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ABSTRACT

The self-assembled polymer nanotubes were obtained by a simple solvothermal
method. Its physicochemical properties were characterized by SEM, BET, TGA,
FT-IR, XPS, and solid-state '*C magnetic resonance. The effects of initial pH,
dosage, and coexisting ions were evaluated for its Cr(VI) adsorption perfor-
mances. The result showed that polymer nanotubes surface had a large number
of organic functional groups and porous structures. In 140 mg/L Cr(V]) solu-
tion, polymer nanotubes obtained the largest Cr(VI) adsorption capacity of
147.81 mg/g. Adsorption kinetics and isotherms agreed well with the pseudo-
second-order and Redlich-Peterson models, respectively. The desorption pro-
cess showed that the polymer nanotubes were easy to regenerate in strong
polarity solution and had a high removal efficiency. Ionic strength played an
important role in the adsorption and the adsorption interaction contained
electrostatic interaction, reduction, and chelation in this work. The self-assembly
method will constitute a highly efficient adsorbent.
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element that benefited metabolizing sugar, protein,
and fat [3]. Nevertheless, Cr(VI) has been reported to

Introduction

As we know, most metals are trace elements that
people need [1]. However, with the process of
industrialization and urbanization, heavy metal
emissions have far exceeded the tolerance of the
ecosystem. It seriously threatens environmental
safety and human health. Among these metals,
chromium is one of the most common contaminants
[2]. Chromium exists mainly in two forms in water
[trivalent chromium Cr(II) and hexavalent chro-
mium Cr(VD]. Cr(ll) is an indispensable trace

cause cancer, vomiting, diarrhea, kidney, liver dam-
age, skin irritation, and ulcers for humans, which was
highly soluble, mobile, and toxic in aqueous media.
Therefore, Cr(VI) was listed as one of 16 toxic heavy
metals that are harmful to human health [4]. In recent
years, the US Environmental Protection Agency
(EPA) Guidelines gave a maximum capacity of Cr(VI)
in potable water (0.05mgL™"). In summary, the
removal of Cr(V]) from wastewater is an urgent task.
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Currently, many methods have been applied to
remove Cr(VI) from water, such as photocatalysis,
ion exchange, chemical precipitation, electrochemical
treatment, and membrane process [5]. However,
there are some disadvantages in those methods,
which limit their practical application in wastewater
treatment, such as uneconomic, toxic sludge, ineffi-
ciency, and environmental pollution. While adsorp-
tion has the advantages of simple design,
environmental friendliness, low cost, high efficiency,
and repeatability, it is considered to be a simple and
effective way to separate Cr(VI) from aqueous solu-
tion [6].

Up to now, numerous different materials have
been reported as adsorbents, such as activated carbon
[7], clay, metal oxides, silica [8], titanium dioxide [9],
graphene materials [10], and polymer [11]. Among
these adsorbents, polymers have a high specific sur-
face area [12] and adjustable functional group. The
polymer substrates are also used to prepare various
complexes (e.g., polymer/carbon [13], polymers/
metal [14]). Polymer adsorbents have become a
research hotspot. Especially, the porous polymer has
unique properties (low skeletal density and high
chemical stability). Wu [15] reported that leu-
coemeraldine-based hybrid porous polyanilines had
been synthesized by the Friedel-Crafts reaction of
leucoemeraldine and octavinylsilsesquioxane for
Cr(VI) removal. However, most porous polymer
adsorbents are disordered structures. Notably, there
are few reports on self-assembled porous polymer
materials obtained by one-step Friedel-Crafts reac-
tion at high temperature and high pressure.

In this work, we prepared porous polymer nan-
otubes by the one-step method using 2-aminobenz-
imidazole and a,a’-dichloro-p-xylene as raw
materials. The surface of porous polymer nanotubes
was easily regulated by pH due to the functional
groups. This work will provide a new efficient way to
self-assemble porous polymer adsorbent.

Experimental
Materials

2-Aminobenzimidazole, a,’-dichloro-p-xylene, 1,2-
dichloroethane, potassium chloride, potassium car-
bonate, potassium acetate, ferric chloride, and
potassium dichromate were purchased from Aladdin
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Chemical Reagent Company (Shanghai, China).
Ethanol was obtained from Kelong Chemical Reagent
Company (Chengdu, China). All reagents are not
purified before use, and deionized water was used
throughout the experiments.

Preparation of porous polymer nanotubes

Typical methods for the self-assembled porous
polymer nanotubes (PNT) are as follows. 2-Ami-
nobenzimidazole (0.3781 g, 2.84 mmol), a,a’-dichloro-
p-xylene (0.9943 g, 5.68 mmol), and FeCl; (1.8403 g,
11.36 mmol) were added into 30 mL 1,2-dichlor-
oethane. The mixture was mixed with vigorous stir-
ring. Then, it was heated to 180 °C with 5 °C min™"
under N, for 7 h. The polymer was collected by fil-
tration. It was washed with deionized water several
times. Then, the polymer was further purified by
Soxhlet extraction using ethanol. After drying, the
black solid was obtained with a 90% yield. The dif-
ferent molar ratios (a,4’-dichloro-p-xylene/2-Ami-
nobenzimidazole = 1:2, 1:1, and 2:1) were marked as
PNT1, PNT2, and PNTS3, respectively.

Characterization of PNT

The morphology and mapping of PNT were investi-
gated by 54800 (SEM, Hitachi Ltd., Japan). Brunauer—
Emmett-Teller (BET) was used to calculate the
specific surface area and pore-size distribution (ver-
sion 3.0, Quantachrome Instruments Ltd., USA). STA
449F3 was applied to explore thermogravimetric
analyses (TGA, Netzsch Ltd., Germany). The surface
groups were measured by FT-IR 5700 (Thermo
Nicolet Ltd., USA). PHI-5400 XPS with Mg Ku radi-
ation was used to measure the X-ray photoelectron
spectroscopy (XPS). The Bruker Avance DSX spec-
trometer was applied to examine the solid-state '*C
magnetic resonance (NMR) spectrum.

Batch experiment

The adsorption capacity of PNT was carried out in
batch experiment. Typical operation process is as
follows. PNT (6 mg) was added into 10 mL of
20 mg/L Cr(VI) solution with stirring at room tem-
perature for 4 h. The mixture solutions were filtered
by 0.45 pm filter. The Cr(VI) concentration was
measured by diphenylcarbazide spectrophotometry.
The range of pH was 1.5-11 in the pH-effect tests, and
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the range of PNT dosage was 0.2-1.0 g/L in dosage-
effect tests; the range of Cr(VI) concentrations was
20-140 mg/L in isotherm investigations. The
adsorption capacity and removal rate could be cal-
culated by Egs. (1) and (2), respectively. Dilute HCI
and 0.1 M NaOH were used to adjust the initial pH.

g = (Co — C)V/m (1)
Removal (%) = (Co — C;) x 100/Co (2)

where Cy (mg L™") was the initial concentration of the
adsorbate in the solution. C; (mg L") is the concen-
trations of adsorbates at the time t. g, is the adsorp-
tion capacity at the time t. C; (mgL™') was the
residual concentration in the solution at time
t. V (L) was the volume of the solution. m (g) was the
mass of the adsorbent.

Desorption

The adsorption—desorption was carried out in five
cycles. In each cycle, PNT (6 mg) was added into
10 mL 20 mg L™, pH = 2) Cr(VI) solution for 4 h.
After filtration, the adsorbate was desorbed in
regeneration solution (NaOH, C,HsOH, CH;COCH5;)
for 4 h. Then, adsorbent was washed with deionized
water and reused in the next cycle.

Result and discussions
Characterization

Figure 1 shows the surface microstructure of the
PNT. It was a one-dimensional ordered structure
(Fig. 1a). It was visible that the one-dimensional
ordered structure was a hollow tube. The tube has an
outer diameter about 150 nm, an inner diameter
about 55 nm, and a length of about 2 um (Fig. 1b, ¢).
Therefore, the one-dimensional ordered structure
was a nanotube. In order to further investigate the
nanotube, BET was applied to measure the porous
property (Fig. 1d). The nanotube has a specific sur-
face area of about 95 m” g '. The average pore
diameter of 3.79 nm was smaller than the inner
diameter (55 nm). It implied the tube was a porous
nanotube, which provides a lot of sites for Cr(VI) to
be adsorbed.

FT-IR explored the surface functional groups of
PNT (Fig. 2). The vibration at 3439 cm™" was associ-
ated with v[N-H] stretching. It may provide a strong

hydrogen bonding during the self-assembly process
[16]. The bands characteristics at 1610, 1488, and
1456 cm ™" were assigned to the self-assembly vibra-
tion (V[C=N] and v[C=C] stretching). It was obvious
stretching vibration at 1170 cm™" v[C-N] and
1250-1280 cm™" Vv[C-N]. The strong vibration at
2893 cm™" and slight stretching vibration at
1500 cm™! were attributed to v[CH,] and benzene
ring, respectively [17]. The functional groups played
a key role in the self-assembly process.

Decomposition of the samples is shown in Fig. 3. In
the 2-Aminobenzimidazole curve, it was only one
step of mass loss (~ 207-425 °C). It could be due to
the functional groups and carbon skeleton break. The
2-Aminobenzimidazole was almost completely ther-
mally decomposed. PNT showed two steps of weight
loss. The first step was shown in ~ 50-420 °C. It was
due to the volatile compound (free and bound water
molecules) or surface functional groups. Its weight
lost 10%. The second step was at ~ 420-770 °C,
which was the decomposition of the self-assembling
skeleton. It indicated that self-assembly behaviors
improve the temperature resistance of the polymer
nanotube.

XPS showed the chemical composition of the PNT
in Fig. 4. The Cls spectrum was divided into four
peaks at 284.7, 285.7, 287.3, and 289 eV. They were
the electronic energy of C-C/C=C, sp°C-N, sp°C-N,
and 7 — n%, respectively. = — n* was the special
structure of the benzene ring or the delocalized
structure. sp”C-N and sp’C-N could be due to the
imidazole ring [18]. In N 1s, the band at 399 eV could
be disunited into five peaks, which revealed the dif-
ferent energy states of nitrogen (pyridinic N 398.6 eV,
pyridonic N 400.2 eV, quaternary N 401.3 eV, oxi-
dized N 403.2 eV, and -NH, 400 eV) [19, 20]. Above
five energy states content was 31.8%, 14.4%, 27.4%,
6.3% and 20.1%, respectively. The pyrrolic N could
provide a pair of electrons for the n-electronic. Only
one electron could be denoted to an aromatic system
by the pyridinic N. It could coordinate with an empty
orbit of an adjacent atom by a free lone pair of elec-
trons. This provides a channel for the surface
enrichment of H", implying that the surface of PNT
was easily controlled by pH.

To further confirm the chemical structure of PNT,
the solid-state ">*C NMR spectrum is shown in Fig. 5.
There are five peaks (37.09, 112.20, 129.23, 137.19, and
154.41 ppm) in the figure. The resonance peak near
37 ppm was assigned to Cs [21], indicating that PNT
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Figure 1 SEM of PNT2 (a, b), nanotubes outer diameter distribution of PNT2 (c) and pore-size distribution of PNT2 (d).
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Figure 5 Solid-state 13C NMR spectrum of PNT2.

was successfully by the Friedel-Crafts reaction. The
peak at 112.20 ppm was due to C; [22]. Two bands at
129.23 and 137.19 ppm were attributed to the C;, Cg
(non-substituted) and the C,, C4, and Cg4 (substituted
aromatic carbon), respectively [23].

Effect of pH

The pH of the contaminant solution is an important
factor in exploring the adsorption mechanism. It
could affect the ionization of the surface functional
groups of PNT and the ionic form of contaminant.
The effect of pH on the adsorption of Cr(VI) is illus-
trated in Fig. 6. The value of g, was gradually
decreasing with increasing value of pH. The excellent
adsorption capacities of three adsorbents were about
at pH = 2.64 (Fig. 6a). The effect of solution pH could

be described as follows. (1) In pH = ~ 2.0-6.0, the
form of hexavalent chromium is gradually converted
from HCrO,~ to Cr,O,*". The adsorption free ener-
gies of HCrO,~ and CrO4>~ were about — 2.5-0.6 and
— 2.1-0.3 k) mol™!, respectively. It indicated that
HCrO,~ was more easily adsorbed than CrO,*~ [24].
Therefore, the optimal pH value is ~ 2.64 in this
work. In pH < 1, H,CrO, was the major formation.
Therefore, the electrostatic attraction was weak at
pH < 2. The adsorption capacity of PNT at pH = 1.69
was less than that at pH = 2.64 [25]. (2) With the
increase in pH value, the groups of -NH, and -N-
were easy to combine with OH™ to cause surface
positive charge reduction. It would produce repul-
sive force to Cr,O,>~ and reduce the adsorption
capacity of PNT (Fig. 6b). It was illustrated in the
following equations:

R-NH,+ H" - R-NHj — — — — — — Cr, 03~
pH<7

R-NH,+ OH — R-NH, — — — — — — OH™
pH>7

Above all, lower pH (2.64) was beneficial to PNT
adsorption of Cr(VI). The adsorption performance of
PNT2 was better than that of PNT1 and PNT3. The
functional groups of -NH, and -N- played an
important role in the adsorption process.

Effect of dosage

The amount of PNT was a very vital factor for the
actual application process. Figure 7 shows the effect
of dosage on the adsorption capacity and removal
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Figure 7 Effect of adsorbent dosage of PNT2.

rate. When the amount of adsorbent was only greater
than 0.6 g L' in Cr(VI) solution (20 mg L™"), the
residual concentration of Cr(VI) could be less than
the maximum allowable emission concentration
(EPA, 0.05 mg L™") (Inserted Figure). The removal
rate also was above 99% in 0.6 g L~' adsorbent
solution, while the adsorption capacity was reduced,
which can be explained by the increase in available
adsorption sites at a certain contaminant concentra-
tion [26]. In addition, an increase in the amount of
adsorbent may increase the possibility of contact
between adsorbents and cause aggregation. It also
results in a reduction in mass-specific surface area.
These two aspects led to a decrease in adsorption
performance [27].

@ Springer

Adsorption kinetics

It is very important to investigate the adsorption
mechanism by kinetics. Figure 8 shows the effect of
adsorption time. In the first stage, the adsorption
capacity of PNT2 increased rapidly and reached
almost 90% in a short time. Then, its growth trend
was gradually reduced and the adsorption eventually
reached saturation. For the 20 mg L™" solutions, the
equilibrium adsorption capacity could be achieved in
only 10 min. It was attributed to the pore structure of
PNT2 and the chelating ability to metals by the
functional groups of -NH; and —N- [28]. In addition,
the nanotube structures could provide more active
sites. As the concentration of contaminants increases,
the time required to reach equilibrium increased
from 10 to 180 min. In the following work, the con-
centration of Cr(VI) did not exceed 140 mg L™, and
the adsorption time is 180 min.

To further investigate the adsorption mechanism,
the pseudo-first-order, pseudo-second-order, Elovich
and intraparticle diffusion models were applied to
evaluate kinetics data (Fig. 8b—e).

Pseudo - first - order In[(ge — q¢)/ge] = —kit (3)
Pseudo - second - order t/q; =1/(kag?) +t/qe  (4)
Elovich ¢ = (1/8)In(«f) + (1/f) Int (5)
Intraparticle diffusion gq; = kat'/? + C (6)

where the adsorption capacity is g. (mgg™') at
equilibrium. Pseudo-first-order constant was k;
(min~"). Pseudo-second-order and particle diffusion
rate constants were k, (mgg ' min~') and k4
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Elovich (d), intraparticle diffusion (e) for Cr(VI) adsorption. (Dosage = 0.6 g L™', pH = 2.64.).

(mg g~ ' min'/?), respectively. C

intraparticle diffusion constant.

These results are shown in Table 1. The decisive
factor (R?) was all above 0.999 in the pseudo-second-
order, curves and it was far superior to the pseudo-

represents the

first-order and Elovich model. It indicated that the
chemisorption was the rate-limiting step. It involved
with valence forces by sharing or exchanging elec-
trons of PNT2 and Cr(VI) [29]. The « value was much
larger than the f value in the Elovich model. It
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Table 1 Kinetic model

parameters for Cr(VI) on Kinetic model Parameters Cr(VI)
PNT2 Initial concentration(mg L™ ")
20 80 140
Pseudo-first-order ge (mg g h 0.70 9.62 25.82
ky x 10 (min™") 2.48 2.05 1.59
R? 0.6896 0.7101 0.8567
Pseudo-second-order ge (mg gh 30.62 126.58 150.60
k, x 10* (mg g~" min™") 21.20 1.49 0.39
R? 0.9999 0.9999 0.9997
Elovich a; (mg g~' min™") 849.30 6209.80 269960.00
B (mg g™ 0.03 0.07 0.45
R? 0.9841 0.9706 0.9456
o, (mg g~" min™") 3.19 x 10" 934 x 102°  4.61 x 10*
B, (mg g1 0.19 0.53 6.36
R? 0.7074 0.8449 0.7396
Ist stage
Interparticle diffusion  Kg; (mg g~' min'?) 3.31 22.17 47.26
C, 22.38 59.49 51.74
R? 0.9349 0.9971 0.9977
2nd stage
Ky (mg g~ min'?) 0.19 1.71 1.75
C, 29.55 107.50 158.42
R? 0.8120 0.8675 0.9910
3th stage
Kg3 x 10> (mg g~' min'?)  1.14 9.56 95.86
Cs 30.43 118.23 164.56
R? 0.8434 0.9905 0.9140
feoxp (Mg g1 30.59 126.36 150.25
implied that the adsorption was feasible and effective Langmuir ge = gmKLCe/(1 + KLCe) (7)
[30]. Then, we used Weber—-Morris model to explore ) 1n
the adsorption rate control process (Fig. 8e). The Freundlich g = KrC, (8)
order of adsorption rate was as follows: Tempkin g. = B(InK1C,) 9)
Kg > Kgp > Kgs Langmuir — Freundlich (10)
n n
This order showed that the surface was gradually e = n(KurCe)"/[1 + (KurCe)']
saturated with increasing time and the internal dif- ~ Redlich — Peterson KrCe/(1 + orC?) (11)
fusion rate of Cr(VI) adsorbed gradually decreased. ;
All values of C were not zero, implying that the dif- APE% = Z }(Qe,exp — Gecal) /qe,exp‘ x 100/N (12)

fusion mechanism could be affected by some other
factors [31].

Adsorption isotherm

Five famous calculation formulae (Langmuir, Fre-
undlich, Temkin, Langmuir-Freundlich, and Red-
lich-Peterson models) had been used to describe the
isotherm at three different temperatures (Fig. 9).

@ Springer

i=1

where the Langmuir constant is K. (L mg ). Fre-
undlich constants contain Kg (mg g '), and 1 the
Temkin constants are Ky (L mg™') and B (B = RT/
bT). Kip is the affinity constant [(mg g™") (L mg™")"/
"], and n is known as the heterogeneity index. ag
(mg™") and Kz (L g ') are the Redlich-Peterson
constants. APE% is the average percent error.

Table 2 shows the isotherm parameters. The values
of the Redlich—Peterson model were above 0.99, and
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Figure 9 Nonlinear fits of isotherm models at different temperatures [308 K (a), 323 K (b), 338 K (c)]. (Dosage = 0.6 g L', pH = 2.64,

Contact time = 6 h.).

all the APE% of Redlich-Peterson models were the
lowest in the five models. It was not difficult to
observe that the Redlich-Peterson model was closer
to the experimental data than the Langmuir, Fre-
undlich, Temkin, and Langmuir-Freundlich equa-
tions. In Redlich-Peterson, the ¢ values were 0.9642,
0.9539, and 0.9442 at the three temperatures. They
were very close to 1, indicating that Redlich-Peterson
was similar to the Langmuir model in this work [32].
In other words, it was monolayer adsorption and the
monolayer uptake could reach 140.82 mg g~ and the
binding constant was 5.30 L mg ™" at 35 °C. The value
of g, was larger than that of many other adsorbents
(Table 3), indicating that PNT2 could effectively
adsorb the heavy metal of Cr(VI).

Thermodynamics parameters

The standard parameters [Gibbs free energy (AG®),
enthalpy (AH®), and entropy (AS°)] could be calcu-
lated by the following equation.

K. =g¢/Ce (13)
AG® = —RTInK. (14)
InK, = —AH°/RT + AS°/R (15)
AG® = AH® — TAS® (16)

where the universal gas constant is R [J/(mol K)], K.
(L g™") is the distribution coefficient in the ideal
solution at a different temperature, and T (K) is the
temperature of the solution.

Table 4 shows the resulting thermodynamic
parameter of AG°, AH°, and AS° values for the
adsorption. All the values of AG® were below zero,
indicating that it was a spontaneous adsorption
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Table 2 Isotherm parameters

J Mater Sci (2020) 55:163-176

for Cr(VI) adsorption on PNT2 Isotherm models T (K) Parameter-1  Parameter-2 Parameter-3 R? APE %
Langmuir Gm(mgg™) KL(@Lmg") geca(mgg ")
308 147.81 5.32 140.82 0.9828 3.86
323 155.78 6.69 146.13 0.9790 5.25
338 174.54 8.77 161.69 0.9619 17.77
Freundlich Ke(mgg™ n
308 91.37 7.12 0.8156 22.39
323 96.30 6.99 0.8375 2221
338 112.61 6.84 0.8398 24.96
Temkin Kr(mgg™) B
308 422.45 15.70 0.9062 14.62
323 467.94 16.42 0.9869 13.24
338 556.48 18.84 0.9827 14.08
Langmuir—Freundlich Gm (mg g Kipr@Lmg) n
308 143.63 5.09 0.86 0.9829 7.49
323 151.33 5.56 0.76 0.9869 12.74
338 174.07 6.55 0.66 0.9827 22.72
Redlich—Peterson ag (L g7h Kg (L mg™") g
308 967.95 7.59 0.96 09932 2.85
323 1279.54 9.91 0.95 0.9971 1.48
338 2183.81 15.33 0.94 0.9974 247
Table 3 Adsorption capacities of different sorbents for Cr(VI)
Adsorbents pH Jmax (Mg g h T (K) References
Poly(MAAcH)-cI-EGDMA 4.0 93.66 308 [33]
Ch/Fe-CNF/PVA 52 80.00 303 [34]
Iron and lanthanum mixed oxyhydroxide-engraved chitosan 2.0 106.04 303 [35]
PPAS 2.0 111.11 298 [36]
Montmorillonite-supported magnetite nanoparticles 2.5 20.16 298 [37]
Reticulated chitosan 4.0 68.90 298 [38]
PNT2 2.64 147.81 308 In this work

Table 4 Thermodynamic parameter for Cr(VI) adsorption on
PNT2

T (K) AG° (kI mol™") AH° (kJ mol™") AS° (J mol™' K™")

308 — 19.46 23.09 128.69
323 — 20.67
338 — 21.94

process. It was obvious that with the increase in
temperature, the value of AG®° was more negative. It
implied that the high temperature was beneficial to
spontaneous adsorption in this work. In addition, all
the values of AH® were above 0, indicating that the
adsorption was an endothermic process. The AS® also
showed that PNT2 had a strong attraction to Cr(VI)
and the adsorption was almost irreversible [39].

@ Springer

According to the thermodynamic parameters of AG®°,
it can be used to judge whether the process is a
physical process or a chemical process to a certain
extent. In general, the adsorption process was phys-
ical (— 20 k] mol™! < AG® < 0 k] mol™!) or chemisorp-
tion (— 400 k] mol™" < AG® < — 80 k] mol™") [40]. It
could be seen obviously that all the values AG® were
about — 20 k] mol ™" in this work, implying that phys-
ical adsorption was the main process.

Effect of coexisting ions

The surface of PNT2 and the electric double layer
structure could be affected by the coexisting ions [41].
It can also seriously affect the removal rate of con-
taminants. Therefore, it is very necessary to explore
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Figure 10 Effect of coexisting ions on the adsorption capacity.

the effect of
performance.

coexisting ions on adsorption

The concentration of coexisting ions increased from
0.01 to 0.2 M. The adsorption capacity was down
(Fig. 10). It could be the following factors. (1) As the
concentration of Cl-, CH;COO~, and CO5>~ increa-
ses, the adsorption sites could be consumed by elec-
trostatic forces. (2) The HCrO,~ was neutralized by

K" [26]. The effect of coexisting ions was as follows:
CO3” > CH;COO™ > CI”

First, the coexisting ions with a high negative
charge had the greatest hindrance to adsorb Cr(VI).
Second, coexisting ions with a large hydrated radius
also had a large hindrance in the adsorption process.

Reusability test

Cyclic utilization is critical to actual production, and
we used three different desorption solvents (NaOH
solution, CH;CH,OH, and CH3COCH3;) to measure
the cyclic adsorption capacity of PNT2. The result is
shown in Fig. 11.

NaOH solution was used as a desorption agent.
The removal rate could be reached 99% after five
cycles. However, ethanol and acetone were used as
desorption agents. The removal rate decreased dras-
tically after the second cycle. According to the
polarity of the solvent (NaOH solution >
ethanol > acetone) and similar compatibility princi-
ple, it could easy understand the order of desorption
performance (NaOH solution > ethanol > acetone).
Therefore, PNT2 had excellent regeneration and
reusability capacities.
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Figure 11 Reusability of the
desorption solutions.

PNT2 wusing three different

Adsorption mechanism

To further investigate the adsorption mechanism, we
carried out EDS, mapping, and XPS on PNT2-Cr
(after adsorption). The mapping and EDS showed
that the element of Cr was enriched onto the nan-
otube surface of PNT2. The spectrum of Cr 2p con-
tained two major bands, all of which can be divided
into two small peaks (Fig. 12). The bands at 586.4 and
576.8 eV were due to the Cr2p'/? and Cr2p*/? of
Cr(III), respectively. The bands at 588.6 and 579.9 eV
were assigned to the Cr2p'/? and Cr2p*/? of Cr(VI),
respectively. It indicated that the surface of PNT2
included both Cr(Ill) and Cr(VI) after adsorption.
Cr(VD) had been reduced to Cr(IIl) by the functional
groups (-NH, and -N-) during the adsorption pro-
cess [17]. Above all, the Cr(VI) adsorption on PNT2
could be as follows. (1) The static electricity exists
between the functional groups and Cr(VI). (2) The
reduction and chelation also played a role by the
functional groups of -NH; and -N-.

Conclusion

In this work, the nanotubes were successfully pre-
pared by a simple Friedel-crafts alkylation process.
The special structure could effectively remove Cr(VI)
from the water. The maximum value of g. was
140.82 mg g~ ' in 140 mg L™" Cr(VI) solution. Both

@ Springer
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Figure 12 Microscopic morphology of PNT2 (a), mapping of PNT2 (b), EDS of PNT2 (c), and XPS of Cr 2p spectrum (d).

pH and coexisting ions had a huge impact on the
adsorption performance. The adsorption was a
spontaneous process, and the main adsorption
mechanism was electrostatic interaction. This new
material with an ordered structure could provide a
new approach to remove the contaminant from
water.
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