buokatanus

12. Cnoco® mojyyeHHUs] TpaHYJIMPOBAHHOIO TUTAHCOIEP-
xamero ueosnuta: [lar. 2422360 P®. Ne 2010100533/05,
3asaBi. 11.01.2010, ony6:1. 27.06.2011. bros. Ne 18.

13. /lanoB C.M., CyarumoB A.B., OBuapoB A.A., Cyjiumo-
BaA.B. BnusiHue ycioBUii MPUTOTOBJIEHUSI TUTAHCOAEPXKA-
IIETO [EOJIUTA Ha eTO KaTaIUTUIeCKYI0 aKTUBHOCTD B IIPO-
1ecce 3MOKCUANPOBaHMS 0JIe(UHOB TIEPOKCUIOM BOIOPO-
na // Karanus B npombinieHHocTu. 2011. Ne 1. C. 30—36.

14. TexHonorus karanausaropos / [Tox. pen. WU.I1. MyxiieHo-
Ba. JI: Xumus, 1989. 272 c.

15. bopeckos I'K. I'eteporennblii kKatanus. M: Hayka, 1986.
303 c.

16. Arirep P Xumus kpemuesema. T. 1—2. M: Mup, 1972.
1128 c.

17. /isuceko B., KapHayxoB A., TapacoBa /. ®U3UKO-XUMU-
YeCKHe OCHOBBI CHTE3a OKMCHBIX KaTaJln3atopoB. HoBo-
cubupck: Hayka, 1978. 384 c.

18. Crioco6 rpanynsiuu ancopoeHTos: A.C. 196718, Ne 1063345,
omy6ur. 01.01.1967.

19. ChrueB M. Heopranunyeckue kjieu. JI: Xumust, 1986. 152 c.

20. Method for producing a shaped body using a metal oxide sol:
Tat. 6551546 CIIIA. Ne 20000646902, 3assi. 10.10.2000,
omny6. 22.04.2003.

UDK 547.1-32:662.74

21. Cnoco6 mnonyyeHus nponuiaeHokcuna: Ilar. 2332409
P®. Ne 2005138058/04, 3asasa. 10.05.2004, ony6u. 27.08.
2008.

22. Tapacosa /1., /I3uceko B., I'vceBa M. BnusHue ycioBuit
MOJIy4YEeHU s Ha YAEIbHYIO TOBEPXHOCTD KaTaau3aTOPOB U
nocureneit. Y. 1. Cunukarens // Kunetuka u karanaus. 1968.
T.9. Ne 5. C. 1126—1133.

23. Process for the production of a titanium silicalite shaped
body: EBponeiickuii mat. 1268057. Ne 20010915393, 3asBi1.
21.03.2001, omry6ur. 02.01.2003.

24. UcmaruiaoB 3.P, Illkpaburna PA., Kopsokuna H.A.
AJTIOMOOKCHIHBIE HOCUTEIN: IIPOU3BOICTBO, CBOMCTBA U
MMpUMEHEeHNE B KaTaIUTUISCKUX TIPOoIleccax 3alluThl OK-
pyxatouei cpeabl. AHaiuT. 0630p. HoBocubupck: UH-T
karanusa uMm. I.K. Bopeckoa CO PAH, 1998. 82 c.

25. Ucmaruios 3., IlllkpabuHa P, Kopsbkuna H. AnioMook-
CHUIHBIE HOCUTEIN: IPOU3BOACTBO, CBOMCTBA U IIPUMEHE-
HUE B KaTaIATUYECKHX IIPOLECCAX 3aIIMThHI OKPYKaIOIIei
cpenbl. AHanuT. 0030p, Cep. «Bkonorusi». HoBocubupck,
1998. 50 c.

26. Myxaenos H.I1., /lobkuna E.H., /leproxkuna B.H., Co-
poko B.E. TexHonorus katanau3zatopoB. JI: Xumus, 1989.
272 c.

HUMIC ACID-Fe AS CATALYST

FOR COAL LIQUEFACTION

© 2013 r. Qindao Wang!,
Haoping Wang?, Jun Jin?

Vocational and Technology College, Liaoning Shihua University, Fushun,
Liaoning, P. R. China

2 Department of Chemistry, School of Chemistry and Materials Science,
Liaoning Shihua University, Fushun, Liaoning, P. R. China

1. Introduction

The catalysis of iron compounds in the coal liquefac-
tion reaction has been known for a long time. The Ger-
mans (Friedrich Bergius at 1913 that led to a Nobel Prize
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in chemistry in 1931) found that adding iron to the feed
slurry could improve the liquefaction of coal. In certain
cases the addition of sulfur to the system could further
promote the effect of the iron. Stoichiometry indicated
that iron sulfide (FeS) was the ultimate form of the iron
in the liquefaction residue. With the advent of X-ray dif-
fraction technique it was confirmed that iron existed as
pyrrhotite that is widely considered to be an active phase
in coal liquefaction [1—3].

It has been reported that smaller particle size of iron
based catalyst precursor was beneficial to increasing the
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catalytic performance [4]. Takao Kaneko et al. present
the effect of the highly dispersed y-FeOOH catalyst on
the direct liquefaction of coal. They demonstrate an ex-
cellent catalytic activity of highly dispersed y-FeOOH
catalyst for the direct liquefaction of low-rank coal [5].
Liu et al. [6] have developed a so-called in situ impreg-
nated iron sulfide catalyst by mixing a coal-containing
Na,S solution with a FeCl; solution to produce nano-
sized iron sulfides and then precipitate on coal surface.
Afterward, they modified in situ impregnation method
and confirmed that the active phase of catalysts existed
mainly as nano-scale y-FeOOH and FeS, or possibly of
Fe/O/S [7].

In recent years, there has been renewed interest in
the use of iron-based catalysts for direct coal liquefaction
(DCL) because of not only their low cost, environmental
friendliness and being disposable, but also their high ac-
tivity to be competitive with more expensive and nondis-
posable catalysts in terms of both total conversion and oil
yields.

It is well known that carboxylic group (—COOH)
bonded to polyaromatic cluster exists dominantly in low-
rank coals, and uni- and divalent metal cations can easily
exchange proton with —COOQOH. The catalytic effects of
exchanged cations on the liquefaction of coals had been
discussed, and it was well recognized that catalysts con-
taining Fe?t, Ni%™ and Co*" exhibited excellent activity
for hydrogenolysis reaction of crude oil or coal [§—12].
However, from the viewpoint of the industrial production,
the above-mentioned catalytic method is hardly feasible to
be used for liquefaction of coal. Li et al. proposed an inex-
pensive, highly active and disposable iron-based catalyst
with the iron content of 1—15 wt.%, consisted of the active
phase of y-FeOOH, the carrier of liquefied coal and some
impurities as well as water, prepared by in situ impregna-
tion method [13].

Coal can serve as the support of the iron-based catalyst
by ions exchange or impregnation process, which is attri-
buted to the presence of humic acid (HA) in low-rank coals.
HA is one of the major components of humic substances
which are dark brown and major constituents of soil or-
ganic matter humus that contributes to soil chemical and
physical quality and are also precursors of some fossil fu-
els. HA, a chemically heterogeneous compound, possesses
various types of functional groups in different proportions
and configurations, such as carboxyl (—COOH), amine
(—NH,) and hydroxyl (—OH), and a negative charge in
weakly acidic to basic media resulted from deprotonation.
The predominant functional group in HA is hydroxyl in-
cluding phenolic hydroxyls and alcoholic hydroxyls, with

the help of which these molecules can chelate positively
charged multivalent ions, such as Mg?*, Ni**, Co*" and
Fe?". The chelate compounds obtained are able to act as
the catalyst for coal liquefaction reaction. The objectives
of this paper are two-fold. The first one is to develop ac-
tive disposable catalyst which is the chelate compounds
of iron with humic acid, and would be suitable for coal
liquefaction reaction. The second objective is to validate
its catalytic activity and preliminary characterized of the
catalyst.

2. Experiments section

2.1. Materials
2.1.1. Coals

Coals were sampled from ten different zones in China.
Each of them belongs to one of brown coal, long flame
coal and bituminous coal, respectively. The elemental
and proximate analyses results of the coals are shown in
Table 1. The coal sample was ground to less than 75 pm and
stored under N, atmosphere before use. Humic acid used
in this work is from Neimenggu (China). The composition
analysis results of humic acid are provided in Table 2.

2.1.2. 0il

The crude oil was sampled from Shengli oilfield, and
the vacuum residue was from Liaohe oil refinery. Proxi-
mate and ultimate analyses results are shown in Table 3.

2.1.3. Catalysts

Both Fe,03 and FeS used in this work are the reagents
with chemical pure. HA-Fe catalysts were prepared
by using FeSO, and HA with different ratio as starting
materials. Two-line ferrihydrite was prepared by using
the method proposed by Zhao et al. [14]. An appropri-
ate amount of ammonium hydroxide was added to 1 liter
of 0.1M Fe,(SO,); solution until the pH reached 10. The
reddish brown precipitate was filtered, and the cake ob-
tained was dried at 50 °C in oven and then ground into
fine powder.

2.2. Characterization of HA and HA-Fe
2.2.1. Purification of HA

Brieflyy, HA was extracted from the sample with
0.1 mol-dm™ NaOH at 1 : 10 solid to solution (mass/vo-
lume) ratio under N, for 4 hours. The suspension was then
centrifuged at 4500 r-min~! for 30 min, the supernatant
was acidified with 6 mol-dm— HCI to pH 1.0. Precipitated
HA was separated. In order to minimize the ash content,
this procedure was repeated three times.

Katanus B npombiwneHHocty, N2 1, 2013

61



buokatanus

Table 1
Proximate and ultimate analysis of coals used in this work
Coal Proximate analysis” Ultimate analysis
Mg, % Ay % Vst % Cyapo H gz % Nyt | S gan% 0ya%
Fushun 2.28 7.33 42.06 81.16 5.64 1.27 0.49 11.44
Huadian 8.20 6.83 47.0 73.39 5.66 1.84 0.40 18.71
Tongchuan 3.12 8.65 31.16 83.05 5.46 1.27 0.65 9.57
Yilan 1.63 9.86 49.00 78.23 6.04 1.44 0.22 14.06
Shulan 8.05 14.79 52.51 72.67 6.00 1.88 0.26 19.19
Yuanbaoshan 4.10 8.58 45.86 74.78 4.75 0.90 1.03 18.54
Meihekou 5.70 5.93 45.96 74.02 5.78 1.83 0.44 17.93
Pingchuan 7.72 5.58 43.25 73.86 5.50 1.26 1.14 18.24
Xifen 3.73 6.17 45.52 76.21 6.10 1.52 0.56 15.61
Baicheng 15.86 8.46 42.47 73.23 4.53 1.00 0.40 20.84
" M,qand Ay are moisture and ash in air dried sample, respectively; V¢ — volatile matter in dry ash free (DAF)
Table 2
Ultimate analysis of HA catalyst used in this work
Element| ¢ [ H | s | N| o |Na|Mg|Aa|si|[P | Kk |[ca|[T|m|[ r |s
Wt.% 40.14 4.06 2.92 1.03 26.72 0.10 0.30 2.40 6.75 0.12 0.26 3.58 0.12 0.05 0.82(10.60*) 0.06

* This is the iron content in HA-Fe

Table 3
Properties of heavy oil and vacuum residuum

Heavy VaFuum

Property oil residuum
(V1)
Density (20 °C), g/cm? 0.95 1.03
Viscosity (100 °C), ¢St 94 1350
Moisture, wt.% 6.0 trace
Total sulphur content, wt.% 1.58 0.35
Ash, wt.% 0.53 0.61
Carbon residue (Con), wt.% 8.29 16.0

Mechanical impurities (m/m), % 0.86 -

Fraction range, °C - > 540

2.2.2. The total cation exchange capacity of HA

In a glass flask 0.2M NaOH solution (20 ml) was added
to depurative HA (10 mg). Also, a same volume of 0.2M
NaOH without HA was prepared as a blank solution.
The flask was carefully shaken for 24 h at room tempera-

ture. Then, the suspension was filtrated centrifugally by
0.45 mm membrane filter (Millipore) at 3000 r-min~" for
15 min, and the residue was washed with double distilled
water. Potentiometric titration of filtrate and the washing
solution was carried out with 0.1M HCI up to pH of 7.0.
The total cation exchange capacity (CEC,, meq/g), can be
expressed as:

CEC,= (V,— V)N/W,

where V denotes a solution volume for titration to the
sample (V) and blank (V},), ml; N — normality of acid;
W — weight of the sample, g.

2.2.3. Carboxyl and Phenolic groups

We added 10 ml of 0.2M (CH;COO),Ca solution to
10 mg of depurative HA. After the same shaking, centrifu-
gation, filtration and washing processes as above-men-
tioned those, the solution was titrated with 0.01M NaCl +
+0.09M NaClO,4 up to pH of 9.8. The cation exchange ca-
pacity of carboxyl groups (CEC,, meq/g) is expressed as:

CEC, = (V,— V)N/W.

For phenolic groups, the corresponding value can be
calculated by the equation of CEC, = CEC;, — CEC,.
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2.2.4. FT-IR and XRD characterization

FT-IR spectroscopy is useful in the gross character-
ization of humic compounds for the detection of struc-
tural changes caused by chemical modifications and to
ascertain and characterize the formation of metal humate
complexes. FT-IR spectra of HA-Fe were recorded on
KBr pellets (1.0 mg of HA-Fe and 150.0 mg of KBr) using
a Perkin-Elmer Spectrum™ GX, FT-IR spectrophoto-
meter.

Japanese Rigaku Dmax-rA X-ray diffractometer
with Ni-filtered CuKo radiation is adopted to ascertain
the crystal structure of the ferric oxyhydroxides in the
HA-Fe.

2.3. Reaction procedure of coals conversion
2.3.1. Dewatering of coals and heavy oil

The coal powder and heavy oil (or residual oil) firstly
blended according to a certain percentage in heated reac-
tor equipped with agitator and condensing apparatus. The
optimum experiment conditions were found as follows: the
temperature of 160 °C and agitation speed of 500 rmin~.
The volatile components and water of the coal and oil were
vaporized and subsequently condensed. Thus the water is
easily separated from the oil by decantation. Afterwards,

the coal-oil mixture was fed into next process.

2.3.2. Co-processing of coal and oil

The reactor is autoclave with agitator. The autoclave
was equipped with a cooling coil through which cold water
could be passed to reduce the temperature if desired. The
temperature of the reactants was continuously monitored.

The liquid products were divided into soluble and in-
soluble moieties by a Soxhlet extraction method succes-
sively using THF, toluene and n-hexane as solvents. The
total conversion was defined by the percent of converted
into THF-soluble compounds. THF-soluble and toluene-
insoluble fractions were defined as preasphaltenes, while
toluene-soluble and hexane-insoluble fractions were de-
fined as asphaltenes. The percent of converted into he-
xane-soluble compounds defined as oil yield.

2.4. The analysis of the products
from co-liquefaction

The gasoline fraction, diesel fraction, VGO fraction
and residue fraction were determined by gas chromato-
graphy — mass spectrometric method (HP 6890 GC/HP
5973MS, and HP GC2MSD Workstation). The capillary
chromatogram column: 40 m x 0.25 mm; Fischer 500 5 s
distillation apparatus (Germany); the carrier gas was ni-
trogen.

Polycyclic aromatic hydrocarbons were determined
by GC-MS total ion current chromatogram analysis using
6890/5973N GC-MS Agilent Technologies. Aromatic
hydrocarbons are separated from liquefaction products
According SY/T 5119-2008 [27]. HP-5 capillary chro-
matogram column, 60 m x 0.25 mm; the carrier gas was
helium, 1 ml/min; splitless inlet. Temperature program:
initial temperature 100 °C and the temperature rose to
320 °C when heating rate was 3 °C/min.

3. Results and discussion
3.1. Characterization results of HA

The CEC values of the HA obtained are: CEC, = 7.03,
CEC, = 4.81 and CEC,= 2.21. During the interaction of
Fe?" ions with HA, two types of complexes, ionic and
non-ionic ones, were formed. The carboxyl and phenolic
hydroxyl groups are responsible for the formation of ionic
complexes, and the formation of non-ionic complexes in-
volves the carboxyl and carbonyl (keto) groups. Using the
method specified by Baruah et al. [15], the distribution ra-
tio of iron in Fe?* complexes, prepared at pH of 8, is ionic
Fe/non-ionic Fe = 55 : 45 (wt./wt.).

These results show that a substantial fraction of the
mass of the humic acids is in carboxylic acid functional
groups, which endow these molecules with the ability to
chelate (bind) positively charged multivalent ions. This
chelation of ions is probably the most important role of
humic acids played with respect to catalysis for coal li-
quefaction.

3.2. The FT-IR spectrum of HA-Fe

The FT-IR spectrum of HA-Fe (Fig. 1) exhibits the
typical major peaks for humic acid: OH stretching vi-
bration and possibly NH stretching vibration (3300—
3500 cm™'), two distinct peaks at 2922 and 2852 cm ™!
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Fig. 1. Fourier transform infrared spectra of humic acid-Fe
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(C—H asymmetric vibration, C—H stretching vibration
of —CH), aromatic C=C stretching vibration and/or sym-
metric —COO— stretching vibration (1600—1650 cm™"),
—OH and —CO deformation vibration from alcoholic and
phenolic —OH and/or —COO— anti-symmetric stretch-
ing (1385 cm™'), and —CO stretching vibration and —OH
bending vibration of —COOH (1200—1220 cm™).

Generally, the most important characteristic of the IR
spectra of HA is the absorption peak at about 1700 cm™"
that assigned to C=0 stretching vibration. Reaction be-
tween metal ion and —COOH functional groups, forming
the metal ion complex, results in the disappearance of the
absorption band at 1700 cm~! and the appearance of new
bands at about 1600 cm~! (symmetric COO— stretching
vibration) and 1385 cm™' (antisymmetric COO— stretch-
ing vibration). The disappearance of this band also sug-
gests that most of the —COOH groups were converted to
the COO— groups [16].

About iron configuration in the catalyst, may be the
mixture of y-FeOOH, a-FeOOH and ferrihydrite. The
characteristic absorption peaks of y-FeOOH locate at
wave number = 1150, 1022, 744 and 468 cm™!, and the
peaks at wave number are 888, 795, 625 cm™! belong to
a-FeOOH [17—18]. In Fig. 1 the peaks at wave number are
1,470, 1035 cm™" and 914, 797 cm™" ought to be the charac-
teristic absorption ones of y-FeOOH and o-FeOOH re-
spectively. However the absorption peaks at wave number
1150 cm™! are not clearly observed in the present spect-
ra. This is because the absorption regions for sulfate and
silicate seem to overlap over the main absorption peaks of
v-FeOOH. And sulfate may come from FeSO,, which was
used for the synthesis catalyst, and silicate is a component
of ash in HA. There exist many functional groups and
foreign ions nearby FeOOH, so influence on absorption
peaks is inevitable. The displacement and cover of adsorp-
tion peaks occur usually.

Lepidocrocite (y-FeOOH) appears to be thermody-
namically metastable with respect to goethite (-FeOOH),
and yet the former phase still can form and exist both in
nature and laboratory. In simple terms, in laboratory pre-
parative methods of the y-FeOOH and o.-FeOOH are pre-
sented as follows:

EDTA pH=8:9,40°C.0, _ 1 FeOOH

FeSO,

EDTA pH=8:9,40°C,N, o reOOH

If air was used, a mixture of y-FeOOH and a-FeOOH
can be obtained. If EDTA is replaced by HA with the abi-
lity to chelate, a mixture of y-FeOOH and o.-FeOOH also

may be obtained. In other words, the preparative method
of HA-Fe is similar to that of lepidocrocite and goethite.
Therefore, there exists FeOgq octahedron structural unit
(FeOOH) in HA-Fe. However, the structure and mor-
phology changed while the linkage of FeOg octahedral
units in y-FeOOH and o-FeOOH was considerably dis-
torted by the incorporation of the other anions, such as
—S0,72 and humate radical. Meanwhile, the intensities
of the corresponding absorption peaks of y-FeOOH and
a-FeOOH decreased.

Ferrihydrite (Fh) is a widespread hydrous ferric oxy-
hydroxide. Fh only exists as a fine grained and highly
defective nanomaterial. The XRD pattern of Fh contains
two broadening characteristic diffraction peaks in its most
disordered state, and a maximum of six strong diffraction
lines in its most crystalline state. The principal difference
between these two diffraction end-members, commonly
named two-line and six-line ferrihydrites, is the size of
the constitutive crystallites. The characteristic absorp-
tion peaks in IR spectra of six-line Fh in 500—4000 cm™!
range are marked as A, B, C, D, E and F and the corre-
sponding wave numbers are 870, 1365, 1493, 1650, 3400
and 3700 cm ™!, respectively [19—20]. Fig. 1 shows that E-
line and F-line can be identified clearly, and 1615 cm™!
should be ascribed to D-line.

3.3. XRD characterization of the HA-Fe and HA

Fig. 2 and Fig. 3 show the XRD patterns of HA-Fe and
HA, respectively. The pattern in Fig. 2 revealed that there
exist two iron oxide/oxyhydroxides and clay impurity in
the HA-Fe. The iron oxide/oxyhydroxides are o.-FeOOH
and three-line Fh. The results are in good agreement with
that of FT-IR analysis, but pattern of y-FeOOH is not dis-
covered, indicating that it may exists as highly dispersion
or amorphous state.

The formula of ferrihydrite was expressed in vari-
ous forms, such as 5Fe,039H,0, FesHOg4H,0 and

Fig. 2. X-ray diffraction pattern of humic acid-Fe
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Fig. 3. X-ray diffraction pattern of humic acid

Fe,0;-2FeOOH-2.6H,0 [20—22]. These formulae are es-
sentially equivalent and can be reduced to FeOOH:-0.4H,0.
The average crystallite size of Fh is unusually small
(~3 nm). Because of its reactivity and large specific sur-
face area (> 200 m2/g), it had been studied as a catalyst for
a number of reactions, identified as amorphous FeOOH
[23]. In this work, the catalytic performance of Fh as a
catalyst for coal liquefaction was investigated and the re-
sults are shown in Table 4.

By comparison in Fig. 2 and Fig. 3, it is found that the
diffraction patterns of the HA-Fe and HA are dissimilar.
Fig. 3 shows that there is no crystalloid of Fh or ¢.-FeOOH,
there is only SiO, and kaolinite here.

Ultimate analysis indicates that there exist Ti, Mn, Sr
etc. metals, which roles in catalytic liquefaction of coal
should not be neglected. A highly purified HA, de-iron
and other trace metals (Fe < 0.05 wt.%), were used to pre-
pare HA-Fe catalyst. The results showed that it is not as
good as the original ecology humic acid.

Humic acids are heterogencous macromolecules de-
rived from chemical, physical and biochemical degrada-
tion of organic matter. Their significance comes from the
ability to bind and mobilize metals and anthropogenic
organic contaminants. It has been observed that, under
certain conditions, the interactions between humic acid
and iron in the presence of sulfur-donating species are im-
portant in the accumulation of various forms of sulfur in
coal. The test results indicate that (see Table 2) the iron
content of humic acid is approximately 0.8 wt.%. Appa-
rently, the iron in HA is in amorphous state. As a catalyst,
their contents are too low.

3.4. Dewatering process

In this work, we use mainly low-rank coal, such as
brown coals and small amount of bituminous coal. Brown
coals are important energy resources in the near future
because of their abundant deposits. But dewatering (dry-

ing) process is necessary prior to use for its liquefaction
because their water content is very high, and even reach
as high as 60 % by weight for some coals. Current dewa-
tering technology of low-rank coal prior to liquefaction is
mainly evaporation drying, resulting in a direct loss of the
heat of evaporation (~2.3 MJ/kg). Therefore, development
of an efficient dewatering process is desired for more uti-
lization of brown coals, especially for the hydro-liquefac-
tion of brown coals. In earlier work [24], we had proposed
a method similar to non-evaporating drying process (see
2.3.1). In this process, brown coals are treated under hy-
drothermal conditions at ~200 °C, where upgrading as well
as dewatering of brown coals can be realized through the
decomposition of oxygen-containing functional groups.
This process has several advantages:

1) the method is more effective than evaporation dry-
ing. For example, when Shulan brown coal whose water
content was 15 wt.% was treated by heavy oil at 150 °C, the
water content can be reduced to less than 1 wt.%;

2) there was not water or only trace water in gas pro-
ducts of hydro-liquefaction. So, the adverse influence of
water vapor on reaction pressure greatly reduced;

3)in the process, the interaction between coal and
heavy oil may breach the crosslink among hydrogen bonds
in coal. On the contrary, new hydrogen bonds between oil
and coal are formed, which lead to swelling of coal par-
ticles with the pore diameter expanding. This is helpful to
the coal liquefaction.

3.5. Development of disposable catalysts
3.5.1. Comparison of catalytic performance

The equipments of the reaction see 2.3.2. After air was
displaced, the cold H, pressure was then raised to the pre-
fixed values (cool H, pressure is chosen as 3, 5 or 8§ MPa).
The reaction mixture was heated to the desired tempera-
ture and then was maintained for 1.0—1.5 hour, and the
whisk speed was set at 500 r-min~!. Afterwards, heat sup-
ply to the reactor was shut off. Gases were collected and
analyzed. Experiments were carried out in at least dupli-
cate, in many cases, four replicates were used.

To establish the beneficial effects of the catalyst, test
runs were conducted without catalyst, and with iron oxide
(Fe,03) plus FeS catalyst and ferrihydrite (two-line) cata-
lyst, respectively. It was anticipated that the activity of iron
catalyst (Fe,03, FeS) would be lower than present catalyst
HA-Fe and to compensate for this a much larger amount
of iron catalyst was used. The detailed reaction conditions
see in Table 4.

The results of the comparison are summarized in
Table 4. The addition of catalysts resulted in a dramatic in-
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crease in the conversion. Total conversion (THF-soluble)
and hexane-soluble compounds (oil yield) without the ad-
dition of catalyst were 48.9 % and 30.1 %, respectively. The
total conversion and hexane-soluble increased to 78.2 %
and 50.6 % with iron catalyst and increased further with
the HA-Fe catalyst to 88.2 % and 64.3 %, respectively.

Table 4 clearly shows that the HA-Fe catalyst gave sig-
nificantly higher conversions under the same reaction con-
ditions. It can therefore be concluded that HA-Fe catalyst
has better catalytic performance for coal liquefaction. In
addition, Table 4 shows that Fh as catalyst exhibited the
quite high activity for coal liquefaction, which was hardly
reported in open literatures yet.

Hydrogen consumption is also an important compari-
son factor of catalytic performance for coal liquefaction.
As shown in Table 4, the hydrogen consumptions without
catalyst and with the HA-Fe catalyst are 1.7 % and 1.8 %,
respectively. However, the percents increase to 2.7 % and
3.0 % when used iron catalyst and Fh catalyst, respectively.
This higher hydrogen consumption yields a liquid with hi-
gher hydrogen content and a lower THF insoluble content.

3.5.2. The analysis of the oil for co-liquefaction

Tongchuan coal and residual oil was selected as feed-
stock for co-processing. As a comparison, the hydro-
liquefaction of the residual oil was carried out. Reaction
conditions were basically the same as that in Table 4, but
oil/coal = 2:1 (wt./wt.). Three hydrogenation reaction
samples were analyzed by RIPP (Research Institute of Pe-
troleum Processing of SINOPEC). The samples proper-
ties of the total liquid product are summarized in Table 5.

As shown in Table 5, two systems tested at the diffe-
rent reaction temperatures: 420 and 440 °C, but both have
higher oil yield. A primary goal of catalyst development
for direct coal liquefaction is to maximize the yield of
distillate products while minimizing the conversion to
by-product of hydrocarbon gases which unprofitably con-
sume much of the hydrogen.

Table 5 clearly shows that the yield of gasoline frac-
tion (8.75 %) and diesel distillate (54.84 %) is 63.59 % at
420 °C, but it decreased to 55.89 % (7.92 % + 47.97 %)
at 440 °C. This is theorized to be due to thermal degradations
that produce coke and light gases. Therefore, the better reac-
tion temperature is 420 °C. On the residual oil, the oil yield,
including gasoline and diesel, has only 45.60 %, and cut frac-
tion (> 500 °C) is beyond 16.00 %. This means that the qua-
lity of the liquid products is improved by coal/oil synergies in
co-processing. However, the components of hexane-soluble
liquids are complex, the quality of the oil are still far away
from the standard, which need to be further refined.

Table 4

Co-liquefaction of Tongchuan coal and vacuum
residuum* with and without catalyst**

THF 0il H,
Catalyst soluble | vyield |consumption,
(daf), % | (daf), % wt.%
- 48.9 30.1 1.7
HA-Fe (0.8 %) 88.2 64.3 1.8
Fe,05 + FeS
3o 2 78.2 50.6 2.7
Ferrihydrite
(two-line 1.5 wt.%) 914 65.5 3.0
* Concentrated of coal 43.7 %.
** Operating conditions: temperature — 420 °C;
cool H, pressure — 8.0 MPa; reaction time — 90 min

Table 5
Product distribution for hexane-soluble liquids

Reaction parameters

Products Vr/T*, % | Vr/T, % | Vr,%
(420 °C)|(440 °C)|(440 °C)
Component
alkanes 19.10 19.90 11.10
total cyclane 32.10 25.10 28.00
mononuclear aromatics 15.80 15.10 15.70
bicyclic aromatics 11.50 12.40 13.90
tricyclicaromatics 3.30 4.50 5.30
tetracyclic aromatics 1.70 2.70 3.70
pentacyclic aromatics 0.20 1.00 1.30
unidentified alkylbenzene 0.80 1.10 1.70
thiophene 2.30 2.10 2.10
gum 13.20 16.10 17.20
Distillation range
gasoline fraction (IBP-180 °C)  8.75 7.92 7.47
diesel distillate (180-350 °C) 54.84 47.97 38.13
distillation cut (350-500 °C) 29.30 38.38 37.89
distillation cut (> 500 °C) 7.11 5.73 16.51

* Vris short for vacuum residuum, T is short for Tongchuan
bituminous coal

3.6. Reactivity screening test for various coals

Ten different coals, heavy oil, and one original ecology
HA were evaluated during this screening test. The general
properties of the coals, the heavy oil and HA used in the
test are summarized in Tables 1, 2 and 3, respectively. The
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Fig. 4. The total conversion (dark bars) and oil yield (light
bars)
Coals: 1 - Huadian (L); 2 - Shulan (L); 3 - Tongchuan (B); 4 - Yuan-
baoshan (L); 5 - Pingzhuang (L); 6 — Baicheng (L); 7 - Xifeng (L);
8 — Meihekou (L); 9 - Fushun (S); 10 - Yilan (S).
Humic acid: 11. Heavy oil: 12
L - lignite, B - bitumite, S - sub-bituminous

operating conditions used during reactivity test are given
as follows:

heavy oil/coal ratio, Wt./Wt. .......ccccevrviveeeeeeeicnnnnns 2:1
pressure of cool Hy, MPa .....cooceiiiiiniiiiiiiiiieee, 8
temMPErature, “C ....oieieeeeeciiiieeeeeeeeceiireee e e e e 420
residence time, N o..........evvvvieiiiiiicccceeeeceeeeee e 1
Fe in catalyst HA-Fe, Wt.% .......oooovinveiiiiiiieciieees 0.5

The product yields on the coal-oil co-processing using
HA-Fe catalyst are shown in Fig. 4. The maximum total
conversion of coal-oil is 99.00 %, while the minimum one
was 91.30 %. For the oil yield, the highest is 80.70 %, the
lowest one is 63.50 %. By comparison with Table 4 it is
found that the conversion and oil yield is higher than that
of Tongchuan coal.

The results in Fig. 4 show that the best coals are Hua-
dian coal and Yilan coal in terms of the total conversion or
oil yield. This may be expressed that, the higher H/C mo-
lar ratio is, the better hydrogenation effect is. H/C molar
ratios of Huadian coal and Yilan coal are 0.926 and 0.925,
respectively. HA, as a precursor of coal, its conversion and
oil yield are 98.68 % and 73.00 %, respectively. However,
its ash is too high.

4. Conclusion

Recently, research on increasing the activity of iron
based catalysts focuses on decreasing the particle size,

increasing catalyst dispersion. Catalysts with highly dis-
persed active phase, such as iron, can significantly influ-
ence conversion of coal in liquefaction [2]. It was widely
recognized that a highly dispersed catalyst can be supe-
rior to a supported catalyst, because the dispersed catalyst
has a close contact with the surface of coal particle, which
facilitates the activation and transfer of hydrogen to the
coal-derived fragments and reactive sites. Accordingly,
finer particles and a higher dispersion of the catalyst spe-
cies would lead to a higher catalytic activity [5]. Humic
acid is partly dissolved in water and complete miscibility
with heavy oil, resid etc. solvents, their macromolecules
radii can range from 6 to 50 nm, the range of molecu-
lar mass (number average molecular weight) is at 9.10°—
50-10° [25—26]. Fe?* or Fe3* dispersed finely into the HA
matrix through the ion exchange with —COOH groups or
chelation with carbonyl group in humic acid macromole-
cules. Therefore, Fe in HA-Fe exists in a highly dispersed
state, which is responsible for the high catalytic activity
in DCL.

The characterization results showed that Fe presents
in HA in various forms, such as o.-FeOOH, ferrihydrite
(three-line) and amorphous Fe. In this work, the results
of co-liquefaction using HA-Fe catalyst showed distinctly
that HA-Fe was more effective catalyst than usual iron py-
rite. In addition, the optimization of process of co-lique-
faction has been done.
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UMMOBUJIN30BAHHbBIE TPUBHbBIE

BUOKATAJIU3ATOPbBI ANA NONYYEHUA
KOMMNNEKCA LIEJUTIONAS, TUAPOJIU3VIOLLEETO
BO3OBHOBJIAEMOE PACTUTEJIbHOE CbIPbE

© 2013 1. E.H. Edppemenko’?,

3

C.0. Bapcdonomees’?

BeepeHue

Ilupoko obcyxaaeMblli CErogHs IMpolecc IOoay-

YyeHUs] OMOTOIJIMB M3 BO30OHOBJISIEMOTO LIEJIIOI030-

cojepxailero coeipbs [1—3] ocHOBaH Ha KOHBEPCUM

MOHOCaxXapHuI0B, 00pa3yIolIXcs B pe3yJibraTe pepMeH-
TaTUBHOM 00pabOTKM MCXOAHOrO CyOCTpaTa, IpOILIeI-

IIETO MpenBapUTEIbHYIO0 (UMKO-XUMUYECKYIO MO~
TOTOBKY. YCTaHOBJIEHO, YTO Hauboiyiee 3((HEKTUBHBIM
SIBJISIETCSI MCIIOIb30BaHME KOMILIEKCOB (DEPMEHTOB C
pPa3IUMYHON TUAPOJIUTUYECKON aKTMBHOCTBIO, CITIOCO0-
HBIX 00€CIIeYUTh KOMIIJIEKCHYIO U INIYOOKYIO JeCTPYK-

! MockoBCKuit rocyaapcTBeHHbIit yHuBepcuTeT M. M.B. JlomoHocoBa
2 NHCTUTYT BroxumMnyeckoit pusmnkn um. H.M. Imanyans PAH, r. Mockea
3 MIH30C PAH, r. Mocksa

LIMI0 KOMIIOHEHTOB MCXOIHOTO CHIPbsI C 00ecreueHueM
MaKCHUMaJbHOTO BBIX0OIa MOHOcaxapoB [4—5].

HaubGonee sacddekTUBHO NeHCTBYIOMIUI 1IEITI0a3-

HbI KOMILJIEKC, CUHTE3UPYEMBIM U CEKPETUPYEMBIA
MUKPOCKOITMYECKUMHU Tpubamu [6—7], Kak IIpaBu-
Jo, comepxuT aHaoraokaHasy (EG), sk3oriirokaHazy
(CBH) u B-rmoxkosunazy (BG). EG pacuieniser BHyT-
pPEHHHUE CBSI3M B MOJIEKYJIax IIEJIIIOI03bI, BO3MECUCTBYSI
Ha aMop@dHbIe y4acTKHU LeJ10J03HbIX BoJlokoH. CBH
aTakyeT MOJIEKYJIbI LIEJII0J03bl U OJUI0oCaxXapuaoB C
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