for the crystallization,

these need to be deposited on the carbon before

the synthesis solution is impregnated. If the seeds

are impregnated after the synthesis solution, the

seeds will stay at the external surface of the car-

bon agglomerates/skeins and crystallization of the

zeolite out of the carbon matrix is expected. For

zeolites with higher aluminum contents (lower Si/
Al ratios) a viscous synthesis gel is obtained rather

than a clear solution, making it difficult to im-
pregnate this on the carbon. Although the alumi-

num and silicon source can be impregnated

sequentially, it might be difficult to obtain a ho-

mogeneous distribution of the silicon and alumi-

num source through the carbon, which may hinder

or prevent crystallization of the desired zeolite.
5. Conclusions

Silicalite-1 crystals have been synthesized in the

presence of a carbon matrix. After burning off the

carbon mesoporous zeolites were obtained. With

dissolved SiO2 at a crystallization temperature of
150 �C large crystals (15 lm length) were obtained,

whereas the use of TEOS at a crystallization

temperature of 170 �C yielded crystals with a size

between 0.5 and 6 lm, depending on the other

synthesis conditions. Low heating rates (0.5 �C/
min) to a final crystallization temperature of 170

�C yielded rather uniform small zeolite crystals

(0.6–1 lm), whereas the crystals were less uniform
when the autoclave was rapidly heated to the final

temperature, i.e. also crystals up to 6 lm were

found. Both carbon nanofibers and carbon black

aggregates were capable to act as a template for

cylindrical mesopores that start at the external

surface of the zeolite crystals. However, the tor-

tuosity of the mesopores generated with carbon

black was much higher than for the mesopores
templated with carbon nanofibers. With increasing

zeolite crystal size the chance that carbon aggre-

gates are completely surrounded by the zeolite

increases, leading to inkbottle type mesopores. It is

concluded that carbon nanofiber skeins are very

promising candidates to act as secondary template

for the synthesis of mesoporous zeolite crystals.

Optimization of the synthesis needs to be done,
while there is also a challenge to extend this meso-

pore templating method to other zeolites.
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