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induced electrostatic interaction†

Longfei Zhang, Li Yang, * Yewei Xu and Guanjun Chang *

A novel porous organic material 4-hydroxyindole-formaldehyde/NaOH (4-HIF/NaOH) aerogel was

prepared via a facile polymerization, soaking in NaOH aqueous solution and ambient drying method. 4-

HIF/NaOH aerogel porous polymer networks with high surface area have been applied as efficient

adsorbents to remove methylene blue from wastewater via synergistic effects of cation–p interaction

induced electrostatic interaction, electrostatic interaction and p–p interaction. The adsorption capacity

calculated by adsorption isotherms at 303 K was 1016.9 mg g�1 which is higher than those observed for

methylene blue on other aerogels and most other materials. Furthermore, the methylene blue loaded 4-

HIF aerogel can easily be regenerated with 0.1 M HCl solution and ethanol wash, retaining over 75% of

the adsorption capacity after recycling five times.
Introduction

Commercially dyes are widely used in many industries, such as
textiles, paper, plastics, printing, tannery and paints.1,2 When
those synthetic dyes are released into natural water bodies, they
seriously affect aquatic life, as well as the food chain, and pose
harmful effects to human health, including teratogenetic,
carcinogenic and mutagenic effects.3–5 Many treatment
methods for removing dyes from wastewater have been
employed, including photochemical oxidation, membrane
separation, biodegradation and adsorption.6–8 Adsorption has
been considered to be superior to other technologies in terms of
high efficiency, low cost, easy operation, and insensitivity to
toxic substrates.9

Numerous adsorbents have been reported including clay
minerals, agricultural solid wastes, graphene oxide nanobrous
composite membrane and activated carbon.10,11 However, most
of the adsorbents suffer from either limited adsorption capac-
ities or unsatisfactory drawbacks in terms of operation and
recycling. For example, the graphene-based materials have
attracted tremendous interest for their valuable properties such
as abundant oxygen-containing groups and large specic
surface. The main shortcomings of graphene are easy agglom-
eration during storage, which results in the decline of adsorp-
tion capacity in practical application.12 The frequently-used
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activated carbon with great adsorption capacity is costly in
operation and regeneration and has poor dye specicity.13,14

Páez reported a CO2 activated resorcinol/formaldehyde carbon
xerogels to adsorb methylene blue (MB), the process was high
cost and time consuming and the regeneration experiments was
not mentioned.15 Yu et al. obtained a graphene oxide/chitosan
aerogel microspheres as adsorbent for broad spectrum and
rapid adsorption of water contaminants, however, the synthetic
routes posed challenge in operation.16 Thus, development of
recyclable adsorbent with facile operation and high adsorption
capacity to capture MB from wastewater was a challenging and
meaningful task.

The cation–p interaction describes the association between
a cation and the face of amolecule containing ap system, which
is the strongest non-covalent interaction as known.17–19 As an
electron-rich p system, indole is an excellent platform for
cation–p interaction. Hydroxyl group as electron-donating
substituent at 4-position affording increasingly negative elec-
trostatic potentials above and below the ring plane, predicting
a stronger interaction with a cation.20 Metal cation–p interac-
tions are well known,21 Reddy and co-workers have systemati-
cally studied the cation–p interactions between alkali/alkaline
earth metals and indole.22

Besides the longstanding studies in indole-based supramo-
lecular materials of our group23–26 and enlightened by the
studies of Juszczak's research group27 in basic condition, cation
ions (i.e. Na+) are available for binding indole via cation–p
interactions, in which Na+ act as electron acceptors and indole
serve as electron donors. Highest occupied molecular orbital
(HOMO) p-electron density is delocalized towards the Na+,
creating a partial electron deciency on the indole ring.
Meanwhile, hydrogen bond was formed at indole amine
This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Synthetic scheme of neutral 4-HIF aerogel.
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hydrogen with hydroxyl anion, which creating a compensatory,
stabilizing partial negative charge on the indole. In this way, the
Na+–indole–OH� complex could be established stable and more
interestingly, the negative charged active sites were exposed to
aqueous environment, which renders the electrostatic attrac-
tion of cationic dye happened efficiently and this process was
named cation–p induced electrostatic interaction (CIE).

On the other hand, the pKa for hydroxyl group of 4-hydrox-
yindole is �10.68,28 which would be deprotonated to form –O–
groups in basic solution. The –O– groups could also capture
cationic dye via electrostatic interactions, which is another
important contributory factor that facilitate cationic pollutants
collection. Furthermore, we choose MB as a model compound
for cationic dyes, which is an ideally planar molecule with
aromatic backbone and 4-HIF aerogel network also contain
abundant aromatic rings, the p–p interactions could occur
between MB molecules and 4-HIF aerogel network.29

Inspired by this interesting study, we hypothesized that the
MB can be efficiently removed from contaminated water by
involving both hydroxyl group and negatively charged OH�

induced by indole groups in porous materials where synergistic
effects of CIE, electrostatic interaction and p–p interactions
work for MB capture. Bearing these in mind, in this paper, we
designed and synthesized 4-HIF aerogel by facile polymeriza-
tion followed by ambient drying method. Then, highly in
accordance with our design strategy, large amounts of MB le in
wastewater were able to be collected and concentrated by 4-HIF
aerogel successfully. Moreover, the adsorption isotherm,
kinetic, and thermodynamic characteristics as well as the
mechanism were fully studied to gain a deeper insight into
adsorption process.

Experimental
Main materials and measurements

Methylene blue (C16H18ClN3S, MW: 319.9) and 4-hydroxyindole
was purchased from aladdin Chemical Reagent Co., Ltd. Methyl
orange, formaldehyde (37%) were supplied by Kelong Chemical
Reagent Factory (Chengdu, China). Manganese sulfate mono-
hydrate (MnSO4$H2O), silver nitrate (AgNO3), lead nitrate
(Pb(NO3)2), (cobaltous chloride (CoCl2)) and mercury chloride
(HgCl2) were also supplied by Aladdin. Acetone and sodium
hydroxide (NaOH) were of analytical grade. All reagents were
purchased from commercial suppliers and were used without
further purication.

FT-IR spectra were recorded on a Nicolet 6700 FTIR spec-
trometer in the region of 4000–400 cm�1 using KBr pellets. The
scanning electron microscopy (SEM) images of the 4-HIF aero-
gel, were made on an Ultra 55 microscope system. Surface areas
and pore size distributions were measured by nitrogen (N2)
adsorption and desorption at 77.3 K on a Quantachrome auto-
mated adsorption analyzer. Specic surface areas were calcu-
lated according to the Brunauer–Emmett–Teller (BET) method.
Solid-state cross-polarization magic-angle-spinning (CP/MAS)
NMR spectrum was recorded on a Bruker Advance III 400
NMR spectrometer. The zeta potential of 4-HIF aerogel was
measured by a Zetasizer nano potential analyzer (Zeta PAL). The
This journal is © The Royal Society of Chemistry 2019
metal ion concentrations in solutions before and aer adsorp-
tion were measured using ICP-AES (Jarrell-ASH, ICAP-9000). The
concentrations of dyes were obtained by a Shimadzu UV-3150
spectrophotometer.
Preparation of 4-HIF aerogel

The synthesis process of 4-HIF aerogel was depicted in Fig. 1.
Specically, to an ampoule bottle equipped with 4-hydrox-
yindole (0.2663 g, 2 mmol), Na2CO3 (0.2120 g, 2 mmol) and
deionized water (1.75 mL) at room temperature and the above
mixture was stirred at 70 �C for 2 min. Then a solution of 37%
formaldehyde (0.3 mL) was added to afford a weak gel and kept
for 10 h at 70 �C in an oil bath to yield a robust gel. Upon
removal from ampoule bottle, the gel was placed in a 2% acetic
acid solution at 45 �C for 48 h to increase the cross-link density
through further condensation of hydroxymethyl groups and the
excess Na2CO3 were neutralized simultaneously. Then the ob-
tained 4-HIF hydrogel was washed by deionized water and
soaked in acetone for 48 h successively followed by ambient
drying at 60 �C to form the neutral 4-HIF aerogel. The synthesis
process of alkaline 4-HIF aerogel was the same as neutral ones
except for immerging the obtained 4-HIF hydrogel in NaOH
aqueous solution (0.5 M, 25 mL) for 12 h before solvent
exchange in acetone.
Dye adsorption and regeneration

All adsorption experiments were carried out by using alkaline 4-
HIF aerogel unless otherwise stated. To investigate the effect of
pH on adsorption for MB, the pH of MB solution (350 mg L�1)
was adjusted by 1.0mol L�1 NaOH and 1.0mol L�1 HCl aqueous
solution. Adsorption isotherm experiment was conducted at 303
K by adding 10 mg 4-HIF aerogel onto 40 mL solution with MB
concentration ranging from 140 to 380 mg L�1. Adsorption
kinetic experiment were performed by mixing 4-HIF aerogel (50
mg), MB solution (200 mL, 300 mg L�1) followed by stirring at
303 K for 24 h. Adsorption thermodynamics experiments were
carried out adding 10 mg 4-HIF aerogel onto 40 mLMB solution
RSC Adv., 2019, 9, 29772–29778 | 29773
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Fig. 2 (a) Solid-state 13C NMR of neutral 4-HIF aerogel; (b) FT-IR
spectrum of neutral 4-HIF aerogel; (c) SEM image of alkaline 4-HIF
aerogel; (d) EDS of 4-HIF alkaline aerogel after adsorbing MB; (e)
elemental mapping of S.
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(300 mg L�1) and stirred at 303 K, 313 K, 323 K respectively.
Aer adsorption, the 4-HIF aerogels were separated from solu-
tions using 0.45 mm polypropylene syringe lters. The absor-
bance of MB was detected by a UV-vis spectrophotometer, and
the concentration was calculated by comparing the appropriate
calibration curve. The adsorption capacity (qt, dye removal per
gram of 4-HIF aerogel at time t, mg g�1) and qe (dye adsorbed
per gram of 4-HIF aerogel at equilibrium (mg g�1)) were calcu-
lated according to the following equations:

qt ¼ ðC0 � CtÞV
m

(1)

qe ¼ ðC0 � CeÞV
m

(2)

where Ce (mg L�1) represents the concentration of dye in
aqueous solution at equilibrium, m (g) is the mass of 4-HIF
aerogel, and V (L) is the volume of dye solution. The removal
efficiency of dye was calculated by the following equation:

Eð%Þ ¼ C0 � Ce

C0

� 100: (3)

The adsorption experiment was carried out in duplicate, and
the experimental point was selected the mean of duplicates. For
desorption experiment, aer saturation, the mixture was
ltered, and the residual 4-HIF aerogel was processed with
absolute ethanol at 50 �C and stirred for 5 min. Besides, 0.1 M
HCl was also added to improve the regeneration efficiency. The
adsorbent was separated and then successively treated by 50 mL
deionized water and 0.5 M NaOH again followed by ltration
and ambient drying to reused for adsorption.
Real water sample analysis

River water samples were collected from Fujiang River (Mia-
nyang, China). The obtained water samples were ltered and
diluted 100 times with ultrapure water and were spiked with
heavy metal ions (Pb2+, Ag+, Hg2+, Co2+, Mn2+) and dyes (MO,
MB) with a concentration of 30 mg L�1 and 260 mg L�1

respectively. The adsorption experiments were carried out at
natural pH values which ranged from 5.8 to 6.2 at room
temperature with the dosage of 0.25 g L�1. The concentrations
of heavy metal ions and dyes in the samples before and aer
adsorption were determined by ICP-AES and UV-vis spectrom-
etry, respectively.
Results and discussion
Characterization of 4-HIF aerogel

To identify the structure of 4-HIF aerogel, FT-IR spectrum was
investigated and shown in Fig. 2a. The strong peak at 3404 cm�1

was attributed to the overlap of O–H and N–H stretching
vibration in 4-hydroxyindole.30,31 The peak at 2923 cm�1 was
assigned to the –CH2– units,32 and the band at 1244 cm�1 was
associated with CH2–O–CH2 stretching vibrations of methylene
ether bridges,33 indicating that polycondensation of formalde-
hyde and 4-hydroxyindole successfully compounded into 4-HIF
29774 | RSC Adv., 2019, 9, 29772–29778
aerogel. The result was also conrmed by solid-state 13C NMR
(Fig. 2b), the broad peaks in NMR spectrum at 150–110 ppm
were ascribed to the indole ring carbons, and the peaks located
at 75–25 ppm corresponded to the methylene carbons. This
nding was further supported that 4-HIF aerogel network
structure was formed.

The microstructure of alkaline 4-HIF aerogel was investi-
gated by SEM. As shown in Fig. 2c, the 3D network was well
established in 4-HIF aerogel, 4-hydroxyindole fabricated the
highly crosslinked network with formaldehyde and the struc-
ture looks like a three-dimensional “web”. N2 adsorption–
desorption analysis conrmed the high specic surface area
(130 m2 g�1) of 4-HIF aerogel. The pore size distribution curve
showed the existence of a mass of meso- and macropores and
the average pore diameter was 46 nm (Fig. S1†). Obviously, the
high specic surface area and a large amount of pores endow 4-
HIF aerogel with easy and quick mass penetration during
adsorption.
Dye adsorption

To evaluate the performance of 4-HIF aerogel for MB, the
adsorption experiments were carried out by adding 10 mg 4-HIF
aerogel into 40 mL (adsorbent dosage ¼ 0.25 g L�1) aqueous
solution containing an initial MB concentration of 260 mg L�1

at 303 K. Aer stirred for 12 h, the adsorption equilibrium
achieved and the color of MB solution changed from dark blue
to light blue and absorbance intensity of MB decrease rapidly.
The adsorption capacity at adsorption equilibrium was up to
961.4 mg g�1 and the removal efficiency of MB was as high as
92.4%. Energy dispersive X-ray spectroscopy (EDS) measure-
ments and elemental mapping veried the existence of S in the
4-HIF aerogel aer adsorbing MB (Fig. 2d and e) indicating MB
was indeed captured into the aerogel. Besides, MB adsorption
experiment employed the neutral 4-HIF aerogel was also carried
out at the same condition. The qe was only 104.6 mg g�1, which
This journal is © The Royal Society of Chemistry 2019
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very close to the qe (98.82 mg g�1) reported by Fu and co-workers
who employed polydopamine (PDA) microspheres consisted of
5,6-dihydroxyindole unit.29

In addition, polypropylene syringe lters (0.45 mm) equipped
with 4-HIF aerogel powder and syringe (5 mL) were used to dye
adsorption in miniature-scale water purication, as shown in
Fig. 3. The solution with MB concentration of 50 mg L�1 was
ltered through continuous ltration. Aer 30 s, about 4 mL
solution was ltered through 4-HIF aerogel, and colorless pure
water was collected, indicating that the 4-HIF aerogel could
rapidly removed the MB. The characteristic UV absorption
peaks of MB disappeared (Fig. 3c), indicating complete removal
of MB from solution.

Effects of initial solution pH

The effects of initial solution pH on MB adsorption onto 4-HIF
aerogel were studied within the pH range between 2 and 10 at
room temperature, as shown in Fig. S4.† As the solution pH
decreased from 7 to 2, the adsorption capacity underwent
a distinct decrease. This observed behavior may be explained by
the charge of adsorbent and molecular charge of adsorbate.
With pH decreased, more hydroxide anion would be neutralized
resulting in the broken of hydrogen bonds, which interrupted
the CIE interaction. Moreover, MB is a cationic dye and contains
positively charged quaternary ammonium group (N+(CH3)2Cl

�)
at acidic condition,34 the high H+ concentration would compete
strongly with MB cations for the available adsorption sites. The
–O– groups of the aerogel would be neutralized and protonated
to form –OH2+ which would lead to electrostatic repulsion with
MB cations to decrease the adsorption capacity. In extremely
acid condition, electrostatic interaction become less signicant
Fig. 3 (a) Images of the apparatus used for continuous filtration and
the solution before and after filtration (4-HIF aerogel powder was
stuck in 0.45 mmpolypropylene syringe filter). UV absorption spectra of
the solution before (b) and after (c) filtration.

This journal is © The Royal Society of Chemistry 2019
and p–p interactions act as the main drying force between the
adsorbent and adsorbate.29 By contrast, the adsorption capac-
ities of MB present a signicant increasing trend from 938.6 to
1284.1 mg g�1 as the pH increased from 7 to 10. And the MB
removal efficiency can reach up to 91.7% when the initial pH of
MB solution is 10. With the pH increasing, the more hydroxyl
groups of the aerogel would be deprotonated to form –O–
groups and the Na+–indole–OH� complex was formed stable,
thus the active sites density increased and the electrostatic
attraction were enhanced. It suggested 4-HIF aerogel can be
a high-efficiency adsorbent for the adsorption of MB and basic
solutions benet MB adsorption.
Adsorption kinetic studies

Dye adsorption rates of 4-HIF aerogel was measured. It can be
seen from Fig. 4a, qt increased rapidly at the initial 20 min and
adsorption capacity was up to 614.3 mg g�1. Aer 2 h, 83.6% of
equilibrium adsorption capacity was reached and qt increased
slowly to equilibrium at 8 h. Then, the pseudo-rst-order (eqn
(4)) and pseudo-second-order (eqn (5)) models were applied to
quantitatively analyze the adsorption kinetic curve (Fig. 4b).

logðqe � qtÞ ¼ log qe � K1t

2:303
(4)

1

qt
¼ 1

K2qe2
þ t

qe
(5)

where qe and qt are the amount of adsorbed dye (mg g�1) at
equilibrium and at time t (min), K1 (min�1) and K2 (g
mg�1 min�1) are the rate constants of the pseudo-rst-order
and pseudo-second-order, respectively.

The pseudo-rst-order model assumes that the internal
diffusion process is the rate-controlling step, whereas the
pseudo-second-order kinetic model considers that the chemi-
sorption of the adsorbate molecules onto the active adsorption
sites is the rate-controlling step.16 Comparing the two
Fig. 4 (a) Adsorption kinetic of MB on 4-HIF aerogel. Inset: the
photographs of color change of MB. (b) Fitting results of MB on 4-HIF
aerogel for kinetic models. (c) Freundlich isotherm and (d) Langmuir
adsorption isotherm plots for the adsorption of MB by 4-HIF aerogel.

RSC Adv., 2019, 9, 29772–29778 | 29775
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correlation coefficients (R2) displayed in Table S3,† the pseudo-
second-order kinetic model (R2¼ 0.994) had a better correlation
than the pseudo-rst-order kinetic model (R2 ¼ 0.966) for
adsorption of MB with 4-HIF aerogel. It was clear that the
adsorption process of MB+ was mainly ruled by the chemi-
sorption between MB and active sites of 4-HIF aerogel.
Adsorption isotherm

Adsorption isotherm models were determined by tting the
experimental data to Langmuir and Freundlich isotherm
models. The linearized Langmuir isotherm eqn (6) and
Freundlich isotherm eqn (7) can be expressed as follows:

Ce

qe
¼ Ce

qm
þ 1

qmKL

(6)

ln qe ¼ ln Kf þ 1

n
ln Ce (7)

where Ce is the concentration (mg L�1) of the solution at equi-
librium; qe is the equilibrium adsorption capacity (mg g�1); qm
is the maximum adsorption capacity (mg g�1); KL is the Lang-
muir isothermal constant (L mg�1); Kf is the Freundlich
isothermal constant (mg g�1) (L mg)1/n; and n is the factor
relating to the adsorption intensity.

The tting results of the adsorption isotherm models were
displayed in Fig. 4c and d. According to the R2 presented in
Table S4,† the Langmuir model (R2 ¼ 0.999) was much higher
than Freundlich model (R2 ¼ 0.833), indicating that the Lang-
muir equation could t the experimental adsorption data
better. The calculated adsorption capacity was 1016.9 mg g�1,
which was higher than other aerogels and most other materials
(as shown in Table 1). Especially, this adsorption capacity was
much better than that of walnut shell-based activated carbon
(315 mg g�1)36 and graphene oxide composite aerogel (578 mg
g�1),34 indicating that 4-HIF aerogel was a competitive candi-
date for wastewater purication.
Adsorption thermodynamics

To determine the adsorption nature, the adsorption thermo-
dynamics were studied. The effect of temperature on the sorp-
tion of MB onto 4-HIF aerogel at 303 K, 313 K and 323 K with an
initial concentration of 300 mg L�1 were investigated. The
enthalpies were calculated by Van't Hoff equations.38 The
Table 1 Comparison of the maximum adsorption values of adsorbents

Adsorbent

Amino-functionalised MOF
Agar/grapheme oxide composite aerogel
Graphene oxide/chitosan aerogel microspheres
Walnut shell-based activated carbon
Polydopamine microspheres
Core@double-shell structured magnetic halloysite nanotube nano-
hybrid
Rhamnolipid-functionalized graphene oxide
4-HIF aerogel

29776 | RSC Adv., 2019, 9, 29772–29778
enthalpy change (DH) and entropy change (DS) can be calcu-
lated from the equation:

ln
qe

Ce

¼ �DH

RT
þ DS

R
(8)

DG ¼ DH � TDS (9)

where qe (mg g�1) is the adsorption capacity, Ce (mg L�1) is the
MB concentrations at equilibrium, T is absolute temperature in
Kelvin (K), R is the universal gas constant (8.314 J mol�1 K�1).
The thermodynamic parameters were calculated and listed in
Table S5.† The DG values were negative at all the studied
temperatures, indicating the spontaneous adsorption nature
for MB. Importantly, the positiveDH value for MB indicated that
MB sorption onto 4-HIF aerogel was an endothermic process
and the adsorption capacities of MB presented a signicant
increasing trend from 968.8 to 1075.4 mg g�1 with the increase
of temperature values in the range of 303 K to 323 K.
Adsorption mechanism

The schematic process and adsorption mechanisms were
shown in Fig. 5 and summarized as follow. (i) According to the
adsorption results, compared with the neutral 4-HIF aerogel,
more than 8-fold improvement in qe was observed by using
alkaline ones, indicating pretreatment by NaOH before drying
was a critical process resulting in the prominent performance.
As mentioned above, Na+ could combined with indole through
cation–p interaction, hydroxide anion hydrogen bonds to the
indole amine, so the Na+–indole–OH� complex was formed
stably. Then, the negatively charged OH� could act as active
sites to adsorb dye molecules through CIE interaction. FT-IR
spectra of 4-HIF aerogel before and aer MB adsorption were
compared in Fig. S7.† The broad band at 3422 cm�1 before
sorption, assigned to N–H stretching vibrations, shied to
3403 cm�1 aer adsorption and the peak at 1632 cm�1 assigned
to N–H bending vibration shied to 1596 cm�1 overlapped with
the aromatic rings vibration of MB,37,39 suggesting participation
of the hydroxide anions in the adsorption process. (ii) Depro-
tonated –O– groups at 4-position of indole allowed for the
availability of a great number of adsorption sites for MB mole-
cules adsorption via electrostatic attraction. (iii) As MB is an
ideally planar molecule with aromatic backbone and 4-HIF
aerogel network also contain abundant aromatic rings, the p–p
for MB from this study with other adsorbents in literature

qm (mg g�1) Temperature (K) Ref.

762 303 35
578 313 34
584.6 298 16
315 298 36
98.82 318 29
714.29 318.15 8

529.1 298 37
1016.9 303 This work
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Fig. 5 (a) Schematic of adsorption process of MB. (b) Proposed
mechanism for the removal of MB by 4-HIF aerogel.

Fig. 6 (a) Temporal evolution of UV-vis spectra of dye mixture con-
taining MO and MB; (b) removal efficiency of 4-HIF aerogel towards
MB in real water samples in the presence of other common
contaminant.

Fig. 7 (a) Mechanism for desorbing MB by 4-HIF aerogel and sche-
matic of regeneration process. (b) Regeneration efficiency of 4-HIF
aerogel for MB by ethanol, 0.1 M HCl/ethanol.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 1

0/
25

/2
02

5 
8:

33
:1

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
interactions could occur between MB molecules and 4-HIF
network. As shown in Fig. S7,† the characteristic adsorption
peaks of MB at 825, 881 and 1591 cm�1 ascribed to the aromatic
rings shi to 828, 883 and 1596 cm�1, respectively. Density
functional theory (DFT)40–43 calculations were performed and
the result was shown in Fig. S8.† A correlation distance at 3.239
Å of MB to indole plane was obtained. This result also conrms
the presence of p–p interaction as each carbon atom in indole
has a p electron orbit which is perpendicular to the surface, and
MB molecules containing C]C double bonds and benzene
rings with p electrons could form p–p bond with indole plane.37

In all, the synergistic effects of CIE, electrostatic interaction and
p–p interaction play a key role indicative of the efficient MB
removal by 4-HIF aerogel.

Selectivity

In order to investigate the selectivity of 4-HIF aerogel, we choose
MB and methyl orange (MO) as model compounds for cationic
dyes and anionic dye respectively. 40mL dyemixture containing
10 mg L�1 MO and 10 mg L�1 MB at natural pH in the presence
of 3 mg 4-HIF aerogel was monitored by UV-vis spectropho-
tometer (Fig. 6a) at room temperature. Aer 60 min, about
92.6% of MB was selectively separated with negligible MO being
adsorbed. 4-HIF aerogel has a strong affinity for positively
charged MB owing to the strong electrostatic interaction and
particularly low affinity for negatively charged MO attributed to
electrostatic repulsion. The results indicate 4-HIF aerogel has
superior selectivity, suggesting the great potential for selective
separation of cationic dyes.

Application of 4-HIF aerogel to real water samples

To assess the practical application of this material, we applied it
for determination of in natural water samples. Common heavy
This journal is © The Royal Society of Chemistry 2019
metals (Pb2+, Ag+, Mn2+, Co2+ Hg2+) and MO, MB were spiked to
100-fold diluted river water and the removal performance were
evaluated. As can be seen from Fig. 6b, the removal percentage
reaches up to 88.6% for MB while the negligible removal effi-
ciency of other contaminants were observed. All these results
suggested 4-HIF aerogel is qualied for practical application in
integrative and efficient treatment of coexistent toxic pollutants.
Desorption and regeneration

For the desorption study, the saturated MB-loaded 4-HIF aero-
gel were easily regenerated by washing with ethanol and 0.1 M
HCl. As can be seen in Fig. 7a, 0.1 M HCl was added to destroy
the hydrogen bond between the indole amine and hydroxyl
anion, the hydroxyl anions were neutralized and the electro-
static interaction was broken instantly. Subsequently, the des-
orbedMBmolecules were easily extracted by ethanol from the 4-
HIF aerogel network. In addition, moderate heating at 50 �C was
also favorable for improving the regeneration efficiency. Aer
desorption, NaOH treatment was performed to yield alkaline 4-
HIF aerogel for reuse. Five cycles of adsorption–desorption were
completed and the results were presented in Fig. 7b. Obviously,
the MB loaded 4-HIF aerogel could be efficiently regenerated by
ethanol solutions with hydrochloric acid and 75% capacity
maintained aer ve cycles. All these results suggested the
stability and reusability of 4-HIF aerogel in potential practical
applications.
RSC Adv., 2019, 9, 29772–29778 | 29777
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Conclusions

In summary, a new type of indole-based 4-HIF aerogel has been
rationally designed and successfully synthesized through a facile
polymerization followed by ambient dryingmethod. The SEM result
show that the 4-HIF aerogel possesses highly crosslinked three-
dimensional porous network favorable for dye penetration and
adsorption. The 4-HIF aerogels exhibit outstanding remediation
performance towards MB from contaminated water based on the
synergistic effects of CIE, electrostatic interaction and p–p inter-
action. The adsorption of MB onto the 4-HIF aerogel was sponta-
neous and endothermic which possess high removal efficiency, fast
adsorption kinetics, as well as ease of separation operation. More-
over, saturated 4-HIF aerogel can be regenerated easily by ethanol
with 0.1 M HCl solution and maintained desirable recycling
stability and reusability. We expect that this original research would
lead to the development of advanced water purication techniques.
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