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asphaltenes gasification. These asphaltenes came from the implementation of a Deasphalting process to San

Fernando crude oil, with the purpose of looking for technological options for their utilization. We performed
the design, installation and commissioning of facilities for the gasification of asphaltenes at laboratory scale, it fol-
lowing an experimental methodology, performing nine tests and considering temperature and agent gasification
quantity (oxygen) as independent variables. The syngas derived from gasification was analyzed by two chromato-
graphic techniques, which reported the presence of refinery gases and sulfur. We evidenced a growth tendency of
CO, H, and sulfur composition and a decrease in CH, and CO, composition with temperature. The composition of
the syngas was evaluated with different quantities of gasification agent (33%, 40% and 47% the amount of oxygen
theoretically required for complete combustion) at each temperature levels operated. It was established that when
using a 40% of gasification agent, you get greater average content of CO and H,, which are the interest gases in
the gasification process.

I n this work, we developed the first study in Colombia to obtain and evaluate syngas compositions derived from
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n este trabajo se desarrollé el primer estudio en el pafs de la obtencién y evaluacién de las composi-

ciones del syngas a partir de la gasificacién de asfaltenos provenientes de la aplicacién del proceso

de Desasfaltado al crudo San Fernando, con el objeto de evaluar opciones tecnolégicas para su
utilizacién. Para ello se realizé el disefio y puesta en marcha de un sistema de gasificacién de asfaltenos a
escala de laboratorio, donde se empleé una metodologia experimental, realizando nueve pruebas y tomando
como variables independientes la temperatura y el agente gasificante (oxigeno). El syngas obtenido de la
gasificaciéon fue analizado por dos técnicas de cromatografia, las cuales reportaron la presencia de gases
de refineria y azufrados. De estos resultados experimentales se evidencia una tendencia de crecimiento en la
composicién del CO, H, y azufrados, y una disminucién en la composicion del CH, y CO, con la tempe-
ratura. Se evalué la composicién del syngas con la variacién del agente gasificante (33%, 40% y 47% del
oxigeno teédrico requerido en una combustién total) en cada uno de los niveles de temperatura operados y
se establecié que al utilizar un 40% de agente gasificante, se obtienen en promedio los mejores resultados
en las composiciones del CO y H,, siendo estos los gases de interés en el proceso de gasificacién.

Palabras Clave: crudo San Fernando, gasificacién, asfaltenos, syngas.
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INTRODUCTION

The decrease of conventional crude oil reserves
in Colombia has brought about an incremental use
of heavy crude oil reserves (Rubiales, Castilla & San
Fernando). Due to their high viscosity, sulfur and metal
content, these crude oils represent a challenge for their
transportation and refining. Therefore, several techno-
logical alternatives are evaluated to utilize them in a
very efficient manner. The deasphalting process is one
of these alternatives to separate the light and the heavy
fractions of crude oil, resulting in improved crude oil
with less viscosity, sulfur and metal content as well
as a byproduct called asphaltenes (Wallace, Jonson &
Thacker, 2001). These asphaltenes have different utili-
zation schemes, being one of them their submission to
gasification processes.

Asphaltenes have a molecular weight between 1000
and 2000, their molecule size ranges between 60-90
Armstrong and, in general terms, exhibit a boiling
point greater than 540°C (Centeno, Trejo & Ancheyta,
2004; Delgado, 2006). Different studies conclude that
asphaltenes are composed of condensed aromatic cores
with naphthenic and alkyl substitutions, heteroatoms and
metallic compounds that can be dispersed throughout
the molecule (Navarro, 2004; Delgado, 2006).

The gasification process has been a topic of research
for many years (Liu & Kojima, 2004); its development
and commercialization have also been a subject of
analysis (Dyk, Keyser & Coertzen, 2006). Today, there
are nearly 150 commercial gasification plants in deve-
lopment, construction or operation (Peabody Energy,
2009). However, asphaltenes gasification has not been
formally researched, a fact that justifies the underta-
king of this study.

The research objective is to complete a design for as-
phaltenes gasification and the collection and evaluation
of the resulting syngas by chromatographic analyses.
Based on syngas composition and on the residues gene-
rated in the process, syngas mass yield was determined
for each trial, thus obtaining yields between 62% and
77%.
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THEORETICAL FRAMEWORK

The gasification process consists in submitting
feedstocks to high temperatures (800°C -1.800°C) and
pressure (Huang, Fang, Chen & Wang, 2003; Higman
& Burgt, 2007; Texaco, 1995) with a gasification agent,
usually, water vapor, oxygen, air or a mixture of them.
The syngas heating value varies according to these com-
ponents. This feedstock is converted in crude gas (CO,,
CH,, H,, CO among others) that is cooled and purified
to obtain a mixture of CO and H, (Leibold, Hornung
& Seifert, 2008; Higman & Burgt, 2007; Steynberg &
Dry, 2004; Texaco, 1995). Reaction rates in this range of
temperature are sufficiently high to be described by the
thermodynamic equilibrium modeling of the main gas
components and coal, giving results closer to rea-lity. This
is the foundation for the design of commercial reactors
(Higman & Burgt, 2007).

The asphaltenes gasification process in this paper and
in publications from Texaco (Wallace, Jonson & Thacker,
2001), Shell and other companies, is similar to different
gasification processes for coal, petroleum residues and
biomass (Higman & Burgt, 2007). The asphaltenes gasi-
fication process, as other petroleum residues, requires
temperatures above 1000°C to obtain the best results
(Wallace, Jonson & Thacker, 2001; Wa-llace, Anderson,
Rodarte & Preston, 1998; Deschamps, Dezael & Franck-
owiak, 1986).

The composition of syngas resulting from asphaltenes
gasification has not been reported extensively in any
publication. Asphaltenes gasification studies result from
deasphalting processes. Therefore, petroleum companies
have proposed the integration of deasphal-ting processes
with asphaltenes gasification (Wallace, Jonson & Thacker,
2001; Wallace, Anderson, Rodarte & Preston,1998), thus
creating very attractive alternatives for crude improve-
ment and for the application of the byproducts resulting
from the deasphalting process (asphaltene). Asphaltene,
in turn, is a low-cost raw material that can be submitted
to a gasification process in order to increase the profit-
ability of these processes (Wallace, Anderson, Rodarte
& Preston,1998).

The main reactions taking place in gasification are:
(Marano, 2003; Higman & Burgt, 2007; Ouyang, Guo,
Duan, Song & Yu, 2005):
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Exothermal Reactions

Partial Combustion

1 o _111_MJ_ 1)
C+— 0.~ C0 AHg 1112 (
Total Combustion
RPN o _204_MJ_ 2
C+—0.—CO, AH;,~394+ (2)
Water shift
» MJ
CO+HO—CO+H,  AH- 41 3)
Methanation Reaction
C+2H,«—CH, AHS - 75 MJ_ (4)
2 4 % Kmol
Endothermal Reactions
Boudouard Reaction
C+CO,«>2CO AH2-172-ML (5)
2 8 Kmol
Water-gas Reaction
C+H.0<> CO+H. AH2-131-ML (6)
2 2 298 Kl’l’lOl

Equations 3 through 6 are reversible. Their equilibri-
um can be described with the Van't Hoff Equation that
considers the temperature effect over the equilibrium
constant and, therefore, over the equilibrium conversion.
(Smith, 1991; Smith, Van Ness & Abbott, 1997).

Van’t Hoff Equation (Smith, 1991).

d(ln[d (K] _ AHG (7)
dT  RT?

The gasification process is a controlled combustion
with a reduced O, atmosphere, using from one third to
one fifth of the O, required in total combustion (Steyn-
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berg & Dry, 2004). Most of the O, supplied in the gasifier
is consumed in the combustion reactions. The water shift
reaction is used in the adjustment of the H,/CO ratio. The
objective is to maximize the CO and H, content (Furim-
sky, 1999; Ouyang et al., 2005; Sharma, Takanohashi,
Morishita, Takarada & Saito, 2008; Texaco, 1995). The
CH, can be formed at low gasification temperatures and
can be reformed to increase the CO and H, in the syn-
gas from the reforming reaction (Equation 8) (Marano,
2003; Higman, & Burgt, 2007).

Reforming reaction

o MJ
CH4+H20HCO+3H2 AH298_206m (8)

Sulfur in the feedstock is mainly converted to small
quantities of H,S and COS. Most of nitrogen is con-
verted into N,, with small amounts of HCN and NH,
(Secades, 2003; Hoffman, 2003; Higman & Burgt,
2007; Leibold et al., 2008; Texaco, 1995).

Using deductions of the thermodynamic model,
Higman and Burgt (2007) determined the change in gas
composition at different pressure values (from 10 bar
to 100 bar), keeping a constant temperature of 1000°C.
The results of such study indicate that CH, and CO,
composition in syngas increased with pressure, while
CO and H, production decreased.

Higman and Burgt (2007) repeated the calculation
keeping a constant temperature of 1500°C. They ob-
served the same trend as pressure increases, although
their conclusion indicates that syngas changes at this
temperature are negligible.

In order to determine syngas variation with tem-
perature, (from 1000°C to 1500°C), Higman and Burgt
(2007) kept the pressure constant at 30 bar. They
observed that, as temperature increases, H, and CO
content also increases and the content of CO,, CH, and
H,O decreases. This conclusion was validated in the
asphaltenes gasification.

Figure 1 illustrates the available gasification tech-
nologies, together with their operation conditions (Dyk
et al., 2006; Secades, 2003; Higman & Burgt, 2007,
Steynberg & Dry, 2004).
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Figure 1. Types of gasifiers (adapted from Secades, 2003)

Most of the operating plants were constructed for the
production of chemical compounds and synthetic fuel
through the Fischer-Tropsch synthesis and the clean
production of electric energy (Integrated Gasification
Combined Cycle - IGCC) (Marano, 2003; Huang, et al.,
2003; Leibold et al., 2008; Steynberg & Dry, 2004).

EXPERIMENTAL DEVELOPMENT

A laboratory-scale asphaltenes gasification system
was designed and implemented, consisting basically
in a tubular oven (Figure 2). A temperature sensor was
located in the electric oven, where the tubular reactor
sits. This oven can operate at a maximum of 1500°C
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and the main characteristics of the reactor are: 304 SS
stainless steel drum, with a 6,35 cm external diameter
and schedule 40.

Three basic raw materials were used in the trials:
asphaltenes, 99,99% pure oxygen and 99,99% pure
argon. The asphaltenes used comes from the San Fer-
nando crude deasphalting process which is classified as
an extra-heavy crude oil (8,7 °API). The process was
conducted by Instituto Colombiano del Petréleo (ICP)
-Ecopetrol S.A. and the main asphaltenes characteristics
are listed in Table 1.

The process variables considered were determined
based on the BIS BS 4445 regulation and deductions a-
ccording to Higman and Burgt (2007). The most influential
variables in the process were temperature and amount of
gasification agent. A 32 factor design was used (Table 2).
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Figure 2. General scheme of asphaltenes gasification

Table 1. Main characteristics of asphaltenes from
San Fernando crude oil

Asphaltenes
C (%wt) 81,1
H (wl) 8,62
N (%w) 1,07
Ashes (%wt) 0,53
O (%ow) 4,39
S [Gowl) 4,29
Vanadium ppm (wt) 1568
Nickel ppm(wt) 342
Coal residues (%wt) 44,73
Coal and Coke Humidity (%wt) 0,69
Volatile material (%wt) 78,89
Value of Heat Power (Btu/Lb) 18000
Molecular Weight (g/mol) 1311
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Table 2. Factors and experimental domain for asphaltenes gasification.

Experimental domain

Fractors Level (-1) Level (0) Level (1)
Gasification Temperature [°C] 900 1000
Amount of O, supplied [cm’] 900 1300

Methodology developed for each trial

An asphaltenes sample weighing 15g was placed
inside the tubular reactor. The inert atmosphere was
attained by injecting Argon into the system at a
volumetric flow velocity of 500 cm?®/min. Then, the
reactor input and output valves were closed. Once
the system was ready (Figure 3), the heating ramps
were programmed. When the sensor reported a tem-
perature of 600°C, the input valve was opened to let
the gasification agent (oxygen) enter (Table 2) at 170
psi. The gasification agent was allowed to react with
the asphaltenes to the set point temperature (Table
3). This process was conducted in a discontinuous
system and the Syngas collection conformed to the
Regulation GPA 2166. Once the syngas was collected,
chromatographic analysis were conducted at the ICP
— ECOPETROL S.A Chromatography Laboratory for
the identification of sulfur materials and refinery gas,
following the ASTM 5504 Regulation and the UPO
539 Regulation respectively.

The residues left by asphaltenes gasification were
collected one day after the trial was done, since it be-
came necessary to wait for the cooling of the reactor.

Figure 3. Photography of the Asphaltenes gasification System

Table 3. Operation and Reaction Times.

Temperatura Levels (°C)

Reaction Time (min.)

Operation Time (min.)

900 91 129
950 125 163
1.000 149 187
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RESULTS

The results obtained in the asphaltenes gasification trials are shown in Tables 4 -6.
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Residues from trials 1 and 7 were analyzed at the

Heavy Crude Oil and Spectroscopy Laboratories of

(ICP)-Ecopetrol S.A in order to determine their elemen-
tary composition.

These trials were selected since they correspond to
the highest and lowest levels of temperature with 40% of
gasification agent, that is, the best results were reported
in these trials.

Table 6. Elementary analysis of Gasification Residues

Type of Analysis and Regulation Component Trial 1 Trial 7
Sulfur . Petroleum Products - Leco Sulfur (%wt) 4,8 4,7
ASTM D 1552
Carbon, hydrogen CH ASTM D 5291 C (%owt) 90,2 90,77
Carbon, hydrogen CH ASTM D 5291 H (% wi) 1,31 1,82
Carbon and Coke Ashes ASTM D 3174 Carbon ashes B.C.D (%w1) 1,14 1,31
Basic Nitrogen in Hydrocarbon UOP 269 Basic Nitrogen in Hydrocarbon (%wt) NI 0,11
Crude Quantitative Analysis ICP-OES Nickel ppm (wt) 424,02 1513,16
Micro Carbon Residues ASTM D 4530 Residuo carbén micro (%owt) 98,7 95,55
Crude Quantitative Analysis ICP-OES Vanadium ppm (wt) 1625,22 7257,31

RESULT ANALYSIS

Carbon conversion was determined for Trials 1 and
7 (Tables 4 and 5).

Table 7. Carbon conversion (Kabe, T., Ishihara, A., Qian, E.V,,
Sutrisna, | P, & Kabe, Y. 2004)

As explained below, increasing temperature du-
ring asphaltenes gasification makes this process more
efficient, since it decreases the amount of tar and
gasification byproducts; therefore improving syngas
composition and carbon conversion. Trial 7 showed
higher carbon conversions than trial 1 due to the fact
that the residue in trial 7 was 3,66 g while trial 1 was

Carbon Conversion (%) 6 g. (Tables 4, 6, and 7).
Asphaltenes Asphaltenes Carbon
. ) _ The greatest mass yield of syngas was observed in
Trial 1 Trial 1 Sasol Lurgi . . .
trials 7 and 9 with 77% each. The lowest mass yield was
> & & 62% in Trial 1 (Table 8).
Table 8. Syngas Mass Yield
Trials (Oxyg er:nffsmﬁiene) (@) ,5\%55'3'@ Synrgg: so(;t)puf Mass Yield of Gas (g)
1 31,7 6 25,7 0,62
2 28,7 5,2 23,5 0,64
3 34,7 4,7 30,0 0,73
4 31,7 4,9 26,7 0,69
5 28,7 4,2 24,4 0,70
6 34,7 4,7 29,9 0,73
7 31,7 3,7 28,0 0,77
8 28,7 4,4 24,3 0,70
9 34,7 4,0 30,7 0,77
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The increasing tendency of CO and H, proportion
remained in each temperature level (Figure 4). Variations
in syngas composition with temperature show that CH,
proportion is significant (Table 4). However, as tem-
perature increases, CH, and CO, proportion decreases.
CO and H, compositions show increments greater than
57% from the lowest to the highest level of temperature
(Figure 5).
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Figure 4. Syngas participation percentage obtained in each trial.

a)
60
~ 50
£
40
>
Y m
@ 3 /
2
=)
'g 20 Tl
=1
g 0 S /
o
0
850 900 950 1000 1500
Temperature (°C)
—¢—CO —m—H, CO, —e— HO,

CT&F - Ciencia, Tecnologia y Futuro - Vol. 3 Ndm. 5  Dic. 2009

b)
60
—_ \
S 50
% \
s 40 o
A
2
.9 30 /-/I
=
g 20 g
£ ___—"
g 10 —
o
0
850 900 950 1000 1500
Temperature (°C)
—+—CO —m—H, CO, —e— HO,
©)
50
~ 4% A‘T
S 40 °
§ 35
=
< 3 P |
£ 25
o
:E 20 /I/
g. 15 .//
1
g 0 —
O 5
0
850 900 950 1000 1050

Temperature (°C)

~—4-CO —m—H, CO, —e— HO,

Figure 5. Variation of syngas with temperature
a) using 33% of gasification agent. b) using 40% of gasification agent
c) using 47% of gasification agent

It can be concluded that these changes are the result
of the effect of temperature on equilibrium conversion
(Equation 7), since it was also noted that the equilibrium
constant decreased with the increment of temperature in
Equation 4 (Methanation reaction). On the other hand,
in Equations 5 and 6 (Boudouard and water gas Reac-
tions), an increase of temperature helped the equilibrium

constant and, therefore, the equilibrium conversion.
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The highest H, content at temperatures of 900°C and
950°C is attained with 40% of gasification agent, while
at 1000°C the highest content is attained with 33% of
gasification agent. Regarding CO, at gasification tem-
peratures of 900°C and 950°C, the highest content is
attained with 40% of gasification agent, while at 1000°C,
the highest CO content resulted with 47% of gasification
agent (Figure 6).
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Figure 6. Composition variation with gasification agent
a) CO variation, b) Hy variation.
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It is considered that these changes are generated
due to the fact that as temperature increases; the com-
bustion process improves, thus changing the reaction
equilibrium.

The greatest H,/CO ratio for the two highest tempera-
tures is obtained with 33% of gasifying agent (Table 4).

The content of sulfur compounds increases as
temperature increases due to the breakdown of the as-
phaltenes heaviest chains which showed the content of
sulfur compounds in the feedstock (Table 1). Therefore,
the more material is gasified, the less gasification resi-
dues are obtained (Table 5) as temperature increases.

The oxygen composition indicates that the heaviest
asphaltenes chains did not breakdown completely during
the gasification process. Some of them were converted
in coke while some of the oxygen supplied remained
without reacting. The oxygen reaction increased as
temperature increased, due to the fact that more mate-
rial was gasified (Table 4).

The presence of tars in the process decreased with
temperature, being nil at 1000°C. The amount of resi-
dues, byproducts of the gasification process, decreases as
temperature increases, since the higher the temperature,
the more material is gasified. The analysis of residues
showed that a portion of them did not contain ash nor
carbon and hydrogen (Table 6). This indicates that as-
phaltenes require higher temperatures to reach complete
gasification.

Comparing the results of syngas to the results of
Sasol-supplied syngas (Table 9), the H, and CO com-
positions are similar to the ones obtained in trials at
1000°C, while CO,and CH, amounts greatly vary.

In order to obtain better results in asphaltenes gasifi-
cation, the use of a mixture of oxygen and water vapor
as gasification agent can be implemented, keeping the
heat balance of combustion and gasification reactions
in the gasifiers, as the gasification agents do (Shell,
Texaco, Sasol) (Furimsky, 1999; Marano, 2003; Hig-
man & Burgt, 2007).
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Table 9. Composition of Sasol- Lurgy gasifier syngas (Steynberg & Dry, 2004) and syngas composition from asphaltenes gasification

Syngas Sasol-lurgi gasifier Trial 7 Trial 8 Trial 9
Operation temperature (800 to 1000°C) 1000°C 1000°C 1000°C
H, 39 29,76 31,70 31,53

CcO 18 14,31 13,01 14,77

CO, 31 4,02 2,66 3,48

CH, 11 38,81 40,79 39,82

N, 1 0,66 0,64 0,59

H,/CO 2,2 2,08 2,44 2,13

Fuel Coal Asphaltenes Asphaltenes Asphaltenes

Gasifying agent Oxygen + steam Oxygen Oxygen Oxygen

CONCLUSIONS

e Results from the asphaltenes gasification process in-

dicate that the greater the temperature, the higher the
proportion of H, and CO and the lower the content
of tars and residues. Syngas mass yields reach 77%
since there is a greater breakdown of asphaltenes
chains, thus improving the gasification process.

The molar percentage of CO showed a tendency to
growth with the increment of the gasification agent
at 1000°C, while H, showed greater molar percentage
when 33% and 47% of gasification agent was used at
1000°C. Based on the H, and CO increase, with the
increment of temperature and gasification agent, the
best results were obtained when 40% of gasification
agent was used.

The methane composition obtained in the trials was
very high if compared to the compositions reported
by some gasification plants; although as temperature
increased, their proportion decreased from 54% at
900°C to 38% at 1000°C. This proportion is due to the
fact that the methanation reaction is exothermal. The
amount of CH, can be decreased by using a mixture
of oxygen and water vapor as gasification agent, in
order to increase the CO and H, amount present in
the syngas.
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e Inorder to obtain a carbon conversion higher than
75%, the operation temperature must be above
1000°C. Therefore, it is convenient that new stu-
dies consider an operation temperature range from
1200°C to 1500°C.

e The reported results for H, and CO are close to the
ones accounted by Sasol. Therefore, the feasibi-
lity analysis study for the asphaltene gasification
process is considered satisfactory. It is worth
mentioning that improvements can be obtained in
the results by increasing the operation temperature
and using a moderator.
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