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A B S T R A C T

There is a significant interest in sustainable and eco-friendly methods of regenerating spent nanomaterials in
order to use resources more efficiently and minimize the cost of materials and techniques. This paper in-
vestigates the feasibility of using ozone to regenerate magnetic carbon nanotubes (MCNTs) after they have been
used to remove organic pollutants from water. We ran MCNT through multiple regeneration cycles (i.e. magnetic
collection→ ozone regeneration→washing with ethanol then water) to adsorb atrazine. The results of our
adsorption experiments show that the atrazine removal capacity of the MCNTs decreased from 57.8 to 27.6 mg/g
in three cycles if only ozone treatment is used as a regeneration method. However, this capacity increased when
MNCTs are washed with ethanol following ozone treatment. MCNTs were seen to retain 85–93% of its original
adsorption affinity even after ten consecutive regeneration cycles. Additionally, we used a three layer graphite
slab as a model system for CNTs and performed density functional theory (DFT) calculations to determine the
free energy of adsorption and the free energy of solvation of atrazine and its byproducts in water and ethanol.
The results of X-ray photoelectron spectroscopy (XPS) measurements and DFT calculations showed that π−π
interactions of MCNTs were not affected by ozonation and/or washing with ethanol and this procedure could
remove the degradation byproducts attached on the surface. Overall, this is the first report that demonstrates the
feasibility of regenerating spent MCNTs using ozone assisted by ethanol washing as an efficient and facile
treatment.
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1. Introduction

Pollution control using adsorption is a widely used technology that
requires low energy and aims to confine diverse compounds using a
variety of adsorbent materials. Carbon nanotubes (CNTs) have been ex-
tensively studied as adsorbents for a wide variety of organic pollutants
(e.g., pesticides [1], pharmaceuticals [2], volatile organic compounds
[3], dyes [4,5], phenols [6,7], and natural organic matter [8]) owing to
their high surface area to mass ratio, porosity, and rapid sorption kinetics
[9,10]. However, adsorption-based technologies are nondestructive and
adsorbed pollutants are not degraded. Thus, regeneration and manage-
ment of spent adsorbents are critical to the sustainability of adsorption-
based systems. Recently, a number of regeneration techniques have been
used to recycle CNTs and reduce the treatment cost. Examples include
using microwaves [11], desorption solutions [12], ultrasound [13], and
ozone [14]. Among these, ozone regeneration was found to be simple,
scalable and cost-effective. The interaction between functional groups on
CNTs and ozone generates hydroxyl radicals which further accelerate the
degradation of pollutants during the regeneration process [15,16].

A major concern in using oxidation to regenerate carbonaceous
materials is how changes in surface oxygen content would affect the
removal capacity for organic pollutants by adsorption. In this regard,
there are different reports in the literature based on the target pollutant.
Sheng, et al. [17], Li, et al. [18], and Yu, et al. [19] reported that in-
creasing oxygen content may increase the hydrophilicity and the sur-
face negative charges of CNTs, and therefore reduce their adsorption
capacity towards some hydrophobic organic pollutants. On the other
hand, Yu, et al. [20] and Piao, et al. [21] suggested that elevating
oxygen content and hydrophilicity would also disperse CNTs and in-
crease their affinity towards organic chemicals with higher polarity and
lower molecular weight. However, it’s important to note that previous
studies have used nitric acid as the oxidizing agent, which has subse-
quently been shown to destroy the graphitic structure of CNTs [22].

To date, only one study addressed using ozone to regenerate spent
CNTs [14]. In that study, the authors concluded that the surface oxygen
content of CNTs was increased and, as a result, the adsorption capacity
decreased for the removal of organic pollutants and increased for the re-
moval of dissolved metals. This interpretation raises some concerns. First,
the authors derived the oxygen content based on changes in C 1s X-ray
photoelectron spectra, while it would be more accurate to use also O 1s
spectra and surface composition derived from the survey spectra, to obtain
a more reliable assessment of the C 1s spectra. Second, the authors linked
the reduction in adsorption capacity to a weakening of π−π interactions
without providing supporting evidence. Meanwhile, a previous study
showed negligible decrease of the π−π interactions after ozonation of
CNTs [23]. Third, the reported enhancement of dissolved metal removal
suggests that the adsorption sites were probably still occupied by residuals
from the organic chemical or its degradation byproducts [24]. Therefore,
there is still a need for comprehensive investigation to examine the re-
generation of CNTs using ozone to remove organic pollutants.

The main objective of this study was to systematically investigate
the regeneration potential of CNTs using ozone and to identify, for the
first time, the primary reason for the drop of adsorption capacity for
organic pollutants on CNTs after ozonation. We targeted the adsorption
and degradation of atrazine, one of the most harmful and widely used s-
triazine herbicides for the control of broad leaf and grassy weeds in
agricultural fields, as a model organic pollutant in water environment.
To the best of our knowledge, this is also the first study to employ
detailed XPS analysis and DFT calculations to evaluate the performance
of regenerating spent adsorbents.

2. Materials and methods

2.1. Materials

CNTs were purchased from Chengdu Alpha Nano Technology Co.,

Chinese Academy of Science, China (surface area, ∼96m2/g; diameter,
10–20 nm; porosity, 0.4 cm3/g; length, ∼20 μm; purity,> 98%). The
Brunauer–Emmett–Teller (BET) surface areas, pore volumes and pore
size distributions were measured from nitrogen physisorption data at
77 °K obtained with ASAP 2020 analyzer (Micromeritics Instrument
Corp. U.S.).

Ethanol (Sigma-Aldrich Co., Denmark) was used to prepare the
magnetic adsorbents. A stock solution of atrazine (500mg/L) was
prepared by dissolving 50mg of standard atrazine powder (Sigma-
Aldrich Co., Japan; purity, 99%) in 100mL of LC/MS grade methanol
(Sigma-Aldrich Co., Japan) and kept refrigerated (4 °C). Standard so-
lutions were prepared by diluting the stock solution in appropriate
amounts of ultrapure deionized water (Milli-Q; conductivity < 0.1 µS/
cm).

Ozone was produced using pure gaseous oxygen with a laboratory
scale ozone generator (model ACF-1000; Infuser, Denmark) at an
average gas flow rate of 1 L/min. Total ozone concentration in water
samples was 6 ± 2.1mg/L, as measured using spectrophotometric
method using reagent test kit (Spectroquant® Merck, Millipore CO.,
USA).

2.2. Approach

We hypothesized that the surface adsorption sites of CNTs are
blocked after ozonation by the degradation byproducts of the organic
chemicals. We tested this hypothesis by combining both experimental
and theoretical approaches. First, we used magnetic carbon nanotubes
with good magnetic response and easy separation ability, and ran
multiple consecutive regeneration cycles (i.e. adsorption→ collec-
tion→ ozone regeneration→washing with ethanol then water) (de-
tailed methods are described in Section 2.3). Then, we characterized
the material at each step using XPS. Second, we used DFT to calculate
the free energy of adsorption and the free energy of solvation of atra-
zine and its byproducts in both water and ethanol.

2.3. Preparation of magnetic carbon nanotubes

Magnetic carbon nanotubes (MCNTs) were prepared using a facile
method as reported in our previous study [25]. We dispersed approxi-
mately 0.5 g of CNTs in 100mL of ethanol with a sonicator. Next, a we
placed a permanent magnet (Nd-Fe-B MAGNET, Magna Co., Japan) on
the outside of the glass flask. This step was repeated 3–4 times to attract
of the magnetic fraction and separate it from the non- and low-magnetic
material. Next, we repeated the same procedure using water as a sol-
vent. The result of this procedure was a material that quickly responded
to the magnetic separation procedure. Finally, we washed the collected
MCNTs with water 3–4 times, dried, and stored them prior to use.

2.4. Adsorption experiments

Adsorption experiments were performed in 100mL glass bottles
using a regulated speed shaker at 100 rpm in a controlled temperature
environment (25 ± 2) °C. The adsorption process was studied as a
function of initial atrazine concentration (1–30mg/L) and MCNT con-
centration of 500mg/L with a contact time of 180min [25]. After the
adsorption, the samples were filtered through a membrane filter
(0.45 µm PES filter, Membrane Solutions, Japan), and analyzed for
atrazine concentrations. Blank experiments (with no adsorbents) were
conducted in parallel, and the change in atrazine concentrations in
blanks were found negligible.

The concentrations of atrazine were determined using high perfor-
mance liquid chromatography (HPLC; SHIMADZU Prominence UFLC,
Japan) equipped with a pump (Shimadzu, model: LC-20AD) and an UV-
Vis absorbance detector (SPD-20A UFLC), with a C18 Column, Kinetex
5 μm, 4.6×250mm (Phenomenex CO., USA) operated with UV-Vis
detection at 222 nm, a methanol–water (60: 40, v/v) mobile phase, a
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100 μL injection volume, a 1mL/min flow rate and 10 μg/L minimum
detection limit (MDL). All experiments were run in triplicate and the
results are presented as the mean ± standard error.

2.5. Ozone regeneration experiments

To examine the effect of degradation byproducts on the MCNTs, two
different regeneration scenarios were tested (Fig. S1). In the first sce-
nario, the spent MCNTs after adsorption were ozonated in pure water at
room temperature in a flask with an ozone inlet pipe that reaches the
bottom of the flask. Then, the ozonated MCNTs were collected using a
magnet, the supernatant was removed, and the collected MCNTs were
washed with water and reused for adsorption. In the second scenario,
the spent MCNTs were ozone-treated as described above, collected with
magnet, washed with ethanol, washed with water, and then reused for
adsorption. Further, the effect of the selected treatments on the raw
MCNTs was tested independently and no changes on the material
properties were seen. The weight of the adsorbents was recorded before
and after the experiments and the weight-loss of MCNTs was negligible.
All experiments were run at two different ozone exposure times, 20min
and 60min.

2.6. Spectroscopy measurements

The surface characteristics of MCNTs at different steps of the process
(i.e. before and after adsorption and ozonation) were examined using
Fourier transform infrared spectroscopy (FT-IR) and XPS. XPS analysis
was performed with a Kratos Axis UltraDLD instrument operated with a
monochromatic AlKα X-ray source (hν=1486.6 eV) at a power of
150W. Survey scans were acquired in the 0–1350 eV range at a pass
energy of 160 eV and step size of 0.5 eV. High-resolution scans of C 1s
(276–310 eV), O 1s (524–550 eV), and N 1s (387–412 eV) regions were
acquired at a pass energy of 10 eV and step size of 0.1 eV. The generated
XPS data were processed using the CasaXPS software. Atomic surface
concentrations were determined by fitting the core level spectra using
Gaussian-Lorentzian line shapes and a Shirley background; the value
reported represents the average of at least two measurements. Only
minor variations in surface composition were observed between the
first and last spectra collected, indicating that surface damage induced
by the X-ray exposure is negligible. The systematic error is estimated to
be in the order of 5–10% and the measurements were done using a spot
size of 0.21mm2. A JEOL JIR-SPX200 Japan was used to determine the
FTIR spectra in the wavenumber range of 250 cm−1 to 4200 cm−1. X-
ray diffraction (XRD) diffractograms were acquired with Cu Kα1.2

(1.5406 Å), Ni-filtered radiation on a Bruker D8 Advance instrument
equipped with a LynxEye PSD detector. Diffractograms were collected
in the range of 15–70° 2Θ with 0.03° 2Θ step size and 8 s time step,
while the sample was spun at 15 rpm. The divergence slit was set to
0.3°, antiscatter slit to 3°, primary and secondary Soller slits were 2.5°
and the detector window opening was 2.71°.

2.7. Density functional theory calculations

We used the all-electron atomic orbital based DFT code, DMol3, in
this work [26,27]. The Perdew, Burke, and Erzenhof (PBE) exchange-
correlational functional [28] was used, within the generalized gradient
approximation [29]. The basis set used was a double numerical type
with polarization. The Grimme dispersion correction was used to ac-
count for weak dispersion interactions [30]. All of the calculations were
performed at the Gamma point. The electronic convergence criterion
was 2.7× 10−4 eV, and the geometries converged to 10−4 Å with the
forces converged to 2.7× 10−2 eV/Å.

The atrazine molecule and its ozonation byproducts were obtained
from Adams and Randtke [31]. In particular, we focused on CIAT, C-
AAT, CDAT, OEAT, and OIAT, as well as the intact atrazine (CIET). Fig.
S2 shows the suggested degradation pathway. For computational

simplicity, graphite was used to model CNTs. To create the graphite
slab, we first created and geometry optimized bulk graphite to ensure
there were no residual stresses in the superstructure. A 3-layer [5×5]
supercell was then created, yielding a hexagonal cell with side length of
12.3 Å. In all the simulations, the middle layer of graphite was kept
fixed while the rest of the graphite layers and molecule of interest were
allowed to move. Fig. 1 shows the optimized structure of target mole-
cules in this study on graphite.

COSMO-RS [32,33] with DMOL3_PBE_C30_1301 parameter set was
used to obtain the free energy of solvation (Gsolv) in different solvents.
The Gibbs free energy of the reaction thus becomes:

= +G H GΔ Δ Δ solv (1)

where ΔG is the free energy of adsorption, ΔH is the change in enthalpy
in vacuum, and ΔGsolv is the change in free energy of solvation.

3. Results and discussion

3.1. Adsorption–regeneration experiments

The results of adsorption isotherms and the corresponding Langmuir
isotherm model (Eq. (2)) for the initial condition and the regeneration
experiments are presented in Table 1.Table 2

=

+

Q Q bC
bC1e

Max e

e (2)

where Qe (mg/g) is the adsorption capacity, Ce (mg/L) is the equili-
brium concentration, Qmax (mg/g) is the maximum capacity of ad-
sorbate required to form a complete monolayer on the surface, and b is
the Langmuir constant.

The Langmuir isotherm model showed good fit with the experi-
mental data as indicated by the coefficient of determinations (R2) of
0.98–0.99 (Table 1) and was used to describe the adsorption of atrazine
on MCNTs. This agrees with previous reports of atrazine adsorption on
single-walled CNTs [34] and multi-walled CNTs [35]. Fig. 2A shows
that the adsorption capacity was highest for raw MCNTs at 57.8mg/g
and dropped to 44.5, 37.5, and 27.6 mg/g after the first, second, and
third ozone regeneration cycle, respectively. By extending the experi-
ment to ten regeneration cycles, the removal was as low as 30–35% of
the initial removal capacity (Fig. 3). On the other hand, Fig. 2B shows
that washing the ozone treated MCNTs in ethanol could recover the
adsorption capacity of the MCNTs. After ten regeneration cycles, the
performance was stable and ranged between 85 and 93% of the initial
removal capacity (Fig. 3). We interpret this result as an indication that
the ozonation byproducts occupy adsorption sites after ozonation, and
that ozone itself had minimal effect on the surface characteristics of
MCNT. These observations were further confirmed by checking the
surface composition of MCNTs as explained in the following section.

3.2. Material characterization

Before adsorption. The previous report by Wang, et al. [14]
claimed that the removal capacity reduction for organic compounds
occurred solely due to weakened π−π interactions after the introduc-
tion of oxygen-containing functional groups to the surface of MCNTs.
However, we tested the effect of ozone on the characteristics of MCNTs
prior to adsorption experiments and we observed no significant change
in surface oxygen content or π−π interactions as measured by XPS
(samples C1 and C2 in Table 3). Further, the magnetic particles were
located in the interior of the tubes and protected by layers of graphene
sheets (Fig. S3A). Therefore, they are sequestered from oxidation
during the ozonation process. Samples collected before and after ozone
pre-treatment showed two dominant XRD diffraction peaks at 42°, 44°,
and 52° 2Θ that were assigned to graphite-like structure and Ni (Fig.
S3B) [36]. In addition, FTIR spectra showed similar features, with four
main broad bands at around 3420, 2925, 1645, and 1380 cm−1, which
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were ascribed to the stretching vibrations of OeH, CeH, C]C, and
CeH bonds, respectively (Fig. S3C) [37–39]. These results suggest that
ozone treatment scarcely changed the surface functional groups of the
MCNTs. This is in agreement with previous observations by Morales-
Lara, et al. [23].

After adsorption and ozone regeneration. We performed detailed
analysis of the surface characteristics of MCNTs using XPS as shown in
Fig. 4 and Fig. S4–S5 in SI. To evaluate the level of sp2 hybridization of
the samples, we estimated the D parameters [40] of the MWCNTs as
received. We determined a D value of 22.5 corresponding to 100% sp2

hybridization [41]. The C 1s spectra were fitted with an asymmetric
peak at 284.4 eV corresponding to the sp2 graphitic structure [42] and
two peaks at 286.3 eV and 288.1 eV are assigned to CeO and C]O
groups. Further, two π-π∗ type shake-up peaks were identified at 6.7 eV
and 9.8 eV, higher binding energies, from the main peak [43]. The C 1s
spectrum of atrazine powder presented three peaks at 285.0, 286.2, and
288.1 eV, which were assigned to CeC and CeH bonds, CeN/CeO
single bonds, and the atrazine ring function NeC]N, respectively
(Table 3) [44]. The presence of atrazine or its byproducts after the
adsorption process was detected by tracking nitrogen and/or chlorine
on the surface of MCNTs. After adsorption of atrazine on MCNTs, the

peaks at 286.3 eV and 288.1 eV increase, very likely due to the CeN and
CeN]C groups present in the atrazine molecules (sample C3 in
Table 3). The ratio between the peaks was 3.1:2.3:2.9, which is in good
agreement with the expected theoretical value for atrazine of 3:2:3.

Tracking the nitrogen and/or chlorine at each step of the re-
generation process revealed the presence of the degradation byproducts
of atrazine after ozonating MCNT samples (samples C4 and C8 in
Table 3). N 1s spectra of samples after adsorption of atrazine and ozone
treatment were fitted with one component peak centered at
399.2–399.5 eV. This component was assigned to N in the atrazine ring
(eN]) and in the eNe groups after adsorption of atrazine (Fig. S6) and
also to acetamido (eNHeC]O) and imine/amine (eN], eN) groups
after the ozone treatment for 60min. However, nitrogen and/or
chlorine were not detected after washing the samples with ethanol.
These results suggest that degradation byproducts remain attached after
ozonation which confirms the adsorption results reported in the pre-
vious section. These findings were further confirmed by characterizing
MCNT samples after 10 consecutive regeneration cycles (samples C7
and C11 in Table 3). In addition, we tested the effect of ozonation time
by performing the regeneration experiments at 20 and 60min. With
20min ozonation time, the surface oxygen content in the first cycle
slightly increased from 0.9% to 1.6% (samples C4−C6 in Table 3).
Extending the ozonation time to 60min, however, increased surface
oxygen content by up to 4.9% (samples C8−C10 in Table 3). Despite
this increase in the O content compared to C1 (blank sample), we ob-
serve only a 1% decrease of the π-π∗ type shake-up. For sample C2, after
20min of ozone treatment, π-π∗ type shake-up, O and C concentrations
are similar to sample C1. These results suggest that the oxygen-con-
taining groups are formed mainly in already exiting defects and the
alteration of the graphitic structure is marginal, as observed previously
by Morales-Lara et al. [23].

Increasing oxygen content may increase the hydrophilicity and re-
duce their adsorption capacity towards some organic pollutants or it
might disperse CNTs and increase their adsorption affinity. FTIR spectra

Table 1
Parameters for the Langmuir isotherm for atrazine adsorption.

Regeneration method QMax (mg/g)a b (L/mg)a R2

Pristine MCNTs 57.8 [± 3.2] 0.28 [± 0.11] 0.98

Only ozone Cycle 1 44.5 [± 1.6] 0.28 [± 0.17] 0.98
Cycle 2 37.5 [± 2.1] 0.22 [± 0.12] 0.99
Cycle 3 27.6 [± 1.2] 0.18 [± 0.11] 0.99

Ozone→washing with
ethanol→washing with
H2O

Cycle 1 53.4 [± 2.4] 0.22 [± 0.06] 0.98
Cycle 2 55.2 [± 1.3] 0.19 [± 0.16] 0.99
Cycle 3 52.1 [± 4.1] 0.24 [± 0.09] 0.99

Fig. 1. Top and side views of the optimized structure of [A] atrazine and its ozonation byproducts ([B] CIAT, [C] CDAT, [D] CAAT, [E] OEAT, [F] OIAT) on graphite. Carbon is shown in
cyan, nitrogen in blue, chlorine in green, hydrogen in white, and graphite in gray.
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show a slight increase in the signal for OeH and C]C bonds (Fig. 5).
These observations are in line with XPS analysis. Apparently, the re-
duction of adsorption capacity of atrazine after ozonation followed by
ethanol washing resulted from the introduction of oxygen-containing
functional groups (e.g. hydroxyl) (Fig. 2B). Thus, we interpret the
continuous reduction in the adsorption capacity after only ozonation
(Fig. 2A) as re-adsorption of ozonation byproducts of atrazine (i.e.,
ozone itself had minimal effect on the surface characteristics of MCNT).
These results enable the application of ozone regeneration of CNTs for
organic degradation applications. More details about the binding be-
tween atrazine and selected major byproducts are discussed in the
following section.

3.3. DFT calculation

Table 4 shows how the free energy of adsorption for atrazine and its
ozonation breakdown products is affected by its environment. CIET was
the strongest adsorbed molecule on graphite in all the environments
considered in this study. The order of adsorption strength was found to
be: vacuum > water > ethanol, which is observed in all the mole-
cules. In all cases, the byproducts are more weakly adsorbed by an
average of ∼0.2 eV compared to intact atrazine (CIET), except for
CAAT which is weaker by∼0.4 eV. This indicates that breaking down
atrazine can help lower the energy barrier necessary to remove the
organic pollutant from CNTs. Ethanol was selected based on its ability

Table 2
Chemical composition of atrazine powder derived from XPS.

Atom% High Resolution C 1s

Sample O C N Cl Na CeC/CeH CeN/CeO NeC]N/C]O

Atrazine

1.1 [0.3] 59.6 [4.1] 31.5 [1.9] 7.5 [2.1] 0.3 [0.1] 37.2 [1.5] 27.6 [2.0] 35.3 [1.4]

Uncertainties from average values are shown in square brackets. Carbon is shown in cyan, nitrogen in blue, chlorine in green, and hydrogen in white.

Fig. 2. Adsorption isotherms of atrazine on MCNTs and
regeneration experiments using [A] only ozone treatment
and [B] ozone treatment followed by desorption in ethanol.
Experimental conditions: initial atrazine concentrations
were 1–30mg/L, CMCNT=500mg/L, pH 7, t=180min,
and T=25 ± 2 °C.

Fig. 3. Adsorption capacity and recovery rate for 10 con-
secutive regeneration cycles. Initial atrazine concentration
was 5mg/L and MCNT concentration was 500mg/L at pH
7 ± 0.2 and the equilibrium time at 180min.
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to solvate and suspend the CNTs and its viscosity, which maximized the
separation efficiency and minimized the possibility of forming CNT
bundles. The DFT calculation confirms that ethanol is a better solvent
than water for removing oxidation byproducts from the surface of
CNTs. In addition, one major advantage of using ethanol is its low
boiling point. Therefore, distillation of ethanol can be an easy and
ecofriendly recovery method.

It must be noted that we have only considered the free energy of
adsorption of the individual molecules. Kinetic and reaction barriers are
currently beyond the scope of this study. Therefore, from a purely en-
ergetics perspective, CAAT is the easiest form for removal from a gra-
phitic structure. Adams and Randtke [31] identified CIAT, CAAT and
CDAT as major breakdown products of atrazine, while OEAT and OIAT
were identified as minor breakdown products and were only observed
at conditions favoring hydroxyl radical production (Fig. S2). The pro-
duction of OEAT and OIAT under ozonation is correlated with the

increase in the O XPS signal in sample C8 compared to sample C4 in
Table 3.

4. Conclusions

In this study, we demonstrated the use of ozone to degrade adsorbed
atrazine on the surface of MCNTs followed by washing by ethanol to
remove adsorbed degradation byproducts. Detailed XPS analysis
showed that ozonation does not affect the π−π interactions of MCNTs
but results in the accumulation of atrazine dissociation products on the
surface. The results of adsorption energy calculations indicate that it is
possible to remove the degradation byproducts of atrazine simply by
washing the MCNTs with ethanol. Our proposed approach is facile and
efficient in using ozone to degrade the organic pollutants and to re-
generate the spent MCNTs. The need for sustainable technologies and
materials is more essential than ever in order to overcome

Table 3
XPS derived chemical composition of the top ∼10 nm of the MCNT surface (atom%).

Code Sample Atom% High resolution C 1s

O C N Cl C]C CeO C]O π-π*

C1 Raw MCNT 1.1 [0.1] 98.9 [0.1] N.D. N.D. 82.7 [0.1] 0.5 [0.2] 0.7 [0.1] 16.1 [0.1]
C2 MCNT→O3 (20min) 0.9 [0.1] 99.1 [0.1] N.D. N.D. 83.1 [0.0] 0.3 [0.0] 0.7 [0.0] 15.9 [0.0]
C3 MCNT→ATZ 0.8 [0.1] 97.7 [0.3] 1.1 [0.2] 0.38 [0.04] 84.0 [0.0] 0.9 [0.1] 1.3 [0.2] 13.8 [0.3]
C4 MCNT→ATZ→O3 (20min) 0.9 [0.2] 97.9 [0.4] 0.9 [0.4] 0.3 [0.1] 83.3 [0.2] 0.9 [0.2] 1.1 [0.4] 14.7 [0.3]
C5 MCNT→ATZ→O3 (20min)→ Ethanol 1.6 [0.0] 98.1 [0.01] N.D. 0.07 [0.03] 82.0 [0.1] 0.8 [0.1] 2.0 [0.1] 15.2 [0.2]
C6 MCNT→ATZ→O3 (20min)→ Ethanol→H2O 0.7 [0.1] 99.3 [0.1] Traces (< 0.1) N.D. 84.1 [0.1] N.D. 0.7 [0.04] 15.2 [0.1]
C7 MCNTREC→ATZ→O3 (20min)→ Ethanol→H2O 3.1 [0.1] 95.6 [0.1] 0.14 [0.05] 0.20 [0.01] 81.8 [0.3] 0.4 [0.1] 1.4 [0.1] 15.1 [0.4]
C8 MCNT→ATZ→O3 (60min) 4.9 [0.4] 91.9 [0.6] 0.1 [0.01] 0.3 [0.04] 82.4 [0.6] 1.0 [0.5] 1.7 [0.1] 14.8 [1.0]
C9 MCNT→ATZ→O3 (60min)→ Ethanol 2.5 [0.1] 97.5 [0.1] N.D. N.D. 83.1 [0.4] 1.2 [0.1] 2.3 [0.1] 13.4 [0.3]
C10 MCNT→ATZ→O3 (60min)→ Ethanol→H2O 2.2 [0.1] 97.4 [0.1] N.D. 0.09 [0.0] 82.2 [1.1] 1.0 [0.1] 2.3 [0.2] 14.5 [1.2]
C11 MCNTREC→ATZ→O3 (60min)→ Ethanol→H2O 3.42 [0.01] 95.50 [0.01] 0.18 [0.01] 0.11 [0.02] 83.1 [0.5] 1.6 [0.2] 1.6 [0.1] 14.9 [0.4]

ATZ refers to atrazine. MCNT and MCNTREC refer to magnetic carbon nanotubes before adsorption and after 10 regeneration cycles, respectively. Uncertainties from average values are
shown in square brackets. N.D. refers to not detected.

Fig. 4. The XPS full spectra, C 1s, and O 1s for samples [A] C1 in Table 3: Raw MCNT and [B] C11 in Table 3: MCNTREC→ATZ→O3 (60min)→ Ethanol→H2O.
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environmental, economic, and resource availability issues. Thus, more
studies on the effect of water chemistry on the regeneration perfor-
mance are recommended.
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Carbon is shown in cyan, nitrogen in blue, chlorine in green, oxygen in red, and hydrogen
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