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A B S T R A C T   

Single-walled carbon nanotubes (SWCNT) were synthesized by a catalytic CVD method over Mo–Fe–MgO and 
Mo-Fe-Al2O3 catalysts. A systematic investigation was carried out for the purification of SWCNTs by using 20 
methods including different acids, acid concentrations, temperatures, and treatment times. The method of 
consecutive HCl treatment, air oxidation, and second time HCl treatment was successful for the purification of 
SWCNTs. The purification was effective in the removal of the catalyst support, embedded metal catalysts and 
non-nanotube carbon materials from the as-synthesized SWCNTs. Effects of purification of SWCNTs on the 
photocatalytic activity of CNT-based nanocomposites were then studied. The composite SWCNT/TiO2 containing 
15 wt% purified SWCNT was synthesized which showed the maximum photocatalytic activity in the degradation 
of the dye rhodamine B under optimized conditions. The photocatalytic activity of the composite pure-SWCNT/ 
TiO2 was much higher than those of non-purified-SWCNT/TiO2 and neat TiO2. Overall, this work could clarify 
the scalable synthesis of SWCNTs, an effective purification method for SWCNTs prepared by CCVD and the purity 
effect on the photocatalytic activity of CNT-based nanocomposites for wastewater treatment.   

1. Introduction 

Carbon nanotubes (CNTs) exhibit a unique combination of elec-
tronic, thermal, mechanical, and chemical properties [1] which can be 
useful in many applications, such as catalysis [2], as photocatalysis in 
composites for water purification [3], in drug delivery and bone scaf-
folds [4]. Furthermore, single-walled carbon nanotubes (SWCNTs) show 
chirality-dependent optoelectronic properties [5], suitable for neuro-
morphic devices [6] and enantiomer-recognition sensors [7]. Of the 
current methods for the preparation of CNTs, catalytic chemical vapor 
deposition (CCVD) is an economical synthesis method due to its higher 
degree of control on the synthesis parameters and its scalability [8]. 
However, the purity of the synthesized CNTs is lower than from laser 
ablation or arc discharge methods. The impurities affect the properties 
of CNTs as a result of forming a composite with CNTs [9]. In general, the 
main impurities from the CCVD synthesis methods are catalyst supports, 
metal catalysts, carbonaceous impurities such as amorphous carbon, 
fullerene molecules, and carbon nanoparticles [10]. Finding a reliable 

purification protocol for SWCNTs is still a great challenge, since the 
necessary protocol depends on many factors including the CNT class 
(single or multi wall carbon nanotubes), surface and structure (existence 
of defects, whether or not they exist in bundles, diameter), the impurity 
type and their morphology (particle size, defect, curvature, the number 
and crystallinity of carbon layers wrapping metal particles), and the 
purity analysis strategy. 

Usually, CNT purification is achieved using wet chemical oxidation 
or physical methods like filtration. In purifications of CNTs by a wet 
chemical method, metallic impurities are dissolved in acids and carbo-
naceous impurities are oxidized at a faster rate than CNTs. Alternatively, 
gas phase oxidation is a simple method that mainly removes carbona-
ceous impurities and opens the caps of CNTs with introducing small 
sidewall defects, but metal catalysts and large graphite particles cannot 
be removed this way. Therefore, acid treatment is always inevitable for 
the purification of SWCNTs synthesized by CVD methods to remove 
metal catalyst and support impurities. In addition, the higher curvature 
of the graphene sheet of SWCNTs make them easily oxidizable with 
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respect to MWCNTs [11]. The presence of metal impurities catalyzes the 
low-temperature oxidation of SWCNTs [12]. Therefore, strategies, that 
selectively oxidize carbonaceous impurities and remove metal particles 
before gas phase oxidation and cause the oxidant gas to homogeneously 
contact SWCNT samples, are urgently required to obtain high-purity 
CNTs on a large scale [13]. Hu et al. studied the effects of HNO3 con-
centration and the time of reflux on the purification of SWCNTs [14]. 
They found that nitric acid destroys SWNTs to produce amorphous 
carbon while reducing the amount of transition metal catalyst remaining 
in the sample. Furthermore, Martınez et al. proved that treating SWCNTs 
with hot HNO3 leads to an efficient elimination of metal impurities and 
amorphous graphitic platelets [15]. However, additional amorphous 
carbon nanoparticles are also formed that cover the remaining smaller 
bundles of CNTs due to intercalation of nitric acid molecules into the 
CNT bundle structure. This results in the CNT bundle exfoliation and 
etching of the carbonaceous material [16]. Thus, in order to eliminate 
amorphous carbon, the nitric acid-treated material has to be annealed to 
900 ◦C [15]. Yang et al. achieved a more rapid oxidation of the C––C 
double bonds in the thinner tubes into graphene fragments due to the 
higher chemical reactivity and by this protocol enriched the 
large-diameter SWNTs by using a concentrated H2SO4/HNO3 treatment 
[17]. Kruusenberg et al. used different acids for the purification and 
investigated the effects of metal catalyst impurities of CNTs on their 
electrocatalytic properties for oxygen reduction. They observed that 
acid-treated CNT-modified glassy carbon (GC) electrodes showed less 
catalytic activity for oxygen electroreduction than pristine CNTs 
because of the absence of metal catalysts on the surface of purified CNTs 
[9]. Majority of the studied purifications methods are achieved on the 
CNTs which prepared by electric-arc [14,15] or laser ablation method 
[16]. Furthermore, only one or a few methods have been examined for 
the purification of CNTs prepared under the same conditions. 

The purpose of this research was to synthesis SWCNT by a scalable 
CVD method, systematically study the purification of SWCNTs and 
evaluate the effect of purification on the photocatalytic activity of 
SWCNT/TiO2 nanocomposites in the degradation of organic pollutants 
in wastewater. There are studies on improving the photocatalytic ac-
tivity of CNT/TiO2 composite [18,19]. However, to the best of our 
knowledge there is no systematic study on the effect of SWCNT purity on 
the photocatalytic activity of SWCNT/TiO2 nanocomposite. There are 
various procedures to remove the catalyst metals and non-nanotube 
carbons from the synthesized CNTs, but different methods for synthe-
sizing CNTs necessitate their own purification strategy. In this study, by 
examining 20 reported purification methods, we show explicitly the 
difficulty and at the same time importance of finding a reliable purifi-
cation strategy for SWCNT prepared by CCVD method. In addition, the 
SWCNT/TiO2 composite capability for the elimination of RhB in 
different conditions was studied by optimizing the weight ratio of 
SWCNT in x-SWCNT/TiO2, dosage of photocatalyst 15-SWCNT-TiO2, 
concentrations of RhB and pH and the main active intermediates in the 
photocatalytic process were determined. 

2. Experimental section 

2.1. Materials and characterization 

Titanium(IV) isopropoxide (TTIP) as the TiO2 precursor, rhodamine 
B (tetraethylrhodamine, RhB), absolute ethanol and other chemicals 
were of analytical reagent grade provided by Merck and used without 
further purification. Deionized water (DI-H2O) was used for all experi-
ments. As reference, a TiO2 sample was prepared by a reported pro-
cedure [20]. This TiO2 material is a porous powder consisting of mainly 
anatase with a BET surface area of about 155 m2 g− 1 and an average 
crystallite size of 7.1 nm, calculated by Scherrer equation [21]. UV–vis 
spectra of the solutions were run on an Analytic Jena Specord 210 Plus 
spectrophotometer. Solid-state light absorptions in UV and visible 
ranges were studied by UV–visible diffuse reflectance spectroscopy 

(UV–vis DRS; AvaSpec-ULS2048LTEC). Fourier transform infrared 
(FTIR) spectra were taken using a Thermo Scientific Nicolet iS10 FTIR 
spectrometer. Powder X-ray diffraction patterns were collected at a 
Bruker D2 Phaser, with Cu-Kα radiation (λ = 1.54182 Å), 30 kV, 10 mA. 
Measurements have been conducted in the X-ray fluorescence reduction 
mode to reduce the background intensity caused by the X-ray fluores-
cence of iron. Transmission electron microscopy (TEM) was performed 
with a FEI Tecnai G2 F20 electron microscope operated at 200 kV 
accelerating voltage and images were collected with a Gatan UltraScan 
1000 P detector. TEM samples were prepared by drop-casting the 
diluted material on 200 µm carbon-coated copper grids. Alternatively, 
TEM images were generated by an EM 208 S, Philips (100 KV, Nether-
land) electron microscope. GC-MS was used to characterize the 
GC-detectable products from the RhB degradation under optimized 
UV/Catalyst/pH/H2O conditions. GC-MS samples were prepared by the 
extraction of the organic compounds from aqueous solution with CH2Cl2 
and injected after concentration on an Agilent GC system 7890B coupled 
with an Agilent 5977 A mass spectroscopy. N2 isotherms were measured 
on a Quantachrome Autosorb 6 for determining the surface area by the 
Brunauer-Emmett-Teller (BET) method. Samples were degassed on a 
Quantachrome Flovac at 120 ◦C for at least 3 h until a pressure below 20 
mTorr was achieved. Raman spectra of the SWNT powder were recorded 
with a Bruker MultiRAM-FT Raman spectrometer equipped with a Nd: 
YAG-laser. The excitation wavelength of the laser was 1064 nm. The 
spectra were measured for 200 scans with a laser intensity of at least 15 
mW (up to 100 mW). X-ray photoelectron spectroscopy (XPS) mea-
surements were carried out on an ULVAC-PHI VersaProbe II microfocus 
X-ray photoelectron spectrometer equipped with a polychromatic 
aluminum Kα X-ray source (1486.8 eV). Binding energies were cali-
brated to the C1s orbital with a binding energy of 284.8 eV. Experi-
mental XP spectra were fitted by the CasaXPS program, Casa Software 
Ltd. Thermogravimetric analysis (TGA) was performed on a Netzsch TG 
209 F3 Tarsus, with a heating ramp of 5 K min-1 under a synthetic air 
flow up to a temperature of 1000 ◦C. 

The presence of metals in the purified residue was analyzed by an 
ICP-OES Spectro Arcos spectrometer. 

2.2. Synthesis of catalyst 1 (Fe-Mo/Al2O3) 

This catalyst was prepared by the coprecipitation method [22]. 
1.362 g of neutral aluminum oxide (Type 507, Fluka) was dispersed in 
20.0 mL of DI-H2O. Then, the yellow-orange solution of 0.0295 g 
(NH4)6Mo7O244 H2O and 0.167 g Fe2(SO4)3 in 70 mL of DI-H2O was 
added to the dispersion of alumina and stirred for 2 h at room temper-
ature. The molar ratio for Fe:Mo:Al2O3 was 1:0.2:32. The solvent was 
evaporated and the resulting solid heated at 90 ◦C for 3 h. The solid was 
ground to a fine powder and calcinated at 500 ◦C for 1 h. Yield 1.43 g. 

2.3. Synthesis of catalyst 2 (Fe-Mo/Al2O3) 

Catalyst 2 was synthesized using the same procedure as for catalyst 
1. All steps in the methods were the same except that the amount of 
neutral aluminum oxide (Type 507, Fluka) was 0.681 g. The molar ratio 
for Fe:Mo:Al2O3 was 1:0.2:16. By hoping for an easier purification of the 
later-synthesized, catalyst 2 was synthesized by decreasing the support 
Al2O3 amount to half with respect to catalyst 1. Yield 0.77 g. 

2.4. Synthesis of catalyst 3 (FeMo/MgO) 

Following a reported procedure [23], 10.0 g of magnesium nitrate 
(Mg(NO3)2 6 H2O), 0.070 g of ammonium molybdate ((NH4)5Mo7O24 4 
H2O), 3.66 g of citric acid (C6H8O7 H2O), and 1.600 g of iron nitrate (Fe 
(NO3)3 9 H2O) were dissolved under vigorous stirring in a minimum 
amount of deionized water. The molar ratio of Fe:Mo:MgO was 
10:1:100. The mixture was refluxed for 6 h at 90 ◦C and then the 
resulting solution dried at 150 ◦C for 15 h. The obtained yellow fluffy 
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solid was ground well using a mortar and pestle and calcinated at 550 ◦C 
for 30 min. Yield 1.60 g. 

2.5. Synthesis of SWCNTs 

A modified method of Zheng was used for the synthesis of SWCNTs 
[24] by the catalytic CVD method using the experimental setup shown in  
Fig. 1. Typically, 0.20 g of the catalyst (1, 2 or 3) was uniformly placed 
into an alumina boat which was inserted in the center of a 60 mm-dia-
meter quartz tube mounted in an electric furnace. The alumina boat 
containing the catalyst was heated up to 1000 ◦C under N2 flowing at 60 
sccm (standard cubic centimeter per minute). In raising the temperature, 
a N2 flow was initiated in the quartz tube in order to purge the air from 
the reaction chamber. The synthesis reaction started by flowing CH4 at 
160 sccm over the catalyst in addition to N2 (60 sccm) at 1000 ◦C for 30 
min. After stopping the methane, the reactor was cooled down to room 
temperature under nitrogen. Methane gas as carbon source undergoes 
pyrolysis reaction and forms vapor carbon atoms which bind to the 
catalyst and join to each other and grow as single-walled carbon nano-
tubes (SWCNTs). The obtained SWCNTs were further purified to get the 
pure form of CNTs. For simplicity, the prepared SWCNTs are denoted 
according to the catalyst support used for their synthesis: SWCNT-A and 
SWCNT-M, for alumina- and magnesia originated CNTs, respectively. 

2.6. Purification of SWCNT 

Various methods used for the purification of as-synthesized SWCNT- 
A and SWCNT-M are summarized in Tables 1 and 2, respectively. 

Method (a): The as-synthesized SWCNTs (0.15 g) were added to 
15 mL of a solution of NaOH (3 mol/L) and refluxed for 6 h at 100 ◦C, 
and then after separation and washing added to 15 mL of analytical 
grade 65 wt% HNO3 and refluxed for 1 h at 150 ◦C [25]. Thus 
SWCNT-(a) was obtained. Method (b): 50 mL of 3 mol/L NaOH (100 ◦C, 
6 h) then 7 mL of 37% HCl (100 ◦C, 8 h) [26]. Method (c): 17 mL of 
2 mol/L HCl (25 ◦C, 24 h) [27]. Method (d): 15 mL of 2 mol/L HCl 
(25 ◦C, 24 h) then 5.0 mL of HNO3:H2SO4, 1:3 v/v (60 ◦C, 5 h) [27]. 
Method (e): 15 mL of 32% HCl (70 ◦C, 12 h) then 15.0 mL of 10 mol/L 
HNO3 (83 ◦C, 3 h) [27]. Method (f): 15 mL of 65% HNO3 (83 ◦C, 12 h) 
[28]. Method (g): 11 mL of 6.25 mol/L NaOH (190 ◦C, 4 h) then 
9.33 mL of 3 mol/L HNO3 (60 ◦C, 15 min) finally sonication (2 h) [29]. 
Method (h): Typically, 0.15 g of the as-synthesized SWCNT and 11 mL 
NaOH (12.5 mol/L) were treated for 4 h at 190 ℃ in a Teflon lined 
autoclave. After cooling the reaction mixture to room temperature, it 
was washed several times with portions of 10 mL of DI-H2O, centrifuged 
(4000 rpm, 15 min), to set the pH to 7 and dried for 24 h at 90 ℃. For 
further purification, 0.018 g of SWCNT was refluxed with 4.2 mL of 
HNO3 (3 mol/L) for 15 min at 60 ℃. This was followed by sonication in 
an ultrasound bath for 2 h. Then the mixture was washed with DI-H2O 

until the filtrate became neutral and dried at 150 ℃ for 4 h [30]. 
Method (i): The as-synthesized SWCNTs on catalyst 3 were refluxed 

with 14 mL of diluted hydrochloric acid (37% HCl and H2O (v:v = 1:1) 
for 24 h to remove the MgO and metal catalyst [23], followed by 
refluxing with 12.0 mL of HNO3 (3 mol/L) for 15 min. Finally, the 
product was sonicated for 2 h [29]. The product was washed with 
deionized water to neutral pH and then dried at 150 ◦C for 4 h. Method 
(j): This method consists of three parts. (Step 1) 14 mL of diluted hy-
drochloric acid (HCl 37% / H2O (1:1 v/v) was added to 0.15 g of the 
as-synthesized SWCNT-M, followed by sonication for 4 min and then 
stirred at room temperature for 24 h [31]. After washing with DI-H2O 

Fig. 1. Schematic diagram of the experimental setup for thermal catalytic CVD 
synthesis of CNTs. Typical growth temperature is 1000 ◦C. The CH4 gas inlet 
pressure as measured by the gauge is 5 bar. Volume flow rate through the 
60 mm quartz tube is CH4 at 160 sccm and N2 at 60 sccm. 

Table 1 
Acid or alkali solution reflux procedures used for the purification of as- 
synthesized SWCNT-A on catalysts 1 and 2 (Fe-Mo/Al2O3)a.  

Method First step Second step Ref. 

(a) NaOH 3 mol/L, 100 ◦C, 
6 h 

HNO3 65%, 150 ◦C, 1 h [25] 

(b) NaOH 3 mol/L, 100 ◦C, 
6 h 

HCl 37%, 100 ◦C, 8 h [26] 

(c) HCl 2 mol/L, 25 ◦C, 24 h  [27] 
(d) HCl 2 mol/L, 25 ◦C, 24 h HNO3:H2SO4, 60 ◦C, 5 h [27] 
(e) HCl 37%, 70 ◦C, 12 h HNO3 10 mol/L, 83 ◦C, 3 h [27] 
(f) HNO3 65%, 83 ◦C, 12 h  [28] 
(g) NaOH 6.25 mol/L, 190 

◦C, 4 h 
HNO3 3 mol/L, 60 ◦C, 15 min, 
sonication 2 h 

[29] 

(h) NaOH 12.5 mol/L, 190 
◦C, 4 h 

HNO3 3 mol/L, 60 ◦C, 15 min, 
sonication 2 h 

[29]  

a For the purification, 1.0 g of the as-synthesized SWCNTs were treated by 
methods (a) to (h). Then the SWCNTs were separated by centrifugation and 
washed with DI-water until the rinse solution reached pH 6-7, followed by 
drying at 110 ◦C for 24 h; for further details see the Experimental section. 

Table 2 
Methods used for purification and functionalization of as-synthesized SWCNT-M 
on catalyst 3 (FeMo/MgO)a.  

Method First step Next steps Ref. 

(i) HCl 18.5%, 25 ◦C, 24h HNO3 3 mol/L, 60 ◦C, 15 
min, sonication 2h 

[23,29] 

(j) HCl 18.5%, 25 ◦C, 24h O2/N2 1:4 sccm, 450 ◦C, 2h; 
HCl 18.5%, 24 h 

[23,31, 
32] 

(k) Method (j) HNO3 65%, 40 min, 85 ◦C [33] 
(l) HNO3 3 mol/L, 16 h, 120 ◦C oxidation in air at 550 ◦C, 

30 min 
[32] 

(m) HCl 18.5%, 25 ◦C, 24 h HCl 18.5%, 25 ◦C, 24h; 
HNO3 3 mol/L, 16 h, 120 ◦C 

[31,32] 

(n) HCl 18.5%, 25 ◦C, 24h HCl 18.5%, reflux, 24h; 
HNO3 3 mol/L, 16 h, 120 
◦C; 
oxidation in air at 550 ◦C, 
30 min 

[31,32] 

(o) Sonication in water and 
reflux at 100 

◦

C, 12 h 
HCl 18.5%, 25 ◦C, 24h; 
HCl 18.5%, 25 ◦C, 24h; 
HNO3 3 mol/L, 16 h, 120 ◦C 

[31,32, 
49] 

(p) HCl 18.5%, sonication 4h HCl 18.5%, 25 ◦C, 24h; 
HNO3 3 mol/L, 1h, 120 ◦C 

[31,32] 

(q) HCl 18.5%, sonication 4h HCl 18.5%, 25 ◦C, 24h; 
HNO3 3 mol/L, 1h, 120 ◦C 
oxidation in air at 550 ◦C, 
0.5h 

[31,32, 
49,50] 

(r) Sonication in HNO3 6M, 4h H2SO4:HNO3 3:1 v/v, 
Reflux 2h, 120 ◦C  

(s) HCl 18.5%, sonication 4h   
(t) HCl 18.5%, sonication 4h HNO3 3 mol/L, 1h, 120 ◦C  
(u) HCl 18.5%, sonication 4h HNO3 3 mol/L, 1h, 120 ◦C; 

oxidation in air at 550 ◦C, 
0.5h 

[19,37, 
38,55]  

a For the purification, 1.0 g of the as-synthesized SWCNTs were treated by 
methods (i) to (u). Then the SWCNTs were separated by centrifugation and 
washed with DI-water until the rinse solution reached pH 7, followed by drying 
at 110 ◦C for 24 h; for further details see the Experimental section. 
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until neutralization, the product was dried for 24 h at 110 ℃. (Step 2) In 
the second step, the purified nanotubes were oxidized in air to remove 
the remaining impurities and amorphous carbon. 0.1468 g of the 
product obtained in the first part was placed in a boat and heated under 
the flow of oxygen (50 sccm) and nitrogen (200 sccm) mixture (1:4 vol 
ratio of O2/N2) at 450 ◦C for 2 h [32]. (Step 3) to remove the metal 
catalyst nanoparticles that were un-covered by the oxidation process, 
0.13 g of the product of the step (2) was treated with 14 mL of diluted 
hydrochloric acid (HCl 37% / H2O (1:1 v/v), followed by sonication for 
4 min and then stirred at room temperature for 24 h. The product was 
separated with centrifugation, washed several times with DI-H2O until 
the pH equaled to 7, and finally dried for 24 h at 110 ℃ [23]. The pu-
rified SWCNT is named SWCNT-(j). 

2.7. Functionalization of SWCNTs 

For reaction with the TiO2 precursor titanium tetraisopropoxide 
(TTIP) to give the SWCNT/TiO2 composites it is required to modify the 
surface of CNTs by functionalization [33]. Functionalization also helps 
for dispersing the prepared CNTs in water. For functionalization of 
carbon nanotubes with oxygenated functionalities, 1.0 g of purified 
SWCNT-(j) was refluxed in 50 mL of HNO3 (65%) for 40 min at 85 ℃. 
The resulting black product was separated with centrifugation, washed 
five times with DI-H2O to remove acid, and finally dried at 105 ℃ for 
18 h. The purified and functionalized SWCNT is named SWCNT-(k). 

2.8. Synthesis of TiO2 nanoparticles 

Titanium tetraisopropoxide (TTIP, Merck 97%) (0.0328 mol) was 
first diluted in 5.75 mL of absolute ethanol, molar ratio of EtOH/TTIP 
= 3, and then added dropwise to 35.46 mL of DI-H2O. The mixture was 
stirred for 1 h at room temperature and then placed in a sonication bath 
for 2 h to improve the formation of white Ti(OH)4 precipitates. TTIP was 
further hydrolyzed by aging at room temperature for 24 h. Water and 
alcohol of the resulting gels were then removed by heating for 24 h at 
100 ℃. Finally, the obtained xerogel was ground to fine powders and 
calcined at 400 ℃ for 1 h [20]. 

2.9. Synthesis of SWCNT/TiO2 

Nanocomposites of SWCNT/TiO2 were prepared with different 
weight ratios of SWCNT and TiO2 [34]. Nanocomposites are denoted as 
x-MWNT/TiO2, where x (0.4, 0.8, 2, 3, 8, 15, and 20) represents the 
SWCNT weight percent in the composite; for example, 15-SWCNT/TiO2 
means 15 wt% SWCNT and 85 wt% TiO2. For the preparation of 
0.8-SWCNT/TiO2, typically 0.020 g of purified and functionalized 
SWCNT-(k) was dispersed in 8.9 mL of ethanol by sonication for 15 min. 
Then 0.033 mol (10.0 mL, 9.31 g) TTIP was added and sonicated for 
additional 30 min. After that 350 mL of DI-H2O addition and sonication 
for 30 min was repeated. The resulting gray product was aged for 20 h at 
room temperature for completion of the hydrolysis, then the suspension 
was heated at 100 ℃ for 8 h. Finally, the dried mixture was ground 
finely and calcined at 400 ℃ for 1 h. 

2.10. Photocatalytic properties of the samples 

For activity evaluations, RhB was studied as a model compound. The 
experiments were carried out in an open wide glass photochemical 
reactor charged with 40 mL of suspension and a magnetic stirrer. 
Typically, an aqueous suspension was prepared by adding 20 mg of 
photocatalyst (TiO2, or SWCNT/TiO2) powder to 39 mL H2O and soni-
cated for 10 min, then 1 mL of 400 ppm RhB solution was added to have 
a 40 mL solution containing the RhB at 10 ppm concentration and the 
pH was adjusted to 8.0 with HCl or NaOH as required, and determined 
with a Metrohm pH meter. The pH value of the 10 ppm RhB solution 
before the catalytic experiments was 5.83. Prior to irradiation, the 

dispersions were magnetically stirred in the dark for 30 min to secure 
the establishment of an adsorption/desorption equilibrium of RhB on 
the photocatalyst surface. Prior to turning on the lamp, the concentra-
tion of the solution was determined, which was considered as initial 
concentration (c0) of the RhB solution. The used light was a 30 W UVC 
fluorescent tube light, which was positioned 5 cm away from the vessel. 
The temperature of the photocatalytic reaction was maintained at 25 ◦C. 
At given irradiation time intervals, the dispersion was sampled (1 mL), 
diluted to 3 mL by DI water, centrifuged to separate the photocatalyst 
particles and UV–vis spectra of the photo-reacted solution (measured 
over the range of 200–800 nm) were recorded using an Analytik Jena 
Specord 210 Plus spectrophotometer. The spectra were corrected for the 
baseline, analyzed by comparing the variations of the absorption band 
maximum (555 nm) in the UV–visible spectra of RhB and the RhB 
concentration was calculated from the absorbance at 555 nm using a 
calibration curve. 

The reusability of the 15-SWCNT/TiO2 catalyst was evaluated in five 
consecutive runs. After each run, the reaction was worked up and 
catalyst separated by centrifugation, washed with plenty of DI water, 
and reused in the next photocatalytic reaction run. 

Ammonium oxalate (0.1 mM, 0.005 g), t-butyl alcohol (0.5 mL), 
0.5 mL methanol, and benzoquinone (0.5 mM, 0.0021 g) as scavengers 
were introduced into the photocatalytic process to capture holes, hy-
droxyl radicals and superoxide, respectively, when needed to explore 
the catalytic mechanism [35–38]. 

3. Results and discussion 

3.1. Synthesis 

SWCNTs were catalytically synthesized from the decomposition of 
methane, CH4 on a bi-metallic Fe-Mo catalyst system supported on Al2O3 
or MgO (CCVD method). The experimental set up of the CCVD is shown 
in Fig. 1. To produce CNTs in sizeable quantities, CCVD is considered to 
be the best for a low-cost and large-scale synthesis of high-quality CNTs 
[39]. CCVD does not need very high temperature for the synthesis and 
the produced CNTs contain only low amounts of unwanted forms of 
carbon [40]. Methane is a suitable carbon source; it does not decompose 
at temperatures lower than 1000 ◦C, hence self-pyrolysis which may 
produce non-nanotube carbon or poisoning of the catalyst does not 
occur [41]. Additionally, the catalyst particle size and support mor-
phology/surface area are critical factors in SWCNT synthesis by CCVD. 
The FeMo/MgO (molar ratio 10:1:100) and Fe-Mo/Al2O3 (molar ratio 
1:0.2:16) catalysts were obtained by a co-precipitation approach [22, 
23]. These are the most frequently used catalysts for SWCNT synthesis 
[42]. In comparison to the conventional chemical impregnation, cata-
lysts prepared by the co-precipitation method are efficient for SWCNT 
growth [43] and lead to a good homogeneous distribution of the active 
metal nanoparticles over the support. Bimetallic catalysts show higher 
efficiency than monometallic catalysts in nanotube production. The Mo 
is a promoter that prevents the agglomeration of the active catalyst 
phase on the oxide support, improves catalyst activity and lifetime, and 
decreases the activation energy for decomposition of the carbon source 
during the synthesis of CNTs [8]. 

The type of the produced SWCNTs depends strongly on the nature 
and texture of the catalyst support. Supports with higher porosity 
enhance the growth of SWCNTs through the formed metal nanoclusters 
with 2–10 nm-dimensions [44]. Al2O3 as catalyst support is inexpensive, 
provides good yields for CNT and fluidization behavior [45], however it 
is hardly removed upon purification [46]. On the other hand, a MgO 
support is simply removed by acid treatment [47]. 

3.2. Purification 

To date, a number of purification methods have been developed. 
However, in the preparation of SWCNTs by CCVD methods, the quantity, 
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morphology and structure of the impurities are specific to each synthesis 
method and the reaction conditions. Therefore, there is no standardized 
method for the purification of CNTs which are synthesized differently 
[48]. Actually, the features of the crude CNTs require their own specific 
purification strategy to achieve high quality CNTs with the desired 
properties for the subsequent applications. To find a suitable purifica-
tion method for our SWCNTs, we have tried first acid or alkali solution 
reflux procedures reported in the literature for the purification of 
SWCNTs [10]. The as-synthesized SWCNTs were dispersed in an acid or 
NaOH solution using sonication. After each treatment step, the reaction 
products were washed with plenty of DI-water until the filtrate was 
neutral in order to remove the generated reaction products which may 
coat the surfaces of the nanotubes. The acid or alkali solution reflux 
procedures examined for the purification of our as-synthesized SWCNTs 
by the Fe-Mo/Al2O3 catalysts are summarized in Table 1. In summary, 
reflux in dilute NaOH solution, concentrated HNO3, concentrated HCl, 
HNO3/H2SO4, and sonication in dilute HNO3 were not effective for the 
purification of as-synthesized SWCNTs. Results of the analyses by FTIR, 
SEM, EDX, and TEM techniques indicated that with neither of these 
methods the metal catalysts and/or the alumina support were removed 
completely. In the Electronic Supplementary Information file, Fig. S1 
shows TEM images of the as-synthesized SWCNT-A and purified 
SWCNT-A and Fig. S2 depicts the TGA analysis of the purified and 
SWCNT-A. 

The methods tried for removing the impurities from as-synthesized 
SWCNT-M are tabulated in Table 2. Different concentrations of HCl, 
HNO3, H2SO4/HNO3, different treatment time, various temperature 
and/or sonication were tried. While disentanglement of the carbona-
ceous and catalyst impurities from the CNTs is an important step in the 
acid reflux procedure, the purification task was completed with plenty of 
DI-water washing to separate the impurities from the CNTs. Of the used 
methods, the method (j) was efficient for the purification of our syn-
thesized SWCNTs on the FeMo/MgO catalyst by the CCVD method. In 
method (j), the as-synthesized CNTs were treated in 18.5% HCl for 24 h 
at room temperature to remove the MgO supports and Fe-Mo catalysts 
first and were then separated through centrifugation and washed several 
times with DI-water until the filtrate became nearly neutral. After drying 
at 110 ◦C for 24 h, the purified nanotubes were then oxidatively treated 
under a flow of synthetic air (oxygen 50 sccm / nitrogen 200 sccm) gas 
mixture at 450 ◦C for 2 h. For a second purification step the resulting 
material was stirred in 18.5% HCl for 24 h at room temperature. After 
washing and drying the residue was refluxed in HNO3 (65%) for 40 min 
at 85 ◦C. The resulting product was washed and dried at 105 ◦C for 18 h 
to get SWCNT (k). HCl treatment was achieved two times in method (j) 
since evaluation of the product by TGA (see the next section) showed 
uncompleted removal of the catalyst and support. The HCl treatment is 
suitable to remove metal particle impurities. 

TEM screening of the purified SWCNT-M just by HCl-reflux, showed 
the presence of some metal catalysts trapped inside the CNTs. The 
strategy used in method (j) is consecutively gas phase oxidation by O2/ 
N2 to open the carbonaceous shells which encapsulate metal particles, 
treatment with concentrated HCl to dissolve the metal catalyst particles 
to get highly pure SWCNT with trace metal. In a similar approach, Ma 
et al. had developed a method for removing catalytic particles and 
encapsulating graphitic shells in the purification of SWCNTs [51]. In 
method (k), functionalization of the purified SWCNT-(j) surface with 
carboxylates during reflux in concentrated HNO3, imparts negative 
charges that facilitate the exfoliation of CNT bundles and increases the 
solubility in polar media for a colloidal dispersion of CNTs in polar 
media, such as ethanol and water, for further studies [52,53]. Further-
more, the incorporation of oxygen-containing groups onto the graphitic 
surface of CNTs leads to enhancement of interfacial adhesion. As a 
result, the unique mechanical and electrical properties of CNTs can be 
transferred to the properties of CNT-based composites [54]. 

The purity and quality of each sample were documented by TGA, 
Raman, and TEM. 

3.2.1. TEM analysis 
Fig. 2 shows the TEM images of as-synthesized SWCNT-M. Bundles of 

SWCNT-Ms span between large agglomerations of amorphous and 
nanocrystalline carbon and metal nanoparticles similar to the SWCNTs 
prepared by others [31]. In addition to a mixture of bundles of straight 
and spiral SWCNTs, there are carbonaceous material (amorphous), gray 
graphitic particles, and black catalyst (Fe and Mo) grains (Fig. 2A). The 
catalyst particles are enclosed by SWCNTs or a non-nanotube carbon 
mat. The length of the as prepared nanotube bundles is about several 
micrometers. Fig. 2B shows that the carbon matrix is not completely 
removed by three treatments with HCl-air oxidation at 450 ◦C for 2 h. 
However, most of the metal catalysts even encapsulated particles are 
removed by HCl digestion according to method (j). Elimination of the 
metal impurities is also confirmed by TGA measurements in the next 
section. HNO3 treatment removes most of the amorphous carbon and 
SWCNTs-(k) are seen very clearly with respect to SWCNT-(j). However, 
some patchier coating is also seen along with occasional agglomerations, 
and some tubes appeared clean and uncoated. Fig. 2C shows that 
SWCNTs are mainly in the form of ropes consisting of individual gra-
phene cylinders in Van der Waals contact. The length of the SWCNTs 
exhibit no significant change after the functionalization step, due to the 
short time for concentrated HNO3 reflux at 85 ◦C. The TEM images of 
Fig. 2C show only SWCNTs and nanoparticles, from which we can 
conclude that the final product is SWCNTs and fine graphitic nano-
particles. The images of the 15-SWCNT/TiO2 nanocomposite clearly 
show an intimate contact between very small nanoparticles of TiO2 and 
purified/functionalized SWCNTs (Fig. 2D). 

3.2.2. XRD analysis 
Powder X-ray diffraction was carried out in order to determine 

possible crystalline impurity phases and to follow the effects of purifi-
cation treatment on the as-synthesized SWCNTs. Fig. 3 compares pow-
der X-ray diffraction (XRD) patterns of the synthesized FeMo/MgO 
catalyst, as-synthesized SWCNTs, purified and functionalized SWCNTs 
by method (k), TiO2, and the 15-SWCNT/TiO2 nanocomposite. The XRD 
analysis of the purified and functionalized SWCNT sample shows the 
absence of FeMo/MgO reflexes in Fig. 3A [23]. The main observed 
diffraction peak at 2θ = 25.9◦ due to the (002) planes confirm the 
single-walled nature of the synthesized CNTs [55]. In the as-synthesized 
SWCNTs the MgO reflections, labeled by (*), appear as intense peaks at 
37.0 and 42.9◦ 2θ. In addition, a broad peak at 34.7◦, labeled by (◆), 
can be assigned to the catalyst. Using CVD methodology, the resulting 
crystalline impurities in the as-synthesized SWCNTs product are mainly 
amorphous carbon and catalyst particles. The catalyst (support and 
metal particles) is removed to a large extent by 18.5 wt% hydrochloric 
acid, method (j). Unsymmetrical appearance of the peak at 2θ = 25.9◦

shows the participation of amorphous carbons in addition to graphitic 
CNT. The broad maximum about 24.5◦ is a typical signature of amor-
phous carbon. Notably absent is a sharp feature at 27◦ signaling the 
absence of graphite, onions, and capsules in significant amounts [56]. 
Deconvolution of the peak at 2θ = 25.9◦ showed 
graphitic-C/amorphous-C ratio equal to 2.22 which increased to 3.82 
after purification (Fig. S3). The air oxidation at 450 ◦C and reflux in 
concentrated HNO3 at 85 ◦C (method (k)) remove some of the amor-
phous carbon of the as-synthesized SWCNT. 

The nanocomposite 15-SWCNT/TiO2 showed a similar XRD pattern 
to neat TiO2 prepared from TTIP in the anatase polymorph (Fig. 3B), and 
the relatively low intensity diffraction peak at 25.9◦ 2θ is now covered 
by the (101) reflection of TiO2. A signature of the present carbon 
contribution is the increasing baseline at below 15◦ 2θ. 

The mean crystallite size of the TiO2 nanoparticles in neat TiO2 and 
in the nanocomposite 15-SWCNT/TiO2, calculated by the Scherrer 
equation, yielded 7 nm in both cases. 

3.2.3. TGA analysis 
The quality of CNTs and content of the metal impurity was evaluated 
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Fig. 2. TEM images of the nanotubes synthesized over the FeMo/MgO catalyst with different magnifications; (a) the as-synthesized SWCNT, (b) the purified SWCNT- 
M by method (j), (c) images of the purified and functionalized SWCNTs by method (k), and (d) 15-SWCNT/TiO2 nanocomposite. 
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quantitatively using TGA by simply combustion of the as-synthesized 
and purified SWCNT-(k) samples under air. In a 100 sccm air flow, 
SWCNTs burn between 500 and 700 ◦C, whereas amorphous carbon 
gasification occurs between 300 and 500 ◦C [57]. Usually, purer and less 
defective CNT samples oxidize at temperatures higher than 500 ◦C [58]. 
The TGA data for as-synthesized (crude) SWCNT-M, purified SWCNT-M 
by method (j), and purified SWCNT-M using method (k) are displayed in  
Fig. 4. The data for the as-synthesized SWCNTs show a slight increase in 
mass at low temperatures due to oxidation of the Fe and Mo metal im-
purities (Fig. 4A); the residual mass after air oxidation was 55.5%. The 
carbonaceous fractions begin to combust at ~200 ◦C and are mostly 
removed by oxidation below 500 ◦C. So, the SWCNT-M synthesis yield 
by the catalytic CVD method is about 48%. The treatment by hydro-
chloric acid solution removes most of the metal and support impurities 
and residual mass is decreased from 55.5% to 3.7% (Fig. 4B) for purified 
SWCNT-M using method (j). Further reduction of the residual mass 
down to 1.4% is seen after treatment of the purified SWCNT-(j) with 

concentrated HNO3 according to method (k) (Fig. 4C). The HNO3 
treatment not only removes the remaining metal but also functionalizes 
the surface of the SWCNTs and non-nanotube carbonaceous fractions 
with oxygen containing groups [59]. The observation of a black colored 
filtrate during washing with water and separation with centrifugation 
(see the Experimental section) confirms that the smaller non-nanotube 
particles are removed by dispersion in water. Additionally, the 4.5% 
mass loss up to 500 ◦C for SWCNT-M(k) is due to the remaining amor-
phous and functionalized particles. The final purity is evaluated to be 
> 94% by considering the 4.5% mass loss below 500 ◦C, and the residual 
mass of less than 1.5 wt% above 850 ◦C. The residual mass at 875 ◦C is 
related to the oxidized metal impurities (~1.4%). The ICP analyses of 
the residue showed the metals are Fe 0.3896 wt%, Mg 0.0163 wt% and 
Mo 0.0241 wt%. The purified CNTs are stable under air (100 sccm) up to 
600 ◦C, Fig. 4. Our TGA results for the purified SWCNT-(k) (Td = 600 ◦C) 
are similar to reported studies in the literature [31,60,61]. 

Fig. 3. XRD patterns of (A) FeMo/MgO catalyst, (B) TiO2, and 15-SWCNT/TiO2.  

Fig. 4. TGA data under air of (A) as-synthesized SWCNT-M materials, (B) purified SWCNT-M by method (j), and (C) purified SWCNT-M using method (k).  
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3.2.4. Raman spectral analysis 
The Raman spectra of as-synthesized SWCNT and the purified sam-

ples by methods (j) and (k) are shown in Fig. 5. The Raman spectra were 
recorded by exciting the samples with a laser at 1064 nm. The nanotubes 
with cylindrical symmetry show the Raman peak of crystalline graphite 
placed at 1591 cm− 1 (G-band), whereas disordered sp2 carbon due to the 
impurities of amorphous or small graphitic particles show broad peaks 
about 1279 (D-band) and at 1591 cm− 1 (G-band) [62]. The 2D band 
(2547 cm− 1) is the second order harmonic of the D band and presents a 
measure of crystallinity of the graphitic structures [63]. In addition, 
as-synthesized SWCNTs show very weak low-frequency radial breathing 
mode bands centered at 323, 302, 263, and 175 cm− 1 (not shown). The 
G-band corresponds to stretching vibrations of sp2-hybridized carbon 
atoms and the D-band is associated with disorder-induced symme-
try-lowering effects [64]. The acid treatment greatly reduced the diffuse 
background and nearly eliminates the catalyst peaks (1762 and 
1833 cm− 1), in agreement with TGA observations. Since the purified 
and as-synthesized-SWCNTs show only one peak around 1590 cm− 1 

[32], it is suggested that only SWCNTs with the same diameter are 
produced by our synthesis method. Furthermore, no peaks of fullerene 
(1400–1500 cm− 1) are seen in the Raman spectrum of the crude 
SWCNTs. The Raman profile equals the spectrum reported by Rao et al. 
[62]. With the exception of the 1279 cm− 1 band, all the Raman bands of 
the crude SWCNTs are substantially reduced in intensity in purified 
SWCNTs (Fig. 5). The loss in Raman intensity by oxidation does not 
correspond to destruction of the nanotube structure [65]. The high 
relative intensity of the low symmetric carbon band at 1279 cm− 1 to the 
sp2 carbon mode at 1591 cm− 1 indicates a loss of long-range order in 
purified SWCNT-M(j) and SWCNT-M(k), most likely due to partial 
conversion of sp2- to sp3-hybridized carbon atoms. The ID/IG ratio in-
crease and I2D/IG ratio decrease in the case of SWCNT-M(j) and 
SWCNT-M(k) compared to as-synthesized-SWCNT-M. The decrease of 
both ratios indicates a reduction in the crystallinity degree upon air and 
HNO3 reflux oxidation, respectively. Besides, the slight intensity 
decrease in the D band after purification indicates still a substantial 
presence of carbonaceous impurities of amorphous carbon, whose 
appearance was above confirmed by XRD, TGA and TEM as well. A 
similar change in the intensity ratio of these bands was observed for 
HNO3-treated [66] and fluorinated [67] SWCNTs. 

It is observed that the 2D band has the shape of a perfect Lorentzian 
with a half-height width of 76 cm− 1 in crude SWCNT-M, further indi-
cating the presence of single-walled nanotubes only. With an excitation 

laser at 532 nm, the D-band position shifted (71 cm− 1) and appeared at 
1350 cm− 1 (Fig. S4). This is in good agreement with other literature 
reports for bundled SWCNTs [68]. 

3.2.5. XPS analysis 
X-ray photoelectron spectroscopy (XPS) is a useful tool for assigning 

the nature of the functional groups and structural defects on the nano-
tube surface. In addition, by comparing the intensities of different 
atomic core levels, the overall atomic composition can also be deter-
mined, which can yield information on the ratio of SWCNT and TiO2.  
Fig. 6A, D, and G represent the XPS survey spectra of SWCNT-(j), 
SWCNT-(k) and 15-SWCNT/TiO2 samples. Three XPS peaks were 
observed for both SWCNTs samples, which correspond to emission from 
C1s (284.4 eV), the satellite peak of C1s, and O1s. Notably, metal 
catalyst impurities were not detected in the acid-treated SWCNTs by 
XPS. The most intense C1s peak at around 284.4 eV (Fig. 6A) is com-
parable to the C1s binding energy of graphite and is assigned to sp2- 
hybridized carbon atoms on the SWCNT walls. A smaller speak at around 
284.8 eV is related to sp3-hybridized carbon atoms and may originate 
from the presence of defects on the tube walls and/or graphitic platelets 
[69]. The other small peaks around 286.5, 287.8 and 290.5 eV are 
assigned to C–O, C––O and π–π * plasmon, respectively [70]. Deconvo-
lution of the XPS O1s peak (Fig. 6C, F and Table S1) confirmed the 
presence of some C––O and C-OH/C-O-C groups on the CNT surface at 
530.7 eV and 532.8 eV, respectively, for SWCNTs-(j) and SWCNTs-(k). 
The total amount of oxygen on the surface of SWCNTs-(j) and 
SWCNTs-(k) were 3.5 at% and 3.9 at%, respectively, as detected by XPS 
measurements. As is evident, there is an increase of oxygen content on 
the walls of CNTs for HNO3 treatments attempted here. The HCl is not an 
oxidation agent, and therefore we can safely assume that the amount of 
the oxygen found on SWCNTs was produced during the air oxidation 
treatment at 450 ◦C and HNO3 reflux. 

The XPS survey spectrum of 15-SWCNT/TiO2 shows the peaks cor-
responding to Ti, O, and C, without other element impurities (Fig. 6G). 
The formation of a C-O-Ti linkage between the SWCNT-carbon and Ti is 
confirmed by the appearance of a peak at 289.1 eV (Fig. 6H) in the 
expanded C 1 s region. Fig. 6I shows the high-resolution XPS spectra for 
the O 1 s region of the composite SWCNT/TiO2. Two types of oxygen 
atoms are seen in the O 1 s region. One peak is attributed to Ti–O in the 
composite, while the other one is assigned to the C-OH (or C-O-C) hy-
droxyl group. The photocatalytic activity of the composite is enhanced 
by the increasing hydroxyl content on the surface of the composite due 
to hydrophilicity improvement [71]. 

3.2.6. FT-IR analysis 
FTIR was conducted on as-synthesized and purified CNTs and their 

corresponding spectra are shown in Fig. 7. Comparison of the IR trans-
mission spectra of the purified SWCNT-(k) and as-synthesized SWCNT 
clearly shows the functionalization with oxygen containing groups due 
to the oxidation (Fig. 7). A broad band centered at around 3480 cm− 1 

and a band at 3129 cm− 1 can be related to O-H stretching vibrations in 
C-OH groups and water, respectively; a band at 1729 cm− 1 is due to 
C––O stretching vibrations in carboxyl and carbonyl groups [65]. A band 
at 1619 cm− 1 corresponds to conjugated C––C stretching. The O-H 
deformation vibrations in C-OH groups were observed at 1402 cm− 1. A 
weak broad band at 1123 cm− 1 is associated with C-O stretching vi-
brations. The positions of the vibrational modes are similar to positions 
of vibrational modes that appeared in the IR spectrum of as-synthesized 
SWCNT (Fig. 7A and B); however, the spectrum of the purified 
SWCNT-M (k) has a carbonyl peak at 1729 cm− 1. The peak at 2345 cm− 1 

is associated with the sorption of CO2 onto the surface of the 
as-synthesized SWCNT. The hydroxyl stretching (3445 cm− 1) and 
aliphatic hydroxyl bending (1402 cm− 1) bands may also result from 
oxidation during the purification of the as-synthesized SWCNT material 
and/or ambient atmospheric moisture [29]. 

The TiO2 modified with 15% SWCNT was analyzed with FTIR and 

Fig. 5. Raman spectra obtained at 1064 nm for crude and purified materials 
that were obtained by methods (j) and (k). Crude SWCNT: ID/IG = 0.61, I2D/IG 
= 1.62; SWCNT-M(j): ID/IG = 1.15, I2D/IG = 1.01; SWCNT-M(k): ID/IG = 1.15, 
I2D/IG = 0.82. 
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the spectrum is shown in Fig. 7C. The strong and very broad band at 
3600 cm− 1 can be assigned to the hydroxyl groups bound to titanium 
centers (Ti-OH), the hydroxyl groups of SWCNT, and adsorbed water. 
Besides, a broad and strong band between 500 and 718 cm− 1 corre-
sponds to Ti-O bond vibrations [72]. What is interesting to note, 
comparing the FTIR spectrum SWCNT-(k) with that of 15-SWCNT/TiO2, 
is that the C––O vibration of SWCNT-(k) have shifted from 1729 to 
1745 cm− 1 and the C-O stretch from 1123 to 1108 cm− 1 after the 
deposition of titania. The C––O mode shift to higher wavenumber and 
frequency can be explained by the formation of Ti-carboxylate binding 
upon reaction of Ti-OH with carboxylic acid functional groups of 
SWCNT-M(k). Furthermore, in 15-SWCNT/TiO2, the broad and very 
strong absorption below 800 cm− 1 of neat TiO2 shifted toward high 
wavenumber. This peak is a combination of Ti-O-Ti and Ti-O-C vibra-
tions (798 cm− 1) [73]. All these findings show the formation of, at least 
in part, a chemical bond between titanium and SWCNT-(k). The calci-
nation at low temperature of 400 ℃ for 1 h was used to prevent the 
decomposition of the SWCNT and transformation of anatase. 

Fig. 6. X-ray photoelectron spectra (XPS) of SWCNT-(j) (A to C), SWCNT-(k) (D to F), and 15-SWCNT/TiO2 nanocomposite (G to I).  

Fig. 7. FTIR transmission spectra of (A) crude SWCNT-M, (B) purified SWCNT- 
M(k), and (C) 15-SWCNT/TiO2. 
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3.3. Photocatalytic measurements 

The change in photocatalytic degradation of RhB under UV light 
illumination was followed by UV–vis spectroscopy. First, the material 
was left in the dark to reach equilibrium and then followed by UV light 
illumination. Preliminary experiments showed that the adsorption oc-
curs in the first 10–15 min (Fig. S5). However, to ensure a complete 
reaction the mixture was stirred for 30 min in the absence of light. 
Hence, additional decrease in the remained RhB concentration under UV 
light irradiation, after 30 min stirring in dark, results from the photo-
catalytic degradation of RhB. The photocatalytic activities of x-SWCNT/ 
TiO2 (x = 0.4–20) were measured by the photodegradation of RhB as 
model reaction under UV light (366–576 nm), and the results are shown 
in Fig. 8. The normalized temporal concentration changes (c/c0) of RhB 
during the photodegradation were proportional to the normalized 
maximum absorbance (A/A0) and derived from the changes in the dye’s 
absorption profile 555 nm at a given time interval. It was clear from 
Fig. 8 that the 15-SWCNT-TiO2 (15 wt%) composite showed significant 
progress in the photodegradation of RhB compared to other composites. 
We fitted our results of the photocatalytic reaction over the SWCNT/ 
TiO2 composites to the apparent first-order equation ln(c0/c) = kt. This 
indicates that the photocatalytic degradation of RhB follows pseudo- 
first-order kinetics. Catalytic activity of the composites increased by 
increasing the SWCNT/TiO2 mass fraction from 0.4 to 15. Pseudo first 
order rate constants for 15-SWCNT-TiO2 (17.68 ×10− 3 min− 1) and 20- 
SWCNT-TiO2 (17.32 ×10− 3 min− 1) were almost the same (Table S2). 
The SWCNT/TiO2 with a mass fraction of 15 wt% showed the highest 
photocatalytic activity due to highest synergistic effect; with an increase 
in the first-order rate constant by a factor of 2.0 with respect to 0.4- 
SWCNT/TiO2 and neat TiO2. The 15-SWCNT-TiO2 nanocomposite was 
chosen for further studies. As shown in Fig. 8, the slope of the straight 
line of ln(c0/c) versus time for 15-SWCNT-TiO2 (17.3 ×10− 3 min− 1) is 
almost twice of that for TiO2 (8.9 ×10− 3 min− 1), which means that the 
photodegradation rate of RhB using 15-SWCNT-TiO2 as catalyst is two 
times that of TiO2 as catalyst. Therefore, the reaction conditions were 
optimized by varying the concentrations of 15-SWCNT-TiO2, RhB, and 
pH value of the solution. 

The effects of dosage of photocatalyst 15-SWCNT-TiO2, concentra-
tions of RhB and pH on the photocatalytic removal of RhB were studied. 
The highest photocatalytic degradation rate was achieved for 0.03 g/ 
40 mL dosage of 15-SWCNT-TiO2 (Fig. S6) and initial concentration of 
20 mg/L RhB (Fig. S7). At pH 8, 79% of the initial dye at a concentration 
of 20 ppm was decomposed by 15-SWCNT-TiO2 after 60 min under UV 
light irradiation (Fig. S8). 

3.3.1. Photocatalyst recyclability 
Recyclability is an important factor for practical applications of 

catalysts [74]. Stability of 15-SWCNT/TiO2 was studied in the course of 
consecutive runs for RhB photodegradation to address its prolonged use. 
The photodegradation of RhB was monitored for four consecutive runs, 
each for 120 min. After each run, 15-SWCNT/TiO2 was filtrated and 
washed thoroughly with plenty of water and fresh RhB solution was 
added. 15-SWCNT-TiO2 exhibited high stability and recyclability for the 
photocatalytic degradation of RhB, which provides great potential for 
the feasible treatment of organic pollutants (Fig. 9). The total 
photo-degradation efficiency of 15-SWCNT/TiO2 reduced about 18% 
after five cycles, which is attributed to the catalyst weight loss during the 
recycling process. Results of these experiments proves the cyclic po-
tential of the photocatalyst and its stability provides great capacity for 
the feasible treatment of organic-dye pollutants of water. Detailed 
analysis of the results shows that the adsorption of RhB decreases from 
66% to 29%, but the photocatalytic efficiency increases from 34% to 
52%. The same trends in the photocatalytic activity of the graphene 
oxide/TiO2 composite has also been reported [75]. Under dark condi-
tion, there is a gradual decrease in the removal of RhB after each cycle in 
the consecutive runs which is ascribed to the adsorption of RhB on the 
porous surface of 15-SWCNT/TiO2. Even though the composite was 
separated and washed thoroughly with plenty of water at the end of each 
run and then used in the next experiment, many RhB molecules remain 
in the 15-SWCNT/TiO2 composite, leading to the weakening of the next 
adsorption ability of the used composite. This conclusion is confirmed 
by the gradual improvement in the photocatalytic efficiency of 
15-SWCNT/TiO2 during the recycle experiment. In comparison with the 
first run, the number of the photocatalyst active sites and free RhB 
molecules, which are not trapped in the composite pores, are higher in 
the next run. Therefore, a gradual increase in the photocatalytic effi-
ciency of 15-SWCNT/TiO2 is observed after each run. The observed 
trends in the adsorption in dark and photocatalysis under UV prove that 
the final removal of RhB from solutions is caused by the photocatalytic 
degradation rather than the adsorption process. Adsorption of RhB on 
the photocatalyst led to the saturated photocatalyst. 

3.3.2. Identification of active species 
To analyze the main active intermediates in the degradation of RhB 

by 15-SWCNT/TiO2, the photocatalytic process was studied under 
optimized conditions in the presence of benzoquinone (BQ) as super-
oxide radical scavenger, t-butyl alcohol (t-BuOH) and methanol as hy-
droxyl radical scavengers, and ammonium oxalate as hole scavenger 

Fig. 8. Photocatalytic degradation of RhB and corresponding kinetic plots for 
x-SWCNT-TiO2 composites. 

Fig. 9. Adsorption and photocatalytic recycling experiments of 15-SWCNT/ 
TiO2. Adsorption efficiency was obtained in dark after 30 min stirring. Condi-
tions: total time for adsorption and photocatalytic process 150 min, cat 0.03 g, 
pH 8, RhB 10 ppm, UVC 30 W. 
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[35–38,76,77]. The variation of c/c0 of RhB as a function of irradiation 
time was studied before and after addition of scavengers into the pho-
tocatalytic system. The role of the active species was determined 
through the variation of c/c0 of the dyes after the scavengers were added 
into the photocatalytic system (Fig. S9). Comparison of the results in 
Fig. S9 shows that hydroxyl radical (•OH) is the dominant reactive 
oxidative species. Therefore, t-BuOH and BQ in the reaction mixture 
both completely inhibited the photocatalytic degradation of RhB, indi-
cating that the degradation of RhB is mostly achieved by photogenerated 
hydroxyl (•OH) and superoxide anion (•O2‾) radicals; direct oxidation 
on photogenerated holes is a minor contribution [78]. These findings are 
similar to reported studies in the literature [35]. The results indicate that 
•O2‾ and •OH are the main active species for the degradation of RhB by 
15-SWCNT/TiO2 under UV light irradiation, and direct action of hole on 
TiO2 played an auxiliary role during the photocatalytic process. 

Analysis of the degradation product by GC-Mass analysis confirmed 
the formation of de-ethylated RhB (m/z 415), succinic acid (m/z 118), 
and phenol derivatives (Fig. S10). 

3.3.3. Photocatalysis mechanism 
The advancement of 15-SWCNT/TiO2 in photocatalysis should be 

first attributed to the enhanced adsorptivity which is a prerequisite for 
good photocatalytic activity [79]. 15-SWCNT-TiO2 showed the best 
adsorption strength among the six x-SWCNT/TiO2 (x = 0.4–15) cata-
lysts (Fig. 8) and the remaining concentration fraction of RhB after dark 
adsorption on the catalysts obtained from UV–visible absorption spectra 
verified this assertion. It was obvious that under optimized conditions, 
after equilibrium in the dark for 30 min, most dye molecules remained 
in the solution with neat TiO2 (adsorption 13%) as the catalyst, whereas 
a large amount of dye molecules was adsorbed (adsorption 52%) on the 
surface of 15-SWCNT-TiO2. The higher adsorption by the composite is 
related to its strong interaction with RhB dye. BET analyses results 
showed that the synthesized TiO2, purified SWCNT, and the composite 
15-SWCNT-TiO2 have surface areas of 155 m2g-1, 303 m2g-1, and 
150 m2g-1, respectively (Fig. S11). Therefore, high adsorptivity of the 
composite is not due to higher surface area with respect to neat TiO2. 
15 wt% SWCNT is not enough to increase the composite surface area. 

Presence of SWCNT also provided higher light absorption by the 
composite (Fig. S12). Interestingly, the SWCNT/TiO2 composite displays 
an unusual UV–vis spectrum, which almost covered the whole UV–vis 
region (Fig. S10) and the band gap of the composite is in the visible light 
range. The band gaps are 3.20 eV and 2.88 eV for neat TiO2 and 15- 
SWCNT/TiO2, respectively (Fig. S12). The Ti-O-C bonds in the com-
posite, similar to carbon-doped TiO2, contribute in the extension of the 
absorption light to longer wavelengths. In spite of these findings, the 
visible-light photocatalytic efficiency of 15-SWCNT/TiO2 was low. The 
same result was also reported by others with high intensity visible light 
[80]. Since the C-introduced levels in the band structure are limited by 
the amount of C-O-Ti bonds, it is also limited by the amount of the 
excited electrons, thus the reaction rate is expected to be reduced. It 
should be recalled that neat TiO2 does not display any photocatalytic 
reaction under visible light illumination. 

Two distinct contributions from the CNT/TiO2 composite have been 
reported. The coupling of the CNTs with TiO2 creates a rectifying contact 
that the CNTs act as an electron sink [80]. The strong Ti-O-C/Ti–O(O)C 
bonds introduce trapping levels in the band gap to the system that could 
accept photon-excited electrons in the nanocomposites of TiO2, and as a 
result suppress the electron/hole pair recombination in CNT/TiO2 
nanocomposites (Scheme 1) [33,81]. The CNT helps to capture 
photon-excited electrons from the conduction band of the TiO2 by its 
large electron-storage capacity. Concurrently, CNT could hinder the 
recombination of electron-hole pairs by providing fast conduction of the 
captured photon-excited electrons. The second factor is the electronic 
configuration of the CNTs; the defects in the CNTs create large numbers 
of mid band-gap states which aid electronic excitation [80,82]. The ef-
fect of the CNT electronic-band structure is higher than the chemical 

bond between the CNT and TiO2 in controlling the photocatalysis. 
For evaluating the effects of the purification, the photocatalytic ac-

tivities of the composites prepared by CNT:TiO2 weight ratio of 15:100 
using purified-SWCNT, crude-SWCNT, and crude-SWCNT with double 
weight ratio were examined (Fig. 10); they are denoted as 15-SWCNT/ 
TiO2, 15-(as-synthesized-SWCNT)/TiO2, and 15-(as-synthesized- 
2SWCNT)/TiO2, respectively. In the last composite, the CNT weight was 
doubled to compensate for its low mass proportion in the composite; the 
real mass of the SWCNT in the 15%-unpurified-SWCNT is less than 15%- 
purified-SWCNT because of the presence of MgO and catalysts. Although 
TEM, TGA, and Raman analysis proved the presence of non-nanotube 
carbonaceous particles in the purified SWNT-M(j), the effects of the 
purification on the photocatalytic activity was highly remarkable. It has 
been well established that TiO2 is a favorite photocatalyst. However, the 
limited absorption of light and the high recombination rate of photo-
generated electrons (e-) and positive holes (h+) decrease its photo-
catalytic efficiency. To boost the generation of e-/h+ by light absorption 
and reduce their recombination rates, combination of materials such as 
CNTs or graphene [83] with TiO2 have been achieved successfully and 
interesting results obtained. Generally, TiO2 is used as a bench scale for 
the quantification of a new photocatalyst activity. Therefore, the pho-
tocatalytic activity of a TiO2-based composite show that recombination 
rate of photogenerated e-/h+ on TiO2 has been increased or decreased 
with respect to pure TiO2. The nanocomposite 15-SWCNT/TiO2 showed 
the highest efficiency and removed the RhB almost completely within 
120 min. Neat TiO2 could decompose only 53% of the initial RhB after 
120 min. While the adsorption of RhB during 30 min stirring in the dark 
for 15-(crude-2SWCNT)/TiO2 and 15-(crude-SWCNT)/TiO2 was higher 

Scheme 1. The proposed mechanism for the photocatalytic performance of 15- 
SWCNT-TiO2 in removal of RhB. The CNT could act as electron sinks, i.e., the 
photogenerated electrons are transferred into the SWCNT providing a low 
probability of the recombination process. 

Fig. 10. Effects of the SWCNT purification on the photocatalytic activity of 
CNT-based nanocomposites for RhB degradation. 
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than that of TiO2, their photocatalytic activities were negligible with 
respect to TiO2. Comparison of the photocatalytic activities of the 
SWCNT/TiO2 composites with that of neat TiO2, illustrate the boosting 
effect of the unpurified SWCNT on recombination rate of the photo-
generated e-/h+ pairs on TiO2 It is concluded that the presence of the 
catalyst and support metal impurities in the crude-SWCNT facilitate the 
electron/hole recombination on the TiO2 and hence decrease the pho-
tocatalytic efficiency of the crude-SWCNT/TiO2 composite (Fig. 10). 

Removing the metal and carbonaceous impurities by HCl-air oxida-
tion-HCl treatments and functionalization of the SWCNT-(j) by HNO3 
reflux both participate in the enhancement of the nanocomposite pre-
pared by the purified-SWCNT/TiO2. While the formation of Ti-O-C 
groups on the SWCNT can aid in the photoinduced electron trapping 
and visible light absorption, the presence of sidewall defects, proven by 
Raman and XPS, causes significant changes in the SWCNT electronic 
states and finally in the composite photocatalysis efficiency. The in-
crease of graphitic defects created during the acid oxidation process can 
also cause a slight improvement in the oxygen reduction activity of CNTs 
[84]. Our finding is in contrast to that of Xu et al. [85] who reported that 
the acid treatment decreased the photo-catalytic activity of the titania 
CNT nano-composites [86]. 

4. Conclusion 

The finding of this study provides a large-scale strategy for the syn-
thesis and purification of SWCNTs. This study presents for the first time 
the remarkable effects of the purification on the photocatalytic effi-
ciency of SWCNT/TiO2. SWCNTs were successfully synthesized by cat-
alytic CVD using chemical deposition of CH4 over FeMo/Al2O3 and 
FeMo/MgO catalysts and the purification of SWCNT-M from the FeMo/ 
MgO catalyst was easily achieved. Of the various acids with different 
concentrations, reflux time, and temperature that have been examined, 
the procedure of sequential HCl treatment-air oxidation at 450 ◦C-sec-
ond time HCl treatment was efficient for the purification of as- 
synthesized SWCNT-M. The RhB degradation performance of the 15- 
SWCNT/TiO2 nanocomposite was much higher than that of TiO2 and the 
composite prepared by unpurified SWCNT. Purification of SWCNT 
removes the metal catalysts and catalyst-support, improves the retard-
ing effect of SWCNT on photogenerated electron/hole pairs in the 
composite 15-SWCNT/TiO2, hence increases its photocatalytic 
efficiency. 
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