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Abstract.1 Herein, we present a green, simple and cost-
effective method to change hydrophilic melamine 
formaldehyde (MF) foam to hydrophobic carbon 
nanotubes (CNTs) coated MF foam through an immersion 
process. The MF foam was produced from the MF resin 
which was synthesized in a laboratory by a condensation 
reaction between melamine and formaldehyde under 
alkaline condition with a molar ratio of melamine to 
formaldehyde of 1:3. The MF foam has an open-cell 
structure with the average pore diameter of 350 µm, 
density of 25 kg·m-3 and porosity of 98 %. The as-
prepared CNTs-coated MF foam exhibits high sorption 
capacity (23–66 g/g) for oils and organic solvents, good 
recyclability and high selectivity. 
 
Keywords: carbon nanotube, melamine foam, melamine 
formaldehyde, oil spills, sorbent material. 

1. Introduction 

Oil spill accidents from the exploration, produc-
tion, transportation, storage and utilization activities 
usually cause severely ecological and environmental 
damage. The rate of such accidents increases with the 
development of the industry. Therefore, materials that can 
effectively eliminate spilled oils or organic contaminants 
from water are in highly demand. In practice, oil spills are 
cleaned up by using different methods such as oil 
dispersant [1], oil gelling agent, mechanical extraction [2], 
biological method [3] and sorbent materials [4]. Among 
these methods, the use of sorbent materials has been 
shown as the most effective and promising option for 
removing oil from water surface [4, 5]. Traditionally, 
there are three kinds of oil sorbent materials including 
inorganic, synthetic organic and natural organic materials. 
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The inorganic sorbents such as clay, bentonite, zeolites 
and activated carbon are cheap and available. However, 
they have low oil sorption capacity and poor recyclability. 
The natural organic sorbents such as feather, cotton, wool, 
rice husk [6, 7] absorb not only oils but also water due to 
their hydrophilic nature and have low oil sorption 
capacity. Although the synthetic organic sorbents such as 
polypropylene fiber, polyurethane foam [8], poly(alkyl 
acrylate) foam [9], rubber [10] are most commonly used 
for oil spill cleanup due to their hydrophobic and 
oleophilic characteristics, but they have low oil sorption 
capacity. Hence, it would be a challenge to find a robust 
material that meets requirements such as high sorption 
capacity, high selectivity, simple processing, high 
recyclability and environmental friendliness. 

Recently, carbon-based materials have attracted 
tremendous attention as the best candidate for oil spill 
cleanup [11, 12]. Different forms of carbon-based 
sorbents such as superhydrophobic and superoleophilic 
carbon nanotubes [13] or grapheme [14] sponges, CNT 
and graphene aerogel [15, 16] and carbon fibers have been 
developed and applied to remove oils from water. 
However, the practical application of these materials is 
still limited because of their complex preparation 
processes, high-cost and the destruction of porous 
structures during the post-treatment process[15, 17].  

The polymer-based 3D porous materials have a 
high volume to weight ratio, so they can store a large 
amount of absorbed liquid inside the structure. However, 
these materials present a poor oil sorption capacity due to 
their hydrophilicity. The deposition of carbon-based 
materials on polymer-based 3D porous materials to switch 
the wettability of the porous material from superhy-
drophilic to superhydrophobic has also been studied [16, 
18, 19]. These study results show that obtained products 
have high oil sorption capacity. However, most of the 
deposition pathway exhibit limitations such as: they 
produce a large volume of by-products, consume a large 
amount of organic solvents, as well as expensive 
modifying agents during the preparation processes. 
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In this study, we fabricated a hydrophobic CNTs-
coated 3D MF foam for the selective sorption of oils from 
water using a green and simple method. The MF foam is 
produced in the laboratory from the synthesized MF resin 
by the microwave irradiation, followed by coating a CNTs 
layer. The coating is realized by immersing the MF foam 
into CNTs aqueous suspension containing the egg white. 
The as-prepared CNTs-coated MF foam presents a broad 
sorption of oils and common organic solvents with high 
selective, high sorption capacity and good recyclability. 
Taking into account a facile fabrication, as well as a high 
performance of obtained product, we believe that such 
CNTs-coated MF foam will have great potential for the 
field of oil spill cleanup. 

2. Experimental  

2.1. Materials 

Melamine (≥99%, Merck), formaldehyde solution 
(~37%, Merck), sodium hydroxide (≥99%, Merck), 
dodecybenzene sulfonic acid (DBSA, ≥95%), hexane 
(anhydrous, 95%) and formic acid (95–97%) were 
purchased from Sigma Aldrich. CNTs were synthesized in 
the laboratory by the chemical vapor deposition (CVD). 
The deionized water was used to disperse CNTs and for 
all others purposes. All chemicals were used without 
further purification. 

2.2. Preparation of MF Resin 

Melamine and formaldehyde (~37 wt % in water) 
with the molar ratio of 1:3 were added into a three-necked 
round-bottom flask equipped with a magnetic stirrer, a 
condenser and a thermometer. Before methyolation 
reaction, pH of the reaction mixture was adjusted to 8.5 by 
adding a sufficient amount of 1M NaOH solution 
followed by heating at 358 K for 2–3 h to obtain a clear 
and viscous liquid. In order to characterize the properties 
of the synthesized MF resin, sodium hydroxide catalyst 
was removed from the product by dropping the reaction 
mixture into a beaker with an excess of water under 
stirring. The white solid was then collected and dried at 
333 K to a constant weight. In order to produce MF foam, 
the obtained resin solution was cooled to room 
temperature and used as a precursor. 

2.3. Preparation of MF Foam 

The MF foam was prepared by the microwave 
irradiation method. First, 4 wt % of DBSA as a stabilizer, 
8 wt % of hexane as a foaming agent and 2 wt % of formic 
acid as cured agent were added into the synthesized MF 
resin solution and agitated by a high speed stirrer. Then, the 

obtained homogenous mixture was irradiated under 
microwave at 700 W for 2 min. Finally, the MF foam was 
put into an oven at 393 K for 24 h to remove residual 
formaldehyde, formic acid, water and for further cross-
linking to transfer ether bridges to methylene bridges. 

2.4. Preparation of CNTs-Coated MF Foam  

Hydrophobic CNTs-coated MF foam was prepared 
by an immersion method. First, CNTs suspension was 
prepared by adding 0.2 g of CNTs into 100 ml of 
deionized water containing 10 g of egg white followed by 
a magnetic agitation for 10 min. The suspension was 
sonicated for 4 h by using a probe ultrasonic processor 
(Bandelin Sonopuls HD 2200, 10% amplitude 
modulation, 950 W, provided in pulse mode of 1 s on and 
5 s off). During the sonication, the suspension was placed 
in an ice bath in order to prevent the aggregation and 
denature of egg white. Finally, the as-prepared MF foam 
(3×2.5×2.5 cm in size) was immersed into the CNTs 
suspension and sonicated for 30 min to ensure a uniform 
penetration in the entire volume of the foam followed by 
oven drying at 393 K for 24 h. 

2.5. Characterization 

Thermo Nicolet iS10-Thermo Scientific instrument 
was used to record FTIR spectra. Samples were mixed 
with KBr and further compressed into pellets for 
measurements. The infrared spectra were obtained for 64 
scans and resolution of 4 cm-1 in the region between 4000 
and 400 cm-1. TGA was performed using a TA Instrument 
apparatus (STA 6000). The sample was heated to 973 K 
with a rate of 10 K·min-1 in 100 ml of nitrogen. All the 
contact angle measurements were performed at room 
temperature using a sessile drop method with a 
DIGIDROP contact angle meter from GBX Instruments. 
5 µl of distilled water was gently deposited on the surface 
of a sorbent by using a micro-syringe. The average contact 
angle values were determined by measuring the substrate 
at five different positions. Obtained images of the contact 
angles were analyzed using Windrop software.  

2.6. Oil Sorption Tests 
The oil sorption capacity of the CNTs-coated MF 

foam was determined based on ASTM F716 and F726. All 
tests were repeated by three times at ambient temperature. 
The oil sorption capacity of the CNTs-coated MF foam (C, 
g/g) was calculated using the following equation:  

0

0

tm mC
m
−

=  

where m0 is the initial dry weight of the CNTs-coated MF 
foam, g; mt is the weight of the CNTs-coated MF foam 
after sorption, g. 
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3. Results and Discussion 

3.1. Structure and Thermal Properties  
of MF Resin 

Polymerization of melamine and formaldehyde 
occurs in two steps [20, 21]. The first step is the addition 
reaction of formaldehyde to melamine to form methylol 
compounds. This methylolation step is carried out in 
neutral or weakly alkaline condition to avoid the 
gelationof the formed methylol compounds which are 
unstable in acidic environment. The trimethylolmelamines 
are formed in this case due to the molar ratio of melamine 
and formaldehyde of 1:3. The second step is the 
condensation reaction between the methylol compounds 
resulting in the formation of a large number of different 
oligomers containing methylene ether and methylene 
bridges [22, 23]. It is important to note that the cross-
linking reaction between methylol compounds to form an 
insoluble and infusible product does not occur in this step. 
The cross-linking reaction takes place favorably at the 
temperatures above 433 K. The FTIR spectra of pristine 
melamine, the synthesized MF resin and cured MF resin 
are shown in Fig. 1. In the pristine melamine spectrum, 
two peaks at 3467 and 3415 cm-1correspond to the N–H 
stretching vibrations and three peaks at 3332, 3187 and 
1626 cm-1 – to the N–H bending vibrations of primary 
amine[20, 24]. In the spectrum of the MF resin, the 
characteristic peaks of primary amine of melamine 
disappeared and were replaced by the appearance of the 
broad peak at 3340 cm-1 which is assigned to the N–H 
stretching vibration of secondary amine and the O–H 
stretching vibration of methylol groups. The peaks at 
around 3000 cm-1 and in 1360–1450 cm-1 region are 
attributed to the C–H stretching and bending vibrations of 
methylol  groups,  respectively.  These results  proved  the  

formation of methylol groups from melamine and 
formaldehyde. The peaks at 1550 and 809 cm-1 are 
assigned to the –C=N stretching vibration and bending 
vibration of triazine ring, respectively [20]. The peaks at 
1160 and 1060 cm-1 correspond to the stretching vibration 
of C–O and C–O–C groups. These peaks are not observed 
in the spectrum of pristine melamine. The FTIR spectrum 
of the cured MF resin is similar to that of the MF resin. 
However, the peak intensity of methylol and C–O–C 
groups in the spectrum of cured MF resin decreases. The 
decrease of peak intensity at 3340 cm-1 could be explained 
by the condensation reaction of the methylol groups. The 
releasing of formaldehyde from the ether bridge during 
the curing could lead to the decreasing of peak intensity at 
1360, 1160 and 1060 cm-1. 

The thermal properties of the synthesized MF resin 
were studied by means of thermogravimetric analysis and 
shown in Fig. 2. It can be seen that the thermal 
decomposition of MF resin exhibits five steps of weight 
loss. The first step occurs at the temperatures from 303 to 
423 K with a weight loss of 9 % due to the evaporation of 
physical water and chemical water which is formed from 
the condensation reaction of methylol groups. The second 
step occurring within 423–473 K with a weight loss of 6 % 
may be due to the water elimination from the self-
condensation of methylol groups and from the condensation 
reaction between methylol groups and melamine. The third 
step of weight loss corresponds to the formaldehyde 
elimination from the ether bridge, which takes place 
between 473 and 623 K [20]. The weight loss in this step is 
14.3 %. The main weight loss of 29 % at the fourth step 
observed in the temperature range of 623–683 K is 
attributed to the breakdown of methylene bridges [25]. The 
last weight loss of 22.8 % occurring in the temperature 
range of 683–973 K is assigned to the thermal 
decomposition of triazine ring [26]. 

 
Fig. 1. FTIR spectra of pristine melamine, the MF resin and cured MF resin at 443 K
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Fig. 2. TGA thermogram of the synthetized MF resin 
 

3.2. Characterization of Uncoated and 
CNTs-Coated MF Foams 

Fig. 3 presents TG curves of CNTs, MF foam and 
CNTs-coated MF foam collected under oxygen. The TG 
curve of CNTs shows a slight weight increase of 1.2 % in 
the 303–673 K temperature range due to the oxidation and 
a strong weight loss at 873 K caused by the thermal 
decomposition of CNTs in oxygen. The residual content at 
the end of thermal degradation is around 11.7 %, that is 
attributed to a metal catalyst [27]. The TG curve of 
uncoated MF foam shows three steps of weight loss. The 
first step of weight loss (5.2 %) in the 303–423 K range is 
due to the evaporation of absorbed water. The second step 
occurring between 423 and 673 K can be attributed to the 
breakdown of methylene or ether bridges [25]. The third 
weight loss at the temperatures higher than 673 K is 
ascribed to the thermal degradation of the triazine ring 
[28]. As shown on the TG curve of the CNTs-coated MF 
foam,  the  presence  of CNTs reduced the absorbed  water  

content (3.2 %) and shifted the decomposition 
temperature to a higher temperature (about 15 K) at 
temperature range above 873 K. 
The apparent density of the created MF foam is 25 kg·m-3, 
which is determined from a dried weight and volume of 
foam. The MF foam porosity is estimated to be 98 % 
based on calculations using the apparent density of MF 
foam and a bulk density of 1500 kg·m-3 [29] for the MF 
resin. The high porosity is in accordance with SEM 
observations in Fig. 4a. It can be seen that the MF foam 
created from the synthesized MF resin by the microwave 
irradiation has an open-cell structure. The estimated 
average pore size and skeleton diameter, determined by 
Image J software from SEM images, are about 350 and 
30±3 µm, respectively. These results indicated that the 
created MF foam could be used as a good sorbent. As can 
be seen in Fig. 4b, there are many small pores with the 
diameter ranging from 1 to 2 µm on the foam skeleton. 
This may be the reason for the low apparent density of 
created MF foam. 

0

20

40

60

80

100

0 100 200 300 400 500 600 700 800

W
ei

gh
t l

os
s,

 %

Temperature, oC

MF foam

CNTs-coated MF foam

CNTs

 
Fig. 3. TGA thermograms of CNTs, MF foam and CNTs-coated MF foam 
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Fig. 4. SEM images at different magnifications: uncoated(a, b)  
and CNTs-coated (c, d) MF foam 

 

 
 

Fig. 5. Digital photos of water and motor oil droplets on the surface of uncoated MF foam (a)  
and CNTs-coated MF foam (b), water contact angle (c) and photo of CNTs-coated MF foam float on the water surface (d) 

 
Due to the hydrophilic nature of the MF foam, the 

CNTs aqueous suspension can easily penetrate into its 
entire porous structure. When water is vaporized, the 
CNTs will be deposited onto the skeleton of the foam by 
the coagulation of egg white and the strong van der Waals 
interactions between the MF foam and CNTs. From Fig. 
4c (inset), it is clearly seen that the decoration of CNTs on 
the MF foam did not show any effect on its pristine 
porous structure but a much rougher skeleton surface of 
the CNT-coated MF foam was observed. The increase in 
surface roughness and the change of surface wetting 
nature can lead to the decrease of surface energy and the 
increase in oil sorption capacity of the CNTs-coated MF 
foam. Fig. 4d shows the agglomeration of CNTs 
nanoparticles on the foam skeleton. 

The surface wetting behaviors of foams are 
evaluated by contact angle measurements. Figs. 5a and 5b 
show digital photos of oil and water droplets placed on the 

surface of uncoated and CNTs-coated MF foam, 
respectively. It is easy to observe that while the uncoated 
MF foam absorbs not only oil but also water, the CNTs-
coated MF foam absorbs only oil. Water droplet dyed 
with methlene blue retains nearly spherical on the surface 
of CNTs-coated MF foam. The hydrophobic characteris-
ics of CNTs-coated MF foam are confirmed by the water 
contact angle value of 148±1o (Fig. 5c) and the floating of 
CNTs-coated MF foam on the water surface (Fig. 5d). 

3.3. Sorption Capacity and Recyclability 
of CNTs-Coated MF Foam 

The mass-based sorption capacity of CNTs-coated 
MF foam for common oily pollutants in industry or daily 
life such as benzene, chloroform, motor oil, crude oil and 
used soybean oil is shown in Fig. 6a. The results indicated 
that the CNTs-coated MF foam exhibits the high sorption 

а) b) 

c) d) 

а) b) c) d) 
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capacity ranging from 23 to 66 times their own weight 
depending on the viscosity and density of the absorbed 
liquids. These results are comparable to reported results 
for carbon-based porous materials such as nitrogen-rich 
carbon aerogel (5–16 times) [15], CNT/PDMS coated PU 
sponge (15–25 times) [30] and macroporous carbon 
nanotubes (49–56 times) [31]. From the mass-based 
sorption capacity, the volume-based motor oil sorption 
capacity of the CNTs-coated MF foam is calculated about 
92 %. This indicates that the entire volume of foam is 
used for oil storage and the CNTs-coated MF foam is an 
ideal sorbent for the removal of oily pollutants from 
water. From digital photos shown in Fig. 6b it can be seen 
that both the motor oil layer on methylene blue-dyed 
water and the motor oil-dyed chloroform layer at the 

bottom of water are quickly absorbed by the CNTs-coated 
MF foam. The air bubbles are released from the foam 
block when CNT-coated MF foam approaches the 
chloroform layer at the bottom of water. These 
phenomena explain the selective sorption capacity of the 
CNTs-coated MF foam. In addition to the separation 
ability of oil from water, recyclability is also an important 
factor to evaluate the performance of the sorbent. As the 
created MF foam is a rigid foam, the recoverability of 
absorbed oils or solvents is carried out only through 
distillation and the recycling of the sorbent can be carried 
out via distillation or combustion process (Fig. 6d). The 
results show that no significant change in oil sorption 
capacity of CNTs-coated MF foam was found after 5 
cycles of sorption-combustion. 

 

   

 

(a) 

(c) 

(d) 

(b) 

 
 

Fig. 6. Oil sorption capacities of CNTs-coated MF foam (a); removal of chloroform layer  
(dyed with motor oil) sank to the bottom of water and motor oil layer on water surface (b); oil sorption capacities  

of CNTs-coated MF foam after 5 cycles of sorption-combustion (c) and recyclability of CNTs-coated MF (d) 
 
4. Conclusions 

A green, simple and cost-effective method was 
used to produce the hydrophobic CNTs-coated MF foam 
applied for cleaning up oil spills. The MF foam produced 
had the structure and apparent density that are favorable 
for a sorbent material. Decoration of CNTs on the MF 
foam did not show any effect on its pristine porous 
structure but changed its characteristic hydrophilic form to 
hydrophobic one and shifted the decomposition 
temperature to a higher value. The prepared CNTs-coated 

MF foam presented a broad sorption of oils and common 
organic solvents with high sorption capacity up to 66 
times its own weight, high selectivity and good 
recyclability. We believe that the CNTs-coated MF foam 
produced by using the proposed method is a promising 
candidate for the removal of oil from water. 
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СИНТЕЗ ТА ПРИГОТУВАННЯ ЕКОЛОГІЧНИМ І 

ПРОСТИМ МЕТОДОМ ГІДРОФОБНОЇ 
МЕЛАМІНО-ФОРМАЛЬДЕГІДНОЇ ПІНИ, 
ПОКРИТОЇ ВНТ ДЛЯ ЕФЕКТИВНОГО 

РОЗДІЛЕННЯ НАФТА/ВОДА 
 
Анотація. Представлено екологічний, простий і 

економічно ефективний метод заміни гідрофільної меламіно-
формальдегідної (MФ) піни на MФ-піну з покриттям гідро-
фобними вуглецевими нанотрубками (ВНТ) за допомогою про-
цесу занурення. MФ-піну одержано з MФ-смоли, синтезованої в 
лабораторії реакцією конденсації між меламіном та 
формальдегідом за лужних умов з мольним співвідношенням 
меламіну до формальдегіду 1:3. Встановлено, що МФ-піна має 
структуру з відкритими порами із середнім діаметром 350 
мкм, щільністю 25 кг·м-3 та пористістю 98 %. Визначено, що 
МФ-піна з покриттям ВНТ має високу сорбційну здатність 
(23-66 г/г) для нафт та органічних розчинників, можливість 
утилізації та високу селективність. 

 
Ключові слова: вуглецева нанотрубка, меламінова піна, 

меламіноформальдегід, розливи нафти, сорбентний матеріал. 
 


