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This study investigated the influence of structure characteristics of carbon nanotubes (CNTs), such as surface
oxygen-containing functional groups, specific surface area (SSA) and concentration of defects, on adsorption-
desorption hysteresis of a metal cation (Cu(Il)) and two oxoanions (As(V) and Cr(VI)) from single, double and multi-
walled CNTs (SWCNTs, DWCNTs and MWCNTs), and two oxidized MWCNTs with different oxygen
concentration (MWCNTs-01, 2.51 wt% O and MWCNTs-02, 3.5 wt% O). Oxygen-containing functional groups
contributed to an increase in adsorption capacity for Cu(Il) from aqueous solution, while a decrease for Cr(VI) and
As(V). The sequence of adsorption capacity based on CNT SSA was MWCNTs-O2 > MWCNTs-O1 > MWCNTs >
DWCNTs > SWCNTs, which was consistent with the sequence of CNT defect content. The desorption hysteresis
index (HI) values for Cu(Il) increased as functional groups increased. For Cr(VI) and As(V), however, HI values
decreased as functional groups increased. HI values decreased with increasing metal ion surface coverage on CNTs.
A shift in metal ion adsorption mechanisms by CNTs may be from more irreversible to more reversible processes
with the increase in adsorbed metal ions. The understanding of the desorption hysteresis of heavy metal ions is
important and useful for application and risk assessment of CNTs in the natural environment.

0  Nano impact

The understanding of the adsorption-desorption hysteresis of metal cations and anions from CNTs is important and useful for the

application and risk assessment of CNTs. This work probes the influence of structural properties, such as surface functional groups,

specific surface area and concentration of defects, on the adsorption-desorption hysteresis of metal ions by CNTs, and compares

the difference in adsorption behavior and possible hysteresis phenomena of metal cation and anion ions.

25

Introduction

The potential applications of carbon nanotubes (CNTs) vary from
power hand-held devices' to drug delivery,” flexible conductive
thin films, cell regeneration and 3D scaffolds for tissue.**
30 Because of their large specific surface area (SSA), hollow and
layered structure, CNTs have already been investigated as
promising sorbents for various organic pollutants and metal ions
and radionuclides.”'> The increase in extensive applications and
commercial interest of CNTs will result in subsequent mass
35 production, thus causing greater possibility for interactions with
environment and human beings.'> Because of their small size,
they can enter into cells, causing damage to plants, animals and
humans, '+
toxicity. In addition, the toxicity of CNTs results from the
40 adsorbed harmful pollutants.'” To some extent, mobile CNTs may

the primary risk of CNTs originates from their

be also carry adsorbates to ecological or biological receptors, and
CNTs can act effectively as a “Trojan Horse”,'' potentially
transporting harmful pollutants to place that they cannot
otherwise reach by adsorption and desorption. Metal ions play an
4s important risk in ecosystems, but can also induce public health
hazards, such as low blood pressure, diarrhea, paralysis, lung
irritation and bone defects.'® Therefore, it is necessary to consider
the synergistic or antagonistic interactions of metal ions and
CNTs so as to understand the toxicology and environmental
so impacts of CNTs for potential applications.

The study of adsorption-desorption behavior of harmful
pollutants from CNTs is motivated by the need to understand the
toxicity of CNTs and to assess potential environmental risks. As
the reverse course of adsorption, desorption of toxic pollutants

ss from CNTs makes harmful pollutants mobile and bioavailable in
the aqueous environment, thus the toxicity of pollutants and

This journal is © The Royal Society of Chemistry [year]

[journal], [year], [vol], 0000 | 1



w

2

2

S

w
&

40

45

5

S

55

Environmental Science: Nano

CNTs both remains.'® Desorption hysteresis, which is generally
shown with the desorption isotherm branch above the adsorption
isotherm branch, includes reversible and irreversible hysteresis.
Irreversible hysteresis indicates that a fraction of adsorbed
pollutants remains on CNTs. Desorption hysteresis of organic
pollutants from carbon nano-materials has been studied.”**
According to CNT layers, there exist two distinct types of
CNTs, single walled CNTs (SWCNTs) and multi-walled CNTs
(MWCNTs). The outermost surface, inner cavities, interstitial
channels, and grooves of CNTs constitute the four possible types
of adsorption sites.”’ The adsorption capacity of CNTs will be
affected by the physicochemical characteristics of CNTs (such as
number of walls, surface functional groups, SSA and defects).
CNTs are extremely hydrophobic and prone to aggregation as
bundles. Aggregation results in a reduction in SSA, which is a
potential negative impact for adsorption.”’ The interstitial
channels and grooves on the periphery of the nanotube bundles,
have a potential positive impact for more adsorption per mass.*®
The surface functional groups on CNTs, such as carboxyl,
phenol and lactone, affect the interaction with specific or polar
adsorbates.” Defective sites within CNTs could be responsible
for the sensitivity of nanotubes to adsorbates, thus affecting the
adsorption ability of CNTs.*® Zhang et al.>' studied the adsorption
behavior of aromatic compounds by CNTs and found that the
adsorption capacity depended upon inner cavities and structure of
CNT bundles. Wu et al.”® proposed that adsorption behavior of
organic compounds was closely related to oxygen-containing
groups of CNTs. Feng et al.*” found that ammonia was placed on
top of the tube and in the vicinity of defect sites with the self-

30 consistent charge density functional tight binding method.

However, neither CNT surface area and surface functional groups,
nor defects alone, can be applied to fully explain CNT adsorption
characteristics. In order to understand the adsorption of metal
by CNTs, their be
systematically considered in the analysis of the adsorption data.

ions structural characteristics must
Up to now, little information on such analyses exists in the
literature.*> Comparison of the adsorption-desorption hysteresis
of metal cations and anions from CNTs is scarce. Thus, in the
context of both engineered water treatment and risk assessment of
CNTs in the environment, the knowledge of adsorption-
desorption hysteresis of metal cations and anions from CNTs is
important and useful.

The objectives of this work are to probe the influence of
structural properties, such as surface functional groups, SSA and
defect contents, on the adsorption-desorption hysteresis of all
three adsorbates (one cationic species (Cu(Il) and two anionic
species (anionic species of As(IV) and Cr(IV)) by CNTs from
aqueous solution, and to compare the difference in adsorption
behavior and possible hysteresis phenomena of metal cations and
anions. Cu(Il) was chosen as a model of metal cations. Cr(VI)
and As(V) were selected as metal anions because they are both
the most extremely toxic heavy metals. The existence of three
metal ions in aquatic environments and their species distribution
in solution were described in Supporting Information SI-1. On the
basis of the prominent differences in the aqueous chemistry of the
three metal ions, it was proposed that their adsorption and
desorption behaviors would also be significantly different. To
better understand the influence of structure properties of CNTs on
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the adsorption-desorption hysteresis of metal ions, we have
combined our adsorption-desorption studies with surface
characterization.

Experimental Details

Chemicals

Cu(Il), Cr(VI) and As(V) stock solutions at 0.1 mol/L were
prepared by Cu(NO;),, K,Cr,0; and Na,HAsO,, which were
purchased from Shanghai Chemical Reagent Co., Ltd. All
received reagents were of analytical reagent grade and used
without any further treatment. Milli-Q water (Millipore, Billerica,
MA, USA) was used in all experiments.

Carbon nanotubes

SWCNTs, DWCNTs, MWCNTs and two oxidized MWCNTSs
with different oxygen concentrations (MWCNTs-O1, 2.51 wt% O
and MWCNTs-02, 3.5 wt% O) were applied in this study. The
CNTs purchased from Beijing DK nano technology Co., Ltd.
were prepared using Chemical Vapor Deposition (CVD) method
and used as received. The ash contents of these five CNTs were
determined via thermogravimetric analysis method. The Boehm
titration method was carried out to determine the surface acidic
groups (lactonic, hydroxyl and carboxyl groups, which is
associated to the pH values) of the CNTs (see SI-2 of Supporting
Information for details). Carbon atomic percentages and surface
oxygen of the CNTs were calculated via X-ray photoelectron
spectroscopy technique (see SI-3 of Supporting Information).
SSA values of the CNTs were determined by the Brunauer-
Emmett-Teller method (see SI-4 of Supporting Information). The
surface chemistry of CNTs was further characterized by Raman
spectroscopy performed at a wavelength of 514.57 nm (Ar") with
an NR-1800 laser Raman spectrometer (JASCO, Japan). The
determined properties of the CNTs were tabulated in Table 1.
Batch adsorption-desorption experiments

The adsorption of Cu(Il), Cr(VI) and As(V) on the five types of
CNTs was carried out in a 50 mL polyethylene centrifuge tube by
batch technique. The system was adjusted to the desired
of different components by adding
suspensions of the CNTs and metal ions. The sonication was used
in an attempt to disperse the nanotubes to suspensions. The
desired pH was adjusted by adding negligible volumes of 0.01 or
0.1 mol/L HNO; or NaOH. The ionic strength (I) was fixed at
0.01 M using NaNOj; as background. Preliminary kinetic study
confirmed the adsorption equilibrium with the five types of CNTs
was effectively completed for Cu(Il), Cr(VI) and As(V) within 10
h (seen in Fig. S4). The suspensions were shaken by end-over-
end rotation for 24 h to ensure that the adsorption equilibrium of
Cu(I), Cr(VD) and As(V) were well achieved. The solid and
liquid phases were separated by centrifugation at 18 000 rpm for
20 min. UV-vis absorption at 500 nm can be calibrated to CNT
amount and used to determine full centrifugation of all CNTs in
supernatant.®* Detection limit was approximately 0.8 mg/L.

The Cu(Il), Cr(VI) and As(V) concentrations were measured
by atomic absorption spectrophotometry. After centrifugation, the
adsorbed amounts of heavy metal ions were calculated from the
difference between the initial (Cy) and equilibrium (C,)
concentration in the supernatant. Control experiments using metal
ions in solution without CNTs showed that control centrifuge
tubes adsorbed less than 2% of metal ions. The adsorption

concentrations stock
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percentage was calculated as: adsorption (%) = (Cy — C.)/Cy %
100%.

Desorption experiments were carried out by substituting
the supernatant with electrolyte solution without the metal ions of
interest so as to reduce metal ion concentration in the solution
phase. In detail, after the adsorption experiments, half of the
supernatant was quickly removed and the equal volume of
background electrolyte solution (0.01M NaNO;) with the same
pH value was injected into each centrifuge tube. At the same
conditions as in the adsorption experiments, the suspension was
shaken for 2 d. The desorption experiment procedures were
repeated for a second circulation. All the adsorption-desorption
experiments were carried out at 298 K.

Results and Discussion

pH influence

The pH influence on Cu(ll), Cr(VI) and As(V) removal by the
CNTs is given in Fig. 1. This is well known that the removal of
metal ions by the CNTs highly depends on pH.”"!' Fig. 1A
shows that Cu(II) removal by the CNTs increases gradually as pH
increases from 2.0 to 8.5, and finally keeps constant with
increasing pH. However, Cr(VI) or As(V) adsorption decreases as
pH increases from 1.0 to 8.0 (Fig. 1B and C). The ionization
degree, speciation of surface functional groups and surface
charges of the CNTs are affected by the solution pH. The zeta-
potential of CNTs at different pH values is measured and shown
in Fig. 1D. At acidic pH condition, surface functional groups
(carboxyl, phenolic and lactonic) exist in solution in the
protonated form. On the other hand, the functional groups on
adsorbent surface exist in the deprotonated form at basic pH
condition. These results are consistent with prior research and
with  Derjaguin-Landau-Verwey-Overbeek  theory,”’
explained through basic electrostatic interactions
charged surfaces and charged species in solution.

as
between

Cu(II) removal mechanism mainly involves ionic attraction
between Cu®*, Cu,(OH),>*, Cu(OH)*, Cu(OH),, Cu(OH);~ and
Cu(OH),> species (Fig. S1A) and the surface functional groups
of adsorbents. The decrease in competition between Cu(Il) ions
and proton for the functional groups of CNTs and increase in
negative surface charge result in the increase of Cu(Il) adsorption
as pH increases. Cu(Il) concentration in solution is no longer
controlled by adsorption at pH > 8.5 where the precipitation
occurs. However, Cr(VI) or As(V) adsorption decreases as pH
increases from 1.0 to 8.0, which can be relevant to the Cr(VI) or
As(V) speciation in solution and the ionic state and type of
functional groups on the surface of CNTs. At pH below the
electrostatic point of CNTs, electrostatic attraction between
positively charged adsorbent surface and negatively charged
HCrO4 or H,AsO,  (Figs. S1B and S1C) results in higher
adsorption. At high pH, the reduction in Cr(VI) and As(V)
adsorption contributes to the electrostatic repulsion and the
competition for the effective adsorption sites of metal anions with
the OH™. At pH 4.0, the order of adsorption efficiency for
HCrO, or H,AsO, was MWCNTs > DWCNTs > SWCNTs >
MWCNTs-O1 > MWCNTs-02.
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Fig. 2 Adsorption isotherms of Cu(Il) (A, B) at pH = 5.0, Cr(VI) (C, D)
and As(V) (E, F) at pH = 4.0, on the CNTs. m/V = 1.0 g/L, I = 0.01M
NaNO; and T = 298 K. Dots represent the experimental data and fitting

65 lines represent the Langmuir model.

Adsorption isotherms
The adsorption isotherms for Cu(Il), As(V) and Cr(VI) by the
CNTs are shown in Fig. 2. The Langmuir plots are also

70 represented and the regression data are shown in Table S2. From

Fig. 2A and Table S2, the adsorption capacities for Cu(II) on the
base of adsorbent mass follow a tread of MWCNTs-O2 >

This journal is © The Royal Society of Chemistry [year]
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MWCNTs-O1 > SWCNTs > DWCNTs > MWCNTSs. Similar
result was reported by Cho et al.'', indicating that Zn(Il) and
Cd(II) adsorption on MWCNTs increased with increasing the
content of oxygen-containing functional groups. From Figs. 2C,
2E and Table S2, the trend of adsorption capacities for As(V) and
Cr(VI) was observed as: MWCNTs-02 < MWCNTs-O1 <
SWCNTs < DWCNTs < MWCNTs, which clearly showed a
systematic decrease in the extent of As(V) and Cr(VI) adsorption
with increasing content of total functional groups in CNTs. The
trend is exactly opposite of the cations. For metal anions, more
functional groups (such as -COOH and -OH) are not conducive to
As(V) and Cr(VI) adsorption due to electrostatic repulsion
between deprotonation oxygen-containing functional groups and
negatively charged HCrO,~ or H,AsO,". Similar finding was also
observed in the adsorption of Cr(VI) onto functionalized and non-
functionalized MWCNTs.*® This phenomenon was in good
agreement with Cr(VI) removal by oxidized activated carbon.”
Park and Jang * also showed that the adsorption of Cr(VI) onto a
carbon surface decreased in the presence of oxygen surface
complexes.

From Table 1, the SSA values for SWCNTs, DWCNTs,
MWCNTs, MWCNTs-O1 and MWCNTs-O2 are 380.1, 299.5,
101.8, 90.7 and 78.6 m*/g, respectively. Both SSA and surface
defect have positive influence on CNT adsorption capacity. It is

s useful to consider the influence of SSA by comparing Qs after

surface area normalization. For this purpose, the SSA-normalized
adsorption capacity (Qs/SSA) is applied to evaluating the
influence of CNT surface defects and shown in Figs. 2B, 2D and
2F. A consistent sequence of CNT Qs/SSA for Cu(Il), As(V) and
Cr(V]) is obtained: MWCNTs-02 > MWCNTs-O1 > MWCNTs
> DWCNTs > SWCNTs.

It has been hypothesized that the structural defects within
CNTs could serve as nucleating sites, thus affecting the
adsorption ability of CNTs.*' Experimental results and theoretical
studies showed that NH; adsorption on SWCNT surfaces was
sensitive to the functionalities and defects.”> Raman spectroscopy
has been a sensitive probe of the electronic structure in CNTs and
presence of defects.*” The D band in graphite at around 1300
cm™ involves scattering from a defect which breaks the basic
symmetry of the graphene sheet, it is observed in sp* carbons

containing porous, impurities or other symmetry-breaking defects.

The changes in the D band of Raman spectra can be used for
materials characterization to probe and monitor structural
modifications of the nanotube sidewalls that originate from the
introduction of defects and the attachment of different chemical
species. When estimating the defect concentration, the D mode
intensity is usually normalized with respect to the intensity of the
G mode at around 1600 cm™.* This approach relies on the
assumption that the intensity of the G mode is independent of
defect concentration and originates from a single resonant Raman
process. The comparison of the ratios of these two peaks
intensities gives a measure of the quality of the bulk samples. The
relative relationship between the D band and G band is the key.
In general, the ratio of the D and G band intensities (/p/Ig) is used
to measure the structural defect concentrations of CNTs.*** If
both bands have similar intensity, this indicates a high quantity of
structural defects.*®
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Fig. 3 Raman spectra of SWCNTs, DWCNTs, MWCNTs, MWCNTs-O1
and MWCNTs-02.
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In this study, Raman modes have been analyzed to testify
the defective nature of the CNTs and shown in the frequency
range 1100-1800 cm™ (Fig. 3). The different I/l values of
SWCNTs, DWCNTs, and MWCNTSs can be explained as follows:
Defects such as vacancies and dangling bonds may be formed
during the growth of CNTs, especially using CVD due to high
temperature. With increasing the wall number of CNTs, the Ip/Ig
values increases. MWCNTs exhibit a higher quantity of structural
defects due to their multiple graphite layers and intershell
structural defects compared with SWCNTs and DWCNTs.*’

In addition, the additional oxygen-containing groups in
MWCNTs-O1 and MWCNTs-O2 will behave as covalent
bonding-like defects. The counted Ip/lg values are 0.39, 0.59,
0.64, 0.88 and 094 for SWCNTs, DWCNTs, MWCNTs,
MWCNTs-O1 and MWCNTs-02, respectively (Table 1).
Therefore, the sequence of the CNT defect concentration follows:
MWCNTs-02 > MWCNTs-O1 > MWCNTs > DWCNTs >
SWCNTs, which is in good agreement with the adsorption
capacities per unit SSA. It proves that the lattice defects, which

cause the so-called acceptor-like “‘localized states’”,** may be one

s of the factors which result in adsorption ability of CNTs. CNT

defects have positive effect on Cr(VI) and As(V) adsorption,
while the deprotonation oxygen-containing functional groups of
CNTs have negative effect on Cr(VI) and As(V) adsorption. The
introduction of oxygen-containing functional groups can produce
more surface defects, so it is difficult that the importance of
charge and surface defects is disentangled. For our case, the
sequence of the CNT defect concentrations is in good agreement
with the adsorption capacity per unit SSA. The CNT surface
defect contributions may overwhelm the negative effect of the
deprotonation oxygen-containing functional groups on Cr(VI)
and As(V) adsorption.

Adsorption-desorption hysteresis

Fig. 4 shows the adsorption-desorption hysteresis of heavy metal
ions on or from CNTs, initiated by substituting the supernatant
with electrolyte solution without metal ions. The adsorption
isotherms of Cu(II), Cr(VI) and As(V) are observed below the
desorption isotherms, and the first desorption isotherms are below
the second desorption isotherms. From Figs. S4 and S5, the
adsorption and desorption processes of Cu(Il), Cr(VI) and As(V)
significantly occurred in the initial rapid process and reached
equilibrium within 2 d, the observed phenomenon was unlikely
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HL=(Q"-0)/Q

SWCNTs DWCNTs MWCNTs MWCNTs-O01 MWCNTs-02 r.ce ?)
0.sfcua B [ where 0.5, 0.8 and 0. all in
L L millimole per gram are the
35 equilibrium  concentrations of
solid phase for adsorption, the
first desorption and second
desorption procedures,
respectively. The subscripts T
40 (kelvins) and C, (millimole per
AO'OS Cr(VI) liter) indicate the temperature
20004 s . i i constants and residual solution
Eom ¥ /?//‘/(" j - //— - / phase concentration of metal
g /A / | / ions. As shown in Table 2,
a.,_o_oa ' : ss CNTs have a lower HI values at
eorf ., ., r., ., .r. .., .7, .,.,.,7T. k6. i higher —metal ion surface
0.00 0.04 0.08 0.00 0.04 0.08 0.00 0.04 0.08 0.00 0.04 0.08 0.00 0.04 0.08 coverage. However, HI values
increase, when metal ion surface
0045 'AS(V_)\ [ po coverage decreases. A shift in
o030k / so the metal ion  adsorption
/ E & mechanism may be from more
0.015 b ; irreversible to more reversible
0.009 ) L [ ) . — . f Pl R processes with the increase in
.00 0.03 0.06 0.03 0.06 Cg-?lilmolffj(}ﬁ 0.03 0.06 0.09 003 0.06 0.09 adsorbed metal ions. In addition,

Fig. 4 Adsorption-desorption isotherms of Cu(Il) (A, B) at pH = 5.0, Cr(VI) (C, D) and As(V)
(E, F) at pH = 4.0, on the CNTs. m/V =1.0 g/L,, I = 0.01M NaNOj; and T = 298 K. Solid square
(W) represents the adsorption data, open (O) represents the first desorption data, open square (00)
represents the second desorption data, and fitting lines represent the Langmuir model.

completely due to non-equilibrium state because the suspension
in this study was shaken for 2 d. This phenomenon implies that
irreversible reactions may exist in the adsorption processes. In
some researcher reports,”'*** deformation-rearrangement of the
CNT aggregates and adsorbate penetration into the closed
interstitial spaces of CNT bundles was proposed to explain the
adsorption hysteresis of polycyclic aromatic hydrocarbons.
However, Yang and Xing ' reported that CNTs with long and
cylindrical structure could not form closed interstitial spaces and
thus could not result in desorption hysteresis for organic
compounds. Hummer et al.*® studied the adsorption of H,O by
uncapped SMCNTs and found that water molecules can enter the
central channels of the nanotubes by forming hydrogen-bonded
chains. The opinions in the literature were different and had not
reached a uniform understanding. For our experiment, the
sonication was used in attempts to disperse the nanotubes to
suspensions and to reduce effect of large aggregates on metal ion
adsorption. In our earlier study of desorption kinetics of Am(III)
bound to MWCNTs using chelating resin. The results clearly
proved the existence of strong chemical binding of Am(III) to the
nanotubes.” The experimental results indicated that Am(III)
formed kinetically stabile complexes with MWCNTs and did not
rapidly desorb into the solution. Two types of adsorption
complexes for Am(III) on MWCNTs, one of strong complexation
and the other of weak complexation, which provided the 'readily
desorbed' and 'less readily desorbed' fractions of Am(III),
respectively.

A adsorption-desorption hysteresis index (HI, Equations 1
and 2)*° was used to standardize the gap between adsorption and
desorption branches of the isotherms as follows:

HI=@'-Q)/Q 0

7,Ce

=y
a

=

=
S

%

90

HI, values are generally higher
than HI,. Heavy metal ions may
be irreversibly adsorbed on
high-energy sites at low metal
ion loading. Moreover, HI

60 values of Cu(Il) on CNTs
increase with the amount of surface functional groups on the
CNT surface increases. However, HI values for anions (As(V)
and Cr(VI)) on CNTs decrease as functional groups increase,
which is in good agreement with the decrease of adsorption
capacity of the CNTs for anions with the increase in functional
groups. It is evident from HI values that adsorption-desorption
hysteresis varies for different metal ions, but also that they appear
to correlate with the chemical characteristics of related metal ions
and CNTs.

Conclusions

The oxygen-containing functional groups contributed to an
increase in adsorption capacity for Cu(Il), while a decrease for
Cr(VI) and As(V). The adsorption capacity based on CNT SSA
increased with the increase in CNT defect content. The HI values
for cations (such as Cu(ll)) increased as the oxygen-containing
functional groups increased. However, for anions (such as Cr(VI)
and As(V)), HI values decreased as the oxygen-containing
functional groups increased. HI values decreased with increasing
metal ion surface coverages on CNTs. A shift in metal ion
adsorption mechanisms by CNTs may be from more irreversible
to more reversible processes with the increase in adsorbed metal
ions. The immobilization of metal ions may originate from the
irreversible formation of surface complexes and nucleation. The
desorption hysteresis and irreversible immobilization of metal
ions on CNTs will influence their mobility and bioavailability,
and consequently their toxicity will be altered in the environment.
Therefore, the desorption hysteresis and irreversible
immobilization of metal cations and anions on different CNTs
and the toxicity change should be studied for detailed risk
assessment of metal ions and CNTs in the natural environment.
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5 Table 1 Selected properties of the CNTs

Surface Surface acidic group content
Adsorbents SSA(m%*g) Purity (wt%) Ip/lc atom (wt%) (mmol/g)

C O  Hydroxyl Carboxyl Lactonic Total
SWCNTs 380.1 >95 039 989 1.1 0.00245 0.004301 0.01629 0.02304
DWCNTs 299.5 >95 0.55 987 1.3 0.00237 0.003757 0.018893 0.02502
MWCNTSs 131.8 >95 0.67 992 0.8 0.00272 0.003632 0.015061 0.02141
MWCNTs-O1 90.7 >95 088 974 26 0.06311 0.003967 0.004144 0.07122
MWCNTs-02 78.6 >95 094 965 3.5 0.02024 0.072151 0.011369 0.10376

Table 2 Desorption hysteresis indexes of heavy metal ions on the CNTs
HI, HI,
0.005 mmol/L  0.03 mmol/L  0.005 mmol/L.  0.03 mmol/L
Cu(ID)
SWCNTs 5.0 0.10£0.01 0.05+0.01 0.20+0.01 0.09+0.02
DWCNTs 5.0 0.12+0.01 0.08+0.01 0.24+0.01 0.16+0.01
MWCNTs 5.0 0.14+0.02 0.10+0.01 0.26+0.02 0.18+0.01
MWCNTs-O1 5.0 0.16+0.01 0.12+0.01 0.27+0.01 0.20+0.01
MWCNTs-02 5.0 0.27+0.04 0.14+0.01 0.38+0.02 0.22+0.01
Cr(VI)
SWCNTs 4.0 0.27+0.02 0.25+0.02 0.59+0.02 0.54+0.02
DWCNTs 4.0 0.22+0.01 0.18+0.02 0.53+0.01 0.48+0.01
MWCNTSs 4.0 0.21£0.01 0.17£0.01 0.43+0.02 0.36+0.01
MWCNTs-O1 4.0 0.16+0.01 0.14+0.02 0.37+0.03 0.32+0.03
MWCNTs-02 4.0 0.08+0.01 0.07+0.01 0.27+0.01 0.24+0.02
As(V)
SWCNTs 4.0 0.17+0.02 0.15+0.02 0.54+0.03 0.51+0.02
DWCNTs 4.0 0.15+0.02 0.14+0.02 0.48+0.02 0.46+0.02
MWCNTSs 4.0 0.14+0.01 0.13+0.02 0.35+0.01 0.31+0.02
MWCNTs-O1 4.0 0.12+0.01 0.11£0.01 0.33+0.01 0.28+0.02
MWCNTs-02 4.0 0.07+0.02 0.06+0.01 0.27+£0.01 0.22+0.01

HI, and HI, represent hysteresis indexes of the first and second desorption cycle, respectively.

CNTs pH

10
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