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AbstractThis work was focused on the synthesis and characterization of iron nanoparticle loaded sawdust carbon
(Fe/SC) by low cost green synthesis approach and its application for catalytic pyrolysis of heavy oil. Fourier transform
infrared (FT-IR), X-ray diffraction (XRD), scanning electron microscope (SEM), energy dispersive spectroscopy (EDS),
transmission electron microscope (TEM), X-ray photoelectron spectroscopy (XPS) and inductively coupled plasma
optical emission spectrometer (ICP-OES) methods were used to analyze the catalyst of Fe/SC. The properties of heavy
oil before and after reaction were characterized by SARA analysis, FT-IR, gas chromatography-mass spectrometry (GC-
MS) and thermogravimetric analysis (TGA). The experimental results showed that after pyrolytic reaction at 350 oC for
30 min with 0.1 wt% catalyst, the viscosity of heavy oil may decrease by 80.81% with a net efficiency of catalyst of
20.68%. The catalyst of Fe/SC is promising, low cost, high efficiency, highly stable and eco-friendly for catalytic upgrad-
ing and viscosity reduction of heavy oil.
Keywords: Sawdust Carbon, Iron Nanoparticles, Heavy Oil, Catalytic Pyrolysis, Viscosity Reduction

INTRODUCTION

With the increasing exploitation of global crude oil, conventional
light oil resources are less and less able to meet the needs of eco-
nomic development. Heavy oil reserves are abundant worldwide
and which are one of the most important alternative energy sources
[1,2]. However, it is difficult to extract heavy oil from underground
reservoirs, because of its high viscosity, poor fluidity, and low Ameri-
can Petroleum Institute (API) gravity attributed to complex com-
position of heavy oil. Many methods of enhanced oil recovery (EOR)
have been researched, which include thermal treatment [3-5], gas
injection [6], chemical flooding [7,8] and microbial recovery [9,10].
Steam flooding technology is the most widely applied for improv-
ing the efficiency of heavy oil recovery. The EOR and future pro-
cessing of heavy oil have been brought huge challenges owing to
high viscosity and poor fluidity of heavy oil [11,12]. So, it is very
important to reduce viscosity and upgrade the fluidity of heavy oil.

At present, the methods of viscosity reduction of heavy oil prin-
cipally include heating, mixing light oil, mixing surfactant and cat-
alytic methods [13,14]. Heating and mixing light oil methods are
widely used in industry, and the catalytic method is the most prom-
ising method technology, because it can irreversibly change the prop-
erties and improve the quality of heavy oil. Obviously, the catalyst
plays an important part in the catalytic method.

To date, many catalysts have been investigated in the catalytic
chemical field and their catalytic effects on heavy oil also studied
[15-17]. Generally, catalysts for viscosity reduction of heavy oil can
be divided into four categories [18]: water-soluble catalysts [19], oil-

soluble catalysts [20,21], dispersed catalysts [22] and mineral cata-
lysts [23]. It is widely accepted that they have good effects on vis-
cosity reduction and upgrading of many heavy oils in the laboratory.
This might be caused by the cleavage of C-S, C-N, C-C, etc. bonds
during the pyrolytic reaction of heavy oil. Transition metal nano-
particles are widely used as catalysts in many catalytic reactions [24-
26]. Compared with several other catalysts, transition metal nano-
particles with plenty of active reaction sites on their surface can be
used as effective heterogeneous catalysts for various organic reac-
tions. Besides, heterogeneous nanocatalysts can be separated from
the reaction system by some simple methods, which makes cata-
lyst recycling visible. Several transition metal nanoparticles (such
as Fe, Cu, Mo, Ni) are also studied on catalytic upgrading and vis-
cosity reduction of heavy oil, which show high catalytic activity [27].
Greff found that Fe nanoparticles and Cu nanoparticles could, re-
spectively, reduce the viscosity of heavy oil by 62% and 74% at 200 oC
for 5h after catalytic aquathermolysis reaction [28]. Hart et al. applied
the catalyst of Al2O3-supported Ni-Mo transition metal nanoparti-
cles to the catalytic cracking of heavy oil at 425 oC for 10 min, and
the heavy oil viscosity could be reduced by 99% [29].

In this work, a carbon-based catalyst of Fe/SC was synthesized
via an impregnation method followed by calcination and which was
characterized. Moreover, it was applied for catalytic pyrolysis and
viscosity reduction of heavy oil in the laboratory. This work aimed
to obtain low-cost and high efficiency catalyst and gain insights into
the potential implementation of carbon-based catalyst in the upgrad-
ing of heavy oil.

EXPERIMENT

1. Materials
The sawdust and heavy oil were obtained from a local wood-work-
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ing factory and Tuha oil field, Xinjiang, China, respectively. The
properties of sawdust and heavy oil are shown in Table 1. Fe-PAS, an
oil-soluble catalyst, was synthesized by our research group using
naphthenic acid as raw material. All reagents of iron nitrate hydrate
(98.0%), ferric chloride (98.0%), n-heptane (99.0%), tetrahydro-
furan (THF, 99.5%), cyclohexane (CHX, 99.7%), toluene (99.5%),
anhydrous ethanol (99.7%), and aluminum oxide (99.7%) and
so on were not further processed, coming from Chengdu Kelong
Chemical Reagent Co. Ltd.
2. Preparation of Catalyst

The carbon-based catalyst of Fe/SC was synthesized via an im-
pregnation method followed by calcination at high temperature, as
shown in Fig. 1. First, 2.00 g sawdust and an aqueous solution pre-
pared by dissolving 1.30 g iron (III) nitrate hexahydrate (Fe(NO3)3·
9H2O, AR) in 10 ml deionized water were placed into a 100 ml
glass beaker. The mixture was thoroughly stirred and left at room
temperature for 24h, then dried in the oven at 80 oC for 12h. Finally,
under N2 atmosphere, the precursor was calcined in the pipe fur-
nace at 700 oC for 3 h; the target catalyst of Fe/SC was obtained.
3. Catalytic Upgrading Experiments

The laboratory experiments were carried out as follows. First,
90 g heavy oil, the designed amount of the powdered catalyst and
hydrogen donor were put in the 500 mL autoclave. The autoclave
was purged by N2 and sealed. Then the reaction material was heated
to a certain temperature and reacted for a certain time. After the

reaction stopped, the temperature of reaction products dropped to
about 80 oC. The gas in the autoclave was expelled, and the up-
graded heavy oil sample was poured in the glass beaker for the
next step analysis, which viscosity was measured with NDJ-8SN
digital display viscometer (Techcomp, China). The viscosity reduc-
tion ratio (VRR) of heavy oil was calculated using the following
formula:

where 0 and  are the viscosity of heavy oil samples before and
after reaction, respectively.
4. Characterization

The XRD analysis of catalysts was on an X’Pert Pro diffractom-
eter (PANalytical, The Netherlands) equipped with Cu K radia-
tion at a wavelength of 0.15406 nm, operating at 40 kV and 40 mA.
The morphology of the catalyst was observed with a scanning elec-
tron microscope (SEM, ZEISS EVO MA15, Germany) and a trans-
mission electron microscope (TEM, FEI, The Netherlands). Energy-
dispersive X-ray spectroscopy (EDS) analysis was carried out by a
spatially resolved EDS spectroscope attached to the SEM. X-ray
photoelectron spectroscopy (XPS) of the catalyst was performed
by the Thermo Fisher Scientific ESCALAB 250Xi (Thermo Scien-
tific, USA) with monochromatic Al-K source.

The group compositions of saturates, aromatics, resin and asphal-

VRR  
0   

0
------------- 100%

Table 1. The properties of raw material
Heavy oil Sawdust

Viscosity (mPa·s) at 50 oC 16,000 Elemental analysis (wt%)
Density (g/cm3) 0.959 C 46.08
APIo 13.9 H 08.27
SARA content (wt%) O 45.31
Saturate 37.22 N 00.25
Aromatic 23.81 S 00.09
Resin 37.58 Proximate analysis (wt%)
Asphaltene 1.38 Mad 05.56
Water content (wt%) <1 Aad 02.39
Acid number (mg KOH/g) 1.73 Vad 89.64

FCad 02.41
ad: air dried

Fig. 1. Scheme of synthesis of the Fe/SC.
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tene (SARA) of heavy oil before and after reaction were separated
by activated alumina chromatography column. The specific sepa-
ration process was conducted according to the Standard of China
Petroleum NB/SH/T 0509-2010.

FT-IR spectra of heavy oil before and after reaction were recorded
employing a WQF-520 spectrometer (Beifenruili, China). The FT-
IR samples were prepared with a little heavy oil about 1mg diluted
to the KBr using the KBr pellet method, and the obtained spectra
were normalized via OPUS 6.5 software.

Gas chromatography-mass spectrometry (GC-MS) of the satu-
rates of oil samples was measured using the instrument (Agilent
789A-5975C, USA). The samples were obtained using n-heptane
solutions containing 10 vol% of the saturates. The injector tempera-
ture was 280 oC and the spilt ratio was 10 : 1 with helium as the
carrier gas. The temperature was programmed as follows: starting
from 40 oC and ramped up (rate: 5 oC/min) to 280 oC. The com-
pounds were identified by using the NIST08 and NIST08s mass
spectral data library.

Thermal gravimetric analysis (TGA) of the oil samples was re-
corded by a Perkin-Elmer thermal analyzer (STA 8000, USA). About
10 mg of heavy oil samples was loaded into a ceramic crucible and
heated from 30 oC to 800 oC at a rate of 10 oC/min.

RESULTS AND DISCUSSION

1. Characteristic Analysis of Catalyst
The XRD pattern of the prepared Fe/SC catalyst is shown in

Fig. 2. Three strong diffraction peaks appear at 2 of 44.67, 65.02,
and 82.33 agreeing with the standard pattern of the cubic Fe phase
(JCPDS card no. 06-0696). And a broad diffraction peak from SC
centered at approximately 2 of 25.0 can be indexed as (002) lat-
tices. That suggests that Fe/SC composite was successfully pre-
pared by impregnation method followed by calcination with the
raw material of sawdust and Fe(NO3)3·9H2O. The average size of
the iron nanoparticles was about 35 nm by Scherrer’s formula.

The XPS spectra of the powder Fe/SC are listed in Fig. 3. From
Fig. 3(a), three elements of C, O and Fe are mainly present on the
sample surface. As shown in Fig. 3(b), the C1s spectra of sawdust
carbon in the catalyst include the tree peaks of C-C, C-O and C=O
bonds, and which correspond to the peaks at the binding energies
of 284.8 eV, 285.8 eV and 288.5 eV, respectively [30]. It can be seen
that the peaks at 711.0 and 707.2 eV are attributed to Fe3+ 2p3/2

Fig. 2. XRD patterns of the fresh Fe/SC, the used Fe/SC and SC
sample.

Fig. 3. XPS spectra for Fe/SC.

and Fe0 2p3/2 from the high-resolution XPS spectra of Fe 2p (Fig.
3(c)), respectively. The mass ratio of Fe3+ to Fe0 species is 5.83 : 1
according to the XPS analysis. This further proves that the com-
posite material of iron nanoparticles loaded sawdust carbon was
synthesized successfully [31]. The Fe contents of Fe/SC as deter-
mined in the XPS and ICP-OES analysis were 16.66 wt% and 23.79
wt%, respectively. It indicates that observed uneven content of Fe
in Fe/SC was because the ICP-OES technique reflected the overall
composition, while XPS gave the composition at the surface.

Morphology images of the Fe/SC characterized with SEM, are
shown in Fig. 4. Fig. 4(a)-(b) displays that the Fe/SC had amor-
phous morphology. EDS mapping was employed to further con-
firm the unique Fe/SC, as shown in Fig. 4(e)-(g). C and Fe elements
were distributed homogeneously, which suggests that the Fe nano-
particles were dispersed uniformly on the C particles. Moreover, as
shown in Fig. 2, no change in the Fe/SC catalyst before and after
reaction was found by XRD except the peak intensity got a little
weaker, suggesting that the Fe nanoparticles remained atomically
dispersed on the SC support. It was found that there was no sig-
nificant change on the effect of reusing the catalyst in Fig. S1 (Sup-
porting Information), and the viscosity reduction ratio was more
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than 79.68%, which proved that the catalyst had good stability.
TEM and high resolution (HR) TEM images of Fe/SC are shown

in Fig. 4(c)-(d). It is clear that the Fe nanoparticles with an aver-
age diameter of 27 nm dispersed uniformly on the amorphous C
particles, which was consistent with the SEM and the XRD results.
Fig. 4(c) shows an HRTEM image of Fe/SC, and the observed lat-
tice fringes with an interplanar spacing of 0.206 nm corresponded
to the (110) lattice planes of cubic Fe, revealing that the Fe nano-
particles were crystalline.
2. Results Analysis of Catalytic Upgrading Experiment
2-1. The Effect of Catalyst Types

In this paper, the effects of dispersed catalyst of Fe/SC, oil-solu-
ble catalyst of ferric naphthenate (Fe-PAS) and water-soluble cata-
lyst of ferric chloride (FeCl3) on upgrading and viscosity reduction
of heavy oil were compared under the same reaction conditions.

As shown in Fig. 5, the VRR of heavy oil after reaction with a dif-
ferent type of catalysts was different. Among them, the effect of
Fe/SC catalyst on heavy oil was almost similar to oil-soluble cata-
lyst of Fe-PAS, but water-soluble catalyst of FeCl3 was less effective
than the prior two catalysts. After pyrolytic reaction with the three
catalysts of Fe/SC, Fe-PAS and FeCl3, the VRR of heavy oil was
80.81%, 78.19% and 67.31%, respectively. It can be seen that three
different types of catalysts synthesized with the same transition
metal had different effects on upgrading and viscosity reduction of
heavy oil. In this work, the catalyst of Fe/SC applied in pyrolytic
reaction of heavy oil was researched.
2-2. The Effect of Hydrogen Donor

Hydrogen donor had a key effect on the pyrolytic reaction of
heavy oil, which could liberate hydrogen radical to impede the
condensation reaction of the heavy hydrocarbon molecules during
the cracking process of heavy oil. Otherwise, coke would be pro-
duced at high reaction temperature. Thus, hydrogen donor was an

Fig. 4. (a)-(b) SEM images of Fe/SC; (c)-(d) TEM and HRTEM images of Fe/SC; (e)-(g) EDS characterization of Fe/SC of the region shown in (b).

Fig. 5. Effect of different catalyst types under the same experimental
condition (reaction at 350 for 30 min with 0.1 wt% catalyst).

Fig. 6. Effect of different hydrogen donor under the same experi-
mental condition (reaction at 350 for 30 min with 0.1 wt%
catalyst and 3 wt% hydrogen donor).
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important role in improving the quality of heavy oil.
Three different typical hydrogen donors of THF, toluene and

CHX were used to participate in the pyrolytic reaction of heavy oil
with the catalyst. The addition amount of hydrogen donor reagent
was 3 wt%, which was selected according to the references [32,33].
The result of VVR is shown in Fig. 6 and Fig. S2. Compared to
the heavy oil pyrolytic reaction with Fe/SC, there was an increment
of 9.50%, 7.50% and 4.19% with the hydrogen donor addition of
THF, toluene and CHX, respectively, which also suggested that the
hydrogen donor had an obvious effect on catalytic pyrolytic reac-
tion of heavy oil.
2-3. The Effect of Reaction Conditions

The viscosity reduction effect of reaction temperature, reaction
time and catalyst content is shown in Figs. 7-9, respectively. From
Fig. 7, compared with the pyrolytic reaction of heavy oil alone, the
effects of oil samples viscosity reduction at different reaction tem-
peratures in catalytic pyrolysis were remarkable, and the most sig-
nificant viscosity reduction ratio occurred at 350 oC. Moreover, as

Fig. 7. Effect of reaction temperature of 320-360 oC with reaction
time of 30 min and 0.1 wt% catalyst.

Fig. 8. Effect of reaction time of 10-50 min with reaction tempera-
ture of 350 oC and 0.1 wt% catalyst.

Fig. 9. Effect of the catalyst content of 0-0.3 wt% with reaction tem-
perature of 350 oC and reaction time of 30 min.

Fig. 10. SARA contents of heavy oil samples before and after reaction.

shown in Fig. 8, with the increase of reaction time, the viscosity of
oil samples first decreased rapidly and then decreased slightly, with
30 min being the optimal reaction time for the catalytic reaction of
heavy oil. Finally, the influence of catalyst content on viscosity reduc-
tion of heavy oil is shown in Fig. 9. The viscosity reduction ratio of
heavy oil first increased gradually and then decreased slightly with
the increase of catalyst content, and the most significant effect of
viscosity reduction was obtained with 0.1 wt% catalyst content.
These three charts suggest that raising the reaction temperature,
prolonging the reaction time and increasing catalyst content fur-
ther were disadvantageous for catalytic upgrading of heavy oil,
which might be due to intensified condensation phenomenon of
heavy fractions during catalytic pyrolytic reaction. In conclusion,
the viscosity reduction ratio of heavy oil was up to 80.81% under
the optimum condition with reaction temperature of 350 oC, reac-
tion time of 30 min and catalyst content of 0.1 wt%.
2-4. SARA Analysis

The SARA composition of heavy oil before and after pyrolytic
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reaction is shown in Fig. 10. It can be seen that after pyrolytic reac-
tion of heavy oil, the mass percentage of saturate and aromatic of
light components increased, while that of resin of heavy compo-
nents was reduced by 6.83%, 10.20% with pyrolysis alone and with
Fe/SC catalyst, respectively. The mass percentage of asphaltene of
heavy components increased slightly, which might be attributed to
condensation reaction present in the pyrolytic process of heavy oil
[34]. Obviously, it indicates that a part of resin was converted into
other components by cracking reaction and condensation reaction,
resulting in the viscosity reduction of heavy oil.
2-5. FT-IR Analysis

The variation of molecular structures was analyzed with the FT-
IR spectra of oil samples, as displayed in Fig. 11. It was found that
the strong absorption peaks of 2,930, 2,850 and 1,460 cm1 were
assigned to methyl (-CH3) and methylene (-CH2-). The absorption
peak at 1,610 cm1 was the peak of carbonyl group. The absorp-
tion peaks at 570-705 cm1 referred to C-S bond [35]. From Fig. 10,
the peak of methylene weakened in the heavy oil after the pyro-
lytic reaction, indicating that the alkyl side chains were cracked
into small alkanes during the pyrolytic reaction process. Meanwhile,
due to the cleavage of C-S of low bond energy, the peak of C-S
weakened obviously. In brief, cleavage of long alkyl side chains and
sulfur heteroatomic bridged bond contributed to enhancing the
mass percentage of light compositions and reducing the mass per-
centage of heavy compositions, improving the quality and fluidity
of heavy oil.
2-6. GC-MS Analysis

The saturated components of oil samples characterized by GC-
MS before and after reaction are shown in Fig. 12. The composi-
tion of samples can be seen in Table S1 (Supporting Information).
It was found that the saturated C9 to C25 in the light components
of heavy oil increased significantly after pyrolytic reaction. It indi-
cates that the saturate component was generated during catalytic
pyrolysis [18]. Moreover, the quantity of saturated increased even
more than that of pyrolytic reaction alone under the same reaction
condition, especially C9 to C17, which also suggests that compared
with pyrolysis alone, 0.1 wt% Fe/SC catalyst could further promote

Fig. 11. FT-IR spectra of heavy oil samples before and after reaction.
Fig. 12. GC-MS spectra of saturated hydrocarbons obtained from

oil samples before and after reactions.

Fig. 13. TG and DTG curves of the oil samples before and after reac-
tion.
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cleavage of C-C bond. So, the catalyst of Fe/SC had an important
effect on upgrading of heavy oil.
2-7. TG-DTG Analysis

Thermal decomposition of heavy oil before and after pyrolysis
was studied. The TG curves of heavy oil samples at a heating rate
of 10 oC/min in N2 atmosphere are listed in Fig. 13. As shown, it
can be found that the heavy oil samples had first a slight mass loss
at about 100-120 oC, which might be due to moisture evaporation.
Severe weight loss of the oil samples occurred in the range of 200-
480 oC, which was because of the thermal decomposition as well
as volatilization of feedstocks [36]. Obviously, the thermal decom-
position process of different oil samples was different. Compared
to thermal decomposition before reaction, the decomposition tem-
perature of the oil samples after pyrolytic reaction with Fe/SC and
with pyrolysis alone was ahead of schedule in turn, and pyrolysis
degree in the 250-400 oC increased mildly, respectively. Moreover,
the change trend was more distinct with Fe/SC, which indicates
that Fe/SC catalyst was effective for catalytic pyrolytic reaction of
heavy oil.

According to analysis and discussion of the above experimental
results, it suggests that the catalyst of Fe/SC could mainly affect the
cleavage of the long alkane chains, alkyl side chains and heteroat-
omic (thioether, etc.) bridged bonds in heavy oil chemical mole-
cules during catalytic pyrolysis reaction. A schematic illustration of
catalytic pyrolytic reaction of heavy oil is shown in Fig. 14. It is
known that the active components in transition metal nanoparti-
cles are dominative for catalytic reaction [37]. Many researchers
have shown that abundant active reaction sites on Fe nanoparti-
cles surface can reduce the apparent active energy in vast organic
reaction, and which brings about the cracking of some C-C, C-N
and C-S bonds during the pyrolytic reaction process of heavy oil
[38]. Even the cleavage of a spot of bridge bond would distinctly
improve the performance of heavy oil. In short, the catalyst can effec-
tively promote the cracking of some chemical bonds, and it can
reduce the viscosity and improve the quality of heavy oil after cat-
alytic pyrolytic reaction. The possible catalytic pyrolysis process of
heavy oil is shown in Fig. 14.

CONCLUSIONS

The catalyst of Fe/SC was successfully synthesized with Fe(NO3)3·
9H2O and sawdust via an impregnation method followed by calci-
nation, which was applied to research the effect on catalytic pyrol-
ysis of heavy oil. Analysis results of laboratory experiment indicated
that the cracking degree of heavy oil significantly increased and
resulted in the heavy oil viscosity decreasing obviously after cata-
lytic pyrolysis reaction. Under the optimal reaction conditions of
reaction temperature 350 oC, reaction time 30 min, catalyst content
0.1 wt%, the viscosity of heavy oil could be decreased from 16,000
mPa·s to 3,070 mPa·s with the VRR of 80.81%. The VRR of heavy
oil could be further reduced by 9.50% with addition of 3.0 wt%
THF after reaction. It also suggested that resin fraction and asphal-
tene fraction were mainly destructed to the light component during
pyrolytic process of heavy oil. Compared to pyrolysis alone, the
environment-friendly catalyst of Fe/SC with low cost and easy
availability could increase the VRR of heavy oil by 20.68%, which
is highly effective on catalytic upgrading and viscosity reduction of
heavy oil.
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Fig. S1. Effect of the fresh and used catalyst under the same experi-
mental condition (reaction at 350 for 30 min with 0.1 wt%
catalyst).

Fig. S2. Effect of different hydrogen donor without the catalyst under
the same experimental condition (reaction at 350 for 30 min
with 3 wt% hydrogen donor).

Table S1 The main composition of saturated hydrocarbons analyzed by GC-MS

Peak Retention
time (min) Component

Relative content (wt%)

Heavy oil Heavy oil with
pyrolysis alone

Heavy oil
with Fe/SC

01 05.56 C90 Nonane 00.27 00.68 01.03
02 06.28 C11 Undecane 00.43 00.66 01.05
03 06.99 C12 Dodecane 00.55 01.03 01.85
04 07.84 C14 Tetradecane 00.78 02.85 03.32
05 08.87 C15 Pentadecane 00.50 01.62 01.78
06 10.08 C16 Hexadecane 00.89 02.12 02.77
07 11.45 C17 Heptadecane 00.63 02.35 02.22
08 12.96 C18 Octadecane 00.86 03.69 02.97
09 14.54 C19 Nonadecane 00.62 02.16 02.29
10 16.16 C20 Eicosane 00.76 02.20 02.61
11 17.79 C21 Hexadecane 00.93 02.21 02.17
12 19.39 C22 Dodecane 00.89 01.89 02.47
13 20.96 C23 Tricosane 00.99 03.30 02.96
14 22.50 C24 Tetracosane 00.91 01.67 02.30
15 23.99 C25 Pentacosane 01.04 01.46 01.90

(saturated hydrocarbons) 11.05 29.89 33.69


