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ABSTRACT

In the paper, the study involves the development of novel recyclable multi-walled carbon nano-
tubes/attapulgite supported nanoscale zero-valent iron (nZVI/MWCNTs/APT) composites and used
for the removal cationic dyes methylene blue (MB) and malachite green (MG) in binary systems.
The morphology and structure of ternary nanocomposites were characterized by using different
techniques like transmission electron microscopy, X-ray diffraction, Fourier-transform infrared spec-
troscopy, Brunauer—-Emmett-Teller, and ZETA. And remove performances for MB and MG were
investigated in detail. The experimental results revealed that the dispersion and stability of nZVI
were significantly improved by MWCNTs/APT composite as a supporter. Compared to bare nZVI,
the nZVI/MWCNTs/APT exhibited much higher removal efficiency on MB and MG due to the good
synergistic effect between MWCNT/APT adsorption and nZVI reduction. The removal efficiencies
of MB and MG in the nZVI/MWCNTs/APT system were 97.9% and 98.9% after reacting for 90 min,
respectively. The kinetics and isotherm studies for MG and MB degradation by nZVI/MWCNTs/
APT system could be well described by the pseudo-second-order kinetic model and Langmuir
adsorption isotherm model. The maximum adsorption capacities of MB and MG reached to 149.9
and 177.9 mg/g, respectively, which showed higher adsorption performances compared to the other
adsorbents. The possible removal mechanism and degraded intermediates of MG and MB were pro-
posed by using gas chromatograph-mass spectrometry analysis and UV-vis spectrum techniques.
More importantly, the spent adsorbent has a certain specific capacitance and can be used as elec-
trode materials in supercapacitors, which provides a basis for the recycling of discarded materials.
The present investigation concluded that nZVI/MWCNTs/APT nanocomposites might be a suitable
and cost-effective alternative for the removal of organic dyes in wastewater.

Keywords: Nanometer zero-valent iron; Multi-walled carbon nanotubes; Attapulgite; Cationic dyes;
GC-MS analyzing

1. Introduction

In the past few decades, with the rapid development of
technology and business, the dye preparation technology
was more complete and the variety was more numerous.
The total number of dye, including natural and synthetic, is
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up to million tons that were extensively applied to textile,
printing, paint, and pigment [1,2]. The process of dye appli-
cation will generate large amounts of waste effluents, which
directly discharge into natural water resources that caused
severe water pollution problems. The organic dyes contain
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various toxic chemical groups such as benzene rings, anthra-
cene rings, etc., which have diverse harmful effects on aquatic
and public life. Methylene blue (MB) and Malachite green
(MG) are cationic dyes and customarily used stuff in vari-
ous industries. Due to the complex aromatic molecular struc-
tures that make them have more potential carcinogenic and
mutagenic risk and must be cautiously used. Mu Naushad'’s
research group carried out a large amount of research differ-
ent materials to remove MB and MG within single system
[3,4]. However, the actual wastewater has multiple compo-
nents of dye and competitive adsorption occurs in various
dyes coexist systems to result in the decreased removal of
dyes. Thus, the simultaneous removal of multiple organic
dyes from wastewater has an especial significance to both
pollution control and environmental remediation. Many
methods have been developed, including membrane sepa-
ration, ion exchange method, photodegradation, adsorption,
and others [5-7]. Among these methods, reactions incorpo-
rating catalytic materials degradation pollutants are becom-
ing a more ideal path for organic contaminants, which will
degrade contaminants to completely harmless final products.
Redox degradation has enormous potential for the removal
of aqueous pollutants.

In the last decade, nanoscale zero-valent iron (nZVI)
has attracted great attention for the removal of heavy metal
ions and organic pollutants from wastewater due to its high
activity, large surface area, and low cost [8]. The nZVI is a
strong reducing agent and can be used for the removal of a
serious of contaminants to involve in various removal mech-
anisms, such as reduction, adsorption, and even oxidation
through the Fenton mechanism [9]. The research results
indicated that the main mechanism of the system containing
nZVI was reductive degradation to damage dyes’ chro-
mophore groups and conjugated systems [10]. However,
the system of nZVI is easy to agglomerate and hinders its
reduction rate due to the high surface energy. Besides, the
high reactivity of nZVI particles can easily react with oxy-
gen its surrounding media, resulting in the formation of an
oxidation layer on the nZVI particle surface to inhibit the
effective surface area and active sites [11]. These drawbacks
severely limit the application of nZVI materials in real work
to remediate the environmental. To solve these deficiencies
some supporting materials were introduced to improve the
dispersion and stability, for instance, kaolinite, bentonite,
polyaniline, carbon, and metal-organic framework [12,13].
Natural clays (such as kaolin, zeolite, and montmorillon-
ite) with porous structure and high surface area were usu-
ally evaluated as support material for nZVI. The abundant
natural resources attapulgite (APT) owned unique one-di-
mensional structures, high surface specific area and envi-
ronmental stability were considered as suitable support
materials [14,15]. Despite APT has many advantages, it still
suffers from poor adsorption capacity and difficult to reuse.
A feasible solution is to use a stable substrate with abun-
dant active sites to combine clay nanomaterial to increase its
adsorption efficiency [16,17].

Carbon nanotubes (CNTs) also have been used as ver-
satile matrices to disperse metal nanoparticles to fabricate
high-performance nanocomposites to exert synergistic
effect of individual components properties [18]. The hollow
tubular structure of CNTs could not only provide a large

specific surface area but also possesses a large number of oxy-
gen-containing functional groups such as hydroxyl (-OH),
carboxyl (-COOH), carbonyl (-C=0), that can form a strong
adsorption for contaminant by chemical bonding [19,20].
CNTs as adsorbent materials can provide a good prospect
of applications for removing dyes from aqueous solutions.
Hence, the great combination of CNTs and APT to form com-
posite supporter is an effective approach to improve the dis-
persion and stability of nZVI synergistically.

In this work, multi-walled carbon nanotubes/attapulgite
(MWCNTs/APT) composite supporter was introduced into
the nZVI system to remove cationic dyes of MB and MG in
binary systems. The wastewater generally contains multi-
ple components and affects dye removal behavior. As per
the best of our knowledge, few studies have been reported
to remove MB and MG by nZVI/MWCNTs/APT in binary
systems. Therefore, it is important to study new efficient
nZVI composites for dyes removal of multiple dyes system.
The aims at this study were to (1) investigate the removal
performance of both cationic dyes and other dyes by nZVI/
MWCNTs/APT nanocomposite; (2) elucidate the various
factors affecting to the removal MB and MG; (3) characterize
microstructure and surface features of nZVI/MWCNTs/APT
before and after reaction to dyes; (4) illuminate the kinet-
ics adsorption isotherm model and thermodynamics for
MG and MB degradation and propose reasonable removal
mechanism of dyes; (5) investigate the recycling of the
spent adsorbent.

2. Experimental details
2.1. Reagents and chemicals

Attapulgite (99%, APT) (JC-J503) was purchased from
Jiangsu Xuyi Nanomaterial Science and Technology Co.
Ltd., China analytical reagent grade ferrous sulfate hepta-
hydrate (FeSO,-7H,O), sodium borohydride (NaBH,) were
purchased from Tianjin Kaixin Chemical Reagent Co. Ltd.,
China. MWCNTs (diameter of 4-6 nm, length of 1020 Im,
purity > 98 wt.%) were purchased from Chengdu Organic
Institute, China. Hydrochloric acid (HCl), sodium hydrox-
ide (NaOH), and hexadecyl trimethyl ammonium bromide
(CTAB) was analytical grade reagent. MB, MG, Naphthol
Green B (NGB), Methyl Orange (MO), Alizarin Yellow
R (AYR), Orange IV, Crystal Violet (CV), Basic Fuchsin (BF),
Rhodamine B (RhB), etc. were offered by Shanghai Zhongtai
Chemical Reagent Co. Ltd., China.

2.2. Synthesis of nZVI and nZVI/MWCNTs/APT

APT pretreatment: 0.656 g CTAB (CTAB is an abbrevi-
ation for cetyltrimethylammonium bromide. The chemical
formula is C H, (CH,),NBr) was introduced into 100 mL
100 g/L APT suspension under electromagnetic stirring for
12 h. The solid was filtered, washed and then dried in a
vacuum at 60°C for 24 h to obtain the modified APT.

MWCNTs/APT supported nZVI composite sample was
prepared to use a liquid-phase reduction method. 0.5 g
modified APT and 0.25 g FeSO,-7H,O were added into a
250 mL three-necked flask that was scattered with stirred
and ultrasound for 10 min. That 0.1 g MWCNTs were added
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into 50 mL deionized water was dispersed by ultrasonic
40 min, which was transferred into above the mixture solu-
tion to three-neck flask, 0.076 g NaBH, (dissolved in 100 mL
deionized water) was added dropwise (with 300 rpm) with
stirring. The solid material was filtered and washed with
distilled water and alcohol repeatedly. The resulting nZVI/
MWCNTs/APT composite was dried in a vacuum oven
at 60°C. The entire reduction experiment was carried out
under the protection of nitrogen.

Bare nZVI nanoparticles were directly prepared for
dropping NaBH, into FeSO,-7H,O aqueous solution.

2.3. Characterizations and measurements

Fourier transforms infrared concerning composite mate-
rials were obtained employing Fourier-transform infra-
red spectroscopy (FT-IR, NEXQS670, America) using KBr
pellets. Morphology and structure of composite materials
were observed by a transmission electron microscope (TEM,
JEM-1200EX, America). X-ray diffraction patterns were col-
lected on an X-ray diffractometer (XRD, D/MAX-2400X,
Japan) using Cu Ka radiation (A = 0.15406 A) in a 20 range of
10°-90° at room temperature. Spectrophotometry was used
for the measurement of the concentration of dyes in solution
at specific adsorption wave on a 7230G spectrophotometer
(Shanghai Precision Scientific Instrument Co. Ltd., China),
The N, adsorption—-desorption, specific surface area and pore
size distribution of the sample were analyzed by American
ASAP 2020 plus HD88 specific surface area and porosity
analyzer, using the Barrett-Joyner-Halenda method, respec-
tively. The pH measurements were conducted with a glass
electrode (PHS-3D Model pH meter, China). Zeta potential
(Malvern Instrument Zetasizer Nano-ZS) was obtained at
room temperature.

2.4. Batch adsorption experiments

Adsorption experiments of MB and MG on nZVI/
MWCNTs/APT in binary dye systems with 500 rpm for
90 min at 298 K were carried out in a batch mode. The
effects of various influence factors were studied in binary
dye systems, including the influence of variable pH (2-12),
mixed solutions concentration (25-50 mg/L) and dose of
the adsorbents (20-100 mg). The solution pH was adjusted
to the desired value by the negligible amount of HCI and
NaOH. They were then filtered through 0.45 pm membranes
to measure the residual concentration of dye. The concen-
tration of dye was measured using UV-Spectrophotometer.
The removal capacity (q,) and the removal efficiency (R) of
dye were calculated using the following Egs. (1) and (2):

S -Cy (1)
m

qp =

R= CUC;C x100% 2)

0

where C; and C, are the initial and equilibrium concentra-
tions of dye in solution (mg/L), V is the volume of solution
(L), m is the mass of adsorbent (g).

2.5. Determination of the concentration of two-component dyes

In general, the absorbance and absorption values were
determined at their A___of a single system, but for two-com-
ponent dyes, where is a large spectral interference in the
spectrum. There may be caused inexact to obtain absorbance
value at a single dye’s A__ and calculate the residual con-
centration of the dye by using a standard curve. The simul-
taneous solution of the equations will solve the question of
spectral overlapping. In binary dye systems, the concentra-
tion of dye was measured using a UV-Spectrophotometer
(7230G, China) at two wavelengths of 664 and 617 nm.
The dye concentrations of solutions were determined by the
following Egs. (3) and (4) [21]:

kA =k A,

C = B2 1 (3)
e kAlkBZ - kAZkBl
C kAlAZ — kAzAl (4)

MG T

kaiksy =k 4ok,
where C,; and C, . are the concentrations of components
MB and MG in solution; k,,, k,,, k,, and k,, are the calibra-
tion constants for components MB and MG at wavelength
664 and 617 nm, respectively, A and A, are the absorbance

at wavelength 664 and 617 nm.

2.6. Gas chromatograph—mass spectrometry analysis
(GC-MS) for degradation products of MB and MG

Further identified through the Gas chromatograph-
mass spectrometry analysis (GC/MS) analysis as the pro-
tocol described by [22] with minor alterations. The GC/MS
system by America consists of an Agilent 6890GC equipped
with an Agilent 5973 N mass selective detector (GC/MS) was
used to detect the degradation products of MB and MG.
The mass spectrometer was operated in the electron impact
mode with an electron current of 70 eV. Aliquots of 1 puL
were injected automatically with an autosampler (AUC20i)
in splitless mode via a GC inlet. An HP-5 MS capillary col-
umn (30 m x 0.25 mm ID, 0.25 um film thickness) was con-
nected directly to the ion source of the mass spectrometer.
The oven temperature was kept isothermal for 1 min at 50°C,
was then increased to 270°C at a rate of 10°C min and held
at 270°C for 23 min. The injector, MS source, and MS quad
temperature were 250°C, 230°C, and 150°C, respectively.
The GC/MS system was operated in a full scan (m/z15-500).
Controls and samples were analyzed in duplicate.

3. Results and discussion
3.1. Characterization of methods

The FT-IR spectrums of MWCNTs, APT, nZVI/MWCNTs/
APT before and after reaction with dyes of MB and MG
are shown in Fig. 1a. The FT-IR spectrum of the MWCNTs
consisted of —-OH (3,454 cm™), vibration peak (2,948 and
2,857 cm™) were related of the -CH,—- groups, at the peak of
1,631 and 1,132 ecm™ was -C=0 and -C-O, respectively [23].
And the peaks appearing at 3,454; 2,948; 2,857; 1,631; and
1,037 cm™ were attributed to the bending and stretching
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Fig. 1. (a) FT-IR image and (b) XRD patterns of MWCNTs, nZV],
nZVI/MWCNTs/APT before reaction and after reaction with
dyes of MB and MG.

vibrations of APT [24,25]. The curve of composites contains
both the peaks of MWCNTs and APT, illustrating the suc-
cessful synthesis of composites nZVI/MWCNTs/APT. After
the reaction to MB and MG, some weak peaks were appear-
ing at 1,321 and 1,366 cm™, which belong to the symmetric
vibration of -CH, and the ring stretch of MB [21], the peaks at
1,606 cm™ corresponds to —C=C- the ring of MG [26], which
showed the phenomenon adsorption MB and MG on nZVI/
MWCNTs/APT. Obviously, the peaks of -OH at 3,454 cm™
and —COOH at 1,631 cm™ have a mild move to low wave-
number, indicating these groups affect the removal of the
MG and MB.

The XRD patterns of nZVI, MWCNTs, nZVI/MWCNTs/
APT before and after reaction with dyes of MB and MG were
shown in Fig. 1b. The diffraction peak at 20 = 44.8° is char-
acteristic of nZV], illustrating the iron in the sample is in
the zero-valent state. The diffraction peak at 20 = 21.9° and
20 =44.6° assigned to MWCNTs, declaring the skeleton of the
carbon tube is regular [27]. The diffraction peaks at 20 = 8°,
20.7°, 26.4°, and 31° are the crystal structure of the APT [28].

Meanwhile, the diffraction characteristic peaks of nZVI and
MWCNTs appear in the composites, indicating that APT,
MWCNTs and nZVI maintain their respective complete
skeleton that consistent with the analytical structure in the
FT-IR. There are some changes in the XRD patterns of nZVI/
MWCNTs/APT after reaction with dyes. The peak intensity
of the Fe® was weakened attributed to the consumption and
some new peaks appeared at 20 = 24.3°, 35.4°, and 60.1° that
represented Fe O, (hematite), Fe,O, (magnetite), and Fe-OOH
(goethite) [29]. It implies that some of Fe® is converted to Fe*
and Fe** due to the oxidation reaction during the degradation
of MB and MG.

The structure of the adsorbent largely affects the adsorp-
tion performance. In order to better analyze the dispersion
of nZVI on the precursor MWCNTs/APT, the morphology
of MWCNTs, nZVI, and the nZVI/MWCNTs/APT reaction
before and after of dyes was investigated by TEM. From
Fig. 2a it can be seen MWCNTs have a distinct tubular
structure and smooth surface. As shown in Fig. 2b, the pure
nZVI particles agglomerated to form chain-like structures,
which mainly caused by magnetic interactions among iron
particles. After combining with MWCNTs/APT composites,
the slight aggregation of nZVI particles are still observed in
Fig. 2¢, but greatly lessened compared to the unsupported
nZVI nanoparticles, which further to afford strong evidence
to illustrate the removal efficiency of MWCNTs/APT sup-
ported nZVI becomes higher than bare nZVI. After reaction
(Fig. 2d), the number of nZVI obviously decreased to imply
that nZVI participate reaction.

The N, adsorption-desorption isotherms pore size
distributions as Fig. S1 and the relevant data are shown
in Table 1. The adsorption-desorption isotherm of nZVI/
MWCNTs/APT belongs to type IV in the International
Union of Pure and Applied Chemistry (IUPAC), hyster-
esis loop (H, type) appears in the region of relative pres-
sure (0.75-0.95), indicating the presence of a certain meso/
macroporous is beneficial to the adsorption of dye mac-
ro-molecules [30]. S, (BET — Brunauer—-Emmett-Teller) of
nZVI, nZVI/APT and nZVI/MWCNTs/APT are 17.51, 54.2
and 114.98 m?/g, respectively. In contrast with nZVI and
nZVI/APT, S, of nZVI/MWCNTs/APT is much larger than
them. At the same time, the pore volume of nZVI/MWCNTs/
APT is also much higher than that of nZVI and nZVI/APT.
The results indicate that MWCNTs/APT as a carrier can
effectively minimize nZVI agglomeration and increase the
surface area, all these traits will benefit the removal of dyes.

3.2. Effect of different materials on dyes removal

To evaluate the different materials (nZVI, APT, nZVI/
APT, and nZVI/MWCNTs/APT) degradation of MB and MG
in the initial concentration of dyes 100 mL 50 mg L™ to study
the removal performances after reaction 90 min are investi-
gated in Fig. 3. The results indicate the removal efficiency
of nZVI and APT for MB and MG are about 44.9%, 79.5%
and 55.3%, 84.7%, which is lower than composites nZVI/
APT. This is attributed to the decreased reactivity of bare
iron particles and the poor adsorption performance of APT.
The removal efficiency of nZVI/MWCNTs/APT is higher
than other materials, which can reach to 97.9% of MB and
98.9% of MG, respectively. An obvious growth proves that
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Fig. 2. TEM images of (a) MWCNTs, (b) nZVI, (c) nZVI/MWCNTs/APT before reaction, and (d) nZVI/MWCNTs/APT after reaction

with dyes of MB and MG.

Table 1

BET data of the samples
Samples Sypr (M?/g) V (m®/g) D (nm)
nZVI 17.51 0.045 10.39
nZVI/APT 54.20 0.132 9.76
nZVI/MWCNTs/APT 114.98 0.254 8.82

the removal ability of nZVI is more effective after supported
by MWCNTs/APT. The MWCNTs/APT not only served
as an adsorbent for dyes but also as a dispersant for nZVI,
which enhanced the adsorption and catalytic reduction of
MB and MG. Consequently, the high removal performance
of nZVI/MWCNTs/APT was caused by the synergistic effect
of the material.

3.3. Factors affecting the removal of MB and MG
3.3.1. Effect of pH in binary-dye solutions

The initial value pH of solution not only has a crucial
effect on the color of dye in water but also is one of the most
important factors that effect on removal property of compos-
ite materials [31]. The impact pH range of 2-12 to remove
MB and MG using nZVI/MWCNTs/APT at different time
intervals (0-90 min) is shown in Fig. 4a. It can be seen the
removal efficiencies of MB and MG keep above 85% in the
range of pH 4-12 and demonstrating alkalinity and the weak
acid condition is beneficial to remove MB and MG. The pos-
sible reason is that the surface of the nZVI/MWCNTs/APT
contains a large number of hydroxyls (-OH) and carboxyl

100
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R (%)
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WZNV AY';VUMwCNTslAPT
n

Fig. 3. Removal of MB and MG in binary systems using different
materials.

groups (-COOH), which make the adsorbent negatively
charged with alkaline medium and tend to adsorb with
positively charged molecules, this result can be verified
by zeta measurement. Fig. 4b shows nZVI/MWCNTs/APT
with the negatively charged surface at the pH from 4 to 12,
indicating the nZVI/MWCNTs/APT is more likely to adsorb
cationic dyes by electrostatic attraction. This explained
the reason that the removal efficiency increased under the
strongly alkaline conditions with the sustained growth of
pH. In strongly acidic solutions, since the adsorbent pos-
sesses positively charged surface come into being electro-
static repulsion between cationic dyes and adsorbent results



Y. Zhang et al. / Desalination and Water Treatment 187 (2020) 410426 415

100 |
[ a
92 P
80
P
E\i 0k
o L
60 | —a—MB
[ —e—MG
50
40 |
L L 'l Il L 'l
2 4 8 10 12
pH
100
L C
80 |-
— 60 -
&
40 |
| —a—100mg
—o—80mg
20F —a—50mg
s —v=20mg
0 Il A Il r 'l A Il A L A
[1} 20 40 60 80 100
time (min)
100
L €
0} .
[ 60
~ S0k of
S T el
&~ %ﬁ apt—
g 20
nE = —=—25mg/l
0 —+—40mg/L
——50mg/L
60 =% '4'0 6.!) 80 100
A 'l A 'l PY tlme (mln)l
0 20 40 60 80 100
time (min)

o b

20

Zeta potential / mV
—
]
L]

30 nZVI/MWCNTSs/APT
40 F
_50 A A A A A A
[3 8 10 12
pH
" d F::— —=
d 2= - +
80 /”/
§ L
& a0}
—a—100mg
—o—80mg
60 |- =—b—50mg
=—v—20mg
50 L Il " A A A i 'l A
20 40 60 80 100
time (min)
100

95|
9 .
[ 60

’? I~
E» 3 40
80 | N ) b=
i Eﬂ 20 —a—25mg/L
5k oy —e—40mg/L
b e 50mg/L
70 | 20 i
| 0 20 40 60 80 100
time (min)
65 A A 'l A A 'l 2 i
0 20 40 60 80 100
time (min)

Fig. 4. (a) Effect of pH on removal of MB and MG in binary systems, (b) Zeta potential of nZVI/MWCNTs/APT as a function of solu-
tion pH, (c and d) effect of dosage on removal of MB and MG, (e and f) effect of dyes concentration on the removal of MB and MG in

binary systems.

from the decreased removal efficiencies of MB (42.5%) and
MG (86.9%). Furthermore, the lower of the removal rate
of MB may be attributed to the more positive charges car-
ried by the dye itself. It can be concluded that electrostatic
attraction plays a crucial role in the removal of the dyes.

Besides, hydrogen-bond and m-m stacking between dyes
and adsorbents further enhanced the removal efficiency.
The dye removal mainly depended on the adsorption and
reduction process by nZVI/MWCNTs/APT nanocomposites.
For the reduction and degradation of dyes, acidic conditions
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are generally beneficial to improving the reactivity of nZVI
that enhance the removal efficiencies of dyes in the reaction
process, but this study results indicated that the neutral or
alkaline conditions more facilitated the decolorization reac-
tion than the acidic ones. The contradictory consequences
inferred the high removal efficiencies were mainly attributed
to the adsorption process by electrostatic, hydrogen bonding
and - interactions.

3.3.2. Effect of dosages of nZVIIMWCNTs/APT in
binary-dye solutions

The effect of adsorbent dosages (20-100 mg) on the
removal efficiency at different time intervals (0-90 min)
was studied in this experiment. As shown in Figs. 4c and d,
with the amount of adsorbent change from 20 to 80 mg,
the removal percentage of MB and MG ascend gradually
from 56.68%, 83.06% to 97.94%, and 98.82%, respectively.
This is because the specific surface area and active sites
become more and more along with the amount of adsorbent
increased [32]. However, the removal rate of binary dyes
goes down when the adsorbent dosage was added up to
100 mg that may be attributed to overlapping or aggregation
of adsorbent resulting in a decrease in the available surface
area and an increase in diffusion path length [33]. According
to the above analysis, the dosage of nZVI/MWCNTs/APT in
this study has adopted 80 mg for the following experiments.

3.3.3. Effect of initial concentration of MB and MG

Initial concentration is one of the important criteria of dye
adsorption, which is mainly by preparing a fixed amount
of adsorbent and reacting to different initial concentrations
of dye until equilibrium [34]. Also, the initial concentration
provides an important driving force to overcome all mass
transfer resistance of all molecules between the aqueous and
solid phases [35]. That offers the basis of analyzing the reac-
tion mechanism between adsorbent and dye. Figs. 4e and
f shows the effect of initial concentration between 25 and
50 mg/L on removal efficiency by using nZVI/MWCNTs/
APT. The removal efficiencies decrease as the initial con-
centration increases. When the concentration is 25 mg/L, the
removal efficiencies of MB and MG are 96.2% and 97.5%,
respectively. At 50 mg/L, the removal efficiencies drop to
92.8% and 93.1%. When the amount of adsorbent is con-
stant the adsorption sites and specific surface area keep
fixed. As the initial concentration increases, the adsorption
site gradually becomes saturated to result in the removal
rate of a decrease. Meanwhile, nZVT is rapidly oxidized to
Fe(Il) and Fe(IlT) when MB and MG are close to the nZVI/
MWCNTs/APT surface to reduce the reactivity of compos-
ite [36]. However, with the concentration increases the mass
transfer force increases between the adsorbent and the dye
to increase the adsorption capacity. Take into account the
removal efficiency, the concentration of the blended dye
are adopted 50 mg/L.

3.4. Kinetic study

To perform the adsorption kinetics, 100 mL of a mixed
solution of initial concentration (50-70 mg/L) was treated

with 80 mg of nZVI/MWCNTs/APT at a fixed pH for the
contact time 0-90 min at 298 K. Kinetic studies are critical
to understanding the adsorption process because it provides
information on the mechanism for adsorption rate and rate
control [37]. This allows us to determine the equilibrium
time required for the reaction and calculated the equilib-
rium constant of adsorption [38]. Fig. 5 shows the variation
in adsorption capacity of different concentrations on time.
It displays that adsorption occurred in three stages: (1) exter-
nal surface fast adsorption, (2) slow adsorption, (3) adsorp-
tion equilibrium. Specifically, the first 5 min belongs to the
fast adsorption stage, which the dye’s molecule freely and
fast attached to available active sites of the adsorbent. The
slow adsorption stage is t = 35 min for MB and ¢ = 55 min for
the MG that the active sites are being gradually filled up as
adsorption progressed. Subsequently, the effective adsorp-
tion site has reached saturation so the adsorption capacity
will no longer improve as the adsorption time increased.

The kinetic models mainly include the pseudo-first-
order (PFO), the pseudo-second-order (PSO), intraparticle
diffusion (ID) and Elovich were applied to analyze the
experimental data. The linearized forms of the equations
are respectively expressed by using Egs. (5)-(8):

In(q, —q,)=Ing, -k (5)

t t t

—= +— (6)

q, k4 4,

g, =kt +C @)
1 1

=—In(ap)+=Int (8)

=3 (aB) 5

where k, (min™) is the rate constant of PFO model adsorption,
k, (g (mg min)™) is the rate constant of PSO model adsorption,
g, (mg/g) is the adsorption capacity at equilibrium, g, (mg/g)
is the adsorption capacity at time ¢, ¢ (min) is contact time, kp
(mg-(g min'?)7)is the rate constant of intra-particle diffusion
kinetic models and C is constant, which a (mg/g min™) and
B (g/mg) is determined from the slope and intercept of the
plot. The values of kinetic parameters are listed in Table 2.

As shown in Table 2 that R? values for the PSO kinetic
model were greater than 0.99 (R* > 0.99) for MB and MG,
whereas the R? of PFO, ID, Elovich kinetic model were less
than 0.99 (R* < 0.99). The result demonstrates the adsorption
processes are following the PSO kinetic model. Thus, it could
be shown that the chemisorption is mainly the rate-limiting
step that controls the MB and MG adsorption.

3.5. Adsorption thermodynamics study
3.5.1. Adsorption isotherm

Further to reveal the interaction between dyes and
composite materials, the relationship between adsorption
equilibrium concentration and adsorption capacity at dif-
ferent temperatures (303-323 K) and different concentra-
tions (50-150 mg/L) was studied. The data onto adsorption
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Table 2
Adsorption kinetics parameters of in binary-dye solutions

Model Parameters MB adsorption C; (mg/L) MG adsorption C, (mg/L)
50 60 70 50 60 70
PFO k, 0.0462 0.0823 0.0751 0.0414 0.0880 0.0658
q, 1.4319 3.7984 3.1224 0.9825 8.1754 6.3096
R? 0.7064 0.9685 0.9122 0.6139 0.9927 0.9324
PSO k, 0.0904 0.0327 0.0633 0.1212 0.0282 0.0265
q, 61.54 73.86 85.11 62.38 74.79 86.51
R? 1 0.9952 0.9952 1 0.9999 0.9999
ID kp 0.2402 0.3591 0.2528 0.1537 0.6789 0.5344
C 59.53 70.64 82.87 61.05 68.96 81.55
R? 0.4381 0.6437 0.7935 0.5326 0.6816 0.8912
Elovich A 7.9 x10% 5.0 x 10%® 4.4 %107 8.9 x 10¥ 2.9 x 10" 1.5 x10»
B 1.4167 0.9856 1.4812 2.2954 0.5250 0.7201
R? 0.6488 0.8374 0.8915 0.7064 0.8694 0.9352

equilibrium has been analyzed using the well-known
Langmuir, Freundlich and Temkin models. The Egs. (9)—(11)
are as follows:

C. C 1
—L =4

)
/P
1
Ing, =Ink, +=InC, (10)
n
q,=BInk, +BInC, (11)

where g, (mg/g) is the calculated adsorption capacity at
maximum, g, (mg/g) is the experimental adsorption capacity
at equilibrium, C, (mg/L) is the equilibrium concentration of
the solution, k, (L/mg) is a Langmuir constant, k, (mg/L) is
a Freundlich constant, § = RT/b, T is the absolute temperature
in Kelvin, R the universal gas constant (8.314 J K mol™),
k, the equilibrium binding constant, and the constant {3 is
related to the heat of adsorption.

The fitting result of experimental data was recorded in
Table 3. At the same time, this studied further compares the
standard deviation (SD) of the above model fitting parame-
ters considering the accuracy problem [39]. The smaller the
SD value, the higher the accuracy of the model.

From the parameters, correlation coefficients and SD of
the isothermal model listed in Table 3 to conclude that both
MB and MG were following the Langmuir isotherm model
belongs to the monolayer adsorption. The maximum adsorp-
tion capacity of MB and MG increases as the temperature
elevate, indicating that the thermal vibration has a greater
impact on the adsorption process [40]. The maximum adsorp-
tion capacities of MB and MG were 149.9 and 177.9 mg/g,
respectively. Besides, Table 4 summarizes the maximum
adsorption capacity of various adsorbents has been reported
to removing MB and MG. It is worth noting that the com-
posite nZVI/MWCNTs/APT of this study has higher adsorp-
tion capacity and shorter equilibrium time. Therefore, nZVI/

MWCNTs/APT composites will be a promising material for
treatment binary dyes from wastewater.

3.5.2. Thermodynamic parameter

Thermodynamic data can reflect the feasibility of
adsorption, which can reflect the effect of temperature
on adsorption and the data analysis is shown in Table 5.
Thermodynamic parameters are free energy change (AG°®),
enthalpy change (AH®) and entropy change (AS°) to calcu-
late by the following Eqs. (12)—(14):

q
K, =" 12
=T (12)
AG°=-RTInK, (13)
and—AS _AH (14)
R RT

where g, (mg/g) is the experimental adsorption capacity at
equilibrium, C, (mg/L) is the equilibrium concentration of the
solution, R (8.314 J/mol K) is the gas constant, T (K) is the
absolute temperature and K, (L/g) is the Langmuir constant.

The value of AG® <0, AH® > 0 indicated the adsorption
of MB and MG is the spontaneous endothermic process.
The AS° >0 indicated that the energy redistribution between
MB (MG) and composites leads to the adsorption. It also
reflects the affinity with the adsorbent for the adsorbate
mainly based on electrostatic interactions.

3.6. Stability of nZVI/MWCNTs/APT and removal of other dyes

Because the pure nZVI is oxidized in the air to reduce its
reactivity will limit nZVI wide application. The stability of
nZVI and nZVI/MWCNTs/APT were studied and the result
is shown in Fig. 6a. It can be observed that nZVI/MWCNTs/
APT composites have higher degradation activity for MB
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Table 3
Adsorption isotherms parameters in binary-dye solutions
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Model Parameters Temperature (K) SD
303 313 323
MB Langmuir q, 147.3 147.5 149.9
b 0.3574 0.3758 0.4286
R? 0.9957 0.9907 0.9914 0.0022
Freundlich K 59.7 62.9 64.3
1/n 0.1977 0.2161 0.2133
R? 0.8156 0.9639 0.9831 0.0748
Temkin p 20.99 21.37 20.40
k, 13.52 13.66 20.91
R? 0.8785 0.9424 0.9586 0.0346
MG Langmuir q, 138.3 148.4 177.9
b 0.4023 1.2669 3.6257
R? 0.9518 0.8835 0.9624 0.0370
Freundlich K 59.4 50.8 118.0
1/n 0.2810 0.1883 0.1749
R? 0.8902 0.8366 0.9316 0.0389
Temkin B 24.02 18.34 19.37
k, 9.56 153.92 677.27
R? 0.8183 0.7469 0.9097 0.0666
Table 4
Adsorption capacities of various adsorbents for MB and MG
Adsorbent q, (mg/g) Adsorption time (min) Reference
nZVI/MWCNTs/APT 149.9 90 This paper
G-CNT 81.97 200 [41]
MB MWCNT 59.7 160 [21]
nZVI 112.8 - [42]
RMeC 76.92 180 [43]
nZVI/MWCNTs/APT 177.9 90 This paper
MWCNTs-COOH 49.45 120 [44]
MG HNTs 99.6 120 [45]
Fe’-AC 100.12 80 [46]

and MG than nZVI from the beginning. After 45 d exposed
in air, the removal efficiencies of MB and MG by using nZVI/
MWCNTs/APT are still above 80%. It further illustrated that
supporters MWCNTs/APT could not only as a dispersant
to prevent nZVI from aggregation but also as a stabilizer to
protect nZVI from the oxidation by air.

In order to investigate the removal ability of nZVI/
MWCNTs/APT for other dyes (such as cationic dyes CV, BF
and RhB and anionic dyes NGB, AYR, Orange IV and MO)
batch experiments were performed after reaction 90min.
The removal efficiencies are shown in Fig. 6b. Obviously, the
removal efficiency of nZVI/MWCNTSs/APT for cationic dyes
CV and BF is greater than anionic. This is because the nZVI/
MWCNTs/APT composite possesses a negatively charged
surface in the wide range pH according to zeta potential for
nZVI/MWCNTs/APT (Fig. 4b) that suggest there is a strong
electrostatic attraction between nZVI/MWCNTs/APT and

cationic dyes. Thus, electrostatic attraction plays an import-
ant role in cationic dye removal. However, the cationic dye
RB doesn’t present desirable removal efficiency. This may be
related to the structure of dye molecular. BF and CV have
belonged to planar molecular that removal performance
greater than RB with a non-planar structure [47]. Therefore,
the structure of dye molecules exerts a certain influence on
the removal process. To sum up, it is speculated that the
removal mechanism of cationic dyes using nZVI/MWCNTs/
APT is based on simultaneous or consecutive adsorption
and reduction reaction.

3.7. The reusability of nZVIIMWCNTs/APT

Many adsorbents were discarded after removing pollut-
ants to re-contaminates the environment due to a release of
pollutants again. Since MWCNTs have a unique structure to
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Fig. 6. Stability of nZVI/MWCNTs/APT and removal of other dyes.

use as electrode materials. Also, most organic dyes have a
large amount of unsaturated chromophore groups and aro-
matic ring conjugated systems and make them pose definite
electroactivity. When the electroactive dyes adsorbed on
the nZVI/MWCNTs/APT surface was beneficial to improve
adsorbent electrochemical performance. Therefore, reuse
the waste nZVI/MWCNTs/APT that removal MB and MG
from sewage to measure its electrochemical properties in
Fig. S2. The purpose of the study is to explore the possi-
bility of reusing them after adsorption rather than being
discarded. The cyclic voltammetry curve (CV) results show
that the curve before adsorption is close to the rectangu-
lar shape (Fig. S2a), indicating nZVI/MWCNTs/APT has
good capacitance characteristics. After adsorption of the
dye, there was an obvious symmetrical reversible redox
peaks and the oxidation and reduction potential were 0.22
and 0.11 V, which means the existence of faraday reaction
related to MB and MG as well as degradation intermediates.
The specific capacitance is respectively 20.7 and 77 F/g at
the current density of 1 A/g before and after adsorption of
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Table 5
Thermodynamic parameters of MB and MG adsorption on
nZVI/MWCNTs/APT

T/K  AG°/KJ mol™' AH°/Mmol? AS°/J(™1K)!
MB 303 -3.34
313 -3.44 0.24 11.79
Binary 323 -3.57
dye MG 303 -491
313 -6.49 54.14 194.51
323 -8.82

dyes by calculation of charge-discharge curves (Fig. S2b).
The increase of the specific capacitance was mainly the elec-
trochemical activity of dyes. Fig. S2c shows the impedance
changes in the material. It is found the radius of the high-
frequency region of the electrode material after adsorption
dyes are comparatively small and the linear slope of the
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low-frequency region is larger to indicate the used nZVI/
MWCNTs/APT materials have the lower electron trans-
fer impedance and better conductivity. Hence, the electro
performance of nZVI/MWCNTs/APT after adsorbed dyes
indicated it can be used as an electrode of supercapacitors
instead of being discarded.

3.8. Adsorption and degradation mechanism

3.8.1. Analysis and identification of degradation products
using GC-MS

In order to verify the degradation reaction to MB and MG
were main the role of nZVI/MWCNTs/APT, this study first
analyzed the degradation intermediates of MB and MG by
GC-MS can identify slight organic matter after dye degrada-
tion. Many different m/z fragments (in the Fig. S5) appear
in the mass spectrum is helpful to identify the degradation
intermediate formation of MB and MG and confirm the
oxidative degradation properties of the nZVI surface.

The degradation pathway of MB and MG was fur-
ther analyzed as shown in Fig. S3 and S4 . In the nZVI/
MWCNTs/APT system, MWCNTs/APT carriers can acceler-
ate the mass transfer rate of MB and MG to make the dye
molecules easily diffuse to the adsorbent surface active
sites. Then, nZVI is oxidized to generate electrons and the
dye molecules receive electrons to destroy decolorizing
groups of MB (MG) then gradually decomposed into tran-
sition compounds. The amount of H* augment as the OH" is
consumed in the reaction of unstable transition compounds
broken down into small molecules and accompanied deg-
radation of chromospheres and conjugated systems. Based
on the GC-MS spectrum, it is speculated that the MB main
degradation pathway oxidizes C-5'=C and C-N=C by addi-
tion reaction to form of intermediates from m/z = 354 to
322, 203, 178, 161, 122, and 91. The peak of m/z = 203 indi-
cated that phenothiazine is oxidized to make C=C and C=S*
cleavaged under H' exists conditions, resulting in pheno-
thiazine heterocyclic opening at the center of its structure. The
2,5-diamino-4-methylbenzenesulfonic acid has been easily
hydrolyzed rearrangement under H* exists conditions and
finally decomposed into benzene sulfonic acid and carbox-
ylic acid at the peak of m/z =161 and m/z = 91, respectively.
MG is a triphenylmethane dye and its possible degrada-
tion pathway is also speculated. The peaks from m/z = 354
to 291, 263, 135, 122, 117,103, 99, 73, and 59 appeared in
Fig. 7 that -C=C- was oxidized through hydrogenation
reaction. Briefly, the peak of m/z = 354 showed MG accepts
an electron to happen N-demethylation and the peak of
m/z = 291 occurs hydroxylation addition reaction to gener-
ate 4,4-bis(dimethylamino) benzophenone at m/z = 263.

The 4,4-bis(dimethylamino) benzophenone was oxi-
dized to benzoic acid at m/z = 122, then possibly have two
decompose products 3-hydroxybutyric acid and 4-hydroxy-
4methyl-2-pentanone, and they will further hydrolyze and
rearrange to produce acetic acid. It concludes of the above
analysis the MB and MG transformed into less toxic acid
metabolites in the nZVI/MWCNTs/APT system, illustrat-
ing the prepared nZVI/MWCNTs/APT nanocomposites has
certain application prospects of dealing with environmental
sewage.

3.8.2. The curve of UV-Vis absorbance of MB and MG
decolorization

The transformation was explained that molecular char-
acteristics and structure were clarified in the decoloriza-
tion process by analyzing the ultraviolet-visible absorption
spectra and in a color change of dye. As described in Fig.
7a, MB and MG exhibit two absorption peaks in the UV-vis
spectrum and the absorbance at 292 and 248 nm are related
to the aromatic ring. The maximum absorption wavelength
of MB and MG at 664 and 617 nm belong to the functional
group of -C=N- and —C=C-, respectively [48]. The intensity
of the visible band closely related to the decolorization of MB
and MG gradually decreases with the reaction time increase,
which indicates that -C=N-, —-C=C- the band of MB and MG
are destroyed by nZVI [48]. The result is also confirmed by
the change in the color of the dye in Fig. 7b. Based on the
results of GC-MS and UV-vis spectra, the removal interac-
tion of MB and MG by nZVI/MWCNTs/APT can be described
in Fig. 7c. The process of degradation of MG and MB by
nZVI/MWCNTs/APT involves simultaneous adsorption and
reduction. On the one hand, MB and MG are adsorbed on the
surface of nZVI/MWCNTs/APT by electrostatic attraction,
n-n interaction and hydrogen bonding; on the other hand,
the MB and MG are degraded by nZVI and simultaneously
that transformed into the small fragments molecular access
the solution.

4. Conclusion

In summary, nZVI/MWCNTs/APT nanocomposites
were prepared through liquid-phase reduction. Among
them, MWCNTSs/APT as composite supporter materials not
only improved the reactivity and stability of nZVI but also
enhanced the adsorption performance of dyes. The results
showed that nZVI/MWCNTs/APT exhibited high removal
performance of cationic dyes compared to anionic dyes.
Additionally, the structures of dyes” molecules exerted a
certain influence on the removal process. The maximum
adsorption capacity for cationic dyes MB and MG was 149.9
and 177.9 mg/g in binary system, indicating that it was a
high removal performance. The thermodynamic parame-
ters confirmed that the removal process was an endother-
mic, entropy increase and spontaneous process. Adsorption
isotherm and kinetics were described that it fitted well
with Langmuir adsorption isotherm and the PSO model.
Removal mechanism suggested that adsorption and reduc-
tion were both involved in the removal process, and high
removal efficiencies of cationic dyes were mainly attributed
to the adsorption process induced by electrostatic, hydro-
gen bonding and m—mt interactions. Consequently, the deg-
radation of dyes solutions caused decoloration, and an
appreciable degree of destruction in the dye molecule. The
intermediate’s structure was detected by using the GC-MS
technique. Another important conclusion was that the waste
adsorbent had a certain specific capacitance and can be
used for the electrode materials of supercapacitors, which
provided a new path for the recycling of materials. Overall,
this study strongly indicated that the nZVI/MWCNTs/APT
as a low-cost and eco-friendly material could be potentially
used for the practical simultaneous removal of organic
dyes.
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Simultaneous removal of binary cationic dyes from wastewater by nanoscale zero-valent iron particles supported on mul-
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