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A B S T R A C T

Structural hierarchy plays an important role in nature and for functional materials with tunable
properties and high efficiency. As novel candidates for oily water treatment, hierarchical porous silica
materials have been intensively investigated over the past decades, while the favorable regulation of the
hierarchical porosity remains a challenge. Herein, a facile approach for synthesis of MWCNTs-silica
aerogels with three dimensional (3D) interconnected networks via acid-base sol-gel process and
hydrophobic treatment was proposed. CNTs are incorporated into the network to strengthen the
hydrophobicity and strength of composite aerogels with outstanding porosity and lipophilicity
properties. The as-made composite aerogels exhibits abundant meso-sized pores, thereby contributing
to the excellent adsorption performance of 24.42 g diesel per gram for the first use, the adsorption
capacities reduced by about 30% after 15th regenerations. In continuous oily water treatment, aerogels
showed an oil adsorption capacity of 15.13 g/g. The pores among the aerogel and the interspace between
aerogel fragments are the key adsorption sites determining the adsorption capacities of the composite
aerogel. The first use of aerogel-based water treatment herein opens up new perspectives on the effective
method of adsorption with promising application in environmental protection.

ã 2016 Published by Elsevier Ltd.

1. Introduction

In recent years, with the rapid development of oil and gas
industry and the occurrence of oil spilling in nature, large amount
of oily sewage contained toxic compounds will cause irreversible
damage to the natural environment and destroy the equilibrium of
ecosystem [1–4]. Therefore, it is urgent to develop an efficient way
for the treatment of oily waste water. Nowadays, the conventional
oily water treatment techniques include chemical method,
biological method and physical method. [5] The physical adsorp-
tion method has aroused widely attention from the researchers
due to its simple, fast and effective features [6–8]. However, the
notable limitation of the physical adsorption is the low adsorption
capacity and poor reusable performance of adsorbents [9–11].
Therefore, fabrication of new kinds of absorbents with excellent
properties, such as facile synthesis route, high adsorption capacity
and reusable performance, is the key to realize large-scale waste
water treatment [12–14].

As promising candidates for various environmental pollution
treatments, aerogels are characterized by low density, high

porosity, large surface area, low acoustic impedance, low thermal
conductivity and high adsorption capacities [15–17]. Among the
various kinds of aerogels, silica aerogels have been intensively
investigated for decades because of their porous properties and
facile preparation process [18]. Ma et al. [19] synthesized the
chitosan-silica aerogels with hexamethyldisilazane as hydropho-
bic precursor through sol-gel process, and the adsorption capacity
of the aerogel could reach 16 g/g for n-hexane. Sai et al. [20]
prepared the bacterial cellulose-silica aerogel and it could adsorb
vegetable oil at 6 times of its own weight. Nevertheless, these
adsorption methods and capacities are not economic and feasible
enough for industrial oily waste water purification [21,22].
Furthermore, ideal adsorbents should have the structural stability
which is essential for reusable performance [23,24].

The oily water adsorption treatment has been conducted by
some natural materials [25,26], like walnut, wool fiber and
ceramsite, while these materials have the major defects of poor
lipophilicity, which lead to low-efficiency in water treatment [27].
In recent years, with the advent of nanotechnology, especially the
carbon nanotubes (CNTs) synthesized on large scale [28], bring us
ingenious idea for water purification [29–31]. Owing to the
excellent porous structure, CNTs have been reported previously in
the treatment of polluted water. However, the powder-like CNTs* Corresponding author.
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are limited in recycling and prone to wander in the air [32,33].
Therefore, the combination of CNTs with aerogel offers us a new
strategy of monolithic adsorbent to implement the water pollution
control.

Considering the drawbacks of powder CNTs adsorbents[34–36],
multi-walled carbon nanotubes (MWCNTs) worked as reinforce-
ments to strength silica aerogel. And thus porous MWCNTs-silica
aerogel was first adopted as adsorbent in this work. The as-made
composite aerogel exhibits hierarchical porous structure with
abundant vacancies, rendering it a high-efficiency adsorption
capacities. The relationship between materials porosity and
adsorption capacities were elucidated. The crosslinking between
CNTs and silica matrix were explicitly analyzed by morphology
observation and ultraviolet–visible spectroscopy analysis. In
addition, porosity characteristics, thermal stability and crystal
structure analysis were systematically measured. Except static oil
adsorption ability investigation, continuous oily water treatment
was also conducted for the first time. It is believe that such aerogel-
based oil absorbent will have great potential for industrial
applications and environmental protection.

2. Experimental

2.1. Materials and reagents

Multi-walled carbon nanotubes (MWCNTs, purity > 95%), work-
ing as the skeleton of MWCNTs-Silica, were provided by Tsinghua
university [37]. Tetraethoxysilane (TEOS, >99%) and Trimethyl-
chlorosilane (TMCS, >99%) were purchased from Xiya Reagent Co.
Ltd., China. Kerosene, gasoline, diesel and straight-run diesel were
purchased from a refinery of China National Petroleum Corpora-
tion at Qingdao, China. All other reagents used in this study,
including hydrochloric acid (36%, w/w), sulphuric acid (98%, w/w),
NH3�H2O (17%, w/w), n-hexane(AR), and ethanol (EtOH) (AR) were
purchased from Sinopharm Group Co. Ltd., China. Milli-Q water
was used through the study, unless otherwise stated.

2.2. Instrumentation

Transmission electron microscopy (TEM) (JEM-2100UHR,
Japan) and field emission scanning electron microscopy
(FE-SEM, S4800, Japan) were used to investigate the structure
and morphology of as-obtained samples. The FT-IR spectra were
recorded on the Fourier transform infrared spectrometry (Thermo
Nicolet NEXUS 670, USA) with KBr pellets with scanning range of
4000 � 400 cm�1.The XRD analysis was carried out on an X-ray
diffractionmeter (X’Pert PRO MPD, Holland) using Cu Ka radiation
(k = 1.518 Å). The UV absorption spectra were acquired on a
spectrophotometer (Shimadzu UV3600). The pore structure was
investigated on the basis of low temperature nitrogen adsorption–
desorption isotherms on a sorptometer (Micromeritics, ASAP 2020,
America). The thermal stability of the samples was measured with
a thermogravimetric analyzer (TG, DSC Q100, USA), a 4 � 5 mg
sample was placed in a platinum pan and heated to 800 �C under a
nitrogen atmosphere at a heating rate of 10 �C/min. The contact
angle between aerogels and water was measured using contact
angle analyzer (HARKE-SPCA, China), water droplets were
deposited directly at the top surfaces of EGA, and the water
contact angles (WCAs) were measured. An oil content spectrome-
ter (IR petroleum determination instrument, China) was employed
to determine the concentration of oil before and after adsorption
by using CCl4 as extract.

2.3. Procedure

2.3.1. Preparation of carboxylic carbon nanotubes
Carboxylic carbon nanotubes were synthesized by the oxidi-

zation of HNO3. Briefly, 500 mg of pristine MWCNTs were added to
120 ml of concentrated HNO3 under stirring in a flask at the
temperature of 90 �C for 6 h. Then the mixture cooled down to the
room temperature. The generated solid carboxylic carbon nano-
tubes was separated by centrifugation, washed, and dried under
vacuum.

Fig. 1. Schematic illustration of the synthesis route for the composite aerogels.
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