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ABSTRACT: In order to explore the possibility of continuous
hydrocarbon generation from highly mature organic matter, a
series of simulation experiments of hydroconversion of highly over
mature Yuertusi kerogen were conducted under Fischer—Tropsch
synthesis conditions, that is, with native iron plus water for
hydrogen supply. Under temperatures of 400—600 °C and a
pressure of 50 MPa, very high yields of gaseous and liquid
hydrocarbons were generated above 500 °C in the series of
kerogen iron plus water, compared with three control experimental
series of kerogen alone, kerogen plus water, and kerogen plus iron,
in which the total hydrocarbon yields were ~30 times higher than
that of kerogen alone. The main mechanism is that large amount of
hydrogen produced by the reaction of iron with water at high
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temperatures, which promotes the pyrolysis and depolymerization of kerogen macromolecules and CO, Fischer—Tropsch-type
(FTT) synthesis, consequently producing liquid and gaseous hydrocarbons in high yields. The results were confirmed by performing
another experiment of highly over mature kerogen with low sulfur of Permian Dalong Formation in the Sichuan Basin. The
consistent results between the two kerogens indicated the feasibility of the hydroconversion on highly over mature kerogens. The
hydroconversion method employed in this study is expected not only to largely increase the hydrocarbon production of kerogen, oil
shale, coal, asphaltene, and other macromolecular organic matter upstream, but also has great significance to the refining and

processing of heavy oils and fossil-fuel tailings downstream.

1. INTRODUCTION

Kerogen, which is an insoluble macromolecular organic matter
dispersed in sedimentary rocks, is the most abundant form of
organic matter on Earth. It is mainly composed of C/H/O/N/S
elements and is considered to be the main source of petroleum
and natural gas." The evolution of kerogen can be divided into
three stages during the burial of organic sediments: the
immature stage (diagenesis, R, < 0.5%), which involves the
conversion of biopolymers of deposited organic matter in the
presence of water and minerals into geopolymers under thermal
stress compacted into sedimentary rock; the mature stage
(catagenesis, 0.5% < R, < 2.0%), which involves the thermal
breakdown of geopolymers (kerogen) into petroleum oil and
wet gas, which is the main stage of hydrocarbon generation; and
the highly overmature stage (2.0% < R, < 4.0%), which involves
the alteration of residual kerogen after hydrocarbon release. If
the kerogen exposed to extreme heat, such as proximity of
magma, it would go through a metamorphic path called
metagenesis to form carbon residue (pyrobitumen), along
with methane generation.”~* Although the potential of hydro-
carbon generation of kerogen in the highly overmature stage is
low, there are still significant amounts of residual organic
carbons left after the last stage of hydrocarbon generation.
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Therefore, if the highly overmature kerogen can continuously
generate hydrocarbons by some effective hydroconversion or
thermal conversion means, it would be of great significance for
the secondary utilization of fossil fuel residues, such as oil shales
upstream and crude oil distillation bottoms downstream.
Water can serve as an effective solvent for organic matter and
can be used as a good reaction medium to realize the conversion
of fossil fuel resources to small hydrocarbon molecules.”® The
conversion of kerogen, oil shale, bitumen and coal tar under high
temperature (or supercritical) water or steam conditions has
been studied extensively. In these studies, higher yields of
hydrocarbons were obtained compared to the conditions in the
absence of water.””'° However, the degree of conversion is
dependent on the H/C atomic ratio of the initial reactant: the
lower the H/C atomic ratio, the more difficult is the reaction to
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Table 1. Geochemical Parameters of the Yuertusi and Dalong Kerogens

sample TOC (%) S, (mg/g kerogen) S, (mg/g kerogen)
Yuertusi 57 1.42 11.0
Dalong 76 0.74 4.0S

S5 (mg/g kerogen) Thax (°C) HI (mg/g TOC) OI (mg/g TOC)
16.04 579 18 28
15.47 606 S 20

proceed. Moreover, the hydroconversion of reactant is
negligible, because of the chemical involvement of water
molecules.”*® Therefore, in order to increase the hydrocarbon
production, additional hydroconversion is required.

The hydroconversion refers to the molecules in fossil fuels
that are split and/or saturated with hydrogen gas to generate
valuable hydrocarbons, including hydrocracking, hydropyroly—
sis, hydrogenation, hydrogenolysis, hydroisomerization, etc.' "'
Hence, hydrogen is important for the conversion of reactants
into valuable hydrocarbons. At present, there are several
approaches to realize the deep hydroconversion of fossil fuels
with water as a reaction medium. At first, hydrogen is produced
from steam-methane reforming (SMR), which is the most
popular method in petroleum refining. Instead of using methane
as the feed, naphtha or natural gas can also be used as the feed. In
the second approach, CO or H,/CO mixed gas is added with
H,O0, and the hydrogenation of reactants occurs by water—gas
shift (WGS) reaction.'”'* However, in the upstream applica-
tions, a large supply of gas would be required, in quantities ~15—
20 times greater than the molar mass of organic matter. Thus,
the first two approaches cannot be handled in large scale,
because of the high price and strict storage conditions of H, and
CO. Another approach is the hydroconversion of fossil materials
such as kerogen, bitumen, and coal tar by redox reaction
between actlve metals and water."””~"® For example, Fedyaeva
and Vostrikov'® explored the catalysis effect of adding metal zinc
and aluminum on the conversion of bitumen under supercritical
water conditions. Good results were obtained with improved
yields of liquid hydrocarbons and volatile products, which was
mechanistically attributed to hydrogen generated by the
reaction of active metals and H,O. This method is easy to
operate, safe and convenient, and can effectively perform the
hydroconversion of fossil fuels.

Compared with zinc, aluminum, and other active metals, iron
is more abundant in the crust, less expensive, more stable, and
environmentally friendly. A large amount of hydrogen produced
by iron and water at high temperatures can provide sufficient
hydrogen supply for hydroconversion.'”~*" A series of hydro-
conversion experiments for biomass macromolecules, unsatu-
rated hydrocarbons, and the synthesis of hydrocarbons from
inorganic carbon sources such as CO, and CO were performed
using iron plus water; the results showed that this approach is an
effective hydroconversion method for hydrocarbon genera-
tion*>**7** The coordination of iron and H,O can greatly
improve the yield of biomass crude oil (bio-oil), indicating that
the addition of iron under hydrothermal conditions is feasible to
promote the hydroconversion of macromolecular organic
matter.”* However, only few detailed studies have been done
to explore the hydroconversion of fossil fuel resources for
hydrocarbon generation by the coordination of iron and water.

Kerogen is the main source of crude oil and natural gas.
However, for the highly mature kerogen, although with a large
amount of residual organic carbon, the hydrocarbon generation
ability is very poor. Based on the above considerations, we
investigated the influence of iron plus water on the hydrocarbon
generation of highly overmature Yuertusi/Dalong kerogens and
the hydrocarbon generation mechanism in the temperature
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range of 400—600 °C, under a fixed pressure of 50 MPa. In order
to compare the effect of hydroconversion on the two kerogens
with iron plus water, three additional experiments of kerogen
only, kerogen+H,O, and kerogen+Fe were performed as
controls for comparison.

2. SAMPLES AND EXPERIMENTS

2.1. Samples. The source rocks of Yuertusi and Dalong were
collected from the Yuertusi Formation in Dongergou section of
Tarim Basin and Dalong Formation in Wangcang section of
Sichuan Basin, both in China. They were first cleaned and
crushed to 200 mesh, and then Soxhlet-extracted with a solvent
mixture of dichloromethane/methanol (9:1) for 72 h to remove
soluble bitumen. After extraction, the samples were treated with
hydrochloric acid to remove the carbonate minerals at 80 °C for
8 h and then washed with deionized water to pH values close to 7
after removing the HCI solution, followed by further treatment
with HF/HCI (1:1) to remove silicate minerals at 80 °C for 8 h.
After removing HF/HCI, the sample was treated again with HCI
to remove the remaining inorganic materials, then the HCI was
removed and cleaned again. The above procedure was repeated,
then Soxhlet extraction was performed for 72 h to obtain the
kerogen.”

The basic geochemical data of Cambrian Yuertusi and
Permian Dalong kerogens (Table 1) showed that a high
abundance of residual organic carbon (TOC = 57% and 76%)
can be served as the material basis of our catalytic hydro-
converion experiments. However, very low hydrogen index (HI
=18 and S mg/g TOC) and S, (11and 4 mg/g kerogen) values
indicated that they have almost no ability to regenerate
hydrocarbons. The values of commonly used maturity indicator
R, are 2.2% and 2.4%, indicating that they are highly mature or
overmature.”*”° The nuclear magnetic resonance spectroscopy
("3C NMR, Figure 1) showed that they were mainly composed

Aromatic
125ppm
Dalong
Yuertusi
-100 0 100 200 PPm

Figure 1. Solid *C NMR spectrum of Yuertusi and Dalong kerogens.

of aromatic carbons (92—150 ppm), and the proportion of
aliphatic carbons was very small (0—62 ppm), consistent with
the structure of highly mature kerogens.

The iron powder used in this study was purchased from Alfa
Company, with a purity of >99%; pure deionized water was used
in the experiments.

2.2. Gold Capsules Reactor. All pyrolysis experiments were
conducted in a set of gold capsules (6 mm outer diameter, 0.25
mm wall thickness, and 60 mm length). The empty capsules
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Table 2. Yields of Gaseous, Light-Liquid Hydrocarbons (C4—C,,) and Heavy-Liquid Hydrocarbons (C,,,), and Inorganic Gases

from Pyrolysis Experiment of Yuertusi Kerogen

Yield (mg/g TOC)

series” CH, C,H¢ C,H, G Hiy (GSEIS
K-400 0.36 0.12 0.03 0.00 0.00
K-430 0.93 0.22 0.03 0.00 0.00
K-450 1.46 0.29 0.04 0.00 0.00
K-500 19.20 0.49 0.00 0.00 0.00
K-530 28.34 0.72 0.00 0.00 0.00
K-550 34.28 0.61 0.00 0.00 0.00
K-600 51.99 1.42 0.21 0.05 0.00
K+H,0-400 0.37 0.14 0.04 0.01 0.00
K+H,0-430 0.72 0.26 0.08 0.01 0.01
K+H,0-450 1.09 0.33 0.07 0.01 0.01
K+H,0-500 18.13 1.70 0.07 0.00 0.00
K+H,0-530 23.51 1.84 0.06 0.00 0.00
K+H,0-550 33.58 1.96 0.04 0.00 0.00
K+H,0-600 49.27 1.75 0.00 0.00 0.00
K+Fe-400 1.75 0.81 0.12 0.03 0.00
K+Fe-430 391 1.95 0.59 0.13 0.13
K+Fe-450 6.51 3.13 1.26 0.53 0.15
K+Fe-500 51.54 25.37 8.06 4.38 0.92
K+Fe-530 61.17 17.73 6.96 2.66 0.49
K+Fe-550 79.35 15.59 3.72 1.08 023
K+Fe-600 93.73 3.08 0.04 0.04 0.00
K+Fe+H,0-400 4.89 3.20 1.76 0.73 0.21
K+Fe+H,0-430 12.82 7.64 6.17 4.72 2.00
K+Fe+H,0-450 21.51 12.68 11.51 9.85 4.04
K+Fe+H,0-500 151.95 132.61 182.37 89.07 20.66
K+Fe+H,0-530 178.20 179.89 229.21 96.57 14.04
K+Fe+H,0-550 197.03 213.70 238.68 66.14 7.15
K+Fe+H,0-600 428.49 473.92 63.56 5.01 0.35

C,—Cs  C¢Cy Cras total HC? co, co H,
0.51 0.00 0.00 0.51 184.20 0.00 0.02
118 0.00 0.00 118 178.69 0.00 0.01
1.79 0.03 0.00 1.82 189.54 0.00 0.02
19.69 0.00 0.00 19.69  212.59 0.00 0.02
29.06 0.05 0.00 29.11 215.16 0.00 0.18
34.89 0.1 0.00 3490 27147 0.00 0.04
53.67 0.16 0.00 53.83 238.06 0.00 0.41

0.56 0.00 0.00 0.56 184.12 0.00 0.13

1.08 0.00 0.00 1.08 207.75 0.00 0.10

1.52 0.05 0.00 157  207.16 0.00 0.12
19.90 0.08 0.00 19.98 257.44 0.00 0.50
25.41 0.00 0.00 25.41 265.54 0.00 0.84
35.59 0.22 0.00 35.81 305.25 0.00 125
51.02 0.00 0.00 51.02 340.70 0.00 2.43

271 0.1 0.00 2.72 0.74 4.46 2.82

6.71 0.26 0.00 6.97 38.96 7.10 245
11.58 0.30 0.00 11.88 71.40 6.52 1.62
90.27 0.26 0.00 90.53 33.61 0.00 0.19
89.00 0.6 0.00 89.06 17.28 0.00 0.27
99.99 0.00 0.00 99.99 5.49 0.00 0.33
96.89 0.2 0.00 97.09 0.76 0.00 0.63
10.79 4.96 0.00 15.75 0.00 580 3185
33.36 1.76 9.08 44.2 0.00 620 3042
59.59 2.51 48.88 110.98 0.52 6.72 31.36

576.66 19619  226.73 999.58 0.16 1230 34.03

69791  207.66 140.36 1045.93 0.00 1150 29.90

722.70 161.16 58.70 942.56 0.28 720 3497

971.32 119.76 25.61 1116.08 0.29 260 3013

“Legend: K, kerogen; K+H,O, kerogen plus water; K+Fe, kerogen plus iron; K+Fe+H,O, kerogen plus iron and water. The numbers denote
heating temperature (in °C). ®Total HC = the total amount of gas hydrocarbons, and light- and heavy-liquid hydrocarbons.

were welded at one end before loading the sample; Then
kerogen and equal amounts of deionized water and iron powder
with a total mass of ~200 mg were loaded. After the reactants
were all loaded, the open end of each capsule was purged with
argon for 15 min to remove the air in the capsule before being
squeezed with pliers to form an initial seal, which was
subsequently welded in the presence of argon. During welding,
two-thirds of the gold tube was immersed in water to prevent the
sample from heating. The sealed capsule was put in hot water for
leak testing. The capsule was well-sealed if no bubbles appeared.

In order to analyze the gas and liquid products separately,
another set of capsules with the same sample loading were
prepared for parallel experiments under the identical conditions.

2.3. Heating of Capsules in Autoclaves. The samples in
the sealed capsules were heated in a furnace with 15 independent
autoclaves, maintained at a constant pressure of 50 MPa to keep
the internal and external pressure balance of the capsules. The
detailed procedures were described in other literatures.”® The
heating process was from ambient temperature to 600 °C at 20
°C/h, the autoclaves were taken at 400, 430, 450, 500, 530, 550,
and 600 °C, respectively. After each autoclave was taken out of
the heating furnace, it was quenched in a cold water bath. After
cooling to room temperature, the capsule was checked for
leakage before being weighed.

2.4. Gas Analyses. The gold capsule was placed in the
vacuum glass system of a fixed volume. Under the closed
condition, the sealed gas was completely released by a needle
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piercing and then introduced into GC for quantitative analysis.®
The GC is equipped with seven valves, eight columns, and three
detectors, in which the FID detector analyzed gaseous
hydrocarbons (C,—C;) using helium as a carrier gas, the TCD
detector analyzed H, using nitrogen as a carrier gas, and another
TCD detector analyzed other inorganic gases (CO, CO, and
H,S) using helium as a carrier gas.29 The GC oven temperature
was initially held at 60 °C for 5 min, ramped to 130 °C at 15 °C/
min, then to 180 °C at 25 °C/min, and held at the final
temperature for 4 min. The amounts of the gas components in
capsules were determined from the FID and TCD responses
calibrated with gas standards.

2.5. Analysis of Light Liquid Hydrocarbons (Cg—C;,4). In
order to better understand the process of kerogen pyrolysis, the
light liquid hydrocarbon (C4—C,) compounds in the gold tubes
from another set were quantitatively analyzed after releasing
gaseous components. The detailed procedures are as follows.
First, an internal standard solution (1.83 mg deuterated n-C,,
dissolved in 4 mL of frozen n-pentane) was prepared, then SO L
of internal standard solution and 2 mL of frozen n-pentane were
added into each 8 mL vial. The gold tube was pierced below the
level of n-pentane with a steel needle, and the vial was sealed
immediately after releasing gases and to avoid volatility loss of
Cs+ components and left for 12 h. Then ultrasonic treatment
was performed three times for 10 min each time, the 8 mL vials
were allowed to settle for 12 h until the solution became clear.””
The n-pentane extract was transferred to a 2 mL vial and

https://doi.org/10.1021/acs.energyfuels.1c00284
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analyzed using an Agilent Model 6890 system fitted with a CP-
SiSCB column (S0 m X 0.32 mm X 0.4 um) under nitrogen as a
carrier gas. The oven temperature was programmed from 40 °C
(held for S min) to 290 °C (held for 30 min) at a heating rate of 4
°C/min.

In view of the uncommon distribution patterns of light liquid
hydrocarbons from GC, the obtained extracts were further
qualitatively analyzed by gas chromatography—mass spectrom-
etry (GC-MS) to identify the compounds generated during
pyrolysis. The GC-MS analyses were conducted using a DSQ-II
mass spectrometry interfaced to a Hewlett Packard Model
HP5890 GC gas chromatograph system, using helium as a
carrier gas. The GC oven temperature was initially at 40 °C for §
min, raised from 40 °C to 290 °C at 4 °C/min, and held at 290
°C for 30 min.

2.6. Analysis of Heavy Liquid Hydrocarbons (C,,,).
After the GC analyses for gases and light liquid hydrocarbons,
the solid residue in the gold capsule was extracted with
dichloromethane to separate the soluble organic matter from the
residual solid, and the soluble organic matter was weighed as the
yield of the heavy liquid hydrocarbons (Cy4,). The Cy,,
components were also qualitatively analyzed by GC-MS using
n-hexane as the solvent. The GC oven temperature was initially
at 80 °C for 2 min, then increased to 300 °C at 3 °C/min held at
300 °C for 20 min.

2.7. X-ray Diffraction Analysis of Solid Residue. The
composition of solid residues in four groups was analyzed by X-
ray diffraction (XRD), equipped with a Ni filter and Cu Ka
radiation (40 kV and 40 mA). The diffraction patterns were

collected from 2° to 55° 26 at a scanning rate of 3° 26 min~%

3. RESULTS

According to the above experimental procedures, the yields of
gaseous hydrocarbons, light (C4—C,,) and heavy liquid
hydrocarbons (C,4,), and inorganic gas generated from the
pyrolysis of Yuertusi kerogen in four series of experiments, are
summarized in Table 2.

3.1. Yield and Composition of Gas Products. 3.1.7. In-
organic Gases. The inorganic gases from the pyrolysis of
Yuertusi kerogen were mainly CO, and increased from 184.2
mg/g TOC to 271.5 mg/g TOC from 400 to 600 °C, indicating
that CO, retained in the kerogen matrix was expelled at high
temperatures.”’ The yields of H, (0.01—0.41 mg/g TOC) were
very low over the entire temperature range. The compositions
and yields of inorganic gas in the kerogen+H,O series were
similar to that of the kerogen series, but slightly higher CO,
yields from 184 mg/g TOC to 340 mg/g TOC were obtained
with the temperatures increasing from 400 °C to 600 °C,
reflecting additional CO, being pushed oft the kerogen matrix by
added water.”” The yields of H, (0.12—2.43 mg/g TOC) was
slight higher, compared with kerogen alone, probably because
water was decomposed at high temperature to generate
hydrogen.”

The yields of CO, (0.7-71.4 mg/g TOC) decreased
significantly in the kerogen+Fe series, along with the formation
of gaseous hydrocarbons at higher temperatures. Higher amount
of H, (1.62—2.82 mg/g TOC) appeared at temperatures below
500 °C and decreased significantly when temperatures were
>500 °C, accompanied by increases in gaseous hydrocarbons.

The yields of CO, decreased to almost zero over the entire
temperature range in the kerogen+Fe+H,O series. Significant
amounts of H, (29.9—34.97 mg/g TOC) were detected due to
iron reacting with water. It was found that iron reacted with
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water at high temperature to form magnetite (Fe;0,), detected
by the XRD analysis of the solid residue, and released H, (see
Figure 2). Some amounts of CO were also found in this
experimental series (2.6—12.3 mg/g TOC).

a Yuertusi

b Yuertusi+H,0

C Yuertusit+Fe

Intensity

d Yuertusi+Fe+H,0

Fe,0,

Fe

25

Figure 2. XRD analysis of solid residues of Yuertusi kerogen in four
series (the peak at 31° corresponds to quartz after the removal of
carbonates and silicates).

3.1.2. Gaseous Hydrocarbons (C;—Cs). Only small amounts
of gaseous hydrocarbons were generated from the pyrolysis of
the kerogen and kerogen+H,O series, with Y C,_g = 0.51—
53.67 mg/g TOC and ZCI_S =0.56—51.02 mg/g TOC (Table
2, Figure 3), respectively, over the entire temperature range of
400—600 °C, dominated by methane, and its yields increased
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Figure 3. Quantities of (mg/g TOC) of hydrocarbons during pyrolysis
of Yuertusi kerogen: (a) gaseous hydrocarbons (}.C,—Cs); (b) light-
liquid hydrocarbons (C4—C,,); (c) heavy-liquid hydrocarbons (C,,);
and (d) total amount of hydrocarbons (}C;—Cs + C¢—Cy4 + Cy4,).
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with increasing temperature. The total gaseous hydrocarbons of
the kerogen+Fe series, Y C;_s = 2.71—-99.99 mg/g TOC, were
at least 2 times of the kerogen series at corresponding
temperatures. In this series, not only methane (1.75—93.73
mg/g TOC) increased, compared to the kerogen series, but also
ethane (0.81—25.37 mg/g TOC), propane (0.12—8.06 mg/g
TOC), butane (0.03—4.38 mg/g TOC), and pentane (0—0.92
mg/g TOC) were present in fairly higher amounts.

The yields of total gaseous hydrocarbons in the kerogen+Fe
+H,0 series, ),C;_s = 10.79—971.32 mg/g TOC, increased
18—33 times, compared with the kerogen series at correspond-
ing temperatures (Table 2, Figure 3). Methane (4.89—428.49
mg/g TOC) and ethane (3.20—473.92 mg/g TOC) increased
consistently with increasing temperatures, but the yields of
propane (1.76—238.68 mg/g TOC), butane (0.73—96.57 mg/g
TOC), and pentane (0.21—20.66 mg/g TOC) increased
initially with temperature then decreased after peaks at 550,
530, and 500 °C, respectively. The high carbon number
hydrocarbons decrease more pronounced above the peak
temperature. Besides, the total amounts of gaseous hydro-
carbons () C,_;) increased slowly below 450 °C (10.79—59.59
mg/g TOC), but increased rapidly above S00 °C (576.66—
971.32 mg/g TOC).

3.2.Yields and Compositions of Liquid Hydrocarbons.
Because of the high maturity of the Yuertusi kerogen, no or
minor liquid products were obtained in the three-control-
experiment series of kerogen, kerogen+H,0, and kerogen+Fe,
but significant amounts of liquid products were obtained in the
series of kerogen+Fe+H,0, especially above 500 °C (see Table
2, as well as Figure 3). The liquid hydrocarbon yields first
increased to the maximum values then decreased significantly as
the temperature increased. Specifically, high yields of light
hydrocarbons C,_,, were obtained at 500 °C (196.19 mg/g
TOC), 530 °C (207.66 mg/g TOC), 550 °C (161.16 mg/g
TOC), and 600 °C (119.76 mg/g TOC), while high yields of
C,4, were obtained at 500 °C (226.73 mg/g TOC), 530 °C
(140.36 mg/g TOC), and 550 °C (58.70 mg/g TOC), although
Ce_14 (1.76—4.96 mg/g TOC) and C,4, (0—48.88 mg/g TOC)
have relatively smaller yields below 450 °C. This indicated the
liquid hydrocarbon generation threshold near 500 °C.

In the GC quantitative analysis of light liquid hydrocarbons
(Cg—14), we noticed that the chromatographic distribution
pattern of C4_,, was obviously different than that of conven-
tional low-maturity kerogen. Therefore, in order to identify the
components, the liquid products of light (C4—C,,) and heavy
(Cy4t) hydrocarbons were qualitatively analyzed by GC-MS.
The results showed that light hydrocarbons (Cs—y4) and heavy
hydrocarbons (Cy4+) are mainly composed of polycyclic
aromatic hydrocarbons compounds. Specifically, light hydro-
carbons (C4—14) are mainly composed of ethyl-benzene, xylene,
methyl-indan, and other alkyl one-ring aromatic hydrocarbons;
naphthalene, methyl-naphthalene, biphenyl, methyl-biphenyl,
and other alkyl two-ring aromatic hydrocarbons; and phenan-
threne (Figure 4). The heavy liquid hydrocarbons of C,,, are
mainly composed of 2H-pyrene, pyrene, ethyl-pyrene, ethyl-
benzanthracene of four-ring aromatic hydrocarbons and
dibenzophenylene (five-ring) (Figure S).

3.3. Applicability of Iron Plus Water for Hydro-
conversion. In order to verify the validity and feasibility of
our hydroconversion method for highly overmature kerogens,
another kerogen of Permian Dalong Formation (R, ~ 2.4%) in
the Sichuan Basin’® was used as the reactant to perform the
simulation experiments under the same experimental con-
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Figure 4. Gas chromatograms of various types of aromatic hydrocarbon
compounds in light hydrocarbons (Cq4_,,) produced at 530 °C in the
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o-xylene (CgH,o); 3 = l-ethyl-3-methyl -benzene (C,H,,); 4 =
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Figure 5. Gas chromatograms of various types of polycyclic aromatic
hydrocarbon compounds in heavy hydrocarbons (C,4,) produced at
530 °C in the kerogen plus Fe and H,O series. 1 = 2H-[pyrene]
(Ci6Hyy); 2 = pyrene (Ci¢Hyp); 3 = ethyl pyrene (Ci;Hy,); 4 = ethyl
benzanthracene (C,0H,,); 5 = dibenzophenylene (C,,H,,).

ditions. The results are listed in Table 3 and Figure 6, which are
similar to that of Yuertusi kerogen.

Briefly, small amounts of gaseous hydrocarbons were
obtained in the Dalong kerogen and the Dalong kerogen
+H,0 series at 0.34—21.98 mg/g TOC and 0.28—21.95 mg/g
TOC, respectively. In the kerogen+Fe series, the yields of
gaseous hydrocarbons were 2.34—44.01 mg/g TOC, two times
or higher than that of the kerogen series. However, in the
kerogen+Fe+H,O series, the yields of total gaseous hydro-
carbons increased significantly, ranging from 9.44 mg/g TOC to
910.26 mg/g TOC, very significantly higher than that of the
kerogen series. Besides, high yields of liquid hydrocarbons were
also generated in the kerogen+Fe+H,O series.

Based on the results described above, in the presence of iron
and water, both Yuertusi kerogen and Dalong kerogen produced
high yields of gaseous and liquid hydrocarbons, with the total
yields were close to even over 1000 mg/g TOC at high
temperatures above 500 °C, indicating the validity and feasibility
of hydrocarbon generation by hydroconversion of iron plus
water on highly mature kerogens.

4. DISCUSSIONS

4.1. Carbon Dioxide Fischer—Tropsch Synthesis for
Hydrocarbon Generation. The presence of carbon dioxide in
the Yuertusi/Dalong kerogen pyrolysis products indicated the

https://doi.org/10.1021/acs.energyfuels.1c00284
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Table 3. Yields (mg/g TOC) of Gaseous, Light-Liquid Hydrocarbons (C4—C,,), and Heavy Liquid Hydrocarbons (C,,,) and

Inorganic Gases from Pyrolysis Experiments of Dalong Kerogen

Yield (mg/g TOC)

series CH, C,Hg C;Hg CHy, CH,,
DL-400 0.26 0.02 0.03 0.02 0.01
DL-430 0.28 0.04 0.02 0.02 0.01
DL-450 0.32 0.02 0.01 0.01 0.01
DL-500 2.98 0.07 0.00 0.00 0.00
DL-530 4.75 0.10 0.00 0.00 0.00
DL-550 7.65 0.08 0.00 0.00 0.00
DL-600 21.78 0.19 0.00 0.00 0.00
DL+H,0-400 0.26 0.01 0.00 0.00 0.00
DL+H,0-430 0.30 0.02 0.00 0.00 0.00
DL+H,0-450 0.36 0.02 0.00 0.00 0.00
DL+H,0-500 3.07 0.16 0.07 0.10 0.10
DL+H,0-530 5.02 0.22 0.02 0.04 0.04
DL+H,0-550 7.32 0.31 0.00 0.01 0.01
DL+H,0-600 21.21 0.73 0.01 0.00 0.00
DL+Fe-400 2.08 0.23 0.01 0.00 0.00
DL+Fe-430 4.09 0.66 0.04 0.00 0.00
DL+Fe-450 6.52 1.28 0.09 0.01 0.01
DL+Fe-500 21.13 4.24 0.85 0.11 0.11
DL+Fe-530 26.05 4.82 0.78 0.06 0.06
DL+Fe-550 36.31 242 0.08 0.00 0.00
DL+Fe-600 43.58 0.43 0.00 0.00 0.00
DL+Fe+H,0-400 6.74 1.92 0.56 0.22 0.00
DL+Fe+H,0-430 17.73 6.57 3.42 2.25 0.57
DL+Fe+H,0-450 25.05 9.84 6.99 6.99 1.98
DL+Fe+H,0-500 143.39 132.89 173.37 103.65 18.11
DL+Fe+H,0-530 176.33 189.27 226.62 105.32 12.03
DL+Fe+H,0-550 202.57 230.83 236.86 50.95 2.09
DL+Fe+H,0-600 376.09 469.48 62.63 1.94 0.12

“Legend: DL, kerogen; DL+H,0, kerogen plus water; DL+iron, kerogen

C,—C; Cs—Cyy Ciar total HC CO, CO H,
0.34 0.00 0.00 0.34 102.60 0.00 0.00
0.37 0.00 0.00 0.37 110.87 0.00 0.00
0.37 0.00 0.00 0.37 115.35 0.00 0.00
3.0 0.00 0.00 3.05 151.54 0.00 0.00
4.85 0.00 0.00 4.85 134.97 0.00 0.00
7.73 0.00 0.00 7.73 157.61 0.00 0.00

21.98 0.00 0.00 21.98 195.30 0.00 0.00
0.28 0.00 0.00 0.28 104.91 0.00 0.00
0.32 0.00 0.00 0.32 111.39 0.00 0.00
0.38 0.00 0.00 0.38 118.74 0.00 0.00
3.50 0.00 0.00 3.5 161.10 0.00 0.24
5.34 0.00 0.00 5.34 171.78 0.00 0.43
7.65 0.00 0.00 7.65 166.99 0.00 0.63

21.95 0.00 0.00 21.95 207.93 0.00 1.48
2.34 0.00 0.00 2.34 21.30 3.89 2.75
4.79 0.00 0.00 4.79 21.17 5.79 2.10
7.90 0.00 0.00 7.9 28.54 7.09 1.36

26.43 0.00 0.00 26.43 0.00 0.00 0.00

31.77 0.00 0.00 31.77 0.00 0.00 0.12

38.80 0.00 0.00 38.8 0.00 0.00 0.12

44.01 0.00 0.00 44.01 0.00 0.00 0.17
9.44 4.71 52.16 66.31 0.10 3.84 41.65

30.54 6.64 32.34 69.52 3.00 3.94 46.48

50.85 5.82 2591 82.58 0.25 4.77 47.84

571.40 147.38 202.16 920.94 0.00 9.02 35.07

709.56 172.72 127.77 1010.05 0.00 8.58 27.50

723.30 42.92 71.0S 837.27 0.00 6.48 22.59

910.26 31.26 40.35 981.87 1.08 225 20.15

plus iron; DL+Fe+H,O, kerogen plus iron and water. The numbers

denote heating temperatures in °C. bTotal HC = the total amount of gas hydrocarbons, light and heavy liquid hydrocarbons.
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Figure 6. Quantities of (mg/g TOC) of hydrocarbons during pyrolysis
of Dalong kerogen: (a) gaseous hydrocarbons (}C,—Cs); (b) light-
liquid hydrocarbons (C4—C,,); (c) heavy-liquid hydrocarbons (C,.);
and (d) total amount of hydrocarbons (}C,—Cs + C4—C 4 + Cy4,).
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expulsion of retained carbon dioxide in the kerogen matrix.”' ~**

The addition of water in the Yuertusi/Dalong kerogen+H,O
series pushed off more desorbed carbon dioxide because water
occupied the adsorption sites and reduce the adsorption ability
of CO,*>* However, the yields of CO, were significantly
reduced in the Yuertusi/Dalong kerogen+Fe series, accom-
panied by the formation of carbon monoxide (CO) and
hydrogen (H,). These gases diminished at the temperatures
above 500 °C, with the formation of higher amounts of gaseous
hydrocarbons (Tables 2 and 3). CO, was completely depleted in
the kerogen+Fe+H,O series, more residual carbon monoxide
(CO) and hydrogen (H,) were found and larger quantities of
gaseous hydrocarbons were produced. All these results indicated
the CO, Fischer—Tropsch-type synthesis occurring in the
kerogen+Fe+H,O and kerogen+Fe series.

CO, Fischer—Tropsch-type synthesis (FTT) refers to the
reduction of CO, in the presence of H, and transition-metal
catalyst to produce methane, C,—C, alkanes/alkenes and long-
chain liquid hydrocarbons via carbon monoxide.***” It mainly
consists of two reaction steps: the reduction of CO, to CO
through reverse water—gas shift (RWGS) reaction (eq 2) and
the hydrogenation of CO to hydrocarbons by the classical FT'S
reaction (eq 3). Previous studies on Fe-catalyzed CO, FTT
showed that (1) iron catalysts can catalyze both the RWGS
reaction and the hydrogenation of CO, which were expected to
show good performances for CO, FTT;***” (2) The reaction
products of CO, FTT on iron catalysts were mainly methane

https://doi.org/10.1021/acs.energyfuels.1c00284
Energy Fuels 2021, 35, 7808—-7818


https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00284?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00284?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00284?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.energyfuels.1c00284?fig=fig6&ref=pdf
pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.1c00284?rel=cite-as&ref=PDF&jav=VoR

Energy & Fuels

pubs.acs.org/EF

and C,—C, gaseous hydrocarbons (including olefins and
alkanes), in terms of the selectivity and activity.*”*' For
example, Dossary et al.*' explored the hydrogenation of CO,
with iron oxide as a catalyst, and the results showed that the
products were mainly methane and C,—Cj gas hydrocarbons. In
our reaction system of kerogen+Fe+H,0O, a large amount of H,
was generated by Fe+H,O at high temperatures (eq 1), which
promoted the conversion of CO, into CO through RWGS
reaction (eq 2), evidenced by the residual CO being detected
(Tables 2 and 3). Subsequently, FT reaction occurred between
CO and H, on an Fe catalyst to generate methane and C,—C;
gas hydrocarbons. It is worth noting that gas alkenes were not
detected in our reaction system due to the unstable alkenes
readily hydrogenated into saturated hydrocarbons in the
presence of hydrogen.*”

3Fe + 4H,0 — Fe,0, + 4H, (1)
CO, + H, » CO + H,0 (2)
CO + 2H, —» (-CH, — ) + H,0 (3)

In addition, the CO, FTT could also generate long-chain
liquid hydrocarbons (>C;).**** For example, Wang et al.”
explored that, for the hydrogenation of CO, with Fe catalyst, the
selectivity of long-chain liquid hydrocarbon is 20% when the K*
dopant is added but little liquid hydrocarbons were obtained in
the absence of dopant. Hwang et al.** used mesoporous carbon
as support for Fe catalyst for CO, hydrogenation to liquid
hydrocarbons, the result showed liquid hydrocarbon selectivity
of 44.5%. However, in our reaction of kerogen+Fe+H,0, no
long-chain alkanes (>Cs) were found in the GC-MS analysis of
kerogen+Fe+H,0 products (Figures 4 and S), indicating that
there was no long-chain liquid hydrocarbon synthesis in our
reaction system. This is probably because the selectivity of the
sole iron catalyst for long-chain liquid hydrocarbons was low.””

The yield ranges of total gaseous hydrocarbons in the
Yuertusi/Dalong kerogen+Fe series were at least two times
higher than that of kerogens only (see Tables 2 and 3). We
believe that CO, FTT also occurred in the Yuertusi/Dalong
kerogen+Fe series. Some studies have shown that some water
exists in the kerogen pores.*” *S Therefore, it may be expelled
from the kerogen pores at high temperatures and reacted with Fe
(eq 1) to produce H, and Fe;0,, which promotes the Fischer—
Tropsch type synthesis of CO,. XRD analysis of the solid
residues in the kerogen+Fe series confirmed the presence of
Fe;0,, and higher amounts of H, were generated (Figure 2,
Tables 2 and 3), indicating the occurrence of this reaction.
However, the H, produced is limited, because of the low
concentration of water in kerogen, which limits the CO, FTT
and the hydroconversion of kerogen, making the hydrocarbon
yield much lower than that of the kerogen+Fe+H,O series.

4.2. Generation Mechanism of Gaseous Hydrocarbon
in Highly Mature Kerogens. Only small amounts of total
gaseous hydrocarbons were generated from the pyrolysis of the
Yuertusi/Dalong kerogen and kerogen+H,O series over the
entire temperature range, mainly dominated by methane, which
is consistent with the hydrocarbon generation characteristics of
highly mature kerogens (Tables 2 and 3). In the high maturity
stage, methane is mainly generated by the decomposition of
short-chain alkyl aromatics in kerogen, the demethylation of
branched substltuents, and the automatic hydrogenation of
pyrolysis residues.””

The total yields of gaseous hydrocarbons increased
significantly in the Yuertusi/Dalong kerogen+Fe+H,O series,
compared with the kerogen series, indicating that the
coordination iron plus water greatly promoted the generation
of gaseous hydrocarbons (see Tables 2 and 3, as well as Figures 3
and 6).

Besides the contribution of CO, Fischer—Tropsch-type
synthesis, the hydrocracking of kerogen macromolecules is
another reason for gaseous hydrocarbon generation. The *C
NMR spectra of Yuertusi/Dalong kerogens showed that they are
mainly composed of aromatic carbons (Figure 1). The GC-MS
results of liquid hydrocarbons generated in kerogen+Fe+H,0
were mainly composed of aromatic compounds too (Figures 4
and 5). Previous studies have demonstrated that it is feasible to
produce gaseous hydrocarbons in high yields by hydrocracking
of fossil fuels and model compounds which are rich in polycyclic
aromatic hydrocarbons (PAHs)."*™° For example, Sanford et
al. explored the hydrocarbon yield during pyrolysis of asphalt
residue under the condition of N, and H,; the results showed
that higher yield of gaseous hydrocarbons were generated under
the condition of H,, and it can be interpreted as the PAHs
generated from the asphalt residue continued to undergo
hydrocracking to produce gas hydrocarbons.”*” Weitkamp et
al.>® proved the feasibility of hydrocracking of PAHs to gaseous
hydrocarbons by model benzene compounds, indicating that
benzene has undergone a ring opening cracking reaction. In our
experiment of kerogen+Fe+H,O series, a large amount of H,
was produced from the iron and water reactions at high
temperatures, which promoted the hydrocracking of kerogen
macromolecules to generate liquid hydrocarbons and gas
hydrocarbons. The liquid hydrocarbons continue to undergo
hydrocracking to produce gaseous hydrocarbons and the yield of
light- and heavy-liquid hydrocarbons decreased as the temper-
ature increased from 500 °C to 600 °C, also indicating that the
hydrocracking of liquid hydrocarbons occurred.

Based on the discussions above (Sections 4.1 and 4.2),
simplified hydrocarbon generation mechanisms of the kerogens
+Fe+H,0 series were proposed according to the reaction
mechanisms of bitumen residue suggested by Sanford (see
Figure 7).** The structural model of high mature kerogen
proposed by Huang et al.”" was selected. It mainly includes two
reaction routes:

H\drnclackln
o + Gas
(IV)

(V) | Hydrogenation

d@cr

) | Rwes
VD Ring opening

@ Decarboxylation
retained in kerogen

Carbon dioxide (CO,)

hydropyrolysis

Carbon monoxide (CO)
(Im)| ¥r
Thermal rrnckmg
Gas (CI'CS) H\dmgenlllun Y\/\

Figure 7. Simplified mechanism of hydrocarbon generation for highly
mature kerogens with iron and water. (Parentheses indicate the
reaction route.)
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Table 4. Hydrocarbon Yields Generated from Three Different Types of Carbon in Yuertusi/Dalong Kerogen at Different

Temperatures under Fe + H,O Conditions

Yield (%)
total CO, aromatic alphatic
series hydrocarbons FTS carbon carbon
K+Fe+H,0- 15.75 63.67 /¢ 0.51
400
K+Fe+H,0- 442 61.44 /e 1.18
430
K+Fe+H,0- 110.98 65.08 44.11 1.79
450
K+Fe+H,0- 999.58 70.28 909.61 19.69
500
K+Fe+H,0- 1045.93 71.67 945.20 29.06
530
K+Fe+H,0- 942.56 94.60 813.07 34.89
550
K+Fe+H,O0- 1116.08 85.08 977.33 53.67
600

“The slash symbol (/) denotes that the yield could not be calculated.

Yield (%)

total CO, aromatic alphatic
series hydrocarbons FTS carbon carbon
DL+Fe+H,0- 66.31 35.11 30.86 0.34
400
DL+Fe+H,0- 69.52 38.06 31.09 0.37
430
DL+Fe+H,0- 82.58 39.22 42.99 0.37
450
DL+Fe+H,0- 920.94 49.95 867.94 3.05
500
DL+Fe+H,0- 1010.0S 44.18 961.02 4.85
530
DL+Fe+H,0- 837.27 53.61 775.93 7.73
550
DL+Fe+H,0- 981.87 69.73 890.16 21.98
600

(1) A large amount of CO, retained in kerogen would be
expelled (I) and can be reduced to CO through reverse
water—gas shift (RWGS) reaction (II); then, the
hydrogenation of CO by FT reaction occurred, generating
methane and C,—C; gas hydrocarbons (III);

(2) Kerogen was decomposed into some gaseous and liquid
hydrocarbons through hydrocracking (IV), the liquid
hydrocarbons were continuously hydrogenated to cyclo-
alkanes (V), which would undergo ring opening (hydro-
genolysis) and hydrocracking (thermal cracking under
hydrogen) to generate gaseous hydrocarbons (VI).*”

4.3. Generation Mechanism of Liquid Hydrocarbons in
Highly Mature Kerogens. In our experiments, liquid
hydrocarbons were only produced in the conditions of iron
plus water (recall Tables 2 and 3, as well as Figures 4 and §).
Note that the liquid hydrocarbons were generated by either
catalytic hydropyrolysis of kerogen or CO, Fischer—Tropsch
type reaction. It is generally known that CO, Fischer—Tropsch-
type reactions yield mainly aliphatic hydrocarbons, particularly
gaseous, and some oxygenates. Thus, catalytic hydropyrolysis
should play a greater role in the generation of liquid
hydrocarbon.

High concentration of H, in the kerogen+Fe+H,O series
means that hydrogen is sufficient for the whole reaction, and the
high pressure of 50 MPa ensures the close contact between
hydrogen and kerogen. In addition, iron is likely to promote the
activation of H, to produce active hydrogen atom and transfer to
kerogen macromolecule. According to the previous studies,"**’
we think that the mechanism of liquid hydrocarbon generated in
our gold-tube closed system are as follows: C—C bond fracture
occurs in the pyrolysis of kerogen at high temperatures to
generate a large number of free radicals, and, in the presence of
H,, the free-radical fragments generated are stabilized, resulting
in the depolymerization of kerogen macromolecules to produce
liquid hydrocarbons, which are rich in aromatic compounds.

4.4. Mass Balance of Carbon Types. The total hydro-
carbon yields in the Yuertusi/Dalong kerogen+Fe+H,O series
increased consistently with increasing temperature, and the
yields were close to or even higher than 1000 mg/g TOC at
temperatures above 500 °C, which almost realized the
conversion of all the carbon in the kerogen. Hydrocarbons
were generated mainly by three types of reactions: Fischer—
Tropsch synthesis reaction, thermal cracking, and hydro-
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cracking. In order to determine which type of reaction was
dominant at different temperatures, it is necessary to do carbon-
type equilibrium calculations.

The carbon types in the Yuertusi/Dalong kerogens can be
divided into the three types according to the experimental
results and the NMR spectra (see Tables 2 and 3, as well as
Figure 1): CO,; aliphatic carbons (minor amount); aromatic
carbons (dominant). The hydrocarbons generated in kerogen
alone or in the kerogen+H,O series should mainly come from
the thermal cracking of small amounts of aliphatic carbons.
However, the hydrocarbons generated in the kerogen+Fe+H,O
series are mainly through three types of reactions: thermal
cracking of aliphatic carbons, CO, Fischer—Tropsch-type
synthesis (FTS), and the hydrocracking of aromatic carbons.

We assume that the amounts of CO, generated by the
pyrolysis of kerogen alone are the same as that generated in the
kerogen+Fe+H,O series. Hence, the original amounts of CO,
generated in the Yuertusi kerogen+Fe+H,O series should also
be 184.2—238.06 mg/g TOC. Under the conditions of Fe +
H,O, subtracting the amount of residual CO, and that converted
to CO, the maximum yield range of complete conversion of CO,
to hydrocarbons was 63.67—94.60 mg/g TOC, according to eq
4. The hydrocarbons generated from the thermal cracking of
aliphatic carbons in the Yuertusi kerogen+Fe+H,O series were
0.51-53.83 mg/g TOC, which is assumed the same as the
kerogen alone. Therefore, the hydrocarbon yields generated by
the hydrocracking of aromatic carbons were 44.11—977.33 mg/
g TOC, which can be calculated by subtraction of the yield
generated by CO, FTS and thermal cracking of aliphatic carbons
from the total hydrocarbon yields (eq 5). Based on the same
method, the contributions of three different types of carbon in
Dalong kerogen to hydrocarbons under the conditions of Fe +
H,O at 400—600 °C were calculated. The maximum hydro-
carbon yield generated by the CO, FTS would be 35.11-69.73
mg/g TOC, and the hydrocarbon yields generated by the
hydrocracking of aromatic carbons were 43.36—912.14 mg/g
TOC in the temperature range of 400—600 °C. The
contributions of three different types of carbon-to-hydrocarbon
generation at different temperatures of the two kerogens are
shown in Table 4.

A
m(CO,) m(CO)) 16
44 28

m(FT) =
(1) [ (4)
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m(HC) = m(TH) — m(TC) — m(FT) (3) and enhanced oil recoveries.* The combustion is a destructive

where m(FT) represents the hydrocarbon yields generated by
CO, Fischer—Tropsch-type synthesis; Am(CO,) is the differ-
ence of CO, yields between the kerogen alone and kerogen+Fe
+H,0; 44 is the molecular weight of CO,; 28 is the molecular
weight of CO; 16 is the molecular weight of CH,; m(CO)
represents the CO yields in the kerogen+Fe+H,O series;
m(HC) represents the hydrocarbon yields generated by the
hydrocracking of aromatic carbons; m(TH) represents the
hydrocarbon yields generated by the total hydrocarbons; and
m(TC) represents the hydrocarbon yields generated by the
thermal cracking of aliphatic carbons.

Table 4 shows that the calculated hydrocarbon yields
generated by CO, FTS reaction below 450 °C are close to the
measured total hydrocarbon yields, which indicates that the
generation of hydrocarbons at low temperature is mainly by CO,
FTS. Some show that the complete conversion of CO, is higher
than the measured total hydrocarbon amount, probably due to
CO, not being completely converted to hydrocarbons at low
temperatures. As the temperature increased, the hydrocarbons
generated by the hydrocracking of aromatic carbons were
dominant above 500 °C.

5. CONCLUSION

In order to explore the possibility of continuous hydrocarbon
generation from highly mature kerogens, two highly overmature
kerogens from Yuertusi and Dalong formations were used as
reactants to explore the possibilities of hydrocarbon generation
through hydroconversion in the presence iron and water at the
temperature range from 400 °C to 600 °C, under a fixed pressure
of 50 MPa. The main conclusions are as follows:

(1) Iron plus water significantly promotes the hydro-
conversion of highly mature kerogen to generate liquid
and gaseous hydrocarbons in high yields, realizing the
conversion of most residual carbons in kerogen into
hydrocarbons.

(2) Under the conditions of iron plus water, the generation of
hydrocarbons was dominant by CO, FTS below 450 °C,
but the generation of aromatic carbons was dominant by
hydrocracking above 500 °C.

(3) Residual carbon monoxide found in the kerogen plus iron
and water experiments provides evidence of abiogenic
hydrocarbon generation from reduced CO, through
Fischer—Tropsch-type reactions via carbon monoxide.
The method of kerogen with addition of iron plus water in
the sealed gold-tube system provides a feasible catalytic
hydrocracking and Fischer—Tropsch-type reaction route
for hydrocarbon generation from highly overmature
kerogens that have a minimum potential of hydrocarbon
generation. Similar approach might be applied to the iron-
catalyzed Fischer—Tropsch-type reaction and the hydro-
pyrolysis of oil shale, coal, asphaltene, oil sands,
atmospheric residue, vacuum residue, and other heavy
fossil-fuel resources.

(4)

In our simulation experiments, excess amounts of iron,
temperature, and pressure were higher than those in geological
settings. In situ studies in existing or depleted wells should be
performed in the future for comparison with the simulation
results.

Underground in situ combustion, also known as toe-and-heel
air injection (THAL), has been applied for residual oil reservoirs
after other methods of recoveries, including primary, secondary
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method, leaving the field essentially char (carbon residue) and
becoming unproductive later. The additional of water plus iron
into depleted oil wells under high pressure and temperatures
could be an alternative to THAL Our results could also provide
some evidence of abiogenic hydrocarbons that could be
cogenerated, along with other hydrocarbons believed to be
derived from biological origins, based on the evidence of
petroleum biomarkers.”> Abiogenic hydrocarbons have been
discovered in space with no evidence of biological presence.
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