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ABSTRACT

In this work, Rhodamine B (RhB) dye was catalytically degraded by using Fenton-like reagent (CNIQ),

which was made by self-made multiwalled carbon nanotubes (MWNTs) supported iron oxide Fe O,

(MWNTs-Fe O) and H,0,. The MWNTs-Fe,O, was characterized by transmission electron micro-
scope (TEM) energy d1spers1ve spectrometer (EDS) Fourier transform infrared spectroscopy (FT-IR),

Brunauer, Emmett, and Teller (BET), and X-ray photoelectron spectroscopy(XPS). The factors affecting
the degradation of RhBs include the pH value, the reaction temperature, the dosage of MWNTS-Fe O,

the dosage of H,0,, the treatment methods, and the concentration of RhB were investigated. Based
on the TEM, EDS, FT IR, BET, and XPS analysis, iron oxide was successfully loaded on carbon nano-
tubes. The RhB removal rate could reach to 100% under the optimal conditions: the solid to liquid
ratio is 1:2, the amount of H,0, (30%) is 0.1 mL, pH is 3.58, and oscillating time is 60 min. The results
also show that the adsorption kinetic of RhB onto MWNTS-Fe O, belongs to the pseudo-second-order
kinetics. The activation energy and adsorption rate constant are 21.76 kJ/mol and 0.00047 g/(mg min),
respectively, the degradation rate increases with the temperature increasing. From this study, we con-
clude that CNIQ has better adsorption/degradation effect for dye RhB, and it can be used widely in
water treatment of textile industry.
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1. Introduction

Multiwalled carbon nanotubes (MWNTSs) special physical
and chemical properties such as great specific surface area,
stable chemical properties, heat resistance, corrosion resis-
tance, and impact resistance [1] have aroused people’s great
attention. And it was widely used in reinforced composites
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[2,3], catalyst carrier [4,5], absorbent material separation [6,7],
and some other fields in science like medicine and environ-
ment [8]. In Skandari’s [9] experiment, oxidized carbon nano-
tubes (CNTs) were bound to the surface of silica sand through
3-(triethoxysilyl)propylamine to act as a bonding agent. The
removal potential of humic acid with the new adsorbent was
studied, according to the obtained data, CNTs have a good
potential in the removal of humic acid (g, = 81.96 mg/g
CNT). Tran [10] with the recent well-documented ability to
chemically modify nanofibrous carbon materials to improve
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their solubility and biocompatibility properties. Beyond
that, series of positive research results have been achieved
[11,12]. Therefore, CNT has a considerable application pros-
pect especially in the field of the environment, for example,
Chen [13] examined the interaction between Eu(Ill) and a
multiwall carbon nanotube (MWCNT)/iron oxide magnetic
composite in the absence and presence of poly(acrylic acid).
The results are important for estimating and optimizing the
removal of organic and inorganic pollutants by the magnetic
composite. Cho [14] probed the influence that surface oxides
exert on CNT sorption properties, and MWCNTs with vary-
ing oxygen concentrations were studied with respect to their
sorption properties toward naphthalene. The results high-
light the important role of surface chemistry in controlling
the environmental properties of CNTs.

Due to the large amount of organic matter in the high
temperature water will rapidly deplete the dissolved oxygen
in the water, printing and dyeing wastewater can transform
the natural water to anaerobic environment [15]. RhB, a pink
color synthetic dye with high chromaticity, will block the
sunlight into the water, reduce the photosynthesis of aquatic
life, and then affect the growth of aquatic life. Because of its
stronger toxicity and its poorer biochemical degradability,
RhB can make the water color change after discharging into
water, and destruct the natural ecosystem of water. At the
same time, RhB also greatly reduce the economic value of
water. Therefore, effective methods must be used for RhBs
processing before being poured into water environment.
Various methods have been developed and introduced to
degrade RhB, such as the flotation method [16], flocculation
precipitation, adsorption method [17], and catalytic oxida-
tion method [18]. Among them, the Fenton reagent oxidation
method has a broad application prospect, strong oxidizing
and good degradation effect in environmental remediation.
For example, Liu [19] studied the removal process of NO
from SO,-containing simulated flue gas using an ultraviolet
(UV)/Fenton-like reaction in a photochemical reactor, and
Guo [20] studied the removal of NO in a laboratory-scale
bubbling reactor.

In this work, MWNTs-Fe O, was prepared by the lig-
uid-phase synthesis method and used Fenton-like reagent
(CNIQ), for degradation of RhB. The adsorption/degradation
performance of a single material and composite materials for
RhB were investigated. The factors affecting the degradation
of RhBs include the pH value, the reaction temperature, the
dosage of MWNTs-Fe O, the dosage of H,O,, and the con-
centration of RhB were investigated, which can provide refer-
ence for the application of CNTs in the wastewater treatment.

2. Experimental
2.1. Materials and apparatus

Ferrous sulfate heptahydrate (FeSO,7H,O, analytical
reagent), natrium borohydride (NaBH,), sodium hydroxide
(NaOH), hydrochloric acid (HCl), RhB (Tianjin Wind Boat
Chemical Reagent Technology Co. LTD, Tianjin, China),
anhydrous ethanol (CH,CH,OH), hydrogen peroxide (H,O,),
ethylene glycol (CH,OH),), and secondary distilled water. All
the above reagents are analytical pure.

The morphology and the size of the materials were
characterized by JEM-2100 transmission electron microscope

(TEM; JEOL, Tokyo, Japan), Tecnai G2 TF30S-Twin energy
dispersive spectrometer (EDS, FEI, Netherlands), Nicolit
IS10 Fourier transform infrared spectroscopy (FT-IR, Thermo
Scientific, Germany), D/max-2400 X-ray diffractometer (XPS
(X-ray photoelectron spectroscopy), Ricoh, Japan), AUTOOR-1
Physical adsorption instrument (BET (Brunauer, Emmett, and
Teller), Quantachrome, USA). Various degradation equip-
ments were used in the adsorption/degradation of RhB exper-
iment such as HQ45A-II thermostatic oscillator, 8453 UV-vis
spectrophotometer instrument (Agilent, USA), pHS-3c pH
meter, and the Type of 7200 visible spectrophotometer.

2.2. The preparation of MWNTs-Fe O,

MWNTs-Fe O, was prepared according to the liquid-
phase synthesis method [21]. The reaction takes place in a
flask with a circular bottom, and the processing parameters
for MWNTs-Fe O, preparation are shown in Table 1. NaBH,
was chosen as reducing agent, and FeSO,-7H,0 was used as
source of iron. Solution of FeSO,-7H,O (0.18 mol/L) was pre-
pared by dissolving FeSO,-7H,O in ethanol-water solution
(V/V =3:7), and solution of NaBH, (0.36 mol/L) was prepared
by dissolving NaBH, in ethanol-water solution (V/V = 3:7).
The FeSO,7H,O solution was deoxidized by using nitrogen,
then 2 mL polyethylene glycol 2000 (PEG2000) and 0.5 g
CNTs were added. Finally, NaBH, solution was added into
the mixed solution of FeSO,7H,O by using separating funnel.
Nitrogen as a protection gas and introduced in a flask with
a circular bottom to prevent oxygen entering, after reacting
about 20 min, MWNTs-Fe O, was washed by ultrapure water
and anhydrous ethanol, anc‘l/ dried in vacuum oven at 50°C,
then preserved in dry machine for next step. The shelf life of
MWNTs—FeXOy is 2 weeks, because iron will be oxidized and
metamorphosed with time.

2.3. Adsorption/degradation of RhB

Series of (50-200 mg/L) RhB aqueous solution (pH = 1-13,
adjusted by 1 mol/L NaOH and HCI) were prepared and
adsorbent was added (MWNTs-Fe O,). Second, the mix-
ture was placed in the HQ45A-II thermostatic oscillator
(25°C, 200 rpm) and oscillated for a certain time. Finally,
the mixture was centrifuged. The supernatant was deter-
mined by using the type of 7200 visible spectrophotome-
ter in the maximum absorption wavelength (555 nm), and
ultrapure water was chosen as blank. The standard curve
equation (the linear equation: Y = 0.2109x — 0.007, linear
range: 0.5-4.5 mg/L, correlation coefficient: r = 0.9997) was
used to calculate the concentration of RhB. The adsorption/
degradation performance of MWNTs-Fe O, on RhB was
evaluated by the degradation rate and degradation amount.

Table 1
The processing parameters for MWNTs-Fe O, preparation

Reagents Concentration Volume (mL)
FeSO,7H,O 0.18 mol/L 50

NaBH, 0.36 mol/L 50

PEG2000 30% 2
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Adsorption/degradation rate (R(%)) was calculated using
the following formula [22]:

R(%)=%x100% 1)

0

where R represents removal rate of RhB by MWNTs-Fe O,
(%), C, is the initial concentration of RhB in aqueous solution
before adsorption (mg/L), and C, is the residual concentration
of RhB in aqueous solution at time after adsorption.

Adsorption/degradation amount (Q (mg/g)) was
calculated using the following formula:

(C,-C)xV
m

Q= &)

where Q is adsorption capacity of RhB on MWNTs-Fe O,
(mg/g), m is mass of MWNTs-Fe O, (mg), and V'is volume of
aqueous solution of RhB (mL).

2.4. Adsorption/degradation performance

Adsorption/degradation rate was used to evaluate the
removal efficiency of MWNTs-Fe O, Many affecting factors on

the adsorption/degradation performance were investigated,
such as pH, temperature, dosage of MWNTs-Fe O, H,0,

Ty
dosage, initial concentration of RhB, and different treat-
ment methods. The adsorption/decoloration kinetics were also
studied.

3. Results and discussion
3.1. Characterization of MWNT5-Fe O,
3.1.1. Morphology

In order to determine the ferric oxide whether it was
loaded on MWNTs or not, TEM and scanning transmission
electron microscopy (STEM) (or high-resolution transmis-
sion electron microscopy, HRTEM) were chosen for mor-
phological analysis and the results were shown in Fig. 1 ((a)
TEM, 50 nm, 30,000 times; (b) STEM, 50 nm, 80,000 times;
(c) TEM, 200 nm, 30,000 times; and (d) HRTEM, 10 nm, 80,000
times). The TEM photos ((a) and (c))show that the surface of
MWNTs is covered with a layer of needle-like material which
would be Fe,O,. From STEM photos ((b) and (d)), many fine
particles can be clearly observed on the tube wall, with the
increase of iron/carbon ratio, and more particles can be seen.
Therefore, we can confirm that the ferric oxide has been
loaded onto the MWNTs.
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3.1.2. Energy spectrum analysis

In order to ascertain that the iron oxide had been loaded
successfully on MWNTs, EDS of MWNTs and MWNTs-
Fe O, is compared in Fig. 2. Based on the EDS, there are only
energy peaks of the C and Cu in MWNTs (Fig. 2(a)) [23],
and the copper would come from copper mesh, which was
used for bearing MWNTs. From the figure of MWNTs-Fe O,
(Fig. 2(b)), except energy peaks of the C and Cu, we can also
see the energy peaks of Fe that may produce by acicular
Fe,O, and spherical Fe,O,. Therefore, we can confirm Fe is
successfully loaded on the MWNTs.

3.1.3. FT-IR spectrum

The data of precise molecular structure information were
recorded by FT-IR which spectra were shown in Fig. 3 and
Table 2. We found that the intensity of absorption peak at
614 cm™ (Fig. 3(b)) is presented, this may be contributed by
the contraction vibration peak of Fe-O in Fe,O, [24]. As a
result of the embedded water of MWNTs—FeXOy, the intensity
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Fig. 3. FT-IR spectra of MWNTs (a) and MWNTs-Fe O, (b).
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Table 2
The FT-IR analysis of MWNTs and MWNTs-Fe O, (ecm™)

Samples Fe-O O-H C=C (C=C C-C

MWNTs-Fe O, 614 3450 2,331 1,645 1,070-1,456
MWNTs - 3453 2360 - 1,065-1,076

of peak at 3,450 cm™ (in Fig. 3(b)) is weaker than the peak
at 3,453 cm™ (in Fig. 3(a)), and shifted to lower wave num-
ber after loaded. It is obvious that the absorption peak of
MWNTs from 2,360.38 cm™ move to 2,331 cm™, it could be
the triple bond contraction vibration peak or the CO, gas
was taken when the samples were removed rapidly, so the
O=C=0 stretching vibration peak was appeared in samples.
The peak at 1,645 cm™ belongs to stretching vibration of C=C,
which comes from the ports of MWNTs or the damaged
five-membered ring and seven-membered ring [25]. The
bands at 1,456, 1,264, 1,123, and 1,070 cm™ are attributed to
the C-C skeleton vibration, and near 858 and 550 cm™ are
impurity peaks of MWNTs.

3.1.4. XPS analysis

The XPS pattern about the MWNTs-Fe O is given in
Fig. 4, and the data of XPS are shown in Table 3. It shows
that the iron is successfully loaded onto the CNTs. The XPS
patterns from MWNTs-Fe O, contain small diffraction peaks
from Fe. Therefore, all the Fe'is in the form of MWNTs-Fe O,
most of the Fe is in the Fe* state.
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Fig. 4. XRD patterns of MWNTs-Fe O, .

Table 3
The XPS analysis of MWNTS-FeXOV (eV)

Binding energies 710 711 535 284 285 531

Chemical valence  Fe*  Fe* - -

Functional groups Fe-O Fe-O HO C-C C=C C-O
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3.1.4.1. The XPS spectrum of Fe 2p for the MWNTs-Fe O
Ty

Initial XPS measurements were carried out on the Fe 2p
peaks of MWNTs-Fe O,. The XPS peaks of Fe 2p,, and Fe
2p,, for the MWNTs- Fe O, are shown in Fig. 5. One of the
two peaks Fe 2p,, peak is narrower and stronger than Fe
2p,,- The area of Fe 2p,, peak is greater than that of Fe 2p, ,
because in spin-orbit (j—j) coupling, Fe 2p,, has degeneracy
of four states while Fe 2p, , has only two [26]. The Fe 2p,,
peak has associated satellite peaks. The satellite peak of Fe
2p,,, for MWNTs-Fe O, is located approximately 8 eV higher
than the main Fe 2p3 » peak [27]. The satellite peak at 718.8 eV
(S.D. = 0.13) is clearly distinguishable and does not overlap
either with Fe 2p, , or Fe 2p, , peak. In addition, there appears
to be another satellite peak at 729.5 eV and this may be a
satellite peak for Fe 2p, .

3.1.4.2. The XPS spectrum of Fe 3p for the MWNT5-Fe O,

The XPS spectrum of Fe 3p for the MWNTs-Fe O, is
shown in Fig. 6. Although the Fe 3p peak consists of both
Fe 3p,, and Fe 3p, ,, a single peak was observed in the XPS
spectrum obtained from this study. This separation energy of
the XPS peaks is proportional to the spin—orbit coupling con-
stant, which depends on the value h1/r* (where r is a radius)
for the particular orbit [28]; treating the Fe 3p peak as a sin-
gle peak, the physical parameters, that is, peak position, full
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Fig. 5. The XPS spectrum of Fe 2p from the fractured surface of
the MWNTs-Fe O,
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Fig. 6. The XPS spectrum of Fe 3p from the fractured surface of
the MWNTs-Fe O,
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width at half maximum, asymmetry factor, and Gaussian—
Lorentzian ratio of the Fe 3p peak for Fe** were determined
from the spectrum. The curve fitting was carried out using
the GL ratio = 40 (Gaussian:Lorentzian = 60:40), the symme-
try factor of 0.4, and linear background subtraction between
62 and 50 eV which gave the smallest x? [29].

3.1.4.3. The XPS spectrum of C1s and O1s for the
MWNTs-Fe O,

Carbon is found in all surfaces of XPS analysis. It is
common practice to use the carbon Cls peak at 285 eV as a
reference for charge correction. In routine XPS, analyses of
samples prepared outside the high vacuum chamber rela-
tively thick carbon layers are formed on the surfaces, and the
corrected XPS peak positions are independent of the apparent
or experimentally obtained binding energy. The reason why
the corrected Cls position is a function of the experimen-
tally obtained Cls peak position is not clear. Therefore, the
Cls peak is not the suitable reference peak. Instead, the Ols
peak was used as the reference for the charge correction in
this study. It shows the corrected Fe 2p,, peak position to be
independent of experimentally obtained Ols peak position
within experimental uncertainties. Some of the factors influ-
encing peak position in these systems have been discussed by
the authors [30]. Therefore, since Cls peak is not suitable for
charge correction, the Ols peak with the binding energy of
530.0 eV was used for the charge correction throughout this
study. The typical C1s (Fig. 7(a)) peaks and O1s (Fig. 7(b)) for
MWNTs-Fe O, are, respectively, shown in Fig. 7.
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3.1.5. BET analysis

The BET analysis of MWNTs and MWNTs-Fe O, is
shown in Table 4 [31]. As shown in Table 4, the surface area
decreased from 95.509 m?%g (in MWNTs) to 75.060 m?/g
(in MWNTs-Fe O,). The reason could be that the surface of
the CNT is occupied by iron oxide. At the same time, average
pore width increased from 1.213 nm (in MWNTs) to 1.418 nm
(in MWNTs-Fe O)). In addition, we can see that the total
pore volume of CNTs increased about six times after loaded
by iron oxide. This can improve the adsorption capacity of
MWNTs-Fe O,.

3.2. Optimizing the adsorption/degradation conditions
3.2.1. pH

In order to investigate the effect of pH, the experiment
was carried out at different solution pH value ranging from
2 to 12. As shown in Fig. 8, the degradation rate and the deg-
radation capacity of RhB reached 99% and 203 mg/g, respec-
tively, in acidic environment. The removal rate gradually
decreases when the pH value increases, the reason is that
MWNTs can produce hydroxyl radicals in the Fenton
reaction, which has stronger oxidation ability. The pH of
RhB wastewater is around 3.58 when its concentration is
100 mg/L, so the original pH was chosen in this experiment.

3.2.2. Reaction temperature

The effects of the different temperature were researched
and the results are shown in Fig. 9. It can be seen that higher
temperature is favorable for the degradation of RhB, the
removal rate of RhB reached to 90% at 150 min when the
reaction temperature was 17°C, and the removal rose of RhB
reached to 99% after 60 min when the reaction temperature
was increased to 25°C, 35°C, 45°C, the residual concentra-
tions of RhB gradually decreased with the reaction tempera-
ture increasing. Because the decomposed velocity of H,O, is
faster in higher temperature, which leads *OH free radicals
increased in the solution, so higher temperature is benefitted
to accelerate the rate of adsorption/degradation, and improve
the removal rate of RhB significantly.

3.2.3. The effect of adsorbent dosage

In order to investigate the optimum adsorbent dosage,
the adsorption/degradation of RhB in different amount of
catalyst was examined and the results are shown in Fig. 10.
It can be seen that the performance of degradation under
the same conditions is: the MWNTS—FeXOy +H,0,> MWNTs-
FexOV > the oxidation of MWNTs, H,O, can promote the reac-
tion efficiency, the reason could be that the blocked channels

Table 4
The BET analysis of MWNTs and MWNTs-Fe O,
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Fig. 9. Effect of reaction temperature on the removal rate of
Rhodamine B.

of MWNTs would be opened by H,0O,, at the same time, the
MWNTs-Fe O, and H,O, formed the Fenton system. The deg-
radation/adsorption rate reaches 95% when 25 mg materials
was added in 50 mL RhB solution, and then the degradation/
adsorption rate tend to balance with the amount of MWNTs-
Fe O increasing. Therefore, based on the economic consid-
eration, the the optimal conditions were: the volume and
concentration of RhB aqueous solution were 50 mL and 100

mg/L, respectively, the amount of MWNTS-Fe O, was 25 mg.

3.2.4. The effect of H,0,

The influence of H,O, amount is shown in Fig. 11, it can
be seen that the removal rate of RhB increases with H,O,
amount increasing when H,O, dosage is less than 0.1 mL.
The removal rate of RhB mainly depended on the adsorption

Samples Surface area  Micropore surface

Total pore volume

Pore volume  Micropore Average pore

(m?/g) area (m?%g) (cm®/g) (cm®/g) volume (cm®/g)  width (nm)
MWNTS-FexOy 75.060 75.060 2.441 0.026 0.029 1.418
MWNTs 90.792 95.509 0.419 0.573 0.037 1.213




T. Zhao et al. / Desalination and Water Treatment 127 (2018) 313-324 319

100
80 L
—a&— Fa/C=1:7
£ e
= —8—F=/C=1:3+0.3
40 ml 5202
—%— oxids MWNTs
:0 L
0 1 1 1 1 1
0 20 40 60 80 100 120

Material dosage/mg

Fig. 10. Effect of immobilizing amount of MWNTs-Fe O, on the
removal rate of Rhodamine B.

100

B0

R/ %
)

0 1 L 1
0 =00 1000 1200

36% Hydrogen peroxide dosage {pL )
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effect of MWNTS—FexOV when the amount of the H,0, was
0 mL. But the removal rate declines with the increase of H,O,
when its dosage is more than 0.1 mL, even though it was
maintained at a higher processing efficiency. This is proba-
bly because the amount of *OH radicals was increased with
the increase of H,0, dosage under the lower concentration,
but one conclusion which comes from Li et al. [32] was that
the *OH radicals were decreased when the concentration of
H,O, is higher than the critical value. Under these condi-
tions, H,0, is not only generating agent but also inhibitors
for *OH, excess *OH free radicals should be converted to
HO,", and then the treatment effect was declined with the
reduction of *OH radicals. Related reactions are listed as
follows:

H,0, + *OH — HO,"+ H,0 (a)
HO," +*OH -» H,0+0, (b)
2'0H - H,0, (©

Therefore, the amount of H,O, should be controlled
within a certain range, and 0.1 mL 36% H,O, was chosen as
the best dosage in this experiment.

3.2.5. Concentration of RhB

The effects of different initial concentration of RhB are
shown in Fig. 12. MWNTs-Fe O has better treatment effi-
ciency for RhB when the initial concentration was in the
range of 50-200 mg/L. The RhB'’s residual concentration was
lower with the extension of reaction time, and the removal
rate approached 100%. But the removal rate was declined
when the initial concentration increased, the possible rea-
son is that the quantity of *OH radicals were not enough to
completely interrupt the chromophores in RhB aqueous solu-
tion. Second, the effective reaction mainly occurs on the cat-
alysts surface area where the *OH radical can only exist less
than 1 ns. When the concentration of RhB increased, more
active sites on the surface of the catalysts were occupied,
so the moving rate of H,0O, to catalysts surface and gener-
ating rate of *OH radicals were reduced, and then the *OH
free radicals lose oxidation ability rapidly, therefore, the
removal efficiency of RhB was reduced. In conclusion, the
100 mg/L of RhB aqueous solution was chosen as the optimal
concentration.

3.2.6. The effect of treatment methods

In order to verify the best processing methods, three
different methods on degrading RhB were designed:
(1) 0.1 mL H,0,, (2) 25 mg MWNTs-Fe O,, and (3) 0.1 mL
H,0O, and 25 mg MWNTs-Fe O were added in three groups
of Erlenmeyer flask which have 50 mL and 100 mg/L RhB
aqueous solution, respectively. As shown in Fig. 13, the
different treatment methods show obvious differences on
the removal efficiency of RhB. The removal rate was only
5% when adding hydrogen peroxide alone, the oxidation
ability of H,O, was low and there was no catalyst action at
this time, so the complex dye molecules such as RhB cannot
be oxidized completely. The removal effect was only 32%
when MWNTs-Fe O, was added alone. But when 0.1 mL
H,0O, and 25 mg MWNTs-Fe O, were added in RhB aque-
ous solution, the removal rate reached to 100%, and it can
be considered that CNIQ was formed. The *OH radicals
are formed because the irons reacted with hydrogen per-
oxide in Fenton reaction, and the decrease of iron ion made
*OH radicals increase in solution [33], therefore, 0.1 mL

R/

- 30 60 90 120 150

Time/min

Fig. 12. Effect of initial concentration of Rhodamine B on the
removal rate.
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Fig. 13. Degradation of Rhodamine B under different experimen-
tal conditions.

H,0, and 25 mg MWNTs-Fe O, were chosen as optimal
concentration. ‘

3.3. Dynamic and thermodynamics
3.3.1. Adsorption kinetics

The pseudo-first-order rate equation can be satisfactorily
described that the adsorption rate was determined by the
number of free adsorption sites on the adsorbent surface, the
pseudo-second-order kinetics mode can be used to describe
that the rate of adsorption was determined by the square
value of the number of vacancies on the surface of the adsor-
bent [34]. In this work, a series of kinetic studies [35] were
performed to compare the adsorption/degradation rates of
RhB, different systems and different influence factors such as
reactant temperature and reaction concentration were stud-
ied in the kinetics experiments (Fig. 14), the parameters that
define the two models tested (quasi-level 1 and quasi-level
2 dynamic models) were determined by fitting them to the
experimental measurement (Table 5). The relevant numerical
value was calculated using the following formula:

(9.-9.)

IHT:_klt (3)
t_ 1 .1, “)
a9, kg’ 4,

where g, and g, (mg/g) represent the adsorption amount
of triazophos adsorbed at equilibrium and at t time,
respectively. k, (min™) and k, (g/(mg min) are the pseudo-
first-order constant and pseudo-second-order constant,
respectively.

In first-order kinetics, the values of correlation coefficient
R did not exceed 0.998. It shows that the first-order kinet-
ics is not reliable for explaining the kinetics of adsorption/
degradation process. According to the results, the best fitting
(R =0.9986) was achieved for the level 2 dynamic model. The
deviation between the actual capacity and fitting capacity
is less than that of the fit of first-order kinetic, so that the
secondary dynamics can describe the degradation reaction
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Fig. 14. Linear fitting of pseudo-first-order kinetics equation
under different temperature (a) and different concentrations
(b), and linear fitting of pseudo-second-order kinetics equation
under different temperature (c) and different concentrations (d).
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Table 5
Pseudo-first-order and pseudo-second-order kinetic equations of related parameter
Variable Measued  Pseudo-first-order kinetic Pseudo-second-order kinetic equations
Q, (mg/g) equations
Q,(mg/g) k (min?) R Q,(mg/g) h(mg/(gmin)) k,(g/(mgmin)) R
Concentrations of 50  110.42 86.42 0.0973 0.9240 111.11 140.85 0.01140 1.0000
Rhodamine (mg/L) 100 203.13 51.83 0.0304 0.9101 217.76 34.84 0.00073 0.9997
150 314.09 204.75 0.0354 0.9984 333.33 32.26 0.00029 0.9998
200  420.05 471.44 0.0355 0.9394 476.19 27.78 0.00012 0.9996
Temperature (K) 290 198.98 172.83 0.0313 0.9547  217.39 14.45 0.00031 0.9986
298  207.42 113.90 0.0410 0.9440 222.22 23.15 0.00047 0.9990
308  206.25 80.15 0.0512 0.9273  217.39 33.56 0.00071 0.9991
318  207.42 25.02 0.0319 0.7829  217.39 44.64 0.00094 0.9993

Note: where Q,, k,, k,, and / represent the equilibrium adsorption quantity, pseudo-first-order adsorption rate constant, pseudo-second-order
adsorption rate constant, and initial adsorption rate constant, respectively.

process better and the adsorption of RhB is an endothermic
process.

3.3.2. Degradation kinetics

The parameters of degradation kinetics are fitted with
Arrhenius equation [36]. The In(C/C,) was seemed as the
ordinate and time was seemed as the abscissa. When the
graph line passes through the origin, the slope is -K, the
half-life ¢, , is obtained by K. The thermal degradation reac-
tion constant K of 290, 298, 308, and 318 K was taken loga-
rithm, the slope was E /R, and the vertical intercept was InK|,.
The correlation formula was as follows:

In(C/C,) = In(A/A,) =K, )
t,=—In0.5xK? (6)
InK =1InK, - E /RT @)

where C, is the initial concentration of RhB in aqueous solu-
tion before adsorption (mg/L) and C is the residual concen-
tration of RhB in aqueous solution at time after adsorption. K
represents the degradation constant, min™'; K, represents the
equation constant, min™'; E_ represents the activation energy
of kJ/mol; T represents the reaction temperature, K; and R
represents the gas constant 8.314 J/(mol K).

The RhB content measured in the range of 290, 298, 308,
and 318 K was calculated and shown in Figs. 15 and 16.
According to Fig. 15, the correlation coefficient R* at each
temperature is greater than 0.96, which indicates that the
linearity is good and it accords with the first-order degrada-
tion kinetics. The thermal degradation reaction constant K of
RhB is obtained from the curve equation in Fig. 16, and the
degradation parameters are obtained as shown in Table 6.
It can be seen that the degradation reaction constant K with
the temperature increasing, while the half-life t, » decreased,
which is that RhB degradation accelerates with the increase
of temperature. In other words, RhB degradation increases
with temperature.

Time/min

40 ) 8

In(C/C0)
&

\
I

=5

-6
Fig. 15. Change of In(C/C,) with time at different temperatures.
Table 6

The thermal degradation kinetic parameters of RhB at different
temperatures

T (K) K t,,, (min) E, (kJ/mol) InK,
290 0.031 22.26

298 0.049 14.08 21.76 5.71
308 0.0645 10.69

318 0.0737 9.36

3.3.3. Thermodynamics

The mechanism of adsorption isotherm and adsorption
isotherm is studied in this paper. In this study, two clas-
sical adsorption models were adopted: Langmuir and
Freundlich [37]. The correlation formulas were as follows:

Langmuir: C/Q =C/Q +1/bQ, 8)

where Q is the maximum adsorption capacity of sin-
gle-molecule adsorption layer (mg/g) for particle surface,
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Fig. 16. Change of InK with different temperatures.

Q, is the equilibrium adsorption (mg/g), C, is the equilibrium
mass concentration (mg/L), and b is the Langmuir constant
(L/mg).

Freundlich: log Q =log k + (1/n)log C, 9)
where Q is the equilibrium adsorption (mg/g), C, is the
equilibrium mass concentration (mg/L), b is the Langmuir
constant (L/mg), n is the empirical constant relating to tem-
perature, and k is the Freundlich adsorption equilibrium
constant.

The model fitting parameters of RhB adsorption on
MWNTs-Fe O, are listed in Table 7. By comparing the correla-
tion coefficient, the Freundlich model can well fit the adsorp-
tion of MWNTs-Fe O, to RhB, and the correlation coefficient
R?is greater than 0. 19988

Adsorption isotherm under different temperature (a) and
different concentrations (b) is shown in Fig. 17, the adsorp-
tion amount decreases with the increase of temperature,
which is due to the adsorbed material density increased with
increasing temperature decreased resulting in the decrease of
average adsorption capacity. In addition, with the increase of
RhBs concentration, the surface active sites of the adsorbent
were quickly occupied. Therefore, the adsorption capacity
decreases with the increase of concentration.

3.4. Regeneration experiment

The saturated adsorption MWNTs-Fe O was regenerated
repeatedly with anhydrous ethanol, the effect of regenera-
tion frequency on regeneration efficiency is shown in Fig. 18.
It can be found that the removal rate of adsorption material

Table 7
Adsorption isothermal model and parameters
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Fig. 17. Adsorption isotherm under different temperature (a) and
different concentrations (b).

remains above 89% after multiple adsorption and regenera-
tion. It shows that MWNTs-Fe O, has good recycling value.

3.5. Discussion of mechanism

The color of dye in dyeing wastewater originates from
the conjugate system of dye molecules, namely chromo-
phore. Chromophore is a chromogenic system containing
unsaturated groups (N=N, C=C, N=O, C=0, -NO,). During
the removal of RhB, it was obvious that the color of RhB solu-
tion was changed from yellow to colorless; it shows that the
chromogenic group phenylamino and the carbonyl bond are
destroyed gradually. Data [38] showed that RhB produced
rhodamine during the removal process. The hydroxyl rad-
ical produced by Fe** and H,O, in acidic condition breaks

T (K) Langmuir (C/Q =C/Q, +1/bQ) Freundlich (log Q,=log k + (1/n)log C))

Equation Q... (mg/g) K, (L/mg) R Equation 1/n K, R
290 Y =0.0106x + 0.0041 94.33 0.3868 0.8313 Y =0.2683x + 4.2214 0.2683 68.1288 0.9387
298 Y =0.0054x +0.0037 185.19 0.6852 0.9106 Y =0.2656x + 4.4687 0.2656 87.2432 0.9688
308 Y =0.0027x + 0.0025 370.37 0.9259 0.9133 Y =0.3289x +4.7511 0.3289 115.712 0.9719
318 Y =0.003x + 0.0016 333.33 0.5333 0.9620 Y =0.4082x + 5.2477 0.4082 190.129 0.9575
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Fig. 18. Effect of regeneration times on adsorption.

the structure of conjugated system, and the colorless organic
molecule was formed [39]. This is the main mechanism of
degradation and decolorization of dyeing wastewater by
Fenton oxidation reaction. The equations are as follows:

Fe* + H,O, —» Fe** + OH* + OH~ (d)
Fe* + OH* — Fe** + OH- (e)
OH* +H,0, » HO,"+H,0 (f)
Fe* + HO,* — Fe(HO,)* (g)
Fe**+HO," - Fe* + O, + H" (h)
HO,* - O; +H" i)
Fe¥*+0O; — Fe* + O, G
HO,*+HO,* > H,0,+0, (k)
HO,*+H,0,—>H,0+0O,+*OH 0]

In the reaction (d), the reaction between Fe* and H O, is
very fast [40], and the hydroxyl radical was formed, which
has a high electrode potential, and the oxidation ability is sec-
ond only to fluorine. The HO,® formed in the reaction (h) can
continue to perform the reaction shown in formula (1) [41].

In conclusion, the removal mechanism of RhB may be as
follows: first, the chromogenic group phenylamino and the
carbonyl bond in RhB are destroyed gradually, and the col-
orless organic intermediate was formed, so the color of RhB
solution was changed to colorless. In the process of reaction,
part of RhB can also be transformed into colorless lactone
isomer (Fig. 19), which also reduces the color of solution.
And then the colorless intermediates were degraded.

Me Me Me Me
Me—N @ N— Me @ N—Me
Y] e O !

—

COOH

Fig. 19. Rhodamine B and its isomers.

c=o

4, Conclusions

In this study, we presented the synthesis of MWNTs-
Fe O, by using MWNTSs and Fe O, the Fenton-like reagent
(denoted as CNIQ) was made by MWNTs-Fe O, and H,0,.
And the MWNTs-Fe O, was characterized by TEM EDS
XRD, XPS, BET, and FT IR. Then, the CNIQ was used in
the treatment of dyeing wastewater. The adsorption/deg-
radation conditions about RhB such as the pH, the reaction
temperature, the amount of MWNTs-Fe O, the amount of
H,O,, the treatment methods, and the Concentratlon of RhB
were optimized. The characteristic results showed that many
fine particles can be clearly observed on the MWNTs tube
wall. The iron oxides were successfully loaded on CNTs.
The adsorption experiment shows that the introduction of
CNIQ can improve the adsorption ability of RhB greatly.
The RhB removal rate could reach to 100% under the opti-
mal conditions: the solid to liquid ratio is 1:2, the amount
of H,0, (30%) is 0.1 mL, pH is 3.58, and oscillating time is
60 min. The results also indicated that the pseudo-second-or-
der model for RhB adsorption on MWNTs-Fe O, was better
than the pseudo-first-order model, and the parameters of
degradation kinetics are fitted with Arrhenius equation. The
degradation kinetics indicates that the linearity is good and
accords with the first-order degradation kinetics. The acti-
vation energy and adsorption/degradation rate constant are
21.76 kJ/mol and 0.00047 g/(mg min), respectively, when
experimental temperature is 25°C. The thermodynamic
experiment indicates that the Freundlich model can well fit
the adsorption of MWNTs-Fe O, to RhB. This adsorption
action is spontaneous and exothermic process. The removal
mechanism shows that the chromogenic group phenylamino
and the carbonyl bond in RhB are destroyed gradually, and
the colorless organic intermediate was formed, and part
of RhB can also be transformed into colorless lactone iso-
mer, and then the colorless intermediates were degraded.
This work is feasible and meaningful to use MWCNTs to
remove dye.
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