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Carbon nanotubes (CNTs) were one of the most promising candidates as adsorbents in many 

fields for their unique structural characters. In this paper, hierarchical porous CNTs/carbon 

(CNTs/C) composite spheres were prepared and their strength and adsorption of vitamin B12 

(VB12) were investigated. The initial porous CNT spheres were fabricated by freeze casting 

and then followed by freeze drying. Afterwards, the primary porous CNT spheres were further 

reinforced and tailored by chemical vapor infiltration (CVI) and water steam activation. 

Consequently, the composite CNTs/C spheres with hierarchical porous structure and high 

strength were successfully fabricated. SEM and polarized light microscopy observations 

showed that besides macro-sized radial through-pores in the spheres, lots of micro-sized pores 

were distributed uniformly in the wall of the radial tunnel like through-pores. Mercury 

porosimetry and BET tests indicated that the width of the radial lamellar channels was about 5-

15 µm and the average diameter of the mesopores was about 3.8 nm. Adsorption of VB12 for 

this hierarchical porous CNTs/C spheres could reach 51.48 mg/g, which was about 3.7 and 3.4 

times those of traditional activated carbon beads and macroporous resin beads. 

 

1. Introduction 

Carbon nanotubes(CNTs) have aroused great enthusiasm and 

persistent exploration of applications in many fields over the 

past years since they were discovered 19911. Thereinto, owing 

to their relatively high specific surface area and easily modified 

surface, CNTs have attracted researchers’ interests as a 

promising new sorbent for heavy metals2-4 in wastewater 

treatment or for oil slick in rivers or the sea5,6. Particularly, 

based on their meso-porous structure in as-prepared or 

functionalized powdery CNTs, researchers probed their use for 

clearing middle molecular toxins in blood as a novel sorbent in 

hemoperfusion7. Both powdery CNTs and CNTs/Carbon 

composite beads exhibited better performance than traditional 

sorbents like active carbon beads and macroporous resin 

beads8,9.  

Obviously, powdery CNTs had many limitations in practical 

application as sorbents for it was difficult to separate and 

recycle them from the mixture. Probably this might also cause 

secondary pollution. Especially, free CNTs must be strictly 

prohibited in hemoperfusion. So the biggest challenge for 

taking advantage of CNTs as sorbents was to develop advanced 

technology to fabricate CNT-based bulk materials. 

Accordingly, much attention has been paid to the research 

about syntheses of CNT bulk materials in different shapes such 

as CNT-fibers10, CNT-foams11,12 and 3d-blocks13,14. While 

compared with those bulk materials aforementioned, spherical 

shaped materials should be more competitive as sorbents or 

catalyst carrier for their much lower packing density, higher 

ratio of surface to volume and smaller fluid resistance. 

Actually, Chao Ye et al. prepared CNTs/phenolic-resin-derived 

activated carbon beads by spheroidizing small grains of 

CNTs/phenolic resin in autoclave and found that the adsorption 

of vitamin B12 (VB12, which was designated as the reference or 

representative of middle molecular toxins) for the composite 

beads with 22.5% CNTs was 2.3 times that of commercial 

macroporous resin8. Yuemei Lu et al. increased the ratio of 

CNTs from 22.5% to 45% in the composite carbon beads by 

reversed phase suspension polymerization and achieved a high 

adsorption of low density lipoprotein (LDL) up to 10.46 mg/g9. 

Then reasonably, further increasing the ratio of CNTs in the 

composite spheres could improve the adsorption capacity of the 

CNT-based sorbent although it left to be a big challenge. In the 

mean time, the other concern was that the adsorption capacity 

of the CNTs far beneath the surface of the composite beads was 

limited because they were deeply buried and the diffusing 

channels were limited because in the nearly solid beads, the 

passageway was mainly developed by steam activation. 

Undoubtedly, it was hard to get enough accesses from the 

surface to inner core of the spheres. 

Herein the authors proposed a novel strategy to synthesize 

CNTs/carbon (CNTs/C) composite spheres with high CNT 

ratio, hierarchical porous structure and high adsorption capacity 

by combining freezing casting, chemical vapor 

infiltration(CVI) technology and water steam activation. 

Freezing casting was a segregation-induced templating of a 

second phase by solidifying the solvent, which involved 

preparing a stable suspension, and pouring the suspension into a 

mould, freezing the suspension then sublimating the solvent 
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crystals15-17. It was a promising technique to fabricate porous 

materials with complex pore structure and it has been widely 

explored in preparing porous ceramic18,19 and biological 

materials20,21. In this paper, freeze casting was adopted to 

prepare primary CNTs spheres with radially aligned channels 

from the core to the surface, and then the brittle pure CNT 

spheres were strengthened by CVI process during which 

pyrocarbon was produced to connect or “weld” the adjacent yet 

discrete CNTs to form integral CNTs/C spheres with high 

strength. Before adsorption of VB12, water steam activation was 

fulfilled to improve the hydrophilicity and further tailor the 

pore structure of the composite spheres.   

 

2. Experimental 

2.1 Materials 

Multi-walled carbon nanotubes (MWNTs, with the diameter of 

10-20 nm and the length of 5-15 µm) were purchased from 

CNano Technology Ltd. and pre-treated with mixed acid 

(H2SO4:HNO3 = 3:1) in a reflux condenser for 30 min. The 

chitosan used as the binder of the initial CNT spheres (degree 

of deacetylation = 80-95%) and VB12 were obtained from 

Sinopharm Chemical Reagent Beijing Co. Ltd. Acetic acid 

(A.R., Beijing Chemical Works) was used to dissolve the 

chitosan. As the contrast, two kinds of typical commercial 

sorbents, activated carbon(AC) spheres and macroporous 

resin(MR) spheres were purchased from Aier Hemoperfutor 

Factory, PR China. 

2.2 Preparation of CNTs/C composite spheres 

The fabrication process included four steps (Fig.1): i) Mixing 

the acid pretreated CNTs and chitosan (100:3 in weight ratio) 

and then dissolving them in 1% acetic acid solution followed by 

magnetic stirring and further ultrasonic dispersing for 2 hours. 

ii) Then dripping the uniform suspension into liquid nitrogen 

dropwise with an injector. Immediately the suspension drop 

turned into solid beads during the quenching process. After 

being freeze-dried for 24 h, porous but fragile CNT spheres 

with a little chitosan binder were obtained. iii) Strengthening 

the weak spheres in a furnace by CVI process. During this 

process, pyrocarbon deposited in the interstitial space among 

CNTs once the mixed gas of C3H6 (1 m
3/h) and N2 (1 m

3/h) 

infiltrating into the beads at 940 ℃ . Although the initial 

sponge-like freeze-dried CNT spheres were reinforced and 

some macropores were modified by CVI, some of the nano-

sized pores might be blocked somewhat and meanwhile, they 

became a little hydrophobic after CVI, so the next step was 

necessary. iv) Activating the CVI reinforced CNTs/C spheres 

with water steam (0.55 ml/min) by peristaltic pump at 900 ℃ 
for different time duration. In this process, the pore structure 

was further tailored and hydrophilic hierarchical porous 

CNTs/C composite spheres were acquired. 

2.3 Characterization 

The morphology and microstructure of the samples were 

investigated with polarized light microscope(PLM) and 

scanning electron microscopy(SEM)(MERLIN VP Compact, 

JSM-7001F). Macropores were measured by Mercury 

porosimetry(AUTO PORE IV 9520) and the pressure range 

varied between 3.31×10-3 and 4.14×102 MPa. The specific 

surface area, meso- & micro- pores were determined by 

nitrogen adsorption/desorption at 77 K(Quadrasorb SI-MP) 

after outgassing at 250 ℃ for 2 h. The BET equation was used 
to calculate the total specific surface area. The pore distribution 

and surface area of mesopores were calculated by BJH method. 

The mechanical property of the spheres was tested in a material 

testing instrument(Instron 4943) with a 10 N load cell.  

The spheres with a uniform diameter of 2.5 mm were placed on 

the bottom stage and then the top stage was driven down to 

compress the samples. The loading rate was set as 0.05 mm. 

min-1. 

 
Fig.1 Schematic illustration of the fabrication process of 

hierarchical porous CNTs/C composite spheres. 

 

2.4 Adsorption of VB12  

The adsorption property of the CNTs/C hierarchical porous 

spheres was evaluated by their adsorption of VB12, the 

representative of middle molecular toxins. Specifically, 15 mg 

of the CNTs/C spheres were added into 50 ml of VB12 solution 

(80 mg/L) and the adsorption was carried out in the water bath 

(37±1 ℃) of a reciprocating shaker at the speed of 150 times 
per minute for 2 h. An aliquot of the solution was sampled 

periodically to detect the concentration variation of VB12 by 

using a UV-Vis spectrophotometer at a wavelength of 361±1 

nm. The adsorption capacities were calculated as follows: 

Q� � �V�C� 	 C
�m mg. g�� 
Where QA (mg.g

-1) was the adsorption capacity of VB12, C0 and 

Ct (mg.L
-1) were the concentration of VB12 before and after 

adsorption, V (mL) is the volume of the solution and m (mg) is 

the weight of the spheres. 

 

3. Results and discussion  

3.1 Morphology and microstructure 

It was well known that water would turn into ice once the 

temperature drops below its freezing point. Generally this 

process is rather slow in nature, while in this study the 

suspension of CNTs was dripped into liquid nitrogen, the 

droplets would solidify in no time and so they could keep 

spherical shape. After freeze drying, spongy CNT spheres with 

the diameter of 2.5~3 mm were obtained (Fig.2a). Meanwhile, 

the diameter of the spheres could be adjusted by changing the 

syringe needles or changing the viscosity of the suspension. 

Although a little binder was added in case of the spheres 

collapsed after being freeze dried, the fluffy spheres were quite 

fragile, so CVI was introduced to reinforce the initial spheres 
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since pyrocarbon would deposited preferentially in the 

interstitial space among CNTs under negative pressure. As a 

result, the CNTs would be connected or “welded”. But CVI 

time should be controlled in case the pores might be blocked. 

Actually, the surface of the spheres was full of holes as after 

CVI (Fig.2b, Fig.2d) and the cross section was consist of radial 

plate-like structure (Fig.2c). Based on polarized light 

microscope images (Fig.2e), it could be discerned that the cross 

section was composed of radial laminar pores which were 

developed directionally from the surface to the inner core. The 

wall thickness of the pores was about 1 µm and the width of the 

laminar pores was about 5~15 µm (inlet of Fig.2e). But it must 

be pointed out that the alignment of laminar structure varied a 

little especially in the outer layer of the spheres, i.e., some 

zones were built by laminar pores parallel perfectly with each 

other (Fig.2h) while others were composed of domains in which 

the orientation of the pore walls were different (Fig.2f). 

Adjacent to the outer layer, laminar pores were well aligned 

radially from the center. This radial microstructure should have 

something to do with the ice crystal growth during 

solidification process since the growth rate along different 

lattice plane was not equivalent (inlet of Fig.2g) and it would be 

discussed in the next section. 

 

 

 

Fig.2 Optical photograph of CNTs/C composite spheres (a), SEM images of the surface (b), cross section (c), magnified surface morphology 

(d), PLM image of the cross section (e), zoomed in microstructure of framed area 1(f), framed area 2(g) and framed area 3(h). (Note: Inlet in 

Fig.2e was the magnified detailed view of laminar structure and the one in Fig.2g was the schematic crystal lattice of ice.)
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Different from traditional activated carbon beads, in which 

mainly micropores were developed by activation in the surface 

layer and almost no passageway to center existed, the CNTs/C 

spheres had a lot of radial pores which could play as the 

straightway channels for the diffusivity of solutions. Besides, in 

the spheres there existed abundant mesopores which were 

crucial for adsorption of middle molecular matters. Generally, 

before CVI process, the mesopores in the fluffy CNT spheres 

were mainly resulted from the loose aggregation or stacking of 

CNTs in the walls of the tunnels (Fig.3a)7 and they would be 

further quantified by N2 adsorption tests.  

 

 

 

Fig.3 SEM micrographs of the channel walls of the freeze-dried 

spheres (a), after CVI for 4 h (b), after being activated by water 

steam for 30 min (c), for 45 min (d), for 60 min (e) and CNTs in 

fractured surface of the channel walls (f). 

The hierarchical pore structure of the spheres should be 

favorable for adsorption, nevertheless, the maximum load of the 

sponge spheres was only 0.135 N. Basically, pyrocarbon would 

preferentially deposited in the nano-sized interstitial space 

between two carbon nanotubes. Hence theoretically, an 

appropriate ratio of pyrocarbon could just connect adjacent 

CNTs to strengthen the fragile spheres yet it would not block 

the initial pores. While after CVI for 4 h, the channel walls 

were coated with pyrolytic carbon homogeneously (Fig.3b). 

Although the pyrocarbon film could significantly increase the 

strength of the spheres to 2.231 N, some of the meso- and 

micro-pores were blocked. Thus, further activation was 

necessary for recovering and further tailoring the pore structure. 

30 min of activation made the wall surface rough (Fig.3c) and 

afterwards, some etched pits of about 50~100 nm in diameter 

produced when extending activation to 45 min (Fig.3d). Once 

further increasing activation time to 60 min, more pits appeared 

and some got enlarged (Fig.3e). In the mean time, CNTs came 

to expose again (Fig.3e,3f) and predictably, the specific surface 

area and pore volume would be improved greatly in the 

hierarchical porous CNTs/C spheres. 

3.2 Pore structure evolution 

Usually, the pore structure of traditional activated carbon beads 

was developed mostly at the stage of activation and by contrast, 

the hierarchical porous structure of CNTs/C spheres was 

primarily determined by freeze casting, and then tailored 

further by CVI and water steam activation during which pore 

structure and strength was modified to match up preferably. 

Thus a deep understanding of the pore structure evolution was 

favorable to take full advantage of the adsorption capacity of 

CNTs to the great extent. 

More specifically, at the initial stage of freeze casting, once the 

CNT suspension was dropped into the liquid nitrogen, the 

temperature of the thin surface layer decreased to -196 ℃ 
instantly and the temperature at the center remained as room 

temperature. This process could be simulated by finite element 

analyses (Fig.4a), and then in less than 3 seconds, the outer 

layer got frozen (Fig.4b). Since the degree of supercooling in 

the outer layer was much higher than that necessary for water 

freezing, a large amount of ice nuclei generated simultaneously. 

Correspondingly, this homogeneous nucleation brought about 

randomly aligned polycrystalline structure. Whenever the outer 

layer transformed into ice, the heat inside could only be 

conducted radially via ice and the temperature gradient 

decreased greatly. Then the radial aligned temperature 

distribution would definitely lead to radial ice crystals. 

As one of the 15 known crystalline phases of ice, the hexagonal 

lattice shown in Fig.2g was the most common structure. 

According to the research of Deville et al, the chemical 

potential of the ice crystal was different in different crystal 

planes. The facets parallel to c axis had a higher chemical 

potential than the ones parallel to a axis and thus the ice growth 

rate along the a axis was 102-103 times faster than that along the 

c axis. Accordingly, when the temperature gradient parallelled 

to a axis of the crystal, the crystal would have a kinetically 

favorable condition to grow up into a lamellar structure22-25. Of 

course, between the thin outer layer of randomly aligned 

domains and the inner layer regular radial structure, there 

should be a transitional zone which connected the two parts 

(Fig.2e). After being freeze dried, the ice crystals were 

sublimed and the evolved pores were just exactly the mirror 

image of the ice crystals. As a whole, the pore structure (Fig.2) 

was in fairly consistent with the above theoretical analyses. 

To determine the size and distribution of radial macro-channels, 

mercury (Hg) intrusion method was adopted to analyze the 

CNTs/C spheres. The results in Fig.5 indicated that the median 

pore diameter was 9.20 µm and most of the macro-pores was in 

the diameter of 6~12 µm, which were quite consistent with the 

Page 4 of 8RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

observations by SEM and PLM (Fig.2). Reasonably, the size, 

morphology and distribution of the macro-channels could be 

designed and fabricated under control and this interesting work 

being carried on would be discussed in the future. 

 

 

 

Fig.4 Finite element simulation diagram of the temperature 

distribution along the cross section after the suspension of CNTs 

being dropped in liquid nitrogen for 0.47 s (a) and 2.61 s (b). 

 

 
Fig.5 Macro-pore test of the freeze dried CNT spheres by 

mercury porosimetry 

 

As absorbents for middle molecular matter, mesopores that 

were scarce in traditional activated carbon beads were 

indispensible. In this work, the initial mesopores among 

intertwined CNTs might be blocked a little during CVI process 

and then in the following activation process, the pore structure 

would be tailored and developed further. The pore structure 

evolution was monitored by BET tests (Fig.6, Table1)  

It could be noted that in Fig.6a, the N2 adsorption-desorption 

isotherm of the freeze dried spheres had the typical character of 

type IV curve which were in accordance with the mesoporous 

structure of loosely stacking CNTs7. Although CVI reinforced 

the fragile freeze dried spheres, it might cause the blockage of 

some of the meso- and micro-pores, while after further 

activated by water steam, the filmy pyrocarbon would be etched 

away and some micropores might be developed to be 

mesopores. So the total pore volume would be increased with 

the extension of activation time (Fig.6a). After being activated 

for 60 min, the pore volume and specific surface area of the 

sample were higher than that of initial freeze dried CNT 

spheres. By contrast, even the total BET specific surface area 

and total volume were much higher for AC beads and MR 

beads, the mesopore volumes of these two were approximately 

equal to that of activated CNTs/C spheres. Nevertheless, the 

average pore diameters of AC beads and MR beads were only 

about 1.4 nm, which was much lower than that of CNTs/C 

spheres. In addition, it could be confident that if more work 

being carried out on modifying the proportion of pyrocarbon 

and CNTs followed by controlling the degree of activation, a 

higher ratio of mesopores could be acquired. As adsorbents, 

besides pore volume, pore size and distribution were the other 

key factors as well. It was interesting that the pore size 

distribution of the original spheres and activated ones were 

quite similar (Fig.6b) The average pore diameters of all the 

samples were almost equal to 3.8 nm. Probably, the mesopores 

in the stacking CNTs were kept all the way even though the 

pore evolution process was complicated. 
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Fig.6 Pore structure character analyzed by N2 adsorption-

desorption isotherms (a) and pore size distribution of the porous 

spheres (b). 
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Table1 Pore diameters, volumes and BET specific surface areas of CNTs/C spheres, AC and MR beads 

Samples 

 

Average 

pore 

diameter 

(nm) 

Mesopore 

volume 

(cm3/g) 

Total pore 

volume 

(cm3/g) 

Mesopore specific 

surface area 

(m2/g) 

Total BET 

surface area 

(m2/g) 

Original CNT spheres 3.781 0.217 0.255 193.747 218 

Activated CNTs/C (30) 3.820 0.133 0.153 115.629 174 

Activated CNTs/C (45) 3.791 0.240 0.297 188.973 257 

Activated CNTs/C (60) 3.820 0.253 0.287 195.774 280 

AC beads 1.418 0.255 0.557 63.620 810 

MR beads 1.439 0.241 0.702 119.78 961 

3.3 VB12 adsorption  

As the representative of middle molecular toxins in 

hemoperfusion, VB12 was always adopted to evaluate the 

adsorption capacity of new adsorbents. Currently, AC beads 

and MR beads have been applied in hemoperfusion for years. In 

contrast, the adsorption of VB12 in 2 h at 37 ℃ for AC beads 
was 13.98 mg/g and that for MR beads was 15.25 mg/g, which 

were a little higher than that for CNTs/C spheres activated for 

30 min. With the increase of activation time, the adsorption 

capacity of CNTs/C spheres was improved greatly. The sample 

activated for 60 min had an adsorption of 51.48 mg/g, which 

was 3.68 times as that of AC beads and 3.38 times that of MR 

beads (Fig.7a). Moreover, adsorption rate of CNTs/C spheres 

was much higher than that of AC beads and MR beads (Fig.7b).  

Albeit functional groups should be similar for CNTs/C spheres 

and AC beads due to the similar water steam activation process, 

their pore structures were quite far from each other. Mesopores 

with the diameter of more than 2 nm might be one of the 

prerequisites for adsorbing VB12 for the size of VB12 was about 

2.09 nm. Although the total pore volume and total BET specific 

surface area of AC beads and MR beads were rather higher than 

those of CNTs/C spheres, mesopore volumes of the two control 

samples were nearly equal to that of activated CNTs/C spheres, 

then it should be reasonable to deduce that it was not the 

mesopores, but the micropores in AC beads and macropores in 

MR beads that contributed to the relatively higher values of 

total pore volumes and total specific surface areas. Moreover, 

unfavorably, most of the pore diameters in AC beads and MR 

beads were lower than that of VB12.  

Therefore, besides the advantages in mesopore diameter, 

mesopore volume and mesopore specific surface area for 

CNTs/C spheres listed in Table 1, the highly developed radial 

aligned macro-channels could play the other key role as the 

diffusing throughway for VB12 solution. That was why the 

adsorption capacity of CNTs could be taken fully utilized in the 

spheres. In addition, the mesopores built in walls of radial 

channels could accelerate the adsorption rate. Hopefully, this 

hierarchical porous CNTs/C spheres could be a potential 

candidate in hemoperfusion or other related fields. 
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Fig.7 Adsorption capacity in 2 h (a) and adsorption rate (b) for 

VB12 by CNTs/C spheres, AC beads and MR beads. 

3.4 Mechanical properties  

The initially freeze dried green CNT spheres were rather brittle 

and they tended to fall apart during the adsorption tests in 

shaker due to the weak connection among CNTs. Obviously the 

green CNT spheres were not suitable to be used as adsorbents 

directly for they might bring about secondary pollution. After 

CVI for 4 h, the mass gained 45.63% and the breakage force of 

the CNTs/C spheres was greatly improved from 0.135 N of the 

green CNT spheres to 2.231 N. The maximum breakage load 

was 15.53 times higher than that of the green CNT spheres 

(Fig.8). While inevitably, some micro- and meso-pores might 

be blocked somewhat and that would be unfavorable for 
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adsorption. To compromise this contradiction, water steam 

activation should be taken to acquire an optimal combination of 

the strength and adsorption capacity.  
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Fig.8 The mass variation of the spheres after CVI and being 

activated for different time (a) and breakage forces of the 

corresponding spheres (b). (Note: the mass of the initial CNT 

spheres were recorded as 100%, 30 min meant being activated 

for 30 min and so on) 

 

In Fig.8a, it could be figured out that after CVI, the mass gain 

was 45.63%, which implied that the mass ratio of CNTs and 

pyrocarbon was about 2:1. During activation, the burn-offs 

became larger with increasing time and the mass of 30 min 

activated samples was still 10.85% higher than the green CNT 

spheres, but it was difficult to discern whether the pyrocarbon 

or CNTs, or both that should be responsible for the mass loss. 

Whatsoever, after being activated for 45 min or more, the mass 

was lower than the initial spheres. While fortunately, the 

breakage forces were still much higher than that of the initial 

ones (Fig.8b), even for the 60 min activated ones, which was 

about 37% mass loss compared with the initial ones. This 

indicated that both CNTs and pyrocarbon would be etched if 

being activated for certain time duration. Since the breakage 

force of 45 min activated sample (1.148 N) was only a little 

lower than that of 30 min activated one (1.254 N), adsorption 

capacity of the former was 3.2 times that of the latter and thus 

probably, 45 min activation might be applicable. 

 

4. Conclusion  

In this paper, CNTs/C composite spheres with special 

hierarchical porous structure were prepared successfully in a 

novel way. The radial laminar channels from the center to the 

surface were formed during freeze casting process which could 

act as the throughway for the solution diffusivity. The 

mesopores in the channel walls were tailored by the subsequent 

CVI and water steam activation process. The width of the 

lamellar channels was about 5-15 µm and the average diameter 

of the mesopores was about 3.8 nm. In addition, the breakage 

load for the primary CNT spheres could be improved from 

0.135 N to 2.231 N after CVI reinforcing process although it 

might decrease a little after activation. As a promising 

adsorbent, the adsorption capacity of the CNTs/C composite 

spheres for VB12 was about 51.48 mg/g, which was 3.7 and 3.4 

times those of traditional AC beads and MR beads and 

moreover, the adsorption rate was also higher than the other 

two referential samples. The excellent adsorption properties 

should be attributed to the hierarchical porous structure of the 

composite spheres. Further, microstructure and finite element 

analyses indicated that the pore structure could be designed and 

modified in a more accurate way by controlling the suspension 

concentration, freeze casting, CVI duration and activation 

process and this deserved further studying. 
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