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Abstract

Multi-walled carbon nanotubes (MWCNTSs) have aroused widespread attention as a new type of adsorbents due
to their outstanding ability for oil adsorption. In this work, the effects of recycling method, different types oil, metal
ions and surfactants on the adsorption capacity and reuse performance of MWCNTSs were investigated. The results
showed that with the increase of the number of reuse, oil adsorption ability of MWCNTSs decreased and stabilized
gradually. Through the study on the methods of oil removing from MWCNTs and re-adsorption performance of
MWCNTs, it was found that the re-adsorption capacity of incinerated MWCNTs is higher than those extruded ones.
This may due to the destruction of the gap between carbon nanotubes during the extrusion process, which leading to
lower oil adsorption capacity. The oil adsorption capacity on the extruded MWCNTs increased with the increase of
carbon chain length of the oil, while that on the incinerated ones decreased. With the existing of mental ions and
surfactant, it was found that the oil adsorption capacity increased with the increasing of ions and surfactant
concentration.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Water plays an important role in oil and gas production, particularly in aging oil fields and unconventional tight-
gas, shale-gas, and coal-bed fields where the injection of high pressure water is needed to improve productivity.
When the injected water, together with water already in the geological formation, flows back to the surface, it is
contaminated with oil droplets and dissolved hydrocarbons from the contact with oil and gas reservoirs 11, Moreover,
the rapidly growing refining, transportation and exploitation of crude oil have led to an increasing risk of oil
contamination for water. Oil-contaminated water can cause widespread contamination and severe ecological
problems, including nearly irreversible damage to ecological systems, and also represents a great loss of energy
resources’”, Treatment of oil-contaminated water remains a challenge to environmental scientists and technologists.
Various techniques have been proposed and used for oil-contaminated water recovery, including physical sorption
by porous sorbent materials, mechanical recovery by oil skimmers, in situ burning, physical diffusion (aided by
dispersants), and biodegradation®*,. Among all the existing techniques used for oil-contaminated water treatment
physical sorption is a popular technique because it is cheap, simple and effective ['!. Therefore, much attention has
been paid to developing inexpensive, practical sorbents with potential applications in spilled oil clean up. An ideal
sorbent material working in water environment should be hydrophobic and oleophilic to render selectivity, and has a
high oil sorption rate and capacity ©*). The sorbent materials used for oil-contaminated water clean-up can be
classified into three typical groups: synthetic polymers, natural fiber materials and inorganic minerals. Synthetic
polymers, such as polyurethane ', polypropylene and butylrubber ' have been widely used due to their
hydrophobic and oleophilic characteristics. However, their very slow degradability is a major disadvantage. Natural
fiber materials usually show relatively low sorption capacities and are mostly hydrophilic, e.g. corn stalk ™/, pith
bagasse ), nonwoven wool!'*'"!and cotton fibers. The inorganic minerals include vermiculite, exfoliated graphite,
sepiolite, zeolites, etc. . Carbon nanotubes (CNTs) have a unique one-dimensional structure, large specific surface
area, and are oleophilic and hydrophobic. As sorbent material, carbon nanotubes exhibit excellent adsorption
capacity and cyclic compression property 127,

However, despite the various mentioned applications of CNTs, there are few reports focusing on using CNTs in
the oil-contaminated water recovery. In this paper, the multi-walled carbon nanotubes (MWCNTSs), which were
synthesized in a fluidized bed reactor, were used as adsorbent. The influence of different types of oil, metal ions and
surfactants on the adsorption capacity and reuse performance of the MWCNTSs were investigated in this work.

2. Experimental and Materials
2.1. Materials

MWCNTs, supplied by Fluidization Laboratory of Tsinghua University, with purity being more than 95%,
ID<20nm, the detail preparation method and performance of which were reported by Yu et al. '* Gasoline, with
distillation range of 78-106°C;kerosene, with distillation range of 170-240°C; diesel oil NO.1, with distillation range
of 186-318 °C ; diesel oil NO.2, with distillation range of 141-335 °C.

2.2. Experimental

In this paper, similar experimental method reported by Fan et al. ' was used. To investigate the oil adsorption
and reusing performances of the MWCNTSs, about 0.2 g of MWCNTSs was loaded to a 5ml injection syringe
(medical equipment), to accomplish the oil adsorption process. And removing of the adsorbed oil is realized through
pushing the top of the padding, with a gas pressure of 0.80MPa through a nitrogen gas cylinder or through burning
the MWCNTs at 240 °C. The oil sorption process of MWCNTSs was designed as follows,

(1) 0.2 g MWCNTSs were directly put into the injection syringe (5ml), then excess oil (gasoline, kerosene,
diesel oil No.lor diesel oil No.2) was added and kept for 2 h.

(2) The syringe was hanged for 2 h in order to drip off the excess oil. The recovery of adsorbed oil from
MWCNTs was carried out by squeezing the piston of syringe under the pressure of 0.80MPa until no oil dropped. At
this point, the oil remaining in the syringe may be considered as all adsorbed on the MWCNTSs. The MWCNTSs
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sorption capacities were calculated as Q=m/M, where m is the weight of the oil absorbed and M is the initial weight
of MWCNTs. This cycle of sorption and recovery was repeated several times to determine the recycling
performance of MWCNTs.

(3) To compare, heat treatment method was also used to investigate the recycling performance of MWCNTs.
Repeat step (1), and then the syringe was hanged for 2 h in order to drip off the excess oil, the total weight
designated as m,. After that, put the saturated adsorbing MWCNTSs in muffle furnace under 240 °C to reach a
constant weight, m,. The weight of adsorbed oil was calculated as m,;- m,. This cycle of sorption and recovery was
repeated several times..

3. Results and Discussion
3.1. Effects of different types of oil on the adsorption properties of MWCNTs

The adsorption capacity and reuse performance of MWCNTs for gasoline, kerosene, diesel oil NO.1and diesel oil
NO.2 were investigated in this work. Observations on the adsorption capacity and reuse performance of MWCNTSs
were conducted by machinery extrusion method and incineration method, respectively. The oil sorption capacities
and recycling performance of MWCNTs are shown in Fig.1and 2.
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Fig. 1 Oil adsorption capacities for extruded MWCNTs Fig. 2 Oil adsorption capacities for incinerated MWCNT

The results in Fig.1 and 2 shows that with the increase of the number of reuse, the oil adsorption ability of
MWCNTs decreased and tend to stabilized gradually, for both the extrusion and incineration recovery methods. It
was found that the re-adsorption capacity of incinerated MWCNTs is higher than those extruded ones. This may due
to the destruction of the gap between carbon nanotubes during the extrusion process, leading to lower oil adsorption
capacity. In order to observe the changes in the structure of MWCNTSs before and after the process of extrusion and
incineration, a scanning electron microscope (SEM) analysis has been done.

The SEM images, see Fig.3 (a) and (b), show that the void structure of MWCNTs was destroyed significantly,
from the loose structure initially to the relatively compacted felt sheet type. However, as shown in Fig.3 (c), there is
no significant change in the structure of the MWCNTSs when kerosene removed through incineration, with little
change of the void structure among the MWCNTSs. The significant change of the void structure among carbon
nanotubes after extrusion leads to the decline of oil absorption capacity.

At the same time, it can be seen from Fig. 1 that for gasoline, kerosene, diesel oil No.1 and diesel oil No.2, the
adsorption capacities on the extruded MWCNTs increased with the increasing of carbon chain length of the oil. This
is because the different organic molecules have different adsorption mechanism when adsorbed on MWCNTs. First,
molecular size and shape determine the availability of different adsorption sites on MWCNTs. And for organic
chemicals, larger molecules have higher adsorption energies *”. Molecules, especially the larger ones, can twist
themselves so that they match with the curvature surface, thus forming stable complexes with the CNTs '], So the
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oil adsorption capacity of MWCNTSs increased with the increasing of average molecular weight of the oil, because
the average molecular weight of gasoline, kerosene, diesel No. 1 and diesel No.2 increase sequentially. Furthermore,
the functional groups of organic chemicals also influence the adsorption capacity of MWCNTSs. Each carbon atom in
a CNT has a 7 electron orbit perpendicular to CNT surface **!. Therefore, organic molecules containing 7 electrons
can form 7- bonds with CNTs, such as organic molecules with C=C double bonds or benzene rings > 2%, The most
widely recognized influence of organic chemical functional groups on organic chemical-CNT interactions is on the
electron-donor-acceptor (EDA) m-m interaction. The adsorption correlated affinity with the functional groups
increased in the order of nonpolar aliphatic < nonpolar aromatics < nitroaromatics for CNTs.*”! As well known, the
content of aromatic compounds and asphaltenes in gasoline, kerosene, diesel NO.land diesel NO.2 increases
sequentially. So adsorption capacities for MWCNTs increased with the increasing of carbon chain length of the oil.

Fig. 3 The SEM of MWCNTs. (a) Primary MWCNTSs (b) MWCNTs after adsorption of kerosene and extrusion (¢c) MWCNTs after adsorption of
kerosene and incineration (d) MWCNTSs after adsorption of diesel oil No.2 and incineration

It is found from Fig.2 that the incinerated MWCNTSs were successfully reused for the adsorption of gasoline,
kerosene, diesel No.1 and diesel No.2, showing a stabilized capacity of 10.5g/g. 11g/g. 9.5g/g and 8.0g/g. For the
incinerated MWCNTs, the oil adsorption capacity decreased with the increase of carbon chain length of the oil.
Comparing with Fig.1, it can be found that the re-adsorption capacities of the incinerated MWCNTs for gasoline,
kerosene and diesel are higher than those extruded ones. However, when reused for diesel No.2 adsorption, the
adsorption capacity is much lower for the incinerated MWCNTSs than those extruded ones. This may because more
coke was produced in the process of ignition for diesel No.2, which contains more aromatics, asphaltenes and other
ingredients than other kinds of oil. (To eliminate the effects of temperature, all the oil was incinerated under 240 °C.
This incineration temperature may not fit for diesel No.2). A SEM analysis has been done for the MWCNTs after
the adsorption of diesel No.2 and incineration, as shown in Fig. 3(d). Comparing Fig. 3(d) with (a) and (c), it can be
obviously seen that for the MWCNTs after adsorption of kerosene and incineration, only a small part of the coking
material remained on the surface of MWCNTs, with the gap structure and adsorption sites remained intact. However,
from Fig3 (d), it can clearly be seen that the MWCNTs after adsorption of diesel No.2 and incineration, the void
structure of carbon nanotubes was almost covered by coking materials, which lowered the adsorption capacity
seriously. Analysts believe that heavier oil can contribute to more serious cocking, so the oil adsorption capacity
decreased with the increase of carbon chain length of the oil.
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3.2. Effects of different metal ion on the oil adsorption properties of MWCNTs

According to the characteristic of oilfield wastewater, the effect of metal ions on the oil adsorption capacity of
MWCNTs was also observed preliminarily. In this study, the calcium and magnesium ions were selected, which are
the most common metal ions in oilfield wastewater.
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Fig.4 The influence of metal ions on different oil adsorption capacities on MWCNTs. (a), (b) and (c) the effects of calcium ion content on
adsorption capacity of kerosene, diesel No.1 and diesel No.2, respectively. (d),(e) and (f) the effect of magnesium ion content on adsorption
capacity of kerosene, diesel No.1 and diesel No.2 , respectively.

The effects of different ion content on the adsorption capacity for kerosene, diesel No.1 and diesel No.2 were
investigated. During the experiment, the MWCNTSs were soaked using a calcium chloride or magnesium chloride
solution with certain metal ion content for 1h before the adsorption of oil. After the oil adsorption, the MWCNTs are
extruded for de-oiling and then repeat the salt soaking and oil adsorption process. From Fig.4 it can be clearly seen
that with the existing of metal ions, the oil adsorption capacity of multi-walled carbon nanotubes increased with the
increasing of ion concentration. It is expected that the presence of metal ions can bridge organics and the functional
groups on MWCNTs, compress the double layer and neutralize the negative charges of organics, and thus weaken
the repulsion between organics molecules, and between organics and CNTs 2529,

3.3. Effects of Surfactants on the oil adsorption properties of MWCNTs

Currently, with the development of enhanced oil recovery, surfactants were widely used. Therefore, the oilfield
wastewater contains a large amount of surfactants. In this paper we select petroleum sulfonate as the research object
and investigate the effect of different petroleum sulfonate concentrations on the adsorption capacity of MWCNTs
for kerosene and diesel NO.1.
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Fig.5 Influence of different surfactants content on Fig.6Influence of different surfactants content on diesel NO.1
kerosene adsorption capacity(extruded MWCNTs). adsorption capacity(extruded MWCNTs).

During the experiment, the MWCNTs were soaked using a petroleum sulfonate solution with certain surfactants
content for 1h before the adsorption of oil. After the oil adsorption, the MWCNTSs are extruded for de-oiling and
then repeat the surfactants soaking and oil adsorption process. Fig.5and 6 shows the effects of different surfactants
concentration on kerosene and diesel NO.1 adsorption under the extrusion method. From the two figures, it can be
seen that with the existing of petroleum sulfonate, the oil adsorption capacity of MWCNTSs increased with the
increasing of surfactants concentration. This may because the organic chemical-CNT interactions could be
remarkably altered by the surfactants solution.Surfactants can disperse CNT bundles and make more adsorption sites
available for adsorbates, and thus organic chemicals were able to interact more strongly with CNT surfaces in the
presence of surfactants than without surfactants ',

4. Conclusion

(1) The re-adsorption capacity of incinerated MWCNTs is higher than those extruded ones. The oil adsorption
capacity on the extruded MWCNTs increased with the increasing of carbon chain length of the oil, while that
on the incinerated ones decreased.

(2) The oil adsorption capacity of MWCNTs increased with the increasing of metal ions and petroleum sulfonate
content.
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