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a b s t r a c t

In this work, NaY zeolite is explored as a possible “template” to obtain porous materials type ZTC from
the adsorption of heavy crude oil in a water-oil model system (emulsion). In order to produce the ad-
sorbents, a cationic surfactant is selected to facilitate the adsorption of the crude oil into the pores of the
zeolite and to get the composite, which was activated with controlled thermal treatments (T: 700
e800 �C and t: 0.5e1 h) in inert conditions (N2 gaseous). The starting materials, composite and porous
carbons were characterized using structural/surface analysis techniques (API Gravity, SARA, IR, XRD, XRF,
TGA, Langmuir isotherms, BET and SEM). The results showed that four types of mesoporous carbons were
produced with specific surface areas between 70 ± 1 m2/g and 220 ± 3 m2/g, average pore volumes
between 0.144 cm3/g and 0.40 cm3/g and average pore widths between 4.9 nm and 8.3 nm. The acti-
vation conditions of 800 �C and 1 h allowed to make the carbonaceous material with the best surface
characteristics (220 ± 3 m2/g, 0.27 cm3/g, and 4.9 nm). Therefore, it is concluded that under assay
conditions employed, the heavy crude oil, as a mixed model (water-oil), from an aqueous environment is
a starting material suitable for preparation of “mesoporous” carbons.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The oil industry has been of great importance for being one of
the main sources of energy production and in the world, daily ca.
93.7 million barrels are consumed (US. Energy Information
Administration, 2016). However, this industry has been affected
by accidents that have caused some oil spills and environmental
disasters (1970e2015); during this period more than 40 million
barrels of oil were spilled into the sea (ITOPF, 2015). Reports of
accidents in the last decades includes clogging of the Exxon Valdez
boat on the coasts of Alaska (Fukuyama et al., 2014), the explosion
and sinking of the Deepwater Horizon oil rig in the Gulf of Mexico
s-P�erez), amnerm@uninorte.
u.co (A. Guzm�an), director@
ao).
(Wei et al., 2012), and the leaks in the Bohai Bay platforms (China)
(Liu and Zhu, 2014). Since 1986 in Colombia, ca. 4 million barrels of
oil have been spilled because of accidents and attacks against the oil
infrastructure (MINAMBIENTE, 2015). These accidents have resul-
ted in significant economic, ecological and environmental damages
at different levels (poisoning, reproductive problems, and death) on
the aquatic and terrestrial biota of the surrounding areas. According
to Kingston (2002), these unfavourable effects could appear in the
short, mid and long-term (up to 10 years) after the environmental
incident has occurred.

In the oil industry, the contingency plans that have been avail-
able to mitigate the damages and the side effects when a spill oc-
curs on different “sources” (water/sediment/soil), include methods
such as biological remediation (Ron and Rosenberg, 2014), mem-
brane filtration (Tansel et al., 1995), dispersion (Riehm et al., 2015)
and adsorption (Raj and Joy, 2015). The last method is the preferred
alternative due to its high efficiency, easy handling, and
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Table 1
SARA analysis for heavy crude oil.

Fraction Weight, %

Saturate 38.7 ± 0.3
Aromatic 44 ± 1
Resin 6.4 ± 0.1
Asphaltene 10.9 ± 0.2
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affordability. Some industries have been focused on the use of
porous materials (zeolites, activated carbons, diatomaceous earth,
etc.) for the treatment of contaminated water (Al-Majed et al.,
2012; Jovanovic et al., 2014; Mohanty et al., 2005). Nonetheless,
once the adsorption process is carried out on the spill and the pores
of the adsorbent are saturated, a “waste (composite)” is produced
which does not have any kind of exploitation/application in the
present but rather is disposed or incinerated (Li et al., 2015).

The waste or composite could be exploited to produce new
porous materials called zeolite-templated carbons (ZTC), if the
adsorbent used is a zeolite. This would have a positive environ-
mental impact, reducing the disposal problems associated to the
large quantities of adsorbent used for oil clean-up.

ZTC are materials obtained in the inner cavities of the zeolite
with the aim to replicate the pore-structural regularity of the
zeolite framework by loading a carbon precursor (Radovic, 2007).
According to the revised scientific literature, some ZTC materials
have been synthesized by adsorption of organic compounds with
different structural characteristics such as furfuryl alcohol (Kyotani
et al., 1997, 2003; Ma et al., 2002), acrylonitrile, vinyl acetate, pyr-
ene, etc. (Meyers et al., 2001), on zeolites (Y, b, ZSM-5) templates by
using the impregnation method (liquid phase).

The majority of ZTC produced had as main characteristic a high
surface development (245 m2/ge3683 m2/g) related to micropore
structures (Kyotani et al., 1997; Meyers et al., 2001; Ma et al., 2002;
Kyotani et al., 2003). Gierszal et al. (2005) investigated the use of
mesophase and petroleum pitches as carbon precursors for the
development of ordered mesoporous carbons, however they use
alcoholic solvents and increased temperature process to achieve
the adsorption of the carbon into the template, so the use of a crude
oil from a water system (composite) has not yet been reported as a
ZTC precursor.

In this work, the potential use of heavy crude oil is evaluated
from a water-oil model system as a starting material or carbon
precursor to obtain some zeolite template carbons (ZTC).
2. Materials and methods

2.1. Reagents and materials

The following reagents and materials are present in this
research: n-pentane (95%, Carlo Erba), dichloromethane (95%,
J.T. Baker), toluene (95%, BDH), hexadecyltrimethylammonium
bromide (HDTMA-Br, 99%, Sigma-Aldrich), methylthioninium
chloride (methylene blue dye, Carlo Erba), HCl (37%, Merck),
NaOH (99%, Merck), NaY Zeolite (CBV100, Zeolist), and heavy
crude oil (provided by Atlantic Oils Terminal, Barranquilla,
Colombia).
Table 2
Crystal structures for the NaY zeolite by XRD.

Phase Name PDF No

Crystallines Na2 Al2 Si4.5 O13 x H2O Faujasite 000-43-0168
Na0.931 (Al Si2 O6) (H2O) Analcime 010-89-6324
2.2. Adsorption of heavy crude oil on NaY zeolite

In order to prepare the water-crude oil model system, it is fol-
lowed the procedure described by Jin et al. (2008), mixing the
heavy oil (0.1 g), the cationic surfactant HDTMA-Br (2%) and
distilled water (50 mL) within an Erlenmeyer flask. The emulsion
formed required a stirring process of 24 h at 200 rpm.

The adsorption of crude oil on Z-NaY was made by the
impregnation method as proposed by Su et al. (2004) with some
modifications. The zeolite (1 g, preconditioned at 120 �C, 12 h) was
added after the stabilization of the emulsion (24 h); then, thewhole
system was stirred for 24 h at 300 rpm. The resulting solid (com-
posite Z-NaY/crude oil) was separated by filtration and dried in a
conventional oven (100 �C, 24 h).
2.3. Activation of the composite Z-NaY/crude oil

The activation of the composite obtained was carried out using
different temperatures (700e800 �C, Nabertherm Furnace N41H)
and time treatments (0.5e1 h), in inert conditions (N2, constant
flow), according to the method disclosed by Ma et al. (2002). As a
result, four carbonaceous materials were produced, which were
washed to remove the zeolite (50% NaOH, hot water), filtrated,
dried (120 �C, 6 h), and characterized by structural/surface analysis
techniques.

2.4. Structural/surface characterization

The sample of crude oil was characterized through the API
gravity (hydrometer method) and SARA (saturates, aromatics,
resins, asphaltenes) physicochemical analysis, based on the ASTM
D1298 - 12b (ASTM International, 2012) and ASTM D2007 - 11
(ASTM International, 2016).

The identification of the crystalline phases and elemental
analysis of the Z-NaY was carried out by X-ray diffraction of poly-
crystalline samples (powder X-ray diffractometer with DaVinci
design, D8 Advance model, Bruker) and X-ray fluorescence
(wavelength dispersive X-ray fluorescence spectrometer, S8 Tiger
4 kW model, Bruker), respectively. The chemical groups of the Z-
NaY and the adsorbents ZTC were determined by Fourier transform
infrared spectroscopy (IRAffinity-1S FTIR spectrophotometer,
Shimadzu).

There are different methods for monitoring precursor adsorp-
tion process in the literature (Bandura et al., 2015; Karakasi and
Moutsatsou, 2010; Sakthivel et al., 2013). The method adopted in
this research for a general adsorption process description was
thermogravimetric analysis (TGA, Q500 analyzer, T.A. Instruments)
due to its accessibility and availability. The composite was analysed
under an inert atmosphere and with a heating rate of 10 �C/min,
from 25 �C to 800 �C.

Surface analysis of the Z-NaY and the carbons was conducted by
scanning electron microscopy (SEM, JSM 6490 LV microscope, Jeol)
and the BET method (ASAP 2020 analyzer, Micromeritics; liquid N2,

77 K, and relative P: 0.01e0.30). Pore size distribution was deter-
mined with Barrett-Joyner-Halenda (BJH) method.

3. Results and discussion

3.1. Physicochemical characterization of crude oil

The API gravity value of 12.3� determined for the crude oil,
allowed us to establish that it was a heavy oil (Speight, 2014). Ac-
cording to SARA analysis, the crude oil was constituted mainly by
aromatic and saturated compounds (Table 1).



Fig. 1. Comparison of the diffraction profiles of Z-NaY and the crystalline phases identified (Faujasite y Analcime).

Table 3
Elemental composition for NaY zeolite by XRF.

Constituent Amount (%)

SiO2 65.1 ± 0.1
Al2O3 22.10 ± 0.08
Na2O 12.5 ± 0.2
CaO 0.158 ± 0.004
SO3 0.078 ± 0.006
K2O 0.028 ± 0.004
Fe2O3 0.025 ± 0.001
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3.2. X-ray diffraction analysis of Z-NaY

Qualitative analysis by means of XRD of polycrystalline samples
allowed to identify the faujasite (majority phase) and the analcime
(Table 2) as the main crystalline phases of Z-NaY. Fig. 1 shows the
comparison between the diffraction profiles of the zeolite of in-
terest and the crystalline phases found and reported in the PDF-2
database of the International Centre for Diffraction Data
(PDF-2, ICDD).
TiO2 0.025 ± 0.003
CuO 0.007 ± 0.001
ZrO2 0.001 ± 0.000
3.3. Elemental analysis by X-ray fluorescence of Z-NaY

The elemental composition of the NaY zeolite by XRF,
represented in the form of oxides, is shown in Table 3. The main
components found were SiO2, Al2O3, and Na2O, which are
the characteristic constituents of a synthetic NaY zeolite
(Zeolyst, n.d.).
3.4. Infrared analysis of Z-NaY

The infrared spectrum of the NaY zeolite (Fig. 2), displays the
characteristic absorption bands at 569 cm�1, 785 cm�1, 989 cm�1

and 3417 cm�1. These bands can be caused by the tetrahedral



Fig. 2. Infrared spectrum of Z-NaY.
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vibrations related to the rings (characteristic of faujasite), to the M-
O vibrations (M: Si, Al) and to the OH groups linked to Naþ ion,
respectively (Li, 2005; Sang et al., 2006).
3.5. Scanning electron microscopy of the composite Z-NaY/crude oil

The Z-NaY and the composite were analysed by scanning elec-
tron microscopy to assure the adsorption process of crude oil. Fig. 3
shows a comparison of these images. The composite (Fig. 3b)
showed a higher surface density than the unmodified zeolite
(Fig. 3a) as a result of pore filling. Furthermore, the crystals in the
composite are bigger and less sharp, and its surface is smoother
than the zeolite crystals. This could be associated with adsorption
process of the oil that took place on the zeolite surface.
Fig. 3. SEM images (2 mm, �6000; 1 mm, �25000; 0.5 mm, �
3.6. Thermogravimetric analysis of the composite

A thermogravimetric analysis was performed to the composite
in order to determine and correlate the weight losses and changes,
during the activation process, with the final characteristics of the
adsorbent materials.

The TGA analysis provided the weight loss profile during the
activation process of the composite (Fig. 4). The global weight loss
calculated by this technique results in 30.2%. Based on the deriva-
tive weight loss curve, three maximum peaks were found at tem-
peratures of 99.8 �C, 234.0 �C, and 397.5 �C with weight losses of
19.9%, 1.8%, and 8.5%, respectively. These losses could be correlated
with the presence of water, volatile matter adsorbed on the surface
of the sample, hydration/crystallization water existing in the ma-
terial and re-polymerization of the carbonaceous structure (Tiwari
and Deo, 2012). The last two peaks corresponding to 10.3% of
weight loss could be attributed to the total crude oil loaded in the
zeolite surface (for 1 g of the composite, 0.1 g corresponds to the
carbon loaded).
3.7. Adsorption/desorption and specific surface analysis of the NaY
zeolite-templated carbon

ZTC materials were labelled according to the activation condi-
tions (T: 700 �C �800 �C, A: 0.5 h, B: 1 h) as follows: ZTC700A,
ZTC700B, ZTC800A, ZTC800B.

Langmuir isotherms were obtained from the data of adsorption
of nitrogen at 77 K to carry out the adsorption/desorption analysis
of the different porous materials. Fig. 5 presents the isotherms
depicted for each evaluated adsorbents. The isotherm of the NaY
zeolite was type I, which in agreement with the IUPAC (Thommes
et al., 2015) is a distinguished feature of the microporous mate-
rials. Meanwhile the four ZTCmaterials exhibited type IV isotherms
with desorption hysteresis H4 (feature for mesoporous carbons),
which could be explained by the capillary condensation that occurs
50000) for a. Z-NaY and b. Composite Z-NaY/crude oil.



Fig. 4. Weight loss profile (including derivatives) for the composite Z-NaY/crude oil during the activation process by TGA analysis.
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in the mesopores, the ZTC800B exhibited the maximum uptake of
nitrogen at low relative pressure, corresponding to the presence of
some micropores. Ma et al. (2002) also found a hysteresis loop for
ZTC using furfuryl alcohol; nevertheless, the results of these N2
adsorption isotherms showed that the structures were predomi-
nantly microporous.

The comparison of the isotherms of the carbons obtained at
700 �C and 800 �C showed significant differences in adsorption,
Fig. 5. Adsorption/desorption isotherms for
highlighting the essential role of the temperature and time on the
surface development. It means that at a higher activation temper-
ature and time, the adsorption capacity of the ZTC adsorbents
increased.

The BET surface analysis confirmed the effects of tempera-
ture and time on the activation of the porous materials
(Table 4); therefore, the carbons obtained at 800 �C had the
highest specific surface areas, and at this temperature, the
the NaY zeolite and the ZTC materials.



Table 4
Specific surface area, average pore width, average particle size values determined by
BET analysis and pore volume by single point adsorption.

Parameter Sample

Z-NaY ZTC700A ZTC700B ZTC800A ZTC800B

SBET (m2/g) 736 70 161 212 220
Vt

a (cm3/g) 0.382 0.144 0.333 0.407 0.270
APWb (nm) 2.1 8.3 8.2 7.7 4.9
APSc (nm) 8.2 85.8 37.1 28.2 27.4

a Vt e Total pore volume.
b APW e Average Pore Width.
c APS e Average Particle Size.
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porous materials activated for 1 h reached the smallest average
pore width.

Meyers et al.(2001) obtained ZTC with surface areas in the
ranges of 245 m2/g �947 m2/g using compounds of lower molec-
ular weight (furfuryl alcohol, vinyl acetate, and acrylonitrile), which
Fig. 6. Pore size distributions for the ZTC800A,B materials and Z-NaY by B
are higher that the ZTC obtained in this work. This discrepancy can
be ascribed to the adsorption of the crude oil on the Z-NaY: during
the adsorption stage, due to themolecular diversity of heavy oil, the
medium-high weight compounds could not penetrate completely
the pores of the zeolite or could have obstructed the inlet for lighter
molecules. On the other hand, Meyers et al. used a high molecular
weight compound as pyrene, then the surface areas were between
2.1 m2/ge35 m2/g (Meyers et al., 2001). Comparing these results
with the carbons obtained in the present work with heavy oil
(70 m2/ge220 m2/g) there is an improvement (35 m2/g vs 220 m2/
g) in the porosity development of the carbons using the impreg-
nation method. The use of the surfactant HDTMA-Br might have
improved the uptake of the organic compounds in the zeolite pores
as it was previously reported by Vidal et al. (2012).

The pore size distributions of the materials were determined by
the Barrett-Joyner-Halenda (BJH) method. The comparison be-
tween ZTC800A, B carbons and Z-NaY is exposed in Fig. 6.

The ZTC800A and ZTC800B both exhibited a typical distribution
for mesoporous carbons. However, there were differences in the
arrett-Joyner-Halenda method (Harkins and Jura e Faas Correction).



Fig. 7. Infrared spectra for the ZTC materials.

C.J. Elles-P�erez et al. / Journal of Environmental Management 196 (2017) 466e475472



Fig. 8. SEM images (500 nm, �50000) for a. Z-NaY, b. Composite, c. ZTC800B.

Fig. 9. SEM images (2 mm, �6000; 1 mm, �25000; 0.5 mm, �50000) for ZTC materials a.700A, b.700B, c. 800A, and d. 800B.
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pore sizes of each one of these materials: ZTC800A showed mainly
mesopores with pore sizes between 3 nm and 40 nm, with some
pores larger than 40 nm; whereas ZTC800B had pore sizes between
2 nm and 60 nm, with microporosities (pore less than 2 nm).

3.8. Infrared analysis of the ZTC

Fig. 7 shows the spectra acquired by IR spectroscopy for the
four carbonized samples. The characteristic absorption bands
were located between 640 cm�1 and 1590 cm�1. Therefore, the
highest absorption bands were encompassed between 997 cm�1

and 1066 cm�1, attributed to the CeO stretching and vibrations
(ether group) (Conley, 1979; Marsh and Rodríguez-Reinoso,
2006); whereas the bands found between 1560 cm�1 and
1590 cm�1 can be associated to stretching and vibrations of
unconjugated carbonyl groups and aromatic systems (Bansal and
Goyal, 2005; Conley, 1979). Finally, the bands presented between
650 cm�1 and 880 cm�1, apparently come from an asymmetric
twisting out of the plane of the CeH bonds (Al-Qodah and
Shawabkah, 2009), representatives of the hydrocarbon
structures.

3.9. Scanning electron microscopy of the ZTC

Fig. 8 shows a comparison of the Z-NaY, the composite and the
ZTC800B. The ZTC materials synthesized at different conditions
developed an amorphous structure compared to the crystalline
structure of the NaY zeolite. Meyers et al. (2001) acknowledged this
disparity between the expected structure and the obtained by
synthesis due to the difficulty of the entrance of the precursor
molecules in the zeolite pores.Meyers et al. used acrylonitrile as the
carbon precursor. Nevertheless, in the present work, the formation
of pores in the carbon matrix was promoted by heat treatment.

The SEM images obtained between resolutions 0.5e2.0 mm
(Fig. 9) also helped to identify the differences in the surfaces of the
ZTC due to heat treatment. All the carbons exhibit heterogeneous
structures. However, the ZTC obtained at 700 �C (Fig. 9a and b)
showed more compact and smoother surfaces, with the develop-
ment of macropores and mesopores. Pores possibly get formed
during the evolution of the volatile matter in the activation process.
On the other hand, the carbons obtained at 800 �C (Fig. 9c and d)
have a more complex structure with smaller cavities related to
micropores andmesopores. Furthermore, therewas a change in the
morphology of the ZTC 800 A, B, compared to ZTC 700 A, B struc-
tures. This discrepancy could be related to thermal stress in the
carbons obtained at higher temperature which caused new cracks
and holes in the final structure, increasing their porosities (Achaw,
2012).

4. Conclusions

Activation of the composite (Z-NaY/heavy crude oil) allowed to
obtain mesoporous carbons, however, the microporosities of the
NaeY zeolite were not totally replicated. The use of the surfactant
improved the adsorption of the crude oil in the zeolite, obtaining
ZTC with higher surface areas (220 ± 3 m2/g) than those obtained
using high molecular weight compounds.

The adsorbent materials exhibited average mesoporosities be-
tween 4.9 nm and 8.3 nm, with irregular pores shapes. Finally, it is
concluded that heavy crude oil, as a mixed model (water-oil sys-
tem) from an aqueous environment was a starting material suitable
for the preparation of “mesoporous” carbons.

The majority of the ZTC previously obtained by CVD (Chemical
Vapour Deposition) techniques have a development of micropo-
rosity, which enables them to be used in gas adsorption systems.
However, in the present work we obtained mesoporous carbons
which have the advantage to retain larger molecules, therefore they
can be used for the removal of pollutants in water treatment pro-
cesses like dyes and other organic compounds.
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