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Abstract: The treatment of carbon nanotubes (CNTs) containing wastewater has become an important
issue with increasing industrial application due to the risk CNTs may pose to the environment and
human health. However, an effective method for treating wastewater containing CNTs has not
been established. Recently, we proposed a method to remove CNTs from aqueous dispersions
using sodium hypochlorite (NaClO). To explore the practical applications of this method, we herein
investigate the influence of different conditions, such as NaClO concentration, reaction temperature,
pH value, and CNT concentration, on the CNT degradation rate. The results showed that the
degradation of CNTs depends strongly on temperature and NaClO concentration: the higher the
temperature and NaClO concentration, the faster the degradation rate. The optimal temperature and
NaClO concentration are 50–70 ◦C and 2–3 wt%, respectively. Lower pH accelerated the degradation
rate but induced the decomposition of NaClO. Furthermore, dispersants and other substances in
the solution may also consume NaClO, thus affecting the degradation of CNTs. These findings
are of significance for establishing a standard technique for CNT-containing industrial wastewater
treatment, and for advancing the environmental sustainability of the CNT industry.

Keywords: carbon nanotubes; sodium hypochlorite; wastewater treatment; degradation; environ-
mental safety

1. Introduction

Due to their unique structures and outstanding electrical, thermal, optical, and me-
chanical properties, carbon nanotubes (CNTs), including single-walled carbon nanotubes
(SWNTs) and multi-walled carbon nanotubes (MWNTs), have attracted extensive interest
and demonstrated great promise in numerous application areas, such as energy storage,
device modeling, sporting goods, water filters, thin-film electronics, coatings, actuators,
and electromagnetic shields [1–9]. CNT-related industrial products are growing rapidly
each year, and total worldwide production of CNTs is expected to approach 4000 tons by
2023 [10]. Most applications cannot be realized without suitable processes for dispersing
CNTs in organic or inorganic solutions, preparing fibers and films, or achieving immobi-
lization of separate particles. These processes can produce large amounts of wastewater
containing CNTs.

Additionally, there are increasing concerns due to the potential risk of CNTs to the
environment and human health [11–15]. It was reported that CNTs can bio-accumulate
in aquatic organisms [16,17] and significantly inhibit their growth [18–21]. Some studies
have shown that CNTs may induce bronchoalveolar adenoma and carcinoma in mice and
rats [22–24]. Furthermore, CNTs can persist in the body for a long time without obvious
biodegradation [25,26]. In 2014, the International Agency for Research on Cancer (IARC)
classified MWNT-7, a particular type of long and rigid CNT, as possibly carcinogenic to
humans based on animal studies [27]. Recently, the International Chemical Secretariat
(ChemSec) added CNTs to the ‘Substitute It Now’ (SIN) list of chemicals [28]. Therefore,
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risk management related to the safe handling, research, production, and waste treatment
is important to avoid exposure to CNTs in occupational operations and the environment.
Thus, CNT-containing wastewater cannot be directly discarded without treatment.

However, there are no established methods or standard guidelines for the treatment
of wastewater containing CNTs. Although filtration can remove most CNTs from aqueous
systems, it can be time-consuming and it may be difficult to remove small, well-dispersed
CNTs from aqueous solutions. Combustion may be useful for burning off waste from CNT-
containing dispersions, but it is not feasible or affordable for dealing with large amounts
of industrial wastewater from manufacturers. Recently, we discovered that CNTs can be
completely degraded into carbon oxides or carbonate ions using sodium hypochlorite
(NaClO) [29], which suggests that this technique could be used as a simple method for the
removal of CNTs from wastewater. Hypochlorite is an inexpensive and strong oxidizing
agent that has been widely used as a household disinfectant, water treatment agent, and
bleaching agent since the 18th century [30]. Therefore, this method is low cost, highly
effective, and safe.

We also found that most CNTs, including SWNTs, MWNTs, and carbon nanohorns
(CNHs) could be completely degraded by NaClO solution. Although the degradation rates
of the eleven investigated types of CNTs are different, their degradation trends are the
same. The degradation rates of CNTs with NaClO mainly depend on the diameters of the
different types of CNTs, ordered SWNTs≥ CNHs > thinner MWNTs > thicker MWNTs [31],
and two-dimensional graphene oxide sheets degrade faster than one-dimensional oxidized
CNTs [32]. However, for practical industrial applications, more fundamental research is
needed. We must clarify the effects of various factors on CNT degradation to establish an
appropriate method with optimal conditions. In addition, practical wastewater contains
other components besides CNTs, such as surfactants or dispersants, and these may also
influence the degradation of CNTs.

In the present study, we focused on SWNTs (SG-CNTs) of high purity and medium
diameter and explored the influence of various conditions and the protein bovine serum al-
bumin (BSA), which is commonly used for dispersing CNTs [33]. The results will contribute
to establishing a standard technique for the treatment of CNT-containing wastewater using
NaClO.

2. Materials and Methods
2.1. Preparation of CNT Dispersions

In this study, we used SWNTs obtained using the super-growth method (SG-CNTs) [34].
SG-CNTs are single-wall carbon nanotubes with a diameter of 1–5 nm. Their density is
estimated to be about 0.029 g/cm3 and their surface area is >800 m2/g [35,36]. Levels
of metal impurities in samples were <0.5% [34]. To obtain CNT dispersions, SG-CNTs
were dispersed in an aqueous solution of BSA (fatty acid-free; Nacalai Tesque Inc., Kyoto,
Japan) following a standard process (ISO/TS 19337), as reported previously [37,38]. Briefly,
SG-CNTs (50 mg) were dispersed in 50 mL of an aqueous solution of BSA (10 mg/mL) by
sonication with a VC-750 homogenizer (Sonics & Materials, Inc., Newtown, CT, USA) for 3
h with cooling using an ice-water bath. The concentration of SG-CNTs in BSA solution was
estimated to be ~1 mg/mL, and SG-CNT dispersions are abbreviated as SG/BSA.

To understand the influence of the dispersant, we also prepared SG-CNT aqueous
solutions without any dispersant using oxidized SG-CNTs (ox-SG) as control samples. For
the preparation of ox-SG, SG-CNTs (24 mg) were oxidized using 48 mL of a mixture of
H2SO4/HNO3 (3:1) at 70 ◦C for 40 min. H2SO4 (98%) and HNO3 (70%) solutions were
used as purchased (Wako 1st grade; Fujifilm Wako Pure Chem Corporation, Tokyo, Japan).
After treatment, the suspensions were diluted with water and filtered through a 0.2 µm
membrane to remove acids. The residue was resuspended in deionized water and filtered
again. This process was repeated around five times until the pH was neutral. The obtained
ox-SG samples were dispersed in deionized water using a US-1KS bath-type sonicator
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(SND Co., Ltd. Tokyo, Japan) for ~20 min. The concentration of ox-SG was adjusted to
around 1 mg/mL.

2.2. Treatment of SG-CNT Dispersions with NaClO

NaClO solution was prepared by dissolving sodium hypochlorite pentahydrate
(NaClO·5H2O; Tokyo Chemical Industry Co., Tokyo, Japan) in deionized water at dif-
ferent concentrations. To investigate the effect of NaClO concentration, 0.1 mL SG/BSA
dispersions (1 mg/mL) were added to 10 mL NaClO solutions and then treated at 37 ◦C
for 0–192 h. The concentration of NaClO was 0.22 wt%, 0.45 wt%, 1.13 wt%, 2.26 wt%, and
4.52 wt%. The concentrations of SG-CNT and BSA were around 10 µg/mL and 0.1 mg/mL,
respectively.

To investigate the effect of temperature, a homogenous dispersion of 0.1 mL SG/BSA
(1 mg/mL) was added to 10 mL of NaClO solution (2.26 wt%) and then treated at tempera-
tures of 25 ◦C, 37 ◦C, 50 ◦C, 70 ◦C, and 80 ◦C.

To explore the effect of pH on the degradation of CNTs, solutions of NaClO at different
pH values were prepared. Acidic solutions with pH values of 3.94 and 6.88 were obtained
by mixing 5 mL NaClO (4.52 wt%) with 5 mL HCl (0.45 mol/L and 0.33 mol/L, respectively).
Basic solutions with pH values of 12.42 and 13.50 were obtained by mixing 5 mL NaClO
(4.52 wt%) and sodium hydroxide (0.1 mol/L and 10 mol/L, respectively). A solution with
pH 10.20 was prepared from NaClO (2.26 wt%) without adjustment. Next, 0.1 mL SG/BSA
dispersions (1 mg/mL) were added to each solution, and mixtures were heated to 37 ◦C
for 0–168 h (7 days).

The changes in the amounts of SG-CNTs after treatment with NaClO under different
conditions was estimated by measuring the optical absorbance of CNT dispersions at a
wavelength of 700 nm at each time point using a Lambda 1050 ultraviolet/visible light/near
infrared (UV/vis/NIR) spectrometer (Perkin Elmer, Waltham, MA, USA) as reported
previously [29,31,39].

2.3. Measurement of Free Available Chlorine in Treatments

The change in the concentration of free available chlorine (f-Cl) at each time point
was determined using a portable free chlorine detector (HI96771B; HANNA Instruments,
Tokyo, Japan) with a ready-made reagent (HI93701-0; HANNA instruments). This yielded
the concentration of free chlorine in water samples within a 0.00 mg/L to 5.00 mg/L (ppm)
range, following adaptation of USEPA Method 330.5 and Standard Method 4500-Cl G. All
samples were diluted 10,000-fold for measurements.

3. Results
3.1. The Influence of NaClO Concentrations

When the same amount of SG/BSA dispersion was mixed with different concentra-
tions of NaClO and then treated at 37 ◦C, the optical absorption measurement results
showed that the amount of SG-CNTs decreased with increasing treatment duration at all
concentrations of NaClO (Figure 1A). The time taken for CNTs to degrade to half their
original concentration, defined as the half-life time, decreased from 6.34 h to 0.43 h with
increasing NaClO concentration from 0.22 wt% to 4.52 wt% (Figure 1B). However, the
decrease in half-life time was not obvious when the NaClO concentration was >2.26 wt%
(Figure 1B and Table 1). Complete degradation was presumed when the optical absorption
of CNT dispersions at a wavelength of 700 nm was close to zero (<0.007, the absorbance of
NaClO solution at 700 nm). The time taken for complete degradation of the same amount
of SG-CNTs (100 µg) was also correlated with the concentration of NaClO, which was >8
days for 0.22 wt%, around 54 h for 2.26 wt%, and 41 h for 4.52 wt% NaClO, respectively
(Table 1).
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Figure 1. Treatment of SG/BSA dispersions at 37 ◦C with solutions containing different concentra-
tions of NaClO (0.22 wt%, 0.45 wt%, 1.13 wt%, 2.26 wt%, and 4.52 wt%). (A) Changes in the amount
of SG-CNTs during treatment, estimated from the absorbance at 700 nm. Curves were fitted using
the formula Y = Y0 + A1e−x/t1 + A2e−x/t2 (Origin software). (B) The degradation half-life time of
SG-CNTs. SG/BSA is a CNT-dispersion that was obtained by dispersing SG-CNTs in BSA solution
(CNTs: 10 µg/mL; BSA: 0.1 mg/mL).

Table 1. Time needed for SG/BSA degradation by NaClO under different conditions.

Treatment
Conditions

NaClO Concentration (wt%) Temperature pH Values
(37 ◦C, pH: 10.20; (NaClO: 2.26 wt%, pH10.20; (NaClO: 2.26 wt%, 37 ◦C

SG/BSA: 10 µg/mL) SG/BSA: 10 µg/mL) SG/BSA: 10 µg/mL)
0.22 0.45 1.13 2.26 4.52 25 ◦C 37 ◦C 50 ◦C 70 ◦C 80 ◦C 3.94 6.88 10.2 12.42 13.5

Half-life
6.34 3.31 1.94 0.72 0.43 2.16 0.96 0.5 0.2 0.17 0.44 0.42 0.82 5 15(h)

Complete
degradation

>8
days ~144 h ~72 h ~54 h ~41 h ~120 h ~48 h ~24 h ~3 h ~2 h ~48 h ~48 h ~48 h >7

days
>7

days

In addition, the amount of f-Cl in NaClO solution with/without dispersions of
SG/BSA showed no obvious decrease during treatment at 37 ◦C after 50 h (Supplementary
Information, Figure S1).

3.2. The Influence of Temperature

The effect of temperature on the degradation of SG/BSA dispersions was investigated
using a fixed concentration of NaClO (2.26 wt%) at various temperatures from 25 ◦C to
80 ◦C. The results indicated that degradation was temperature-dependent (Figure 2A,B). A
higher treatment temperature accelerated the decrease in SG-CNTs. When the temperature
was increased from 25 ◦C to 80 ◦C, the half-life of CNT degradation decreased from 2.16 h
to 0.17 h (Figure 2C). The complete degradation of SG-CNTs took around five days at 25 ◦C,
but only around 3 h and 2 h at 70 ◦C and 80 ◦C, respectively (Table 1).

The stability of NaClO was checked by measurement of the dynamic change in the
amount of f-Cl in NaClO solution (2.26 wt%) without addition of SG/BSA at different
temperatures. The results showed that the amount of f-Cl did not change much when
the temperature was below 50 ◦C, but it dramatically decreased when the temperature
was increased to 70 ◦C or 80 ◦C from 0 h to 48 h. In addition, there was no decrease at
70 ◦C but a slight decrease at 80 ◦C after 3 h, at which point SG-CNTs were completely
degraded (Figure 2D, inset graphs). The amounts of f-Cl remaining in NaClO solutions
after 48 h were 94.3%, 92.2%, 89.2%, 59.8%, and 29.2% for 25 ◦C, 37 ◦C, 50 ◦C, 70 ◦C, and
80 ◦C, respectively.
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Figure 2. Degradation of SG/BSA with NaClO solution (2.26 wt%) at different temperatures (25 ◦C, 37 ◦C, 50 ◦C, 70 ◦C, and
80 ◦C). (A) Absorbance of SG/BSA dispersions at 700 nm during treatment, revealing changes in the amount of SG/BSA.
(B) Close-up view of the red framed part in (A). (C) Degradation half-life of SG/BSA. (D) Changes in the amount of f-Cl in
NaClO solution (2.26 wt%) at different treatment temperatures. The inset graph is a close-up view of the yellow framed
part. SG/BSA is a CNT-dispersion that was obtained by dispersing SG-CNTs in BSA solution (CNTs: 10 µg/mL; BSA:
0.1 mg/mL).

3.3. The Influence of pH Condition

The degradation of SG-CNTs by NaClO (2.26 wt%) at different pH values was investi-
gated using SG/BSA dispersions. Compared with NaClO solution without pH adjustment
(pH 10.20), the degradation rates of SG-CNTs by NaClO solution at pH values of 3.94
and 6.88 were increased at early time points (<2 h; Figure 3A,B). The half-life of SG-CNT
degradation decreased slightly from 0.82 h to 0.42 h, but the time for complete degradation
did not change much (Table 1). Meanwhile, when pH values were adjusted to pH 12.42
and pH 13.50, considerably higher than that of NaClO solution (pH 10.20), the degradation
of SG-CNTs slowed significantly (Figure 3A,B). The half-life time was extended to around
5 h and 15 h at pH 12.42 and pH 13.50, respectively, and SG-CNTs were not completely
degraded after seven days (Table 1).

The optical absorption spectra of NaClO solutions displayed a strong peak at 293 nm,
indicating the existence of ClO− under basic conditions (pH 10.20−13.50). Meanwhile, one
peak at 230 nm under acidic conditions (pH 3.94) indicated the presence of hypochlorous
acid (HClO) and two peaks at neutral conditions (pH 6.88) corresponded to ClO− and
HClO (Figure 4A). After treatment at 37 ◦C for 144 h, the peaks of ClO− and HClO in the
acidic solution almost disappeared, but the peak of ClO− in basic solutions only decreased
by around 35% at pH 10.20, and there was almost no change at pH 12.42 and pH 13.50
(Figure 4B). The f-Cl measurement results also showed that the amount of f-Cl in acidic
(pH 3.94) and neutral (pH 6.88) solutions was decreased significantly, while at pH 10.20
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there was a small decrease, and at pH 12.42 and pH 13.50 there was almost no change after
144 h (Figure 4C).

Toxics 2021, 9, x FOR PEER REVIEW 6 of 13 
 

 

degradation of SG-CNTs slowed significantly (Figure 3A,B). The half-life time was ex-

tended to around 5 h and 15 h at pH 12.42 and pH 13.50, respectively, and SG-CNTs were 

not completely degraded after seven days (Table 1). 

 

Figure 3. Degradation of SG/BSA by NaClO solution at different pH values. (A) Absorbance SG-

CNTs at 700 nm in treatments with different pH values. (B) Close-up view of the red framed part in 

(A). SG/BSA is a CNT-dispersion that was obtained by dispersing SG-CNT in BSA solution (CNTs: 

10 µg/mL; BSA: 0.1 mg/mL). 

The optical absorption spectra of NaClO solutions displayed a strong peak at 293 nm, 

indicating the existence of ClO− under basic conditions (pH 10.20−13.50). Meanwhile, one 

peak at 230 nm under acidic conditions (pH 3.94) indicated the presence of hypochlorous 

acid (HClO) and two peaks at neutral conditions (pH 6.88) corresponded to ClO− and 

HClO (Figure 4A). After treatment at 37 °C for 144 h, the peaks of ClO− and HClO in the 

acidic solution almost disappeared, but the peak of ClO− in basic solutions only decreased 

by around 35% at pH 10.20, and there was almost no change at pH 12.42 and pH 13.50 

(Figure 4B). The f-Cl measurement results also showed that the amount of f-Cl in acidic 

(pH 3.94) and neutral (pH 6.88) solutions was decreased significantly, while at pH 10.20 

there was a small decrease, and at pH 12.42 and pH 13.50 there was almost no change 

after 144 h (Figure 4C). 

Figure 3. Degradation of SG/BSA by NaClO solution at different pH values. (A) Absorbance SG-
CNTs at 700 nm in treatments with different pH values. (B) Close-up view of the red framed part in
(A). SG/BSA is a CNT-dispersion that was obtained by dispersing SG-CNT in BSA solution (CNTs:
10 µg/mL; BSA: 0.1 mg/mL).
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3.4. The Influence of SG-CNT Concentration and Dispersant

To investigate the influence of other components beside CNTs, we compared the
degradation of SG/BSA with BSA dispersant and ox-SG without dispersant using 2.26
wt% NaClO solution at 70 ◦C. The results showed that NaClO treatment decreased the
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amount of SG-CNTs rapidly both with and without BSA based on the optical absorbance
of CNT dispersions at 700 nm (Figure 5A,B). However, we found that SG/BSA could not
be completely degraded by NaClO when the SG-CNT concentration was increased to
200 µg/mL at a BSA concentration of around 2 mg/mL based on observations with the
naked eye (Figure 5C) and the optical measurement (Figure 5A, inset graph), even when
the observation time was extended to 24 h. By contrast, ox-SG at a CNT concentration
of 200 µg/mL could be completely degraded within 7 h (Figure 5B,D), at which point
the optical absorption at 700 nm was nearly zero (<0.007), and the CNT dispersion was
colorless.

Toxics 2021, 9, x FOR PEER REVIEW 8 of 13 
 

 

 

Figure 5. The effect of BSA dispersant on the degradation of SG-CNTs by 2.26 wt% NaClO at 70 °C. The absorbance at 700 

nm indicates the change in the amount of SG-CNTs during treatment with different concentrations of SG/BSA (A) and ox-

SG (B). The inset figures in A and B are close-up views of the light-yellow parts in each figure. Images of glass bottles 

containing SG/BSA (C) and ox-SG (D) dispersions with different concentration of CNTs following treatment with NaClO 

for 0−24 h. The concentrations in the legend represent the concentrations of ox-SG (µg/mL) and SG/BSA (µg or mg/mL). 

Dynamic changes in f-Cl concentration in NaClO solutions (2.26 wt%) containing 

SG/BSA, BSA, or ox-SG at 70 °C were measured over 5 h. The results showed that the 

amount of f-Cl decreased with increasing concentration of SG/BSA, BSA, or ox-SG (Figure 

6A–C). The concentration of f-Cl in NaClO solution containing SG/BSA or BSA decreased 

significantly over time, while that of NaClO solution alone showed only a slight decrease 

(~7%; Figure 6A, control). The amount of f-Cl decreased by ~92% after 3 h with BSA at 

concentrations of 1 mg/mL and 2 mg/mL, and almost 100% of f-Cl was consumed after 5 

h at a BSA concentration of 2 mg/mL (Figure 6B). When NaClO was used to treat various 

concentrations of SG/BSA for 5 h, the consumed amounts of f-Cl were only slightly more 

than those with BSA alone when it was used at the same concentrations as in SG/BSA 

samples (Figure 6D). This indicates that BSA was the main consumer of NaClO in SG/BSA 

samples under these test conditions. In addition, optical absorbance spectra showed that 

the absorption peak of BSA had almost disappeared after treatment for 5 h, indicating that 

BSA was also degraded by NaClO treatment (Supplementary information, Figure S2). On 

the other hand, for ox-SG without any dispersants such as BSA, between 5% and 70% f-Cl 

Figure 5. The effect of BSA dispersant on the degradation of SG-CNTs by 2.26 wt% NaClO at 70 ◦C. The absorbance at
700 nm indicates the change in the amount of SG-CNTs during treatment with different concentrations of SG/BSA (A) and
ox-SG (B). The inset figures in A and B are close-up views of the light-yellow parts in each figure. Images of glass bottles
containing SG/BSA (C) and ox-SG (D) dispersions with different concentration of CNTs following treatment with NaClO
for 0−24 h. The concentrations in the legend represent the concentrations of ox-SG (µg/mL) and SG/BSA (µg or mg/mL).

Dynamic changes in f-Cl concentration in NaClO solutions (2.26 wt%) containing
SG/BSA, BSA, or ox-SG at 70 ◦C were measured over 5 h. The results showed that
the amount of f-Cl decreased with increasing concentration of SG/BSA, BSA, or ox-SG
(Figure 6A–C). The concentration of f-Cl in NaClO solution containing SG/BSA or BSA
decreased significantly over time, while that of NaClO solution alone showed only a slight
decrease (~7%; Figure 6A, control). The amount of f-Cl decreased by ~92% after 3 h with
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BSA at concentrations of 1 mg/mL and 2 mg/mL, and almost 100% of f-Cl was consumed
after 5 h at a BSA concentration of 2 mg/mL (Figure 6B). When NaClO was used to treat
various concentrations of SG/BSA for 5 h, the consumed amounts of f-Cl were only slightly
more than those with BSA alone when it was used at the same concentrations as in SG/BSA
samples (Figure 6D). This indicates that BSA was the main consumer of NaClO in SG/BSA
samples under these test conditions. In addition, optical absorbance spectra showed that
the absorption peak of BSA had almost disappeared after treatment for 5 h, indicating that
BSA was also degraded by NaClO treatment (Supplementary Information, Figure S2). On
the other hand, for ox-SG without any dispersants such as BSA, between 5% and 70% f-Cl
was consumed after heating at 70 ◦C for 5 h at CNT concentrations of 10−200 µg/mL,
much less than that in SG/BSA samples (Figure 6C).
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Figure 6. The amounts of free available chlorine (f-Cl) remaining in NaClO solutions (%) after 0–5 h incubation at 70 ◦C. (A)
for SG/BS, in which the concentrations of CNTs/BSA were 10/0.1, 30/0.3, 50/0.5, 100/0.1. and 200/0.2 (µg/mg)/mL; (B)
for BSA at concentrations of 0.1–2 mg/mL; and (C) for ox-SG at CNT-concentrations of 0–200 µg/mL. The total amounts of
consumed f-Cl after five hours for SG/BSA (blue) at CNT-concentrations of 10–200 µg/mL and BSA only (grey) are shown
(D). The concentrations of BSA in the SG-BSA samples (blue) were the same as those in the BSA samples (grey). SG/BSA
dispersions were obtained by dispersing SG-CNTs in BSA solution (CNTs: 0–200 µg/mL; BSA: 0–2.0 mg/mL).

4. Discussion
4.1. The Effect of NaClO Concentration

In theory, if CNTs are completely degraded by NaClO, via the chemical reaction CCNT
+ 2NaClO→ 2NaCl + CO2, then 1 mole of carbon requires 2 moles of NaClO. Therefore,
the degradation of 100 µg CNTs only requires 1.24 mg of NaClO (~0.0124 wt%). This
indicates that even for the lowest concentration of NaClO (0.22 wt%), NaClO was present
in excess, which means that the reaction between CNTs and NaClO can be approximated
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as a pseudo first-order reaction. However, the results showed that the half-life times
and complete degradation of SG/BSA decreased with increasing NaClO concentrations
from 0.22 wt% to 4.52 wt%, indicating that the degradation of CNTs was dependent on
the NaClO concentration. We also observed that when the NaClO concentration was
increased from 2.26 wt% to 4.52 wt% (Figure 1B), the decrease in degradation time was
not obvious. This indicates that the saturation concentration of NaClO might be ~2.26
wt%, much higher than the theoretical amount of 0.0124%. Although the degradation
mechanism of CNTs by NaClO is still not fully understood, intermediate products such as
oxygen-doped CNTs, graphene oxide, and aromatic compounds might be produced before
complete degradation [29,31,40]; hence, the degradation of CNTs may be more complicated
in practice than in theory (Supplementary Information, Figure S3). In addition, BSA in the
SG/BSA dispersions may also consume NaClO, as discussed below (Section 4.4). For the
rapid removal of CNTs from dispersions, an NaClO concentration of 2–3 wt% was found
to be appropriate.

4.2. Impact of Temperature

In general, temperature influences the reaction rate: as the temperature increases, the
reaction rate increases. Our results confirmed that degradation of SG-CNTs occurred at
room temperature, and the degradation rate was dependent on temperature. The half-life
time of CNT degradation at 80 ◦C was only ~0.17 h, 12.7 times shorter than that at 25 ◦C
(2.16 h). The complete degradation of SG-CNTs was also decreased from 120 h to 2 h.
This indicates that a higher temperature may be beneficial for the degradation of CNTs.
However, when the temperature exceeds 70 ◦C, a further increase in temperature does not
increase the degradation rate significantly (Figure 2C). This is due to the decomposition of
NaClO at high temperatures, which results in a significant decrease in f-Cl in the NaClO
solution (Figure 2D). Therefore, the appropriate treatment temperature for the removal of
SG-CNTs was found to be 50–70 ◦C.

4.3. Effect of pH Values

In addition to temperature, the oxidative reactivity of hypochlorite is very sensitive
to the pH of the solution. When the pH is >10, f-Cl from NaClO is in the form of ClO−,
but when the pH is 5–10, both HClO and ClO− coexist in solution, and when the pH is
<5, f-Cl exists in the form of HClO and Cl2 [41]. This was confirmed by our measurements
(Figure 4A). It is known that HClO has a redox potential (1.482 eV) almost twice that of
ClO− (0.81 eV), indicating a stronger oxidizing capacity [42]. However, the degradation rate
of SG-CNTs under acidic or neutral conditions was not increased dramatically compared
with that of NaClO solution without pH adjustment (pH 10.20; Figure 3). The main
reason that acidic conditions did not significantly accelerate the oxidation rate of CNTs
is presumably due to the instability of HClO, as confirmed by our optical absorption
spectra and the amount of f-Cl present (Figure 4). The HClO absorption peak disappeared
(Figure 4A,B), and the f-Cl concentration decreased (Figure 4C) in lower pH samples,
indicating that HClO decomposed during treatment. The decomposition of NaClO under
acidic conditions induced the generation of toxic chlorine gas (Supplementary Information,
Figure S4), which is unfavorable for practical use. In addition, the dispersion state of
SG/BSA remained almost homogenous after mixing with NaClO solution at pH 10.20,
while the SG/BSA dispersion aggregated immediately when mixed with NaClO solution
at pH 3.94 or pH 6.88 (Supplementary Information, Figure S5), which might also influence
the degradation of CNTs [31].

In alkaline conditions, the amount of f-Cl in NaClO solution barely changes, but the
oxidizing capacity of NaClO decreases with increasing pH [43]. Furthermore, when the pH
of the solution was >12, the dispersion state of SG-CNTs in NaClO solution deteriorated
(Supplementary Information, Figure S5), which also decreased the degradation rate of
SG-CNTs.
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In summary, acidic or neutral NaClO solutions can increase the degradation rate of
CNTs, but the amount of f-Cl is decreased, and toxic chlorine gas is produced from the
decomposition of HClO. Alkaline conditions with pH > 12 reduced the degradation rate of
NaClO significantly. Therefore, pH 10.2 is optimal for NaClO solutions, and adjustment to
more acidic or basic pH is not recommended.

4.4. The Influence of Dispersant of BSA

Since dispersants are often included with CNTs in CNT dispersions, we compared
SG/BSA dispersions with ox-SG dispersions not containing any dispersants to investigate
the effect of dispersants on the removal of CNTs from wastewater. We found that the
amount of f-Cl in NaClO/BSA solutions decreased with increasing BSA concentration.
When the concentration of BSA was >1 mg/mL, nearly 100% of f-Cl was consumed
(Figure 6D). As a result, SG/BSA could not be degraded completely by NaClO in our
test conditions when the concentration of BSA was >1 mg/mL (Figure 6). This indicates
that dispersants in CNT dispersions may consume f-Cl and influence the degradation of
CNTs. Therefore, it is important when treating CNT-containing wastewater with NaClO
to consider the effects of other substances in the wastewater, such as dispersants. When
the concentrations of these substances are high, diluting the dispersions, increasing the
NaClO concentration, or supplementing with additional NaClO during treatment may be
necessary.

Herein, the half-life time and time required for complete degradation of SG-CNTs
were explored. It should be noted that these values may vary among different CNT types,
CNT concentrations, and treatment conditions.

5. Conclusions

In this study, we investigated the effects of various conditions, such as NaClO concen-
tration, treatment temperature, pH value, concentration of CNTs, and BSA dispersant, on
the degradation of CNTs using NaClO solution. The results showed that temperature and
NaClO concentration had the greatest impact on the degradation of CNTs. As the temper-
ature and/or concentration of NaClO increased, the degradation rate of CNTs increased
significantly. However, above a certain threshold, a further increase in temperature or
NaClO concentration had little effect on the degradation rate. The optimal temperature and
NaClO concentration were found to be 50–70 ◦C and 2–3 wt%, respectively. Lower pH can
slightly accelerate the elimination of CNTs but may decrease f-Cl due to decomposition of
NaClO under acidic conditions, and this may also release toxic chlorine gas. Furthermore,
dispersants and other substances in the solution may consume NaClO, thereby affecting
the degradation of CNTs. The results lay a foundation for establishing a standard technique
for treating CNT-containing industrial wastewater using hypochlorite, which may help to
prevent the release of harmful CNTs into the environment.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/toxics9090223/s1, Figure S1: Free available chlorine (f-Cl) concentration in NaClO solution
(2.26 wt%) with or without SG/BSA (10 µg/mL) at 37 ◦C; Figure S2: Absorbance spectra of BSA
before (red line) and after (black line) treatment with 2.26 wt% NaClO at 70 ◦C for 5 h; Figure S3:
Scheme showing the degradation of CNTs by NaClO; Figure S4: Detection of chlorine gas from
NaClO solutions after pH adjustment to acidic conditions; Figure S5: Images of SG/BSA (10 µg/mL)
after treatment with 2.26 wt% NaClO at different pH values for 0–144 h at 37 ◦C.

Author Contributions: M.Y. and M.Z. designed and performed the experiments, analyzed the data,
and wrote the manuscript. M.Y., M.Z. and T.O. discussed the results, commented on the manuscript,
and approved its submission. All authors have read and agreed to the published version of the
manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

https://www.mdpi.com/article/10.3390/toxics9090223/s1
https://www.mdpi.com/article/10.3390/toxics9090223/s1


Toxics 2021, 9, 223 11 of 12

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This work was supported in part by the ZEON Corporation.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References
1. O’Connell, M.J. Carbon Nanotubes: Properties and Applications; Taylor & Francis: New York, NY, USA, 2018.
2. Sgobba, V.; Guldi, D.M. Carbon nanotubes—Electronic/electrochemical properties and application for nanoelectronics and

photonics. Chem. Soc. Rev. 2009, 38, 165–184. [CrossRef] [PubMed]
3. De Volder, M.F.; Tawfick, S.H.; Baughman, R.H.; Hart, A.J. Carbon nanotubes: Present and future commercial applications. Science

2013, 339, 535–539. [CrossRef] [PubMed]
4. Shi, K.; Ren, M.; Zhitomirsky, I. Activated carbon-coated carbon nanotubes for energy storage in supercapacitors and capacitive

water purification. ACS Sustain. Chem. Eng. 2014, 2, 1289–1298. [CrossRef]
5. Srivastava, A.; Srivastava, O.N.; Talapatra, S.; Vajtai, R.; Ajayan, P.M. Carbon nanotube filters. Nat. Mater. 2004, 3, 610–614.

[CrossRef]
6. Antiohos, D.; Romano, M.; Chen, J.; Razal, J.M. Carbon nanotubes for energy applications. In Syntheses and Applications of Carbon

Nanotubes and Their Composites; Suzuki, S., Ed.; IntechOpen: London, UK, 2013; Available online: https://www.intechopen.com/
chapters/38922 (accessed on 14 September 2021). [CrossRef]

7. Li, C.; Thostenson, E.T.; Chou, T.-W. Sensors and actuators based on carbon nanotubes and their composites: A review. Compos.
Sci. Technol. 2008, 68, 1227–1249. [CrossRef]

8. Tan, C.W.; Tan, K.H.; Ong, Y.T.; Mohamed, A.R.; Zein, S.H.S.; Tan, S.H. Energy and environmental applications of carbon
nanotubes. Environ. Chem. Lett. 2012, 10, 265–273. [CrossRef]

9. González, M.; Mokry, G.; de Nicolás, M.; Baselga, J.; Pozuelo, J. Carbon nanotube composites as electromagnetic shielding
materials in GHz range. In Carbon Nanotubes—Current Progress of Their Polymer Composites; Berber, M.R., Hafez, I.H., Eds.;
IntechOpen: London, UK, 2016; Available online: https://www.intechopen.com/chapters/50299 (accessed on 14 September
2021). [CrossRef]

10. Yano Research Institute Ltd. Global CNT (Carbon Nanotube) Market: Key Research Findings 2018. 2019. Available online:
https://www.yanoresearch.com/en/press-release/show/press_id/2081 (accessed on 14 September 2021).

11. Das, R.; Leo, B.F.; Murphy, F. The toxic truth about carbon nanotubes in water purification: A perspective view. Nanoscale Res.
Lett. 2018, 13, 183. [CrossRef]

12. Su, Y.; Yan, X.; Pu, Y.; Xiao, F.; Wang, D.; Yang, M. Risks of single-walled carbon nanotubes acting as contaminants-carriers:
Potential release of phenanthrene in Japanese medaka (Oryzias latipes). Environ. Sci. Technol. 2013, 47, 4704–4710. [CrossRef]

13. Mercer, R.R.; Scabilloni, J.F.; Hubbs, A.F.; Wang, L.; Battelli, L.A.; McKinney, W.; Castranova, V.; Porter, D.W. Extrapulmonary
transport of MWCNT following inhalation exposure. Part. Fibre Toxicol. 2013, 10, 38. [CrossRef]

14. Kobayashi, N.; Izumi, H.; Morimoto, Y. Review of toxicity studies of carbon nanotubes. J. Occup. Health 2017, 59, 394–407.
[CrossRef] [PubMed]

15. Francis, A.P.; Devasena, T. Toxicity of carbon nanotubes: A review. Toxicol. Ind. Health 2018, 34, 200–210. [CrossRef] [PubMed]
16. Parks, A.N.; Portis, L.M.; Schierz, P.A.; Washburn, K.M.; Perron, M.M.; Burgess, R.M.; Ho, K.T.; Chandler, G.T.; Ferguson, P.L.

Bioaccumulation and toxicity of single-walled carbon nanotubes to benthic organisms at the base of the marine food chain.
Environ. Toxicol. Chem. 2013, 32, 1270–1277. [CrossRef] [PubMed]

17. Zhu, B.; Zhu, S.; Li, J.; Hui, X.; Wang, G.-X. The developmental toxicity, bioaccumulation and distribution of oxidized single
walled carbon nanotubes in Artemia salina. Toxicol. Res. (Camb.) 2018, 7, 897–906. [CrossRef] [PubMed]

18. Sohn, E.K.; Chung, Y.S.; Johari, S.A.; Kim, T.G.; Kim, J.K.; Lee, J.H.; Lee, Y.H.; Kang, S.W.; Yu, I.J. Acute toxicity comparison of
single-walled carbon nanotubes in various freshwater organisms. Biomed. Res. Int. 2015, 2015, 323090. [CrossRef]

19. Wei, L.; Thakkar, M.; Chen, Y.; Ntim, S.A.; Mitra, S.; Zhang, X. Cytotoxicity effects of water dispersible oxidized multiwalled
carbon nanotubes on marine alga, dunaliella tertiolecta. Aquat. Toxicol. 2010, 100, 194–201. [CrossRef]

20. Cimbaluk, G.V.; Ramsdorf, W.A.; Perussolo, M.C.; Santos, H.K.F.; de Assis, H.C.D.S.; Schnitzler, M.C.; Schnitzler, D.C.; Carneiro,
P.G.; Cestari, M.M. Evaluation of multiwalled carbon nanotubes toxicity in two fish species. Ecotoxicol. Environ. Saf. 2018, 150,
215–223. [CrossRef]

21. Bisesi, J.H., Jr.; Merten, J.; Liu, K.; Parks, A.N.; Afrooz, A.R.M.N.; Glenn, J.B.; Klaine, S.J.; Kane, A.S.; Saleh, N.B.; Ferguson, P.L.;
et al. Tracking and quantification of single-walled carbon nanotubes in fish using near infrared fluorescence. Environ. Sci. Technol.
2014, 48, 1973–1983. [CrossRef]

22. Sargent, L.M.; Porter, D.W.; Staska, L.M.; Hubbs, A.F.; Lowry, D.T.; Battelli, L.; Siegrist, K.J.; Kashon, M.L.; Mercer, R.R.; Bauer,
A.K.; et al. Promotion of lung adenocarcinoma following inhalation exposure to multi-walled carbon nanotubes. Part. Fibre
Toxicol. 2014, 11, 3. [CrossRef]

http://doi.org/10.1039/B802652C
http://www.ncbi.nlm.nih.gov/pubmed/19088972
http://doi.org/10.1126/science.1222453
http://www.ncbi.nlm.nih.gov/pubmed/23372006
http://doi.org/10.1021/sc500118r
http://doi.org/10.1038/nmat1192
https://www.intechopen.com/chapters/38922
https://www.intechopen.com/chapters/38922
http://doi.org/10.5772/51784
http://doi.org/10.1016/j.compscitech.2008.01.006
http://doi.org/10.1007/s10311-012-0356-4
https://www.intechopen.com/chapters/50299
http://doi.org/10.5772/62508
https://www.yanoresearch.com/en/press-release/show/press_id/2081
http://doi.org/10.1186/s11671-018-2589-z
http://doi.org/10.1021/es304479w
http://doi.org/10.1186/1743-8977-10-38
http://doi.org/10.1539/joh.17-0089-RA
http://www.ncbi.nlm.nih.gov/pubmed/28794394
http://doi.org/10.1177/0748233717747472
http://www.ncbi.nlm.nih.gov/pubmed/29506458
http://doi.org/10.1002/etc.2174
http://www.ncbi.nlm.nih.gov/pubmed/23404747
http://doi.org/10.1039/C8TX00084K
http://www.ncbi.nlm.nih.gov/pubmed/30310666
http://doi.org/10.1155/2015/323090
http://doi.org/10.1016/j.aquatox.2010.07.001
http://doi.org/10.1016/j.ecoenv.2017.12.034
http://doi.org/10.1021/es4046023
http://doi.org/10.1186/1743-8977-11-3


Toxics 2021, 9, 223 12 of 12

23. Rittinghausen, S.; Hackbarth, A.; Creutzenberg, O.; Ernst, H.; Heinrich, U.; Leonhardt, A.; Schaudien, D. The carcinogenic effect
of various multi-walled carbon nanotubes (MWCNTs) after intraperitoneal injection in rats. Part. Fibre Toxicol. 2014, 11, 59.
[CrossRef]

24. Kasai, T.; Umeda, Y.; Ohnishi, M.; Mine, T.; Kondo, H.; Takeuchi, T.; Matsumoto, M.; Fukushima, S. Lung carcinogenicity of
inhaled multi-walled carbon nanotube in rats. Part. Fibre Toxicol. 2016, 13, 53. [CrossRef] [PubMed]

25. Shinohara, N.; Nakazato, T.; Ohkawa, K.; Tamura, M.; Kobayashi, N.; Morimoto, Y.; Oyabu, T.; Myojo, T.; Shimada, M.; Yamamoto,
K.; et al. Long-term retention of pristine multi-walled carbon nanotubes in rat lungs after intratracheal instillation. J. Appl. Toxicol.
2016, 36, 501–509. [CrossRef]

26. Lam, C.W.; James, J.T.; McCluskey, R.; Hunter, R.L. Pulmonary toxicity of single-wall carbon nanotubes in mice 7 and 90 days
after intratracheal instillation. Toxicol. Sci. 2004, 77, 126–134. [CrossRef]

27. IARC. Some Nanomaterials and Some Fibres. IARC Monographs on the Evaluation of Carcinogenic Risks to Humans Volume
111. 2017. Available online: https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-
Carcinogenic-Hazards-To-Humans/Some-Nanomaterials-And-Some-Fibres-2017 (accessed on 14 September 2021).

28. Hansen, S.F.; Lennquist, A. Carbon nanotubes added to the SIN List as a nanomaterial of very high concern. Nat. Nanotechnol.
2020, 15, 3–4. [CrossRef]

29. Zhang, M.; Deng, Y.; Yang, M.; Nakajima, H.; Yudasaka, M.; Iijima, S.; Okazaki, T. A simple method for removal of carbon
nanotubes from wastewater using hypochlorite. Sci. Rep. 2019, 9, 1284. [CrossRef] [PubMed]

30. Block, M.S.; Rowan, B.G. Hypochlorous acid: A review. J. Oral. Maxillofac. Surg. 2020, 78, 1461–1466. [CrossRef] [PubMed]
31. Zhang, M.; Yang, M.; Nakajima, H.; Yudasaka, M.; Iijima, S.; Okazaki, T. Diameter-dependent degradation of 11 types of carbon

nanotubes: Safety implications. ACS Appl. Nano Mater. 2019, 2, 4293–4301. [CrossRef]
32. Newman, L.; Lozano, N.; Zhang, M.; Iijima, S.; Yudasaka, M.; Bussy, C.; Kostarelos, K. Hypochlorite degrades 2D graphene oxide

sheets faster than 1D oxidised carbon nanotubes and nanohorns. npj 2D Mater. Appl. 2017, 39, 774–776. [CrossRef]
33. Nagaraju, K.; Reddy, R.; Reddy, N. A review on protein functionalized carbon nanotubes. J. Appl. Biomater. Funct. Mater. 2015, 13,

e301–e312. [CrossRef]
34. Hata, K.; Futaba, D.N.; Mizuno, K.; Namai, T.; Yumura, M.; Iijima, S. Water-assisted highly efficient synthesis of impurity-free

single-walled carbon nanotubes. Science 2004, 306, 1362–1364. [CrossRef]
35. Futaba, D.N.; Hata, K.; Yamada, T.; Hiraoka, T.; Hayamizu, Y.; Kakudate, Y.; Tanaike, O.; Hatori, H.; Yumura, M.; Iijima,

S. Shape-engineerable and highly densely packed single-walled carbon nanotubes and their application as super-capacitor
electrodes. Nat. Mater. 2006, 5, 987–994. [CrossRef] [PubMed]

36. Futaba, D.N.; Hata, K.; Namai, T.; Yamada, T.; Mizuno, K.; Hayamizu, Y.; Yumura, M.; Iijima, S. 84% catalyst activity of
water-assisted growth of single walled carbon nanotube forest characterization by a statistical and macroscopic approach. J. Phys.
Chem. B 2006, 110, 8035–8038. [CrossRef]

37. Fujita, K.; Endoh, S.; Maru, J.; Kato, H.; Nakamura, A.; Kinugasa, S.; Shinohara, N.; Uchino, K.; Fukuda, M.; Obara, S.; et al.
Sample Preparation and Characterization for Safety Testing of Carbon Nanotubes, and In Vitro Cell-Based Assay. 2014. Available
online: https://www.aist-riss.jp/downloads/tej%2020140507.pdf (accessed on 14 September 2021).

38. International Organization for Standardization (ISO). Nanotechnologies—Characteristics of Working Suspensions of Nano-Objects for
In Vitro Assays to Evaluate Inherent Nano-Object Toxicity; ISO Standard No: ISO/TS 19337: 2016; International Organization for
Standardization (ISO): London, UK, 2016.

39. Septiadi, D.; Rodriguez-Lorenzo, L.; Balog, S.; Spuch-Calvar, M.; Spiaggia, G.; Taladriz-Blanco, P.; Barosova, H.; Chortarea, S.;
Clift, M.J.D.; Teeguarden, J.; et al. Quantification of carbon nanotube doses in adherent cell culture assays using UV-VIS-NIR
spectroscopy. Nanomaterials 2019, 9, 1765. [CrossRef] [PubMed]

40. Lin, C.-W.; Bachilo, S.M.; Zheng, Y.; Tsedev, U.; Huang, S.; Weisman, R.B.; Belcher, A.M. Creating fluorescent quantum defects in
carbon nanotubes using hypochlorite and light. Nat. Commun. 2019, 10, 2874. [CrossRef]

41. Holst, G. The chemistry of bleaching and oxidizing agents. Chem. Rev. 1954, 54, 169–194. [CrossRef]
42. Vanýsek, P. Electrochemical series. In CRC Handbook of Chemistry and Physics, 89th ed.; Lide, D.R., Ed.; CRC Press: Boca Raton,

Florida, USA, 2008.
43. Ohura, R.; Yoshikawa, S. Effect of bleaching by peroxide bleaching agent (part 4) redox potential of bleaching agents. J. Home

Econ. Jpn. 1989, 40, 207–212. [CrossRef]

http://doi.org/10.1186/s12989-014-0059-z
http://doi.org/10.1186/s12989-016-0164-2
http://www.ncbi.nlm.nih.gov/pubmed/27737701
http://doi.org/10.1002/jat.3271
http://doi.org/10.1093/toxsci/kfg243
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Some-Nanomaterials-And-Some-Fibres-2017
https://publications.iarc.fr/Book-And-Report-Series/Iarc-Monographs-On-The-Identification-Of-Carcinogenic-Hazards-To-Humans/Some-Nanomaterials-And-Some-Fibres-2017
http://doi.org/10.1038/s41565-019-0613-9
http://doi.org/10.1038/s41598-018-38307-7
http://www.ncbi.nlm.nih.gov/pubmed/30718788
http://doi.org/10.1016/j.joms.2020.06.029
http://www.ncbi.nlm.nih.gov/pubmed/32653307
http://doi.org/10.1021/acsanm.9b00757
http://doi.org/10.1038/s41699-017-0041-3
http://doi.org/10.5301/jabfm.5000231
http://doi.org/10.1126/science.1104962
http://doi.org/10.1038/nmat1782
http://www.ncbi.nlm.nih.gov/pubmed/17128258
http://doi.org/10.1021/jp060080e
https://www.aist-riss.jp/downloads/tej%2020140507.pdf
http://doi.org/10.3390/nano9121765
http://www.ncbi.nlm.nih.gov/pubmed/31835823
http://doi.org/10.1038/s41467-019-10917-3
http://doi.org/10.1021/cr60167a005
http://doi.org/10.11428/jhej1987.40.207

	Introduction 
	Materials and Methods 
	Preparation of CNT Dispersions 
	Treatment of SG-CNT Dispersions with NaClO 
	Measurement of Free Available Chlorine in Treatments 

	Results 
	The Influence of NaClO Concentrations 
	The Influence of Temperature 
	The Influence of pH Condition 
	The Influence of SG-CNT Concentration and Dispersant 

	Discussion 
	The Effect of NaClO Concentration 
	Impact of Temperature 
	Effect of pH Values 
	The Influence of Dispersant of BSA 

	Conclusions 
	References

