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Efficient adsorption of organic dyes on a flexible single-wall 

carbon nanotube film 

Jian Luan,† Peng-Xiang Hou,† Chang Liu,* Chao Shi, Guo-Xian Li and Hui-Ming Cheng

A flexible single-wall carbon nanotube film prepared by simple 

filtration exhibited excellent adsorption of organic dyes under 

ultraviolet light in which a photodegradation-induced electrostatic 

interaction plays an important role. 

Nowadays, a growing number of contaminants including heavy 

metals and dyes are detected in water, which poses a potential risk 

to human health and ecological systems.
1
 Rhodamine B (RhB) is one 

of the most frequently used colorants in the textile and food 

industry. It is toxic and carcinogenic, and its biological degradation 

is very slow. At present, a number of methods such as 

photocatalytic degradation, sonochemical degradation, Fenton-

based oxidation, and ozonation have been developed to remove 

RhB from waste water.
2
 However, the selectivity of the above 

techniques is very poor, and the cost is high due to the fact that 

they cannot be reused. It is therefore important to find a more 

efficient way to selectively remove RhB. 

Carbon materials, such as graphene,
3
 activated carbon,

4
 and 

carbon nanotubes (CNTs)
5
 with high surface area, good stability, 

and environmental friendly characteristics are considered to be 

ideal candidates for the adsorption of various heavy metal ions and 

organic pollutants.
6
 However, to the best of our knowledge, the 

reported RhB removal capability by now is still not satisfied (Table 

S1). In addition, it is worth noting that most of the developed 

adsorbants are powders, and this leads to serious recontamination 

and recycling problems. From this respect, a free-standing thin film 

or bulk materials are highly desired, but this usually comes with the 

problems of a reduction in both adsorption ability and stability in 

solutions.
7
 Therefore, to realize efficient, selective, and reversible 

RhB adsorption and desorption using a freestanding bulk material 

remains a big challenge.
8
 

Here, a high purity, free-standing and robust single-wall carbon 

nanotube (SWCNT) film was fabricated by simple filtration of 

commercially available SWCNTs. The SWCNT film showed good 

flexibility, stiffness, and stability even in solutions. We explored this 

SWCNT film as a sorbent for the removal of RhB without involving 

any other complex process. The films showed excellent selective 

and repeatable adsorption and desorption for RhB with a record 

high adsorption of 190 mg g
-1

 and a stability that showed no 

structure and performance degradation after 20 cycles under 

ultraviolet (UV) light irradiation. 

 

Fig. 1 (a and b) Optical images of SWCNT films of different sizes and excellent 

flexibility; (c) A typical SEM image of the SWCNT film. 

The SWCNT films were fabricated by dispersing as-synthesized 

SWCNTs in a 0.5 wt% sodium dodecyl sulfate solution followed by 

filtration.
9
 The details of the origin of the SWCNTs and SWCNT film 

fabrication are given in the ESI. As shown in Figs. 1a and b, 

freestanding SWCNT films were obtained with tunable sizes, and 

showed excellent flexibility and processability. An SEM image (Fig. 

1c) shows that the film is composed of entangled SWCNTs. The 

sheet resistance of the film was measured to be as low as 0.17 Ω sq
-

1
, much lower than the reported value of graphene paper.

10
 

Interestingly, the SWCNT film has excellent structural stability, as 
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evidenced by it retaining its intact film structure even under strong 

stirring conditions in both water and a RhB solution (Movies 1 and 2 

in ESI). 

The Brunauer–Emmett–Teller (BET) specific surface area and 

pore structure of the SWCNT film were characterized by nitrogen 

adsorption–desorption measurements. As shown in Fig. 2a, the 

isotherm shows adsorption throughout the whole relative pressure 

range, suggesting a wide pore size range and abundant pore. 

Analysis using the Barrett–Joyner–Halenda (BJH) equation shows 

that the mesopore sizes is mainly in the 2–10 nm range (inset in Fig. 

2a). The BET surface area, micropore volume, mesopore volume 

and macropore volume were calculated to be 350 m
2
 g

-1
, 0.2 cm

3
 g

-1
, 

0.25 cm
3
 g

-1
, and 0.46 cm

3
 g

-1
, respectively. Fig. 2b shows a TGA 

curve of a SWCNT film measured in a flow of air, and only one rapid 

oxidation peak at 784 °C is detected, suggesting the high quality and 

good uniformity of the SWCNTs. About 7% metal oxide residue was 

obtained, which corresponds to ~5% Fe catalyst impurity in the 

SWCNT film. 

 

Fig. 2 (a) Nitrogen adsorption and desorption isotherms of a SWCNT film. The 

inset shows the pore size distribution; (b) TGA curve of a SWCNT film. 

The adsorption behaviour of a SWCNT film was evaluated using 

RhB as a model adsorbate. Three other organic dyes including 

methylene blue (MB), methylene orange (MO) and congo red (CR) 

were used to evaluate the adsorption selectivity. The results of RhB 

(10 mg L
-1

) adsorption monitored by UV-vis spectroscopy under UV 

light are shown in Fig. 3a. The adsorption amount of RhB reached 

190 mg g
-1

 after 240 min under UV light irradiation, more than 1.3 

times higher than the highest value reported for carbon materials 

(Fig. S3 and Table S1)
8
, where a Fe3O4–graphene framework 

adsorbed 137 mg g
-1

 RhB
8i

. Parallel experiments under UV light 

without adding a SWCNT film (inset of Fig. 3a) and in the dark with 

a SWCNT film (Fig. S4a) were also performed for comparison. It was 

found that only 34 mg g
-1

 RhB was removed after 240 min 

adsorption in the dark, and almost no RhB was adsorbed without 

the SWCNT film under UV light, suggesting that the SWCNT film is 

the key adsorbent although the UV light also plays an important 

role. Therefore, the adsorption of RhB by the SWCNT film is not a 

simple physical adsorption process, and photodegradation or light-

related adsorption may be involved. 

 

Fig. 3 UV-vis spectra of (a) RhB and (b) CR solutions after different adsorption 

times with the SWCNT film under UV light irradiation. Inset: decolorization rates 

and photographs of the (a) RhB and (b) CR solutions before and after adsorption. 

The initial concentrations of RhB and CR were 10 mg L
-1

, the amount of SWCNT 

film adsorbent used was 5 mg. 

The adsorption performance of a SWCNT film for CR under UV 

light is given in Figs. 3b and S4b, which show a low adsorption 

amount of 90 mg g
-1

 after 240 min. When the film was added to a 

mixture of RhB and CR, the RhB absorption peak decreased quickly, 

while the intensity of the characteristic CR absorption peak 

remained much higher (Fig. S5). The photographs in Fig. 4a show 

the gradual colour change of the mixed RhB and CR solution with 

prolonged adsorption time (up to 240 min). We can see that the 

removal of CR from the solution is not as apparent as for RhB. 

These results clearly show that the SWCNT film exhibits a superior 

adsorption capability towards RhB than to CR. This can be 

attributed to the different chemical compositions of these two dyes 

(Fig. S6). RhB has more positive functional groups, which may lead 

to efficient electrostatic adsorption. To verify this point, MB and 

MO were selected as adsorbates, because they have similar 

functional groups to RhB and CR. The adsorption amounts for MB 

and MO were measured to be 198 mg g
-1

 and 130 mg g
-1

, 

respectively (Fig. S7), which verified that the adsorption capability is 

closely related to the chemical composition of the dyes. In addition, 

we compare the adsorption performance of our SWCNT films with 

other reported carbon-based adsorbents (Table S1), including 

Fe/ordered mesoporous carbon
11a

, pinecone derived activated 
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carbon
11b

 and activated carbon fibers
11c

. It can be seen that our 

SWCNT film shows a special-favored adsorption for RhB, 

demonstrating the highest adsorption ability. 

 

 

Fig. 4 (a) Photographs of a mixed RhB and CR solution upon SWCNT adsorption 

for different times; (b) Photographs showing the adsorption and desorption of 

RhB by the SWCNT film: (I) At the beginning of adsorption; (II) after 240 min 

adsorption; (III) after 2 h desorption; (IV) after 10 h desorption. 

The cyclic adsorption/desorption performance of the SWCNT film 

was studied with a constant RhB concentration (10 mg L
-1

) and 

amount of adsorbent (5 mg). After each cycle (240 min) of RhB 

adsorption, the SWCNT film was dipped into ethanol to desorb RhB. 

The amount of RhB in ethanol reached about 174 mg g
-1

 after 10 h 

(Fig. 4b). The residual unreleased RhB (16 mg g
-1

)
 
can be ascribed to 

chemical adsorption or photodegradation. The recovered SWCNT 

film was dried at 50 
o
C and reused for adsorption in the following 

cycles. There is no obvious adsorption decrease observed after 20 

cycles (Fig. S8), indicating a reversible adsorption and desorption 

ability of the film. Furthermore, SEM observation shows that the 

structure of the film was well preserved after the adsorption-

desorption cycles. 

In order to understand the adsorption mechanism of the SWCNTs, 

we evaluated the adsorption capability of SWCNT films after HNO3 

purified treatment (denoted P-SWCNT), where residual Fe catalyst 

impurity was removed from the sample (Fig. S9). As shown in Fig. 

S10, the adsorption amount of RhB is about 174 mg g
-1

, slightly 

lower than that of SWCNT films, while the same with the desorption 

amount of RhB for the SWCNT film. Therefore, it is reasonable to 

conclude that metal nanoparticles play a role in the 

photodegradation of RhB. It is well known that electrons can be 

captured from water molecules and oxygenated into •OH or OH
-
 

active species under UV light. The •OH or OH
-
 radicals then 

functionalize the SWCNT surface to become negative, and to 

preferentially adsorb dye molecules with positive functional groups 

through electrostatic interaction. This is why higher RhB and MB 

adsorption amounts were obtained compared to MO and CR. At the 

same time, the reaction between Fe catalyst and H2O or H
+
 can 

generate passive iron oxides (Fe3O4, Fe2O3, Fe(OH)3, and FeOOH), 

which can also adsorb dye molecules.
12

 A schematic showing the 

adsorption process of RhB on SWCNTs under UV light irradiation is 

given in Scheme 1. 

 

Scheme 1 A schematic showing the adsorption process of RhB on SWCNTs under 

UV light irradiation. 

To verify this proposed mechanism, we studied the adsorption 

performance of the SWCNT films under sunlight. As shown in Fig. 

S11, the adsorption ability under UV irradiation is higher than under 

visible irradiation (Scheme S1), which can be well understood 

considering that more photogenerated holes, electrons, •OH and 

OH
-
 radicals were produced under higher energy UV irradiation.

13
 

This supports the proposed adsoption mechanism of 

photodegradation-induced electrostatic interaction. 

In summary, we fabricated a freestanding, flexible SWCNT film by 

a simple filtration method. The SWCNT films had good 

processability and stability and exhibited excellent adsorption and 

desorption performance for organic dyes under UV light. Of 

particular note is that a RhB adsorption amount of 190 mg g
-1

 was 

achieved, which is more than 1.3 times higher than the highest 

value reported for carbon materials. In addition, the SWCNT films 

showed different adsorption ability toward organic dyes with 

different functional groups. We proposed a photodegradation-

induced electrostatic interaction mechanism for the target dye 

adsorption characteristics. Our results open up possibilities for the 

use of macroscopic SWCNT films in water treatment. 

This work is supported by the MOST of China (Grants 

2011CB932601), NSFC (Grants 51102242, 51221264, 51272257), 

and Chinese Academy of Sciences (Grant KGZD-EW-T06). 
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A flexible single-wall carbon nanotube film prepared by simple filtration 

exhibited excellent adsorption of organic dyes under ultraviolet light in which a 

photodegradation-induced electrostatic interaction plays an important role. 
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