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ABSTRACT: Graphene with amine group was covalently grafted on the polyurethane foam with nitrile group to form superhydropho-
bic foam. Fourier transform infrared spectroscopy (FTIR), atomic force microscopy (AFM), thermogravimetric analysis (TGA), opti-
cal contact angle measuring device, and scanning electron microscopy (SEM) were used to characterize the foam, showing the
dodecane diamine was successfully grafted onto graphene oxide and the graphene oxide modified by dodecane diamine was success-
fully grafted onto polyurethane foam. Moreover, the modified foam exhibited a high contact angle (159.1 = 2.3°) compared to
unmodified foam (121.4 = 3.2°). And that is due to the foam modified by amidation of graphene oxide can enhance the surface
roughness and reduce the surface energy of the foam. Owing to modified foam was extremely hydrophobic and preferentially
adsorbed oil other than water, the sorption capacity of the modified foam for toluene, gasoline, and diesel is 41, 27, and 26 g/g,

respectively. © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000-000, 2013
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INTRODUCTION

Oil leaking during the process of oil exploring, transportation,
storing, and using usually imposes a series of problems on the
environment."* To avoid the adverse impacts of oil spills on
environment, there is an urgent need to develop a wide range
of techniques for cleaning up spilled oil effectively. The conven-
tional treatments of oil spill include usages of oil dispersant, oil
gelling agent, and oil sorbent.”” Among the existing urgent
techniques, the use of sorbents is generally considered to be one
of the most promising countermeasures because it can effi-
ciently remove/recover oil from the water surface.>” Thus, effec-
tive sorbent is of great interest. The traditional polyurethane
foam has characteristics of high adsorption rate, low density,
and easily scalable fabrication. However, it usually absorbs both
water and oils.'®"" Recently, surfaces with superhydrophobic
property have attracted considerable interest in the field of oil-
water separation because they only absorb oil while repel water
completely.'' ™"

Graphene is a two-dimensional carbon nanofiller with a one-
atom-thick planar sheet of sp® bonded carbon atoms densely
packed in a honeycomb crystal lattice, has attracted much atten-
tion since its discovery by Novoselov et al.'® It is regarded as

“the thinnest material in the universe” with remarkable proper-
ties, such as high thermal conductivity, superior mechanical
properties and excellent electronic properties.'>>* Except for
the advantages mentioned hereinbefore, graphene materials have
recently been reported to possess exciting hydrophobic proper-
ties.'>?*?7 It is clear that the superhydrophobic surface can be
obtained by modified graphene oxide, suggesting the potential
application in superhydrophobic coating. However, to the best
of our knowledge, few studies involving the graphene-based
materials with superhydrophobic properties have been reported
to date, only Tai and co-workers reported that foam was coated
with a functionalized graphene oxide via a facile dip coating
method to prepare superhydrophobic foam."!

In this study, we first report an effective protocol to prepare
superhydrophobic foam with graft polymerization. The func-
tionalized graphene oxide with primary amine groups is directly
grafted onto the foam with nitrile group by in situ amidation
to prepare superhydrophobic foam. The foam was further char-
acterized through infrared analysis (FTIR-ATR), scanning
electronic microscopy (SEM), and contact angle meter. The
hydrophobicity of the modified foam was enhanced because of
grafting graphene oxide onto foam, which could increase the
surface roughness and decrease surface energy of the modified
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Table 1. The Recipe of the PU Foam Sample

Remarks

OH value = 0.56 mmol/g
Blowing catalyst

Ingredients Phr?

HTBN 100
Catalyst (Dabco 33LV) 3
Catalyst (DABCO T-9) 0.5
Surfactant (Niax L580) 4
Distilled water 2
1.05P

Gelation catalyst
Surfactant
Chemical blowing agent

Isocyanates NCO (wt %)=31.5

@Represents as parts per hundred of polyols by weight.
®NCO index is 1.05.

foam. The hydrophobicity of the modified foam increased with
the increasing of the surface roughness and decreasing of the
surface energy,'>** hence the performance of the modified foam
will be improved as sorbents of oil in aqueous conditions.

EXPERIMENTAL

Materials

Graphene oxide (GO) was supplied by Nanjing Jenano technol-
ogy Co., China. Ethanol and cyclohexane were all analytically
pure and purchased from Tianjin Damao Chemical Reagent
Co., China. 1,12-Dodecane diamine (DADD) was obtained
commercially from Zibo Guangtong Chemical Co., China.
Deionized water was prepared in laboratory. Hydroxyl-termi-
liquid  butadiene—acrylonitrile ~ rubber  (HTBN,
OH% = 0.56 mmol/g, nitrile group content 20 = 2.0%, provided
by Zibo Qilong Chemical Industry Co., China). Polymeric MDI
(Desmodur 44V20L, Polyurethane Raw Materials EMEA) was
used as the isocyanates. Other ingredients used for the prepar-
ing of foam were surfactant (Niax L580), catalysts triethylenedi-
amine (Dabco 33LV) and stannous octoate (DABCO T-9).
Deionized water was employed as the chemical blowing agent.
The recipe for the preparation of foam is shown in Table L
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Amidation of Graphene Oxide

First, 300 mg graphite oxide was dispersed by ultrasonication
and mechanical stirring in 150 mL deionized water in a three-
neck flask for 30 min at 25 * 3°C. Second, 150 mL ethanol con-
taining 600 mg DADD was added into the three-neck flask.
Afterward, the suspension was refluxed with mechanical stirring
for 20 h at 90°C."*** The resulting product (GO-DADD) was
diluted with 1000 mL ethanol and separated by filtration using
a nylon membrane (0.02 yum, Whatman), and then washed 20
times with ethanol to remove the physically absorbed DADD
Finally, GO-DADD was dried at 80°C overnight in an oven.'”
The reaction equation is described in Figure 1.

Preparation of PU Foam Sample

According to the recipes as given in Table I, the ingredients
were mixed in a high pressure foaming machine (JHPK-
IIIB235, provided by company profile of Beijing JingHua Park
Polyurethane Equipment Co., China.) at 45°C, and then
injected into a wooden mold on site (dimension: length-
X width X height =100 ¢cm X 50 ¢cm X 50 c¢cm) via the mixing
head of the high-pressure foaming machine (the injection pres-
sure was adjusted to 40 kg/cm®). The foam was taken out after
5 min, and allowed to cure for 10 min at room '[emperature.28
The skin layer (10 mm) of the prepared foam was removed,
and then cut sample with dimension of 2 cm X2 c¢cm X 2 cm.
The amount of isocyanates required for the reaction with dis-
tilled water and hydroxyl-terminated liquid butadiene—acryloni-
trile rubber was calculated from their equivalent weights. To
ensure the success of the reaction, an excess amount of isocya-
nates (NCO/OH = 1.05) was used.”® The preparation of polyur-
ethane foam is shown in Figure 2.

Grafting Procedure

First, 300 mg GO-DADD was dispersed in 150 mL mixture of
cyclohexane and ethanol (the volume ratio is 1 : 0) in a three-
neck flask with the aid of ultrasonication for 5 min. Subse-
quently foam samples (0.5 g) was added, and the three-neck

Figure 1. Schematic illustration of the reaction between GO and DADD.

J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.39406

WILEYONLINELIBRARY.COM/APP

©WILEY i ONLINE LIBRARY


http://onlinelibrary.wiley.com/

Applied Polymer

SCIENCE

R—OH + RN—(C=—Q ——» R—O0—C—NH—R

o

o}
R—N=C=0 ~|— HO —— = R—E—Q—OH

—» R—NH; | CO,

Figure 2. The chemical equation of the preparation of polyurethane foam.

flask was transferred to a oil bath (95°C) with magnetic stirring
and reflux condensation for 24 h to carry out the reaction.*
The end point of the reaction was determined by FTIR moni-
toring. When the absorption band of nitrile group at 2237
cm~ ! was disappeared, the reaction was ended. The modified
foam was washed for several times by the method of adsorp-
tion—disadsorption with ethanol, and then dried at 60°C under
vacuum for 48 h. The modified foam was named as
PU-DADD-GO. The grafting reaction scheme was shown in
Figure 3.

Characterization

Structural Analysis. The FTIR characterization was performed
at ambient temperature with an infrared spectrometer (Thermo
Scientific Nicolet 6700). Thermogravimetric analysis (TGA) was
measured on a thermogravimetric analyzer (Shimadzu DT-40,
Japan). Contact angle measurements were performed at ambient
conditions using DSA100 optical contact angle measuring
instrument (Germany cruise Co.,). Scanning electron micros-
copy (SEM; JSM-5900LV) was used to investigate the surface
morphology. The samples were covered with gold, and then the
samples were observed in a SEM instrument at an acceleration
voltage of 20 kV.

Sorption Capacity Test. The method developed for the mea-
surement of solvent and oil sorption capacity of the sorbent
was based on ASTMF726-99: Standard Test Method for Sorbent
Performance of Adsorbents. For solvent or oil sorption tests,
toluene, gasoline, and diesel (50 mL) was poured into three
100 mL beakers, respectively. The sorbent (foam) was weighed

H H
i ||
gl B . H My .. ... 'H _h
vw-c—wl-{'( g—](_' C -}x—(—c E—(H cl S N—Cwn
C=—=NH

Figure 3. Reaction scheme for grafting polymerization of DADD-GO
onto foam surface.
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and the value was recorded, then it was immersed into the oil.
In general, after 10 min * 10 s of immersion, the sorbent was
removed and allowed to drain for 60 £ 3 s. The saturated sor-
bent was then immediately transferred to a pre-weighed weigh-
ing bottle and weighed.® The solvent or oil sorption of sorbent
was calculated using the following equation:

Sorbed pollutant (g/g sorbent )= e ™ Mdry
Mdry

where mg,, is the initial dry weight of a sorbent and m, is the
weight of sorbent with solvent or oil absorbed. For water sorp-
tion tests, the sorbent was first weighed then placed into a
100mL beaker with 50 mL deionized water. In general, after
60min + 10 s of immersion, the sorbent was removed and
allowed to drain for 60 = 3 s, then immediately transferred to a
pre-weighed weighing bottle and weighed.®

Oil-Water Separation Capability of Foam. The oil-water
mixture was prepared as follows according to the method
described in Refs. 5 and 31. First, 8.42 g (10 mL) diesel oil was
poured into a 100 mL container with the volume of one liter
which contains ca. 50 mL NaOH solution (0.01 mol/L) as tracer
reagent, respectively. Second, the foam (modified foam or blank
foam) was first weighed and immerged into the oil-water
mixture for 10 min. Third, the total mass of the foam was
recorded. Fourth, the liquid absorbed by foam was detached by
centrifugation at a speed of 1000 rpm for 10 min. Finally, the
concentration of water in the detached liquid was determined
by acid-based titration.

RESULTS AND DISCUSSION

Synthetization of GO-DADD

The nucleophilic substitution reaction between the primary
amine groups of DADD and the epoxide groups of GO
occurred during the refluxing.'>** Figure 4 depicts the FT-IR
spectra of GO, DADD, and GO-DADD. The typical peaks of
GO appear at 1738 cm ™' (C=0O carboxyl stretching vibration),

GO-DADD

2919 2848

Tansmitance(%)
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Figure 4. The FTIR spectra of the GO, DADD, and GO-DADD. [Color

figure can be viewed in the online issue, which is available at

" 3500
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Figure 5. TGA curves of GO and GO-DADD. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

1632 cm” ! (C=C in aromatic ring), 1401 cm~ ' (C-OH stretch-
ing), and 1041 cm ! (C-O-C in epoxide).lz’24 In addition, the
wide peak appearing at 3000-3500 cm™ ' could be assigned to
the hydroxyl groups (—OH). While in the FT-IR spectrum of
GO-DADD, the two new peaks at 2919 and 2848 cm™' result-
ing from the —CH, stretching of the dodecyl chain implies the
existence of the dodecyl chain on GO-DADD.'*?* Furthermore,
a new peak at 1581 cm™' (N-H stretching vibration) appears,
indicating a new chemical bond was formed (-C-NH-C-) due
to the reaction between the epoxide group and the amine
group.'” These results suggest that the chemical reaction of
DADD with GO.'>** The schematic illustrating the functionali-
zation of GO with DADD is shown in Figure 1.

Figure 5 shows the TGA curves for GO and GO-DADD. Below
100°C, GO showed a gradual weight loss of ~16% due to
desorption of water, while, GO-DADD showed nearly zero
weight loss. The phenomenon indicates that GO modified by
DADD grafting can enhance the hydrophobicity of GO, that
minimizes the amount of absorbed water.'>**

GO-DADD Grafting onto Foam

The reaction scheme for the grafting polymerization of GO—
DADD onto foam is shown in Figure 3. The FT-IR characteriza-
tion can help determine the end point of the reaction at which
the signal of the nitrile group (C=N) disappears. The IR spectra
of blank PU foam and modified PU foam are shown in Figure
6. In Figure 6, the nitrile group signal of the blank foam sample
(PU) appears at around 2237 cm™ ', whereas in the modified
foam sample (PU-DADD-GO), the peak at 2237 cm™' disap-
pears and a new peak appears at around 1645 cm™' which is
the characteristic peak of (N-C=N) in PU-DADD-GO.”® All
these results support the reaction of GO-DADD with foam,
which undoubtedly indicates that the GO-DADD was grafted
onto foam.

In order to study the GO dispersion in PU foam, the morphol-
ogy of all the foam samples was characterized by scanning elec-
tron microscopy (SEM). The SEM images of foam samples are
shown in Figure 7. The surface characteristics of the modified
foam (PU-DADD-GO) rendered homogeneous dispersion of
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amidation of graphene oxide sheets (GO-DADD) in foam sur-
face as shown in Figure 7(c), resulting from the successful graft-
ing on foam by functionalized GO with DADD chains. The
bright regions are attributed to the GO sheets for their high
conductivity.*® It is obviously inspected that the bright regions
are well-distributed in foam surface (dark region) without con-
gregation. To compare the effects of grafting copolymerization
on the GO dispersion, foam sample was modified by coating
with GO using a facile dip coating method as reported in
Ref. 11, and the foam was named as GO-coated foam. In
Figure 7(b), there exists obvious aggregation in GO-coated
foam surface, due to the unmodified GO has a poor compatibil-
ity with the foam and unevenly disperses in foam surface.”>*
While, the homogeneous dispersion of functionalized GO on
modified foam (PU-DADD-GO) is ascribed to graft copoly-
merization between foam and amidation of graphene oxide,
which enhanced the interfacial interaction between GO and
foam matrix. What’s more, the enhanced interfacial interaction
between GO and foam matrix may be beneficial for the foam to
maintain its hydrophobicity.

The Hydrophobicity of the Modified Foam

The surface energy and surface roughness has greatly influenced
the hydrophobicity of materials.'>**** However, it is difficulty
to measure the value of the surface energy and surface rough-
ness of the foam due to its porosity. So, the pure polyurethane
elastomer and the modified polyurethane elastomer by func-
tioned GO is prepared as reported in Refs. 34-36 to study the
effect of GO on the hydrophobicity of polyurethane elastomer.
The surface energy of polyurethane elastomer was measured by
DSA100 optical contact angle measuring instrument, the value
of the pure polyurethane elastomer and the modified polyur-
ethane elastomer is 48.2 and 29.7 mJ/m?, respectively. To deter-
mine the average roughness, we used atomic force microscope
(AFM) to measure the pure polyurethane elastomer and the
modified polyurethane elastomer by GO. Figure 8 shows the 3D
image of the pure polyurethane elastomer and the modified pol-
yurethane elastomer. The modified polyurethane elastomer
showed an average mean square roughness (Ra) of ~0.73 nm.

PU-DADD-GO

5 i
3 iy 1645 \/;
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Figure 6. The FTIR spectra of the blank foam and modified foam (PU-
DADD-GO). [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 7. Typical SEM images of (a) the blank foam, (b) the GO-coated foam at a loading of 14.2%, (c) the modified foam (PU-DADD-GO) at a load-
ing of 12.1%, and (d) the GO grafted on the modified foam (PU-DADD-GO) with higher magnification.

0.00

0.00

Figure 8. The AFM images of (a) pure polyurethane elastomer and (b) modified polyurethane elastomer. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]
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Figure 9. The optical image of a water droplet on (a) blank foam, (b) the GO-coated foam, and (c) the modified foam (PU-DADD-GO). [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

This surface roughness is much higher than that of the pure
polyurethane elastomer, which has a Ra of ~0.36 nm. The
above results indicate that the hydrophobicity of the modified
polyurethane elastomer was enhanced due to the adding of GO
into polyurethane elastomer, which could increases the surface
roughness and reduce the surface energy.

The effects of surface energy and surface roughness on the
hydrophobicity of the modified foam are confirmed by the con-
tact angle measurements. In Figure 9, the water contact angle of
blank foam is 121.4*3.2°. While the contact angle of
GO-coated foam is 155.3 =2.4° due to the foam coated by
amidation of graphene oxide, which can enhance the surface
roughness and reduce the surface energy of the foam as men-
tioned above. However, for PU-DADD-GO, one interesting
phenomenon worth noting is that the water droplet could not
fall down during our experiment due to the hydrophobicity of
the modified foam is too strong to absorb the water droplet. To
get the contact angle value, we knock the needle to let the drop
fall down (Supporting Information Video). In Figure 9(c), the
contact angle is 159.1 £2.3°, higher than blank foam and
GO-coated foam, which is due to the well-distributed hydro-
phobic graphene nanosheets in the micro-porous of the foam.
Meanwhile, the micro/nano-textured structure of the hydropho-
bic graphene nanosheets in conjunction with the micro-porous
structure of the foam creates a dually roughened surface; this
special structure is benefit for the formation of superhydropho-
bic surface.

Oils Sorption Capacity of Foam
Modified foam (PU-DADD-GO) shows superior performance
in absorbing toluene, gasoline, and diesel (Figure 10). The
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sorption capacity of the modified foam for toluene, gasoline,
and diesel is 41, 27, and 26 g/g, respectively. Compared with
blank foam, the sorption capacity of modified foam (PU-
DADD-GO) increased 7.9% for toluene, 3.8% for gasoline, and
8.3% for diesel oil. This phenomenon is a result of an increased
the interaction force between the modified foam and oil com-
pared with blank foam.

Oil-Water Separation

In Table II, the modified foam (PU-DADD-GO) exhibited little
water pickup in oil-water system, this is due to the high hydro-
phobic property of the modified foam. The result demonstrates
that the modified foam has excellent hydrophobicity compared
to blank foam, indicating that the modified foam could be
applied as efficient oil sorbent for spill emergency treatment.

40 4 777 Blank foam

| PU-DADD-GO
354
304
254

204

Sorbed pollutant (g/g foam)

15 4

10 -

Toluene
Figure 10. The maximum sorption capacities of blank foam (PU) and
modified foam (PU-DADD-GO) for various pollutants.

Gasoline Diesel oil
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Table II. The Separation Effect of Foam
Liquid collected from
foam Reclaim
Quality Qil content ratio of
Samples (9) (wt %) oil (%)
PU-DADD-GO (0.52 g) 8.73 98.6 93.8
Blank foam (0.49 g) 11.32 53.5 68.9

CONCLUSIONS

In this study, the possibility of using foam modified by grafting
with amidation of graphene oxide as a sorbent material for the
recovery of oil spills was investigated. In contrast to the blank
foam, the water sorption of modified foam (PU-DADD-GO)
was reduced due to its superhydrophobic surface, meeting the
requirements for environmental protection of aqueous system.
The sorption capacity of modified foam for toluene, gasoline,
and diesel is higher than blank foam. Therefore, the modified
foam might be a promising substitute for the conventional
sorbents used in the large-scale removal of oil spills or organic
solvents from water surfaces.
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