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Abstract: The adsorption and suspension behaviors of carbon nanotubes (CNTs) in the water envi-
ronment determine the geochemical cycle and ecological risk of CNTs and the compounds attached
to them. In this study, CNTs were selected as the research object, and the effect of tube diameters
and functional groups (multiwall CNTs (MWNTs) and hydroxylated MWNTs (HMWNTs)) on the
adsorption and suspension behaviors of the CNTs in the presence of humic acid (HA) was systemati-
cally analyzed. The results indicate that HA adsorption decreased with the increase in the solution
pH, and the adsorption amount and rate were negatively correlated with the tube diameter of the
CNTs. The surface hydroxylation of the CNTs prevented the adsorption of HA, and the maximum
adsorption amounts on the MWNTs and HMWNTs were 195.95 and 74.74 mg g−1, respectively. HA
had an important effect on the suspension of the CNTs, especially for the surface hydroxylation, and
the suspension of the CNTs increased with the increase in the tube diameter. The characteristics of the
CNTs prior to and after adsorbing HA were characterized by transmission electron microscopy, fluo-
rescence spectroscopy, Fourier-transform infrared spectroscopy and Raman spectroscopy. The results
indicate that surface hydroxylation of the CNTs increased the adsorption of aromatic compounds,
and that the CNTs with a smaller diameter and a larger specific surface area had a disordered carbon
accumulation microstructure and many defects, where the adsorption of part of the HA would cover
the defects on the CNTs’ surface. Density functional theory (DFT) calculations demonstrated that HA
was more easily adsorbed on the CNTs without surface hydroxylation. This investigation is helpful
in providing a theoretical basis for the scientific management of the production and application of
CNTs, and the scientific assessment of their geochemical cycle and ecological risk.

Keywords: carbon nanotubes; tube diameter; functional groups; adsorption; suspension/sedimentation;
humic acid

1. Introduction

The invention and development of engineered nanomaterials have been aimed to
fulfill their wide applications in product manufacturing and in providing a high quality
of daily life. Significant attention has been paid to engineered nanomaterials due to their
diverse structures and functions and complex environmental behavior, which may impose
a significant impact on the ecological environment. Approximately one million tons of
engineered nanomaterials is released into the ecosystem each year, while carbon nanotubes
(CNTs) are one of the ten most used engineered materials [1]. CNTs are widely used in
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the fields of electronics, biomaterials, medicine, cosmetics, catalysis and environmental
treatment due to their unique structures, excellent electrical conductivity and superior
thermal and chemical stability [2–5], and they can be used as substitutes for the scarce
metals for most technologies [6]. Studies have shown that CNTs are toxic to animals,
microorganisms and embryonic stem cells [7,8]. CNTs may enter and accumulate in the
human body through the respiratory tract, food chain and skin contact pathways and
eventually pose threats to human health [7–9]. Therefore, it is necessary to reduce the
release of CNTs into the environment, but the high aspect ratio, aromatic structure and size
of CNTs make the degradation of CNTs very difficult [10]. Hence, more attention has to be
paid to CNTs for their potential risk to human health and the ecological environment.

Once released into the aquatic environment, the environmental behaviors of CNTs
such as adsorption, aggregation and sedimentation could directly affect their migration,
transformation, fate and bioavailability [11–13], and they can be significantly influenced
by the physical and chemical factors of the aquatic environment, humic acid (HA) and
other compounds [11–13]. Previous studies demonstrated that the lower pH and higher
ionic strength of the water environment were favorable for the adsorption of HA on CNTs’
surfaces, but they were unfavorable for the CNTs’ stabilization [14–17]. The adsorption
of HA on the surface of CNTs and CNTs’ suspension/sedimentation behaviors have been
intensively studied [14–16]. HA plays a key role in the suspension and sedimentation of
particles and colloids in the aquatic environment [18,19]. It can promote the dispersion,
suspension and sedimentation of hydrophobic CNTs in the water via electrostatic repulsion,
steric hindrance or solvation [11,16,18]. HA is a mixture of polyelectrolytes with different
molecular weights. It contains a variety of functional groups, including carboxyl, hydroxyl,
carbonyl, quinone and methoxy groups, resulting in both strong hydrophobicity and
hydrophilicity [20]. HA can be adsorbed on the surface of CNTs through hydrogen bonding
and hydrophobic, π−π and electrostatic interactions [11,16,20,21]. The adsorption rate
is affected by the oxidation degree, specific surface area and hydrophobic force of CNTs.
Meanwhile, the intraparticle diffusion is also related to the adsorption but not as a sole
rate-controlling step [22].

The adsorption and suspension/settlement behaviors of CNTs in the water environ-
ment are not only influenced by the physical and chemical elements of the water, but also
their own physical and chemical properties. However, limited research has been reported
about the effects of the tube diameters and functional groups of CNTs on the adsorption of
HA and aggregation/sedimentation of CNTs. Previous studies have demonstrated that the
saturated adsorption capacity of CNTs with different structures was different [11,13,23], and
hydrophilic functional groups such as -COOH or -OH on the surface of CNTs could enhance
the hydrophilicity and weaken the adsorption of hydrophobic organic molecules on CNTs,
thus greatly increasing the dispersion of CNTs in the water. [15,16,24]. Meanwhile, the tube
diameter of CNTs may directly influence the adsorption sites, the number of functional
groups and the adsorption capacity of HA. Therefore, the type and number of functional
groups on the CNTs’ surface as well as the CNTs’ tube diameter will affect both the ad-
sorption of HA and the suspension/sedimentation behavior of CNTs, which ultimately
influences their migration, transformation and fate in the aquatic environment [17,25,26],
affecting their environmental geochemical fate.

In this study, multiwall carbon nanotubes (CNTs) were selected as the research object,
the tube diameters and functional groups were used as internal factors and the solution
pH, humic acid and other physical and chemical parameters were used as external factors.
The adsorption, suspension and sedimentation behaviors of CNTs were systematically
studied through adsorption isotherm and kinetic experiments. Density functional theory
(DFT), fluorescence excitation–emission matrix (EEM) spectroscopy, Fourier-transform
infrared (FTIR) spectroscopy and Raman spectroscopy were used to study the mechanisms
of the adsorption, aggregation and sedimentation of CNTs. This investigation provides the
theoretical basis for recognizing the environmental behaviors and potential ecological risks
of CNTs with different diameters and functional groups in the natural aquatic environment.
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2. Materials and Methodology
2.1. Materials and Reagents

All reagents were analytical grade. NaOH and HCl were purchased from Sinopharm
Chemical Reagent Co., Ltd., (Shanghai, China). Multiwall CNTs (MWNTs) and hydroxy-
lated MWNTs (HMWNTs) were purchased from Chengdu Organic Chemistry Co., Ltd.,
Chinese Academy of Sciences. MWNTs and HMWNTs with outer tube diameters of
4–6 nm (named MWNT-1 and HMWNT-1), 5–15 nm (named MWNT-2 and HMWNT-2)
and 20–30 nm (named MWNT-3 and HMWNT-3) were used to study the impact of di-
ameters on their environmental behaviors. Humic acid (HA) was purchased from the
International Humic Substances Society (IHSS). The chemical compositions, functional
groups and results of the NMR analysis of HA (Elliott Soil, 1S102H) are presented in
Table 1 [27]. Deionized water (DI water) was supplied by an ultra-pure water system
(Milli-Q Advantage System, Millipore, Boston, MA, USA). The water resistance value was
≥18.3 MΩ·cm, and the conductivity was ≤10 us·cm−1.

Table 1. The elemental composition, functional groups and NMR analysis of HA.

Carbon Distribution (mg L−1)

Sample Carbonyl
220–190

Carboxyl
190–165

Aromatic
165–110

Acetal
110–90 Hetero Aliphatic 90–60 Aliphatic

60–0 Aromatic/Aliphatic

HA 6 18 50 4 6 16 3.125

Element Constitution %(w·w−1)

H2O Ash C H O N S P

HA 8.2 0.88 58.13 3.68 34.08 4.14 0.44 0.24

Acid Functional Groups(m mol·g−1)

Carboxyl Phenolic Q1 LogK1 N1 Q2 LogK2 N2

HA 8.28 1.87 8.90 4.36 3.16 0.85 9.80 1.00

Notes: The data were sourced from the International Humic Substances Society (IHSS). Q1 and Q2 are the
maximum charge densities of the two classes of binding sites; LogK1 and LogK2 are the mean logK values for
proton binding by the two classes of sites; N is the number of fitted titration data points.

2.2. Preparation of HA Stock Solution and Determination of Standard Curve for HA Concentration

HA was dissolved in 0.1 M NaOH solution. Then, the pH of the solution was adjusted
to 7.9 ± 0.2 with 0.1 M HCl. The solution was kept in a shaker at room temperature
(22 ± 1 ◦C) for 24 h to dissolve completely and filtered through a 0.45 µm fiber membrane
(MF Cat No: HAWP04700) prior to use. HA solutions with concentrations between 5.0 and
80.0 mg L−1 were prepared by diluting the HA stock solution. The concentration of the
HA solution was measured using a UV–visible spectrophotometer (UV-vis 8453, Agilent,
Palo Alto, CA, USA)with a 1 cm-light-path quartz cuvette. The light absorbance at a fixed
wavelength of 254 nm was used for establishing the HA calibration curve.

2.3. Characterization of CNTs

Transmission electron microscopy (TEM; H-7500 Hitachi, Tokyo, Japan) was used to
observe the morphology, tube diameter and length of CNTs and CNTs-HA. TEM images
were recorded on an H7500 transmission electron micrograph (Hitachi, Tokyo, Japan)
operated at 120 kV. All CNT samples used for TEM testing were prepared by cool drying of
the solution containing suspended CNTs. Zeta potentials of CNTs were measured at various
pH values using a Nano-ZS90 Zetasizer (Malvern Instruments, Worcestershire, UK).

2.4. Effect of Solution pH

An amount of 4.0 mg of CNTs was mixed with 20 mL of DI water in a 100 mL poly-
carbonate bottle aided by sonication for 30 min (240 W, 100 kHz). The temperature was
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maintained at 22 ± 1 ◦C using cooling water. Then, 20.0 mL of HA solution (40.0 mg L−1)
was added, while the solution pH was adjusted in the range of 2.0 to 10.0 using 0.1 M
HCl or NaOH. The mixture was stirred on a rotary shaker for 48 h. Then, the supernatant
was filtered through a 0.2 µm fiber membrane (PALL REF 4612) for the absorbance mea-
surement using a UV–Vis spectrophotometer (UV-vis 8453, Agilent, Palo Alto, CA, USA)
(manufacturer, city, (State or Province), country) at 254 nm. The experiment was repeated
three times.

2.5. Adsorption Isotherm

The sonicated CNT suspension solution was prepared as described in Section 2.4.
Then, 20.0 mL of HA solution (200.0 mg L−1) was added to achieve final HA concentrations
of 5.0, 10.0, 15.0, 20.0, 30.0, 40.0 and 50.0 mg L−1. The solution pH was adjusted to 6.0 using
0.1 M HCl. The mixture was stirred in a rotary shaker for 48 h. Then, the supernatant was
filtered through a 0.2 µm fiber membrane (PALL REF 4612) for the absorbance measurement
using a UV–Vis spectrophotometer at 254 nm. The adsorption isotherms were fitted using
Langmuir and Freundlich adsorption isotherm models. The experiment was repeated
three times.

2.6. Adsorption Kinetics

An identical mixture solution was prepared as described in Section 2.4, and the initial
concentration of HA was 20.0 mg L−1. The solution pH was adjusted to 6.0 using 0.1 M
HCl. The solution was then shaken for 5 min, 30 min, 60 min, 2 h, 4 h, 6 h, 12 h, 24 h, 48 h,
72 h, 96 h and 120 h. Then, the supernatant was filtered through a 0.2 µm fiber membrane
(PALL REF 4612) for the absorbance measurement using a UV–Vis spectrophotometer at
254 nm. The experiment was repeated three times.

2.7. Sedimentation Test of CNTs

The sonicated CNT suspension solution was prepared as described in Section 2.4.
Then, 20 mL of HA solution (200.0 mg L−1) was added to achieve final HA concentrations
of 5.0, 10.0, 20.0, 30.0, 40.0, 50.0 and 60.0 mg L−1. The solution pH was adjusted to 6.0 using
0.1 M HCl. After shaking for 48 h, the sedimentation of the suspensions was measured with
a UV–visible spectrophotometer at 800 nm [14,25]. The ratio of the absorbance at different
times (Ce) to the initial absorbance (C0) as a function of time was used to determine the sed-
imentation dynamics. A lower Ce/C0 ratio indicates a higher sedimentation performance
of the nanotubes and, in turn, much easier aggregation and settlement of the CNTs [28].

2.8. Fluorescence Spectral Analysis

The initial concentration of HA was 20.0 mg L−1, and the fluorescence spectra of
the remaining HA after being adsorbed by CNTs at 24 h, 48 h and 72 h were measured
and compared with the fluorescence spectra of the initial HA. Fluorescence spectra of
HA were measured using a fluorescence spectrometer (Hitachi F-7000, Tokyo, Japan) with
a 1 cm-path-length quartz cuvette at room temperature. EEM spectra were obtained by
subsequently scanning emission (Em) wavelengths from 230 to 600 nm and excitation (Ex)
wavelengths from 200 to 450 nm, both stepped by 5 nm intervals. Slit widths were 5 nm
for both Ex and Em, and the scanning speed was set at 12000 nm·min−1. The fluorescence
index (FI) was calculated as the ratio of the emission intensity at Em 450 nm relative to that
at Em 500 nm at Ex 370 nm [29].

2.9. Raman and FTIR Spectroscopy Characterization of CNTs

A micro-Raman imaging spectrometer (DXRxi, Thermo Scientific, Waltham, MA, USA)
was used to characterize the CNTs and CNTs-HA. The microscope was equipped with 10×
and 50× objectives. During the measurement, a layer of CNTs with a thickness of 2 cm
was placed on a glass slide mounted horizontally inside the test chamber. The orientation
of the sample stage was adjusted so that the laser spot scanned in parallel. The excitation
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source had a wavelength of 532 nm. The focused spot size was about 1 µm. The spectral
resolution was 1 µm. The optical path length was corrected by the Raman peak intensity
at 520 cm−1 from a silicon wafer with an excitation power of 2 mW and an exposure time
of 10 s. The test results were analyzed and processed with Omnic software with baseline
correction and Lorentz peak fitting for peak deconvolution. FTIR spectrometry of CNTs
and CNTs-HA was carried out using a Nicolet Magna-IR 750 FTIR spectrometer (Nicolet
Magna-IR 750, Nicolet, Madison, WI, USA) using KBr powder as the background. FTIR
spectra were recorded from 400 to 4000 cm−1 at a resolution of 4 cm−1 and averaged over
200 scans.

2.10. Atomic Adsorption Theory Analysis Based on Density Functional Theory (DFT) Calculation

Density function theory calculations were performed using the CP2K package [30].
The PBE functional [31] with Grimme D3 correction [32] was used to describe the system.
Unrestricted Kohn–Sham DFT was used as the electronic structure method in the framework
of the Gaussian and plane wave methods [33,34]. The Goedecker–Teter–Hutter (GTH)
pseudopotentials [35,36] and DZVPMOLOPT-GTH basis sets [33] were utilized to describe
the molecules. A plane-wave energy cut-off of 500 Ry was employed.

3. Results and Analysis
3.1. Characterization of CNTs

The TEM images of the MWNTs (Figure 1a–c) and HMWNTs (Figure 1d–f) prior to and
after adsorbing HA (Figure 1g–l) are shown in Figure 1. The observed outer tube diameters
of the CNTs were consistent with the data given by the manufacturer. Additionally, it can
be seen that the MWNTs and HMWNTs exhibited the characteristic of flexible winding,
and the winding property of the MWNTs and HMWNTs increased significantly after the
adsorption of HA. This result is different from that of nanoparticles, which have better
dispersion after HA adsorption [14,26]. Previous research indicated that the tube segments
of CNTs are usually closed, and the inner diameter of MWNTs and HMWNTs is too small
to allow large molecules such as HA to enter; hence, HA can only be adsorbed on the outer
surface of MWNTs and HMWNTs [16,17].

The specific surface areas (BET) after HA adsorption of MWNT-1, MWNT-2, MWNT-
3, HMWNT-1, HMWNT-2 and HMWNT-3 were 342.4, 213.8, 129.5, 471.6, 220.4 and
135.1 m2 g−1, respectively (Table S1). For the CNTs with different surface functional groups,
their BET also increased with the decrease in the tube diameter. After the adsorption of
HA, the BET of MWNTs and HMWNTs decreased significantly; the reduction rates of
MWNTs (19.9–30.9%) were higher than those of HMWNTs (12.0–25.7%), indicating that the
adsorption capacity of MWNTs for HA was larger than that of HMWNTs; and HA occupied
more adsorption sites of MWNTs. The nitrogen adsorption isotherms for the MWNTs and
HMWNTs are shown in Figure S1.

The effect of the solution pH on the changes in the surface charge property and density
of the MWNTs and HMWNTs are shown in Figure 2. The MWNTs and HMWNTs had a
negative surface charge under different pH conditions, and only MWNT-1 and MWNT-2
had small positive charges at pH < 3.0. With the increase in pH, more OH− adsorbed on
the surface of MWNT-1 and MWNT-2, and the positive charge density decreased, resulting
in zero surface charge at pH 3.0. The surface negative charge density of MWNT-1 and
MWNT-2 increased gradually with the increase in the solution pH. The zeta potentials of
the MWNT-3 and HMWNT surfaces were negative. With the increase in pH, the negative
value of the zeta potential increased. The results indicate that the surface functional groups
and tube diameters of the CNTs also affected the property and density of the surface charge.
For different surface functional groups, the surface negative charge density of the MWNTs
and HMWNTs also increased with the increase in the solution pH and tube diameter.
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3.2. Effect of pH on the Adsorption of HA

The adsorption amount of HA on the surface of the MWNTs and HMWNTs decreased
significantly with the increase in the solution pH (Figure 3); especially for the MWNTs and
HMWNTs with a larger diameter, HA could hardly be adsorbed on their surface when the
solution pH was greater than 7.0, and the maximum adsorption amount of HA was achieved
at the lowest pH of 2.0. The adsorption amount of HA on the surface of the MWNTs was
slightly higher than that of the HMWNTs, consistent with the above results of BET. For
the MWNTs, the maximum adsorption amount of HA decreased with the increase in the
tube diameter following the order of MWNT-1 (186.4 mg g−1) > MWNT-2 (181.7 mg g−1)
> MWNT-3 (127.4 mg g−1). Similar results were also found for the HMWNTs, with the
adsorption amount decreasing in the order of HMWNT-1 (181.1 mg g−1) ≈ HMWNT-2
(182.6 mg g−1) > HMWNT-3 (120.8 mg g−1). Therefore, the adsorption amount of HA
was greater with smaller tube diameters regardless of the functional groups on the surface
of the CNTs. Previous studies demonstrated that the solution pH not only affected the
property and density of the surface charge of CNTs, but also the dissociation of HA in the
solution [14,16]. Therefore, interactions between the surface functional groups of CNTs and
the hydrogen bonds and polar functional groups of HA were inhibited, thus reducing the
adsorption amount of HA [14]. The results indicate that the surface functional groups had
no significant effect on the adsorption of HA on the CNTs at the low solution pH, and the
surface hydroxylation hindered the adsorption of HA at the high solution pH.
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After the adsorption of HA, the zeta potentials of the MWNTs and HMWNTs decreased
first and then increased (Figure 4). This phenomenon can be explained from two aspects:
on the one hand, HA was adsorbed on the surface of the CNTs at a low solution pH and
then increased the negative charge density of the CNTs due to its negative charge in the
solution; on the other hand, under the condition of a high solution pH, HA was difficult
to adsorb on the surfaces of the MWNTs and HMWNTs, and the zeta potentials of the
MWNTs and HMWNTs were only affected by the solution pH.
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3.3. Adsorption Isotherms

The adsorption of HA on the MWNTs and HMWNTs was fitted using both Langmuir
(Equation (1)) and Freundlich (Equation (2)) [37,38] adsorption models (Figure 5).

qe =
qmkLCe

1 + kLCe
(1)

qe = kFCe
1
n (2)

where qe is the amount of HA adsorbed at equilibrium (mg g−1); Ce is the concentration
of HA in the solution (mg L−1) at equilibrium; qm (mg g−1) is the maximum adsorption
capacity; kL (L g−1) is the Langmuir equilibrium constant; kF (mg1−(1/n)L1/n g−1) and n
are the Freundlich parameters.
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The Langmuir and Freundlich adsorption isotherms of HA on the MWNT and
HMWNT surfaces were obtained by fitting Equations (1) and (2) (Table 2). In general,
most of the isotherms achieved a good-quality fitting. Based on the Langmuir isotherm,
the maximum adsorption amount of HA on the surface of MWNT-1 was 195.95 mg g−1 at
pH 6.0. However, under the same conditions, this was reduced to 89.73 and 87.99 mg g−1

for MWNT-2 and MWNT-3, respectively. Therefore, the MWNT with the smaller tube
diameter and the larger specific surface area had the highest adsorption capacity for HA.
The maximum adsorption amounts of HA on the surfaces of HMWNT-1, HMWNT-2 and
HMWNT-3 were 74.74, 75.16 and 69.81 mg g−1, respectively. The surface hydroxylation
of the HMWNTs greatly reduced the adsorption amount of HA, and the effect of the tube
diameter on the adsorption of HA on the HMWNTs was not as significant as that on
the MWNTs. The adsorption amount of HA on the MWNTs was larger than that on the
HMWNTs, which could be attributed to the fact that the hydroxyl groups in the HMWNTs
occupied a part of the adsorption sites, so the surface hydroxylation of the MWNTs may in-
hibit the adsorption of HA. The constant “n” for the strength of adsorption predicted using
the Freundlich equation was less than 2.0, indicating that the MWNTs and HMWNTs had a
weak adsorption capacity for HA. This is understandable, since at pH 6.0, the surfaces of
the MWNTs and HMWNTs were negatively charged, and a part of the HA can be adsorbed
on the surfaces of the MWNTs and HMWNTs due to electrostatic repulsion.
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Table 2. Langmuir and Freundlich adsorption isotherm constant of HA on MWNTs and HMWNTs.

Samples
Langmuir Freundlich

qm
(mg g−1)

KL
(L mg−1) R2 KF

(mg1−(1/n)L1/ng−1) n R2

MWNT-1 195.95 0.0142 0.975 4.50 1.341 0.974
MWNT-2 89.73 0.0264 0.977 4.48 1.578 0.995
MWNT-3 87.99 0.0137 0.934 2.08 1.362 0.998

HMWNT-1 74.74 0.0161 0.991 2.04 1.383 0.996
HMWNT-2 75.16 0.0136 0.985 1.74 1.362 0.977
HMWNT-3 69.81 0.0172 0.985 1.92 1.368 0.971

To better understand the adsorption behavior of HA on the surfaces of the MWNTs
and HMWNTs, Temkin (Equation (S1)) (Figure S2) and Dubinin–Radushkevich
(Equations (S2) and (S3)) [37,38] (Figure S3) adsorption isotherms were used to analyze
the adsorption of HA. The results of the Temkin and Dubinin–Radushkevich adsorption
isotherms are listed in Table S2. Correlation coefficient calculations showed that the Temkin
isotherm represents the equilibrium data of 298 K well. The results indicate that the binding
energy of HA was evenly distributed at 298 K. Compared with the data in Table 2, the
order of the fitting results of each model was R2

L> R2
F> R2

T> R2
D-R. This indicates that the

adsorption of HA on the MWNTs and HMWNTs was mainly monolayer adsorption [39].

3.4. Adsorption Kinetics

The tube diameter may influence the adsorption pathway for CNTs, where a smaller
tube diameter of CNTs offers a shorter adsorption pathway. Therefore, the study of the
adsorption kinetics is helpful for a better understanding of the adsorption of HA on the
surfaces of CNTs with different tube diameters and functional groups. As shown in Figure 6,
the adsorption amount of HA on the MWNTs was higher than that on the HMWNTs at
pH = 6.0, and the adsorption equilibrium times of HA on the surfaces of the MWNTs and
HMWNTs were consistent. The adsorption amount of HA increased rapidly in the first
24 h, which slowed down gradually after 24 h until reaching adsorption equilibrium at
about 48 h. For the same surface functional groups of the CNTs, the adsorption amount
of HA decreased with the increase in the tube diameter, consistent with the result of the
adsorption isotherm fitting. Therefore, the CNTs with a larger specific surface area and a
shorter adsorption path had a greater adsorption rate of HA.

Nanomaterials 2022, 12, x FOR PEER REVIEW 10 of 20 
 

 

Table 2. Langmuir and Freundlich adsorption isotherm constant of HA on MWNTs and HMWNTs. 

Samples 
Langmuir Freundlich 

qm 

(mg g−1) 
KL 

(L mg−1) R2 KF 

(mg1−(1/n)L1/ng−1) n R2 

MWNT-1 195.95 0.0142 0.975 4.50 1.341 0.974 
MWNT-2 89.73 0.0264 0.977 4.48 1.578 0.995 
MWNT-3 87.99 0.0137 0.934 2.08 1.362 0.998 

HMWNT-1 74.74 0.0161 0.991 2.04 1.383 0.996 
HMWNT-2 75.16 0.0136 0.985 1.74 1.362 0.977 
HMWNT-3 69.81 0.0172 0.985 1.92 1.368 0.971 

3.4. Adsorption Kinetics 
The tube diameter may influence the adsorption pathway for CNTs, where a smaller 

tube diameter of CNTs offers a shorter adsorption pathway. Therefore, the study of the 
adsorption kinetics is helpful for a better understanding of the adsorption of HA on the 
surfaces of CNTs with different tube diameters and functional groups. As shown in Figure 
6, the adsorption amount of HA on the MWNTs was higher than that on the HMWNTs at 
pH = 6.0, and the adsorption equilibrium times of HA on the surfaces of the MWNTs and 
HMWNTs were consistent. The adsorption amount of HA increased rapidly in the first 24 
h, which slowed down gradually after 24 h until reaching adsorption equilibrium at about 
48 h. For the same surface functional groups of the CNTs, the adsorption amount of HA 
decreased with the increase in the tube diameter, consistent with the result of the adsorp-
tion isotherm fitting. Therefore, the CNTs with a larger specific surface area and a shorter 
adsorption path had a greater adsorption rate of HA. 

  
(a) (b) 

Figure 6. HA adsorption on MWNT (a) and HMWNT (b) surfaces under different equilibrium times. 

In order to quantify the time-dependent variation in the HA adsorption on the 
MWNT and HMWNT surfaces, pseudo-first-order (Equation (3)) (Figure S4) and pseudo-
second-order (Equation (4)) (Figure 7) kinetic models were used for fitting the time-de-
pendent profiles [37,38]. The adsorption kinetic parameters of HA can be calculated by 
measuring the adsorption rate of HA on MWNTs and HMWNTs. 

Pseudo-first-order model: 

)e(1qq tk
et

1−−=  (3) 

Pseudo-second-order model: 

t
q
1

qk
1

q
t

e
2

e2t

+=  (4)

Figure 6. HA adsorption on MWNT (a) and HMWNT (b) surfaces under different equilibrium times.

In order to quantify the time-dependent variation in the HA adsorption on the MWNT
and HMWNT surfaces, pseudo-first-order (Equation (3)) (Figure S4) and pseudo-second-
order (Equation (4)) (Figure 7) kinetic models were used for fitting the time-dependent
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profiles [37,38]. The adsorption kinetic parameters of HA can be calculated by measuring
the adsorption rate of HA on MWNTs and HMWNTs.
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where k1 (min−1) and k2 (g mg−1 min−1) are the first-order and second-order adsorption
rate constants, qt (mg g−1) is the amount of HA adsorbed by the CNTs at time t and qe
(mg g−1) is the adsorption capacity at adsorption equilibrium. The initial adsorption rate
h0 (mg/g/min) can be defined as follows (Equation (5)):

h0 = k2qe
2(t → 0) (5)

Both k2 and h0 can be determined experimentally by plotting t/qt against t.
The intraparticle diffusion rate was obtained from the plots of qt versus t1/2. The rate

parameter for intraparticle diffusion was determined using the following Equation (6) [40]:

qt = kintt
1
2 + C (6)

where C is the intercept, and kint is the intraparticle diffusion rate constant (mg g−1

min−1/2).
From Figure S5, the regression of qt versus t1/2 was linear, but none of the straight

lines passed through the origin, indicating that the intraparticle diffusion was not the only
rate-controlling step.

The adsorption kinetics of HA on the surface of the MWNTs and HMWNTs were in
accordance with the second-order kinetic model (R2 = 0.996–0.999) (Table 3), which indicates
that chemical adsorption was the rate-limiting step for HA absorbed on the surface of the
MWNTs and HMWNTs. The adsorption kinetic analysis results also demonstrate that the
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adsorption rates of HA on the MWNT-1 and MWNT-2 surfaces were similar, but much
higher than that of MWNT-3. The adsorption rate constant and maximum adsorption
amount of HA on HMWNT-1 were also much higher than those of other HMWNTs with
a larger tube diameter. By comparing the adsorption rates of HA on the MWNTs with
different surface functional groups, it can be seen that surface hydroxylation reduced not
only the adsorption amount of HA, but also the adsorption rate. Therefore, the surface
functional groups and tube diameters of the CNTs also played a significant role in the
adsorption of HA, and the specific surface area, tube diameter and interaction between
the surface functional groups and HA synergistically affected the adsorption rate and
adsorption capacity of HA.

Table 3. Adsorption kinetic parameters of HA on MWNTs and HMWNTs.

Samples

Pseudo-First-Order Models Pseudo-Second-Order Models Intraparticle Diffusion Equation

k1
(min−1)

qe
(mg g−1) R2

k2
(g mg−1

min−1)

qe
(mg g−1)

h0
(mg g−1

min−1)
R2

kint
(mg g−1

min−1/2)

C
(mg g−1) R2

MWNT-1 0.0111 28.28 0.364 6.54 × 10−4 30.30 0.612 0.999 0.5329 11.907 0.945
MWNT-2 0.0076 22.65 0.687 6.54 × 10−4 30.29 0.603 0.999 0.6508 8.476 0.881
MWNT-3 0.0092 27.60 0.831 3.19 × 10−4 25.64 0.214 0.999 0.4424 7.095 0.944

HMWNT-1 0.1258 18.11 0.210 10.65 × 10−4 21.88 0.510 0.999 0.2479 12.478 0.929
HMWNT-2 0.0124 16.50 0.199 3.61 × 10−4 20.45 0.151 0.997 0.2256 8.289 0.973
HMWNTs-3 0.0045 17.60 0.886 4.35 × 10−4 18.45 0.148 0.996 0.4662 2.203 0.905

The values of C and kint are presented in Table 3. The values of kint for the MWNTs
were generally higher than those for the HMWNTs, revealing that the adsorption rate of HA
on MWNTs was higher. This result is consistent with the conclusion of the second-order
kinetic model. The values of C were proportional to the extent of the boundary layer
thickness, that is, the larger the intercept, the greater the boundary layer effect [40]. The
values of C decreased with the increasing tube diameters of the MWNTs and HMWNTs,
indicating that the CNTs with a smaller outer tube diameter had a larger initial adsorption
amount. The C values of MWNT-1 (11.907 mg g−1) and HMWNT-1 (12.478 mg g−1), and
MWNT-2 (8.476 mg g−1) and HMWNT-2 (8.289 mg g−1), were close. The results suggest
that hydroxylation had little effect on the initial adsorption amount of HA on the CNTs
with a smaller outer tube diameter [41]. For the MWNTs with larger outer tube diameters,
hydroxylation had a greater effect on the initial adsorption.

3.5. Effect of HA on CNT Suspension/Sedimentation

In the water environment, the suspension and sedimentation behaviors of nanomate-
rials greatly affect their migration, transformation, fate and ecological effects. Therefore,
the study of the suspension and sedimentation behaviors of MWNTs and HMWNTs with
different tube diameters and surface functional groups is of great significance for under-
standing the ecological risks of CNTs. The effects of the HA concentration on the suspen-
sion/sedimentation behaviors of the MWNTs and HMWNTs are shown in Figure 8. In the
absence of HA, the suspension of the MWNTs was less stable than that of the HMWNTs
with the same tube diameter, which was mainly due to the higher surface negative charge
density. The effect of the tube diameter on the suspension stability of the MWNTs and
HMWNTs was similar, and the CNTs with a smaller tube diameter were more likely to ag-
gregate and settle. The aggregation of the MWNTs and HMWNTs increased their effective
hydraulic diameter with reduced surface tension and intensified sedimentation. Thus, the
CNTs with a smaller tube diameter were more likely to aggregate and sediment in the same
water environment.
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In the presence of HA, the suspension of the CNTs significantly improved with the
increase in the HA concentration. Under the condition of pH = 6.0, the surface of the
CNTs was negatively charged, and HA was adsorbed on the surface of the CNTs through
hydrophobic and π–π interactions [24,26]. The adsorption of HA had two effects on the
suspension of the CNTs. On the one hand, HA increased the surface negative charge
density of the CNTs, which increased the electrostatic repulsion between the CNTs. On
the other hand, the adsorption of HA increased the steric hindrance between the CNTs.
The concentration of HA greatly affected the suspension behavior of the CNTs, and the
suspension performance of the CNTs with different surface functional groups and tube
diameters increased with the increase in the HA concentration. For different surface
functional groups, the adsorption of HA had a greater effect on the suspension of the CNTs
due to the higher HA adsorption amount on the CNTs. For different tube diameters, the
effect of HA on the suspension performance of the CNTs with a smaller tube diameter
was higher than that of the CNTs with a larger tube diameter. Therefore, HA significantly
promoted the suspension of the MWNTs and HMWNTs, and the adsorption amount of HA
was an important factor. CNTs are more easily suspended in the aquatic environment with
a higher concentration of natural organic matter, which leads to a greater impact on the
carbon cycle and a higher ecological risk.

3.6. Fluorescence Spectral Analysis

The fluorescence spectra of HA prior to and after being adsorbed on the surfaces
of the MWNTs and HMWNTs are shown in Figure S6. The characteristic peak of each
spectrum at Ex/Em = 275 nm/510 nm (abbreviated as peak A) is very obvious and has a
wide spectrum coverage. Peak A of HA significantly reduced after the adsorption, which
indicates that HA was successfully adsorbed on the surface of the MWNTs and HMWNTs.
The low fluorescence index (FI) values are rich in aromatic moieties [29,42,43]. The FIs of
the residual HA after being adsorbed on the CNTs with different surface functional groups
and tube diameters were compared (Figure 9). With the increase in the adsorption time,
the FI of the residual HA decreased, indicating that the aromatic groups of HA were more
difficult adsorb on the surface of the CNTs than other parts, especially for the MWNTs.
Therefore, the surface hydroxylation of the CNTs may have increased the adsorption of
aromatic compounds of HA. Meanwhile, the FI of the residual HA increased with the
increase in the tube diameter of the CNTs, thus the MWNTs and HMWNTs with larger
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tube diameters were more likely to adsorb the aromatic groups of HA. Therefore, the tube
diameters and surface functional groups of CNTs not only affect the adsorption amount of
HA, but also the components of HA.
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3.7. Raman Spectroscopy and FTIR Study

The Raman spectra of the MWNTs and HMWNTs prior to and after adsorbing HA are
shown in Figure 10. After HA was adsorbed on the surfaces of the MWNTs and HMWNTs,
there were no significant changes in the positions of the CNTs’ characteristic peaks. The
peaks at 1570 cm−1 (G peak) and 1340 cm−1 (D peak) represent ordered and disordered
carbon stacking microstructures within the CNTs, respectively. Previous studies indicated
that HA also contributed, with Raman peaks at 1379 and 1590 cm−1 originating from the
symmetric vibration of the carboxyl groups, C=C bond vibration of the carboxyl group in
the aromatic group, C-O vibration of the phenolic group and phenol vibration of HA [44].
As the characteristic peaks of the CNTs and HA overlapped to some degree, no significant
changes were found in the Raman spectra of the MWNTs and HMWNTs prior to and
after HA adsorption. However, it can be seen that the intensities of the characteristic
peak significantly increased after HA was adsorbed on the surfaces of the MWNTs and
HMWNTs, which indirectly proves the adsorption of HA.
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The ratio of the D-band to G-band intensities (ID/IG) can be used to characterize the
degree of defects of CNTs. A higher ID/IG value indicates more defects on CNTs [45,46].
The ID/IG values of MWNT-1 and HMWNT-1 were 1.17 and 1.10 (Table 4), respectively,
indicating that the MWNTs had a more disordered structure, and the corresponding specific
surface area was also larger. After the adsorption of HA, the Raman peak intensities of
MWNT-1 and HMWNT-1 had the largest increase, accompanied by the increase in ID/IG.
After the adsorption of HA, the intensity of the characteristic peak in the Raman spectrum
increased the most, and the value of ID/IG also increased, which indicates that the CNTs
with the smallest diameter had the largest adsorption capacity for HA. The reason for
this result may be the coincidence of the characteristic peaks of the CNTs and HA. The
ID/IG values of MWNT-2 and MWNT-3 were smaller than that of MWNT-1, indicating
fewer defects and a smaller specific surface area. The ID/IG values of HMWNT-2 and
HMWNT-3 were very different from that of HMWNT-1, in agreement with the above
results of the adsorption isotherms. After HA was adsorbed on the HMWNTs, the value of
ID/IG decreased due to HA occupying the defect sites. In addition to the G and D peaks,
there were two weak Raman peaks, namely, the 2D peak at 2680 cm−1 and the D + G
peak at 2940 cm−1. The 2D and D + G peaks represent defect-free and disordered carbon
accumulation microstructures, respectively. After HA was adsorbed on the MWNTs and
HMWNTs, the I2D/ID+G values decreased, indicating that the number of defects increased
after the adsorption of HA. This observation is in contrast to the change in the ID/IG value
prior to and after the adsorption of HA. As the peak heights of the 2D and D + G peaks
were much smaller than those of the D and G peaks, the ID/IG value should prevail.

Table 4. Raman parameters of MWNTs and HMWNTs prior to and after HA adsorption.

Samples WG (cm−1) WD (cm−1) W2D (cm−1) WD+G (cm−1) ID/IG I2D/ID+G

MWNT-1 1575 1340 2672 2895 1.17 2.24
MWNT-1 + HA 1573 1337 2675 2910 1.20 1.94

MWNT-2 1573 1339 2672 2893 1.01 2.55
MWNT-2 + HA 1576 1341 2675 2895 0.96 2.25

MWNT-3 1568 1340 2673 2922 1.08 2.03
MWNT-3 + HA 1577 1344 2683 2928 1.03 1.72

HMWNT-1 1571 1341 2673 2929 1.10 2.54
HMWNT-1 + HA 1570 1335 2667 2895 1.24 1.72

HMWNT-2 1571 1336 2671 2895 1.07 2.18
HMWNT-2 + HA 1575 1341 2673 2916 0.99 1.97

HMWNT-3 1570 1340 2674 2910 1.12 2.39
HMWNT-3 + HA 1574 1342 2677 2922 1.06 2.08

In order to explain the mechanism of adsorption, Fourier-transform infrared spec-
troscopy (FTIR) was used to study the surface chemical reactions during adsorption
(Figure 11). The spectrograms of each CNT had two obvious characteristic peaks near
1160 and 3430 cm−1, and 3430 cm−1 corresponds to the stretching vibration absorption
peak of the -OH bond [47]. The absorption peak near 1160 cm−1 is the stretching vibration
peak of C-O in the carboxyl group [48], and the peak increased significantly after the adsorp-
tion of HA. In addition, each CNT had a weak peak near 2915 cm−1 and 1400 cm−1, which
represent the tensile vibration of the benzene ring and C-C in the carbon nanotube [49]. The
peak at 1700 cm−1 represents the vibration peak of C=O in the carboxyl group [49,50], indi-
cating that the CNTs were grafted to carboxyl groups on the surface. Peaks at 1625 cm−1

were observed for MWNT-2 and HMWNT-2, and the peak strength decreased after HA
adsorption, indicating the release of hydroxyl groups [48]. The vibration peak at 1575 cm−1

represents the E1u vibration mode of the carbon nanotube wall, which is caused by the
stretching vibration of the C=C skeleton in the carbon ring [47], indicating the existence of
a graphite structure in the CNTs. The infrared spectra of the CNTs after HA attachment
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showed an obvious vibration peak at 1575 cm−1, indicating that the overall structure of the
CNTs was not damaged to a large extent after HA adsorption.

Nanomaterials 2022, 12, x FOR PEER REVIEW 16 of 20 
 

 

showed an obvious vibration peak at 1575 cm−1, indicating that the overall structure of the 
CNTs was not damaged to a large extent after HA adsorption. 

 
Figure 11. FTIR spectra of MWNTs (a–c) and HMWNTs (d–f) prior to and after HA adsorption. 

3.8. Atomic Adsorption Theory Analysis Based on DFT 
The crystal surface model of the carbon nanotubes was based on the first principles 

of density functional theory (DFT). The simulation was carried out in a cubic box of 20 
×19.67 × 36.00 Angstrom3. There were 16 -OH groups that were used to modify the carbon 
nanotube CNT(8,8). Figure 12a shows the atomic arrangement of HA absorbed on the 
MWNTs, where C-C was neatly arranged in the MWNTs. Figure 12b shows the atomic 
arrangement of HA absorbed on the HMWNTs, with an O atom bonded to a H atom, 
which was uniformly attached to the C atom in the HMWNTs. HA molecules were uni-
formly adsorbed on the surface of the MWNTs and HMWNTs, and HA was parallel to 
the surface of the MWNTs and HMWNTs. Figure 12c shows the charge difference be-
tween the HA molecules and HMWNTs. 

 
Figure 12. DFT for HA adsorbed on MWNT (a) and HMWNT facets (b), and the charge difference 
between the HA molecules and HMWNTs (c). 

The dark gray, light gray and red balls represent carbon, hydrogen and oxygen at-
oms, respectively. 

The adsorption energy (Ead) value determines the adsorption stability, and the ad-
sorption energy of HA molecules was calculated by Equation (7). 

Figure 11. FTIR spectra of MWNTs (a–c) and HMWNTs (d–f) prior to and after HA adsorption.

3.8. Atomic Adsorption Theory Analysis Based on DFT

The crystal surface model of the carbon nanotubes was based on the first principles
of density functional theory (DFT). The simulation was carried out in a cubic box of
20 ×19.67 × 36.00 Angstrom3. There were 16 -OH groups that were used to modify the
carbon nanotube CNT(8,8). Figure 12a shows the atomic arrangement of HA absorbed on
the MWNTs, where C-C was neatly arranged in the MWNTs. Figure 12b shows the atomic
arrangement of HA absorbed on the HMWNTs, with an O atom bonded to a H atom, which
was uniformly attached to the C atom in the HMWNTs. HA molecules were uniformly
adsorbed on the surface of the MWNTs and HMWNTs, and HA was parallel to the surface
of the MWNTs and HMWNTs. Figure 12c shows the charge difference between the HA
molecules and HMWNTs.
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The dark gray, light gray and red balls represent carbon, hydrogen and oxygen atoms,
respectively.

The adsorption energy (Ead) value determines the adsorption stability, and the ad-
sorption energy of HA molecules was calculated by Equation (7).
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The adsorption energy is defined as

Ea = Emol/sur − Emol − ρsur (7)

where Emol/sur, Emol and Esur are the DFT energy of the molecule adsorbed on surface, and
of the molecule and surface.

The charge density difference is defined as

∆ρ = ρmol/sur − ρmol − ρsur (8)

where ρmol/sur, ρmol and ρsur are the electron density of the molecule adsorbed on the
surface, and the individual electron densities of the molecule and surface.

The adsorption energy of the molecule on HMWNTs (8,8) was about −2.40 eV, while
that on MWNTs (8,8) was about −1.45 eV. This demonstrates that HA was more likely to
be adsorbed on the surface of the MWNTs, and that the adsorption was relatively stable,
which is also consistent with the results of the adsorption isotherm studies. Therefore, in
the natural aquatic environment, MWNTs are more likely to absorb organic pollutants than
HMWNTs, resulting in a higher ecological risk.

4. Conclusions

The adsorption amount of HA on both the MWNT and HMWNT surfaces gradually
decreased with the increase in the solution pH and tube diameters. At the same tube
diameter, the surface hydroxylation prevented the adsorption of HA on the surface of the
CNTs. The adsorption rate on the surface of the MWNTs was much higher than that on
the surface of the HMWNTs. The suspension of the HMWNTs was higher than that of
the MWNTs with the same tube diameter, and the suspension of the CNTs increased with
the increase in the tube diameter. The adsorption amount of HA on the surface of the
CNTs determined the suspension behavior of the CNTs. Compared with the MWNTs, the
HMWNTs could more easily adsorb the aromatic moieties of HA. The adsorption of HA
reduced the surface defects of the MWNTs and HMWNTs. Therefore, a larger diameter
and surface hydroxylation enhanced the suspension of the CNTs, and HA had a positive
effect on the suspension behavior of the CNTs in the water environment and enhanced the
migration ability of the CNTs, leading to higher potential ecological risks.
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Abbreviations

CNTs carbon nanotubes
MWNTs multiwall CNTs
HMWNTs hydroxylated MWNTs
HA humic acid
MWNT-1 MWNTs with outer tube diameters of 4–6 nm
MWNT-2 MWNTs with outer tube diameters of 5–15 nm
MWNT-3 MWNTs with outer tube diameters of 20–30 nm
HMWNT-1 HMWNTs with outer tube diameters of 4–6 nm
HMWNT-2 HMWNTs with outer tube diameters of 5–15 nm
HMWNT-3 HMWNTs with outer tube diameters of 20–30 nm
Q1 and Q2 in Table 1 the maximum charge densities of the two classes of binding sites
LogK1 and LogK2 in Table 1 logK values for proton binding by the two classes of sites
N in Table 1 the number of fitted titration data points
TEM transmission electron microscopy
Ce in sedimentation test absorbance at different times in sedimentation test of CNTs
C0 in sedimentation test initial absorbance in sedimentation test of CNTs
R2 correlation coefficient
Em scanning emission of fluorescence spectral analysis
Ex scanning excitation of fluorescence spectral analysis
FI fluorescence index of fluorescence spectral analysis
FTIR Fourier-transform infrared spectroscopy
DFT density functional theory
BET (m2 g−1) specific surface area
OD (nm) outer tube diameter
qe (mg g−1) amount of HA adsorbed at equilibrium
Ce (mg L−1 concentration of HA in solution at equilibrium
qm (mg g−1) maximum adsorption capacity
kL (L g−1) Langmuir equilibrium constant
kF (mg1−(1/n)L1/n g−1) Freundlich parameters
n in Table 2 and Equation (2) Freundlich parameters
k1 (min−1) the first-order adsorption rate constant
k2 (g mg−1 min−1) the
second-order adsorption rate
constant;
t (min) adsorption time
qt (mg g−1) the amount of HA adsorbed by CNTs at time t
ID D-band intensity in Raman spectroscopy
IG G-band intensity in Raman spectroscopy
k(mg2 mg−2) a constant related to the adsorption amount
at constant of Equation S(1)
bt constant of Equation S(1)
R (8.314 J (mol K)−1) in
Equation S(1) and Equation S(3)

the ideal gas constant

T (K) the thermodynamic temperature
ε the adsorption potential
C in Table 3 and Equation (6) the intercept in the intraparticle diffusion rate
kint (mg g−1 min−1/2) the intraparticle diffusion rate constant



Nanomaterials 2022, 12, 1592 18 of 19

References
1. Iijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56–58. [CrossRef]
2. Liu, Z.; Chen, K.; Davis, C.; Sherlock, S.; Cao, Q.Z.; Chen, X.Y.; Dai, H. Drug delivery with carbon nanotubes for in vivo cancer

treatment. Cancer Res. 2008, 68, 6652–6660. [CrossRef] [PubMed]
3. Mestl, G.; Maksimova, N.I.; Keller, N.; Roddatis, V.; Schlogl, R. Carbon nanofilaments in heterogeneous catalysis: An industrial

application for new carbon materials? Angew. Chem. Int. Ed. 2001, 40, 2066–2068. [CrossRef]
4. Mauter, M.S.; Elimelech, M. Environmental applications of carbon-based nanomaterials. Environ. Sci. Technol. 2008, 42, 5843–5859.

[CrossRef]
5. Khang, D.Y.; Xiao, J.L.; Kocabas, C.; MacLaren, S.; Banks, T.; Jiang, H.Q.; Huang, Y.G.Y.; Rogers, J.A. Molecular scale buckling

mechanics in individual aligned single-wall carbon nanotubes on elastomeric substrates. Nano Lett. 2008, 8, 124–130. [CrossRef]
[PubMed]

6. Arvidsson, R.; Sanden, B.A. Carbon nanomaterials as potential substitutes for scarce metals. J. Clean. Prod. 2017, 156, 253–261.
[CrossRef]

7. Alloy, M.M.; Roberts, A.P. Effects of suspended multi-walled carbon nanotubes on daphnid growth and reproduction. Ecotoxicol.
Environ. Saf. 2011, 74, 1839–1843. [CrossRef]

8. Zhu, L.; Chang, D.W.; Dai, L.M.; Hong, Y.L. DNA damage induced by multiwalled carbon nanotubes in mouse embryonic stem
cells. Nano Lett. 2007, 7, 3592–3597. [CrossRef]

9. Lam, C.W. Pulmonary toxicity of single-wall carbon nanotubes in mice 7 and 90 days after intratracheal instillation. Toxicol. Sci.
2003, 77, 126–134. [CrossRef]

10. Chen, M.; Qin, X.S.; Li, J.; Zeng, G.M. Probing molecular basis of single-walled carbon nanotube degradation and nondegradation
by enzymes based on manganese peroxidase and lignin peroxidase. RSC Adv. 2016, 6, 3592–3599. [CrossRef]

11. Lin, D.H.; Li, T.T.; Yang, K.; Wu, F.C. The relationship between humic acid (HA) adsorption on and stabilizing multiwalled carbon
nanotubes (MWNTs) in water: Effects of HA, MWNT and solution properties. J. Hazard. Mater. 2012, 241, 404–410. [CrossRef]
[PubMed]

12. Alpatova, A.L.; Shan, W.Q.; Babica, P.; Upham, B.L.; Rogensues, A.R.; Masten, S.J.; Drown, E.; Mohanty, A.K.; Alocilja, E.C.;
Tarabara, V.V. Single-walled carbon nanotubes dispersed in aqueous media via non-covalent functionalization: Effect of dispersant
on the stability, cytotoxicity, and epigenetic toxicity of nanotube suspensions. Water Res. 2010, 44, 505–520. [CrossRef] [PubMed]

13. Lin, D.H.; Liu, N.; Yang, K.; Xing, B.S.; Wu, F.C. Different stabilities of multiwalled carbon nanotubes in fresh surface water
samples. Environ. Pollut. 2010, 158, 1270–1274. [CrossRef] [PubMed]

14. Lin, D.H.; Tian, X.L.; Li, T.T.; Zhang, Z.Y.; He, X.; Xing, B.S. Surface-bound humic acid increased Pb2+ sorption on carbon
nanotubes. Environ. Pollut. 2012, 167, 138–147. [CrossRef]

15. Zhang, D.; Pan, B.; Cook, R.L.; Xing, B.S. Multi-walled carbon nanotube dispersion by the adsorbed humic acids with different
chemical structures. Environ. Pollut. 2015, 196, 292–299. [CrossRef] [PubMed]

16. Hyung, H.; Kim, J.H. Natural organic matter (NOM) adsorption to multi-walled carbon nanotubes: Effect of NOM characteristics
and water quality parameters. Environ. Sci. Technol. 2008, 42, 4416–4421. [CrossRef]

17. Yang, K.; Xing, B.S. Adsorption of fulvic acid by carbon nanotubes from water. Environ. Pollut. 2009, 157, 1095–1100. [CrossRef]
18. Summers, R.S.; Roberts, P.V. Activated carbon adsorption of humic substances: I. Heterodisperse mixtures and desorption. J.

Colloid Interface Sci. 1988, 122, 367–381. [CrossRef]
19. Wang, L.X.; Yang, X.Z.; Wang, Q.; Zeng, Y.X.; Jiang, W. Effects of ionic strength and temperature on the aggregation and deposition

of multi-walled carbon nanotubes. J. Environ. Sci. 2016, 51, 248–255. [CrossRef]
20. Melo, B.A.G.D.; Motta, F.L.; Santana, M.H.A. Humic acids: Structural properties and multiple functionalities for novel technologi-

cal developments. Mater. Sci. Eng. C 2016, 62, 967–974. [CrossRef]
21. Polak, J.; Bartoszek, M.; Sułkowski, W.W. Comparison of some spectroscopic and physico-chemical properties of humic acids

extracted from sewage sludge and bottom sediments. J. Mol. Struct. 2009, 924, 309–312. [CrossRef]
22. Chen, G.C.; Shan, X.Q.; Zhou, Y.Q.; Shen, X.E.; Huang, H.L.; Khan, S.U. Adsorption kinetics, isotherms and thermodynamics of

atrazine onsurface oxidized multi-walled carbon nanotubes. J. Hazard. Mater. 2009, 169, 912–918. [CrossRef] [PubMed]
23. Lin, D.H.; Xing, B.S. Adsorption of phenolic compounds by carbon nanotubes: Role of aromaticity and substitution of hydroxyl

groups. Environ. Sci. Technol. 2008, 42, 7254–7259. [CrossRef] [PubMed]
24. Smith, B.; Wepasnick, K.; Schrote, K.E.; Cho, H.; Ball, W.P.; Fairbrother, D.H. Influence of surface oxides on the colloidal stability

of multi-walled carbon nanotubes: A structureproperty relationship. Langmuir 2009, 25, 9767–9776. [CrossRef] [PubMed]
25. Wang, X.L.; Shu, L.; Wang, Y.Q.; Xu, B.B.; Bai, Y.C.; Tao, S.; Xing, B.S. Sorption of peat humic acids to multi-walled carbon

nanotubes. Environ. Sci. Technol. 2011, 45, 9276–9283. [CrossRef] [PubMed]
26. Zhou, X.Z.; Shu, L.; Zhao, H.B.; Guo, X.Y.; Wang, X.L.; Tao, S.; Xing, B.S. Suspending multi-walled carbon nanotubes by humic

acids from a peat soil. Environ. Sci. Technol. 2012, 46, 3891–3897. [CrossRef] [PubMed]
27. International Humic Substances Society. Chemical Properties of IHSS Samples[EB/OL]. Available online: http://www.

humicsubstances.org (accessed on 9 August 2019).
28. Tang, Z.; Zhao, X.L.; Zhao, T.H.; Wang, H.; Wang, P.F.; Wu, F.C.; Giesy, J.P. Magnetic nanoparticles interaction with humic acid: In

the presence of surfactants. Environ. Sci. Technol. 2016, 50, 8640–8648. [CrossRef]

http://doi.org/10.1038/354056a0
http://doi.org/10.1158/0008-5472.CAN-08-1468
http://www.ncbi.nlm.nih.gov/pubmed/18701489
http://doi.org/10.1002/1521-3773(20010601)40:11&lt;2066::AID-ANIE2066&gt;3.0.CO;2-I
http://doi.org/10.1021/es8006904
http://doi.org/10.1021/nl072203s
http://www.ncbi.nlm.nih.gov/pubmed/18072798
http://doi.org/10.1016/j.jclepro.2017.04.048
http://doi.org/10.1016/j.ecoenv.2011.06.020
http://doi.org/10.1021/nl071303v
http://doi.org/10.1093/toxsci/kfg243
http://doi.org/10.1039/C5RA21814D
http://doi.org/10.1016/j.jhazmat.2012.09.060
http://www.ncbi.nlm.nih.gov/pubmed/23069335
http://doi.org/10.1016/j.watres.2009.09.042
http://www.ncbi.nlm.nih.gov/pubmed/19945136
http://doi.org/10.1016/j.envpol.2010.01.020
http://www.ncbi.nlm.nih.gov/pubmed/20171769
http://doi.org/10.1016/j.envpol.2012.03.044
http://doi.org/10.1016/j.envpol.2014.10.020
http://www.ncbi.nlm.nih.gov/pubmed/25463725
http://doi.org/10.1021/es702916h
http://doi.org/10.1016/j.envpol.2008.11.007
http://doi.org/10.1016/0021-9797(88)90372-4
http://doi.org/10.1016/j.jes.2016.07.003
http://doi.org/10.1016/j.msec.2015.12.001
http://doi.org/10.1016/j.molstruc.2008.12.035
http://doi.org/10.1016/j.jhazmat.2009.04.034
http://www.ncbi.nlm.nih.gov/pubmed/19442439
http://doi.org/10.1021/es801297u
http://www.ncbi.nlm.nih.gov/pubmed/18939555
http://doi.org/10.1021/la901128k
http://www.ncbi.nlm.nih.gov/pubmed/19583226
http://doi.org/10.1021/es202258q
http://www.ncbi.nlm.nih.gov/pubmed/21928791
http://doi.org/10.1021/es204657k
http://www.ncbi.nlm.nih.gov/pubmed/22376064
http://www.humicsubstances.org
http://www.humicsubstances.org
http://doi.org/10.1021/acs.est.6b01749


Nanomaterials 2022, 12, 1592 19 of 19

29. Ateia, M.; Apul, O.G.; Shimizu, Y.; Muflihah, A.; Yoshimura, C.; Karanfil, T. Elucidating adsorptive fractions of natural organic
matter on carbon nanotubes. Environ. Sci. Technol. 2017, 51, 7101–7110. [CrossRef]

30. Hutter, J.; Iannuzzi, M.; Schiffmann, F.; VandeVondele, J. Cp2k: Atomistic simulations of condensed matter systems. Wiley
Interdiscip. Rev. Comput. Mol. Sci. 2014, 4, 15–25. [CrossRef]

31. Perdew, J.P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 7, 3865–3868.
[CrossRef]

32. Grimme, S. Semiempirical GGA-type density functional constructed with a long-range dispersion correction. J. Comput. Chem.
2006, 27, 1787–1799. [CrossRef] [PubMed]

33. VandeVondele, J.; Hutter, J. Gaussian basis sets for accurate calculations on molecular systems in gas and condensed phases. J.
Chem. Phys. 2007, 127, 105–114. [CrossRef]

34. VandeVondele, J.; Krack, M.; Mohamed, F.; Parrinello, M.; Chassaing, T.; Hutter, J. Quickstep: Fast and accurate density functional
calculations using a mixed Gaussian and plane waves approach. Comput. Phys. Commun. 2005, 167, 103–128. [CrossRef]

35. Goedecker, S.; Teter, M.; Hutter, J. Separable dual-space Gaussian pseudopotentials. Phys. Rev. B 1996, 54, 1703–1710. [CrossRef]
36. Hartwigsen, C.; Gœdecker, S.; Hutter, J. Relativistic separable dual-space Gaussian pseudopotentials from H to Rn. Phys. Rev. B

1998, 58, 3641–3662. [CrossRef]
37. Hassani, A.; Khataee, A.; Karaca, S.; Karaca, M.; Kranan, M. Adsorption of two cationic textile dyes from water with modified

nanoclay: A comparative study by using central composite design. J. Environ. Chem. Eng. 2015, 3, 2738–2749. [CrossRef]
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