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{Abstracts>

;

Simultaneous Reduction Techniques of Nitrous and
Nitrogen Oxides from Fluidized-Bed Coal Combustor

Hideo HOSODA, Toshimasa HIRAYAMA and Hidetoshi AOKI

Some techniques for simultaneous reduction of nitrous and nitrogen oxide emissions in bubbling fluidized-bed
combustion were systematically examined and evaluated with an experimental combustor having an inner diameter
of 0.16m. Several kinds of fine solid particles, such as red mud, calcium and magnesium oxides, were fed into the flui-
dized bed with coal and injected into the flue gas duct. No satisfactory effect on nitrous oxide decomposition was
found from the above experiments. Although propane gas injection with premixed air into the top of the freeboard
decreased nitous oxide substantially, nitrogen oxides emission increased remarkably. Two-stage combustion was
rather effective for simultaneous reduction of nitrous and nitrogen oxides. An Improved Three-Stage combustion
System (ITS) in which propane gas with substoichiometric air was injected from the secondary-air injection port
was examined to reinforce the effectiveness of two-stage combustion. Excellent perfomance in the system, more
than 85% of reduction ratio for nitrous oxide without and increase in nitrogen oxides, was confirmed at a maximum

freeboard temperature of around 925C .

Key Words: Fluidized-bed combustion, Coal, Nitrous oxide, Nitrogen oxide, Three-stage combustion, Fuel gas in-
jection, Catalytic decomposition

An Experimental Study on the Effect of Nitrogen Functionality on N2O and NOx
Emissions in Fluidized Bed Combustion

Toshimasa HIRAMA, Hideo HOSODA, Masahide SASAKI,
Michiaki HARADA, Yoshizo SUZUKI and Hiroshi MORITOMI

To elucidate the effect of nitrogen functionality of coals on N;O and NOx emissions, five kinds of model com-
pounds, such as pyridine, pyrrole and aniline, were burnt with kerosene or coal in an experimental fluidized bed
having 0.16m inner diameter and 3m height.

No remarkable difference in NoO and NOx emission levels was found among the model compounds in spite of
the different nitrogen functionality. Furthermore, simulteneous formation of HCN and NH3, which would be of pre-
cursors respectively for NoO and NOx formation reactions, in the combustor was recognized in all of the combus-
tion experiments. These results suggest the existence of the conversion reactions such as NH; formation from HCN
in the fluidized bed. The ratio of fuel-nitrogen conversion to NoO was lower in model compounds/ kerosene combus-
tion in comparison with model compounds/coal combustion, while the conversion ratio to NOx was higher in the

former case.

Key Words: Fluidized bed combustion, Nitrous oxide, Nitrogen oxides, Fuel nitrogen, Nitrogen functionality



Analysis of Coal Liquefaction Reaction in a Bench-Seale
Direct Coal Liquefaction Reactor

Kiyoshi IDOGAW A, Masahide SASAKI, Hiroshi NAGAISHI, Hideo NARITA,
Kiyoshi SASAKI, Takeshi KOTANIGAWA, Takashi FUKUDA, Mituyoshi YAMAMOTO,
Tadashi YOSHIDA, Yosuke MAEKAWA, Mashiki IKEGAMI and Tadatoshi CHIBA

Coal liquefaction experiments for Taiheiyo coal with decrystallized anthracene oil as the solvent and red-
mud/sulfur as the catalyst were conducted by a batch reactor with rapid heating operation and, a bench-scale con-
tinuous preheater. Rate constants were obtained from analysis of the experimental results by two reactants model.
Moreover, the coal conversion in a continuous liquefier was estimated with these rate constants by the perfect mix-
ed reactor model.

The coal liquefaction rates of the less active component for Taiheiyo coal were different between the batch
reactor and the continuous reactor, with decrystallized anthracene oil as the solvent. It was considred that the
reason was due to the differences in the doner hybrogen concentration of the two reactors.

The observed values of the coal conversion were approximately coincided with the calculated values, Therefore,
it was found that the frequency factor of the reaction rate of the less active coal components varied with both the
pressure and the reactor types, bot the activation energy did not change. Effect of vaporization of the solvent on the
values of the residence time of slurry could be neglected in these experimental conditions (30MPa, 723K) , and they
were represented by the values caluculated using only the gas holdup.

Key Words: Coal liquefaction, Liquefier, Preheater, Reaction rate constant, Coal conversion, Gas holdup

Addition Effects of Coal-Derived Oil and Coal on
Upgrading of Oil Sand Bitumen

Tadashi YOSHIDA, Hiroshi NAGAISHI, Masahide SASAKI, Mituyoshi YAMAMOTO,
Takeshi KOTANIGAWA, Akiyosi SASAKI, Kiyoshi IDOGAWA,
Takashi FUKUDA, Ryoichi YOSHIDA and Yosuke MAEKAWA

The mechanism of synergistic interaction between bitumen and coal in coprocessing was investigated in con-
junction with hydrogen transfer between them. Two types of reaction systems were used in this work: the upgrad-
ing of bitumen and coal-derived oil, and the coprocessing of bitumen with either coal-derived oil or coal. Consider-
able retrogressive reaction was observed in the upgrading of bitumen alone at 450C , but was effectively suppres-
sed by the addition of either coal-derived oil or coal. These results strongly suggest that both coal-derived oil and
coal act as good hydrogen donors or shuttlers in the coprocessing. Furthermore, their addition resulted in more pro-
duction of light oil from bitumen. The conversion of coal into toluene solubles was influenced by the concentration of
coal itself in the slurry feed, but the formation of distillable oil from coal seemed to be negligibly small.

Key Words: Coal, Bitumen, Coprocessing, Synergism, Hydrogen transfer



Coprocessing of Coal and Oil Sand Bitumen

Ryoichi YOSHIDA, Hidemi ISHIGURO, Makoto MIYAZAWA, Hideo NARITA,
Tadashi YOSHIDA and Yosuke MAEKAWA

Co-processing of Battle River coal and Cold Lake oil sand bitumen from Canada was carried out in the presence
of Ni-Mo, Co-Mo and red-mud/sulfur catalysts under reaction conditions of 400-450C , 10-120min and 22-23MPa of
reaction hydrogen pressure by using a 500ml shaking-type autoclave.

The conversion of Battle River coal during the coprocessing was 97.1wt%(daf) at 450C for 121min with Ni-Mo
catalyst, higher than 95.7wt%(daf) at 450C for 120min with red-mud/sulfur catalyst and anthracene oil. Cold Lake oil
sand bitumen was excellent solvent to liquefy Battle River coal comparing with anthracene oil.

In the presence of Ni-Mo catalyst during the coprocessingthe hydrogen consumption was nearly the same as
that with red-mud/sulfur catalyst. Ni-Mo catalyst gave higher conversion of Battle River coal in the initial stage of
the reaction than red-mud/sulfur catalyst. Ni-Mo catalystalso showed good activities for removal of asphaltene and
heteroatoms from Battle River coal and good hydrogen availability. Moreover, the upgrading reactions of oil pro-
ducts such as hydrogenation, removal of heteroatoms and lowering molecular weight proceed at 4507 .

Key Words: Coprocessing, Coal, Oil sand bitumen, Solvent, Catalyst

Studies on the Fusibility of Coal Ash

DL. PUGAL, AB. HERRERA, T.A. QUILAO, W.A. BALAIS,
FI ABARQUEZ, HH. BION, C.G. MAGPANTAY, F.D. VINLUAN,
Katsutoshi YAMADA, Takashi TSURUE, Shohei TAKEDA and Kozo ISHIZAKI

A study, which aims to develop a technology for the preparation of a high quality adsorbent for SOx using coal
ash to control air pollution caused by coaldfired thermal power plants in the Philippines, is currently being jointly
undertaken by ITDI and HNIRIL During its first year of implementation, the physical, chemical and thermal charac-
teristics of Philippine and Japanese coal ash samples were determined. Results show that Pilippine coal ash samples
are of the silicaaluminous type while that of the Japanese coal samples are of the aluminosiliceous type. Three (3)
common major elements, namely, quartz, mullite and hematite are found in all coal ash samples. A correlation be-
tween the melting point and chemical composition of the coal ash samples shows that the coal ash samples having a
low acid-base index resulted in high melting points.

Key Words: Coal ash, Chemical composition, Thermal history



Heat Storage-Type Floor Heating System with Heat Pump
Driven by Discount Electricity Supplied in the Night

Munehiro YAMAGUCHI, Sogo SAYAMA, Hirokazu YONEDA, Kin-ya INAMOTO,
Mitsuhiro HARADA, Satoru WATANABE and Kazuo FUKAI

Heat storage-type floor heating by hot water from a heat pump driven 8 hrs by night electricity was studied.
The phase change material (PCM) used for heat storage was NaySO4-10H,0 package. Properties of the PCM are;
melting point 32°C, solidification point 30C, heat storage 43.0 W-h/kg (A 7=10T). The floor heating room was 40 m?,
and without window, Na;SO410H;0 package was used as a phase change material for heat storage. Hot water
panels laid over PCM packages (26ni) were placed on a stage 1.2 m above the floor. The total heat storage was 285
JW. The heat pump was operated in a 8 hrs ON-16 hrs OFF cycle so that three times the heat extraction was
needed as compared with continuous operation. For this reason, a wet film type vertical tube with a CFC flashing
pump at the bottom was developed. From the experimental result, the thermal balance of the system was calculated
and the applicability for the practical use was discussed.

Key Words: Floor heating, Heat storage, Heat pump
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Table 1 Properties of Blair Athol coal used

Moisture Ash VM* FC** C H N S O
6.0 wt.% 7.8 30.4 55.8 80.6 4.9 1.7 0.3 12.5

*volatile matter, **fixed carbon
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Table 2 Chemical composition (wt.%) of solid meaterials used

Fe,03  SiO, Ca0 ALO; MgO Na,0 TiO, SO, Ig.loss
Silica sand 0.2 90.4 1.0 5.4 1.3 0.1 0.6
red mud 39.6 18.5 1.6 17.2 7.5 2.4 9.1
MgO 0.1 0.1 93.8 4.4
MgCO, 0.3 0.0 41.7 57.2
FCC 60.2 28.6 0.3 10.8
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Nomenclature

Fesps = injection rate of propane gas [l/min]
RN,0 = reduction ratio of N20 compared with

the emission level of single-stage

combustion [%]
Ryor = reduction ratio of NOy compared with

the cmission level of single-stage

combustion [%]
ty = bed temperature []
Ug = superficial gas velocity fm/s]
a = gtoichiometric ratio of primary air in

two stage combustion [-]
ad., = stoichiometric ratio of primary air to

coal fed in ITS System [~]
Jps = stoichiometric ratio of secondary air to

propane gas fed in ITS System [-]
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Table 1 Properties of kerosene and Blair Athol coal

used
BA coal “kerosene

Moisture 6.0wt. % -
Ash 7.8 -
Vola. Matter 30.4 -
Fixed Carbon 55.8 -

C 80.6 85.7wt. %

H 4.9 14.2

N 1.7 0.001

S 0.3 0.001

o) 12.5 <0.1
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Table 2 Properties of Taiheiyo coal and DAO used

Ultimate analysis[wt%, d.a.f. base]

C H 0 S N
Taiheiyo 72.55 6.57 18.05 0.32 1.58
DAO 91.22 5.95 1.41 N.D. 0.61

Proximate analysis[wt%, wet base]

Moisture Ash

Volatile Matter

Fixed Carbon

Taiheiyo 5.90 12.55

44 .64 36.91

Table 2 Elements of red mud catalyst used

[wt%, dry base]

Al Si S Cl P Ca Ti Fe
14.05 7.71 0.32 2.81 0.32 2.20 7.67 64.92
700
1 1 T T T
723K
10F 10.1MPa PS Tetralin/Hz 7
™ —
d /'/
600 - . ]
08 7/ PS DAO/Hz

500

Distllied temperature

400 1 1 I i
0 20 40 60 80 100

Percentage distilled [wt9]

Fig. 1 Distillation curve for decrystallized
anthracene oil
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Fig. 2 Change with time of pyridine soluble yields
for Taiheiyo coal with DAO and red
mud/sulfur
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Table 3 Experimental conditions for measurements of the kinetics of Taiheiyo coal hydrogenation
using the preheater

RUN number RUN-1 RUN-2 RUN-3

Experimental conditions
Temperature ™ K] 655 655 655
Pressure {MPa] 30 30 30
Recycle gas rate [Nem®/s] 6555 8361 11667
Slurry feed rate [g/s] 2.26 ‘ 2.26 2.28
€gl (-] 0.43 0.45 0.50
0 r1 [s] 353 341 308
Yield [wt%, d.a.f. base]

Gas 1.78 1.80 1.95

Water 1.45 1.82 2.33

TI* * (=Ca) 76.40 77.00 78.60

TS*** 24.60 23.00 21.40

Total 104.20 103.60 104.30
H; consumption 3.66 3.59 3.42

[wt%, d.a.f. base]

Table 4 Experimental conditions for the experiments of coal liquefaction

RUN number RUN—4 RUN-5 RUN—6

Experimental conditions
Temperature™® (K] 720 729 724
Pressure © [MPa] 30 30 30
Recycle gas rate [Nem®/s] 5639 8611 11250
Slurry feed rate [g/s] 2.36 2.28 2.36
€g1 [-] 0.38 0.46 0.52
€ g2 [-] 0.11 0.16 0.20
0 r1 [s] 368 332 284
0 r2 (s] 1835 1799 1656
Yield [wt%, d.a.f. base]

Gas 6.69 6.48 6.09

Water 12.09 9.38 10.86

oil* * 35.31 44.97 38.08

Residue ™ * * 47.46 40.14 42.14

Total 101.50 101.00 108.60
Hz consumption 4.96 5.99 6.08

[wt%, d.af. base]
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Table 5 Axial distribution of temperature at the preheater

RUN No. RUN-1 RUN-2 RUN-3 RUN-4 RUN-5 RUN-6
X* Temperature
[-] (X]

0 463 488 503 473 478 482
0.1 560 570 590 600 605 610
0.2 642 647 652 643 649 650
0.3 651 654 657 646 653 653
0.4 658 661 662 649 656 655
0.5 665 666 666 652 658 657
0.6 670 669 669 654 660 658
0.7 674 672 671 656 661 659
0.8 676 674 672 656 661 659
0.9 676 674 673 656 661 659
1.0 676 674 673 656 661 659

Table 6 Observed frequency factors and activation energies
of Taiheiyo coal with DAO and red mud/sulphur

Frequency factor [s™]

Activation energy [KJ]/mol]

k1o’ k2o

E1 EZ

2.33X10° 7.04X%10'°

109.0 181.0
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Fig. 5 Longitudinal distribution of temperature and
dimensionless concentration of unconverted
coal at the preheater
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Fig. 6 Effect of residence time of slurry on coal
conversion for Taiheiyo coal at the reactor

(ERRES
g = ash fraction of coal [
ay = ash fraction of toluene insolubles [
Ca1 = unreacted coal fraction of less active coal com-
ponent [
Cag = unreacted coal fraction of active coal com-
ponent [
Cygz = dimensionless concentration of hydrogen in
the bulk slurry []
Conv. = coal conversion [-]
Ey = activation energy of k; [J'mol™]
E, = activation energy of ko [J -mol’l]
Io = jnactive fraction of coal [-]
ky = reaction rate constant for less active coal com-
ponent s
ki = true reaction rate constant for less active coal
component [s™t]
ky' = reaction rate constant for less active coal
obtained using a continuous reactor [s'l]
ko = reaction rate constant for active coal com-
ponent [s'l]
k1o = frequency factor of k; [s]
kiy' = frequency factor of ki’ [s'l]
koy = frequency factor of ks [s]
m = reaction order [-1
N = number of mixed reactors in series [
R = gas constant [I~mol'1-K'1]
T = temperature K]
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Tx = temperature at the height of the preheater [K]

A4 = volume of reactor [m?]
Wash = weight of ash [g]
Weat = weight of catalyst [g]
Wq = mass flow rate of slurry [kg-s™]
wg = weight of coal load [e]
wrr = weight of toluene insolubles fraction [g]
X = dimensionless axial distance from nozzle [-]
yvps = yields of pyridine-soluble fraction [
€, = gas holdup [
g = time [s]
6r  =residence time of slurry [s]
Py = density of slurry [kg'm?)]
R »
0 = initial conditions
1 = preheater
2 = reactor
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Addition Effects of Coal-Derived Oil and Coal on
Upgrading of Oil Sand Bitumen *

(Key Words: Coal, Bitumen, Coprocessing, Synergism, Hydrogen transfer)

Tadashi YOSHIDA *%, Hiroshi NAGAISHI *?, Masahide SASAKI *2, Mitsuyoshi YAMAMOTO *2,
Takeshi KOTANIGAWA *2, Akiyoshi SASAKI *2, Kiyoshi IDOGAWA *2,
Takashi FUKUDA *?, Ryoichi YOSHIDA *? and Yosuke MAEKAWA *2

1. Introduction

The coprocessing of oil sand bitumen with
coal has been considered as a promising proc-
ess in terms of advantages such as (1) the uti-
lization of hydrogen-rich bitumen, (2) the re-
moval of high content of sulfur and heavy
metals present in bitumen, (3) the reduction of
capital cost and/or operation cost by the lower-
ing or elimination of recycle solvents, (4) the
production of higher yield of light oil, etc. It is
further reported that the additional enhan-
cement of oil yield, namely synergistic effects,
is sometimes observed in the coprocessing.!
The detailed mechanism of synergy caused by
the addition of coal is not well understood yet.
Curtis et al%3 have reported that the hydro-
gen must be available as molecular Hs or trans-
ferable hy-drogen, and the type of donor com-
pounds and solvent composition affected
coal conversion and oil production in the co-
processing. These results suggest that the hydro-
gen transfer between coal and solvent played
an important role in the coprocessing, although
the effect of addition of coal-derived oil on coal
conversion and oil production showed no defi-
nite trends. The objective of the present work
is to elucidate the mechanism of synergistic in-
teraction in the coprocessing in conjunction
with hydrogen transfer between coal and bitu-
men. These works were studied in two types
of reaction systems: the upgrading of bitumen
and coal-derived oil, and the coprocessing of
bitumen with either coal-derived oil or coal. It
is well-known that coal-derived oil is a good
hydrogen donor, and the role of transferable
hydrogen in the coprocessing would be eluci-
dated by the addition of coal-derived oil instead

% 1 This paper was reproduced from Energy & Fuels,
Vol.9, No4 (1995) pp.685-690 by the permission of the
American Chemical Society.

% 2 Resources and Energy Division

of coal. Based on these experimental results,
the role of coal in the coprocessing of bitumen/
coal would be also revealed.

2. Experimental Section

2.1 Feedstocks

The analytical data of the feedstocks used
in this work are shown in Table 1. The coal-
derived oil was a recycle solvent fraction of
Yallourn brown coal liquid, which was obtained
from a 50 t/d Brown Coal Liquefaction Process
(BCL Process) pilot plant operated in Australia,
and was used as received. The reaction con-
ditions for the production of Yallourn brown
coal liquid were as follows: coal feed rate, 50
t/d; coal concentration of slurry, 28 wt%; hy-
drogen pressure, 19.6 MPa; first hydrogenation
temperature, 452°C; residence time for the first
hydrogenation, 50min; second hydrogenation
temperature, 380C; LHSV for the second hydro-
genation, 1.0 h™', Athabasca tar sand bitumen
was shipped from Alberta Research Council in
Canada and was used as received. Taiheiyo
subbituminous coal, mined in Hokkaido, Japan,
was pulverized to pass through a 100 mesh
screen and then dried in nitrogen atmosphere
at about 80C overnight before use. The
catalyst and promotor used were red mud and
sulfur, respectively.

2.2 Coprocessing

The coprocessing of bitumen with either
coal-derived oil or coal was performed by use
of a 0.1 t/d continuous bench scale test plant. A
block flow diagram of coprocessing is shown in
Figure 1. The capacity of tubular reactor (8cm
i.d. X 100cm) used is 5 L. The reaction conditions
were as follows : LHSV, 1.3-14 h™ (65-7.0kg/h)
for the coprocessing with coal-derived oil and
1.6-1.7h"' (8.0-85 kg /h) for the coprocessing
with coal (see Table 2); preheating tempera-
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Table 1. Analysis of feedstocks used
feedstock Taiheiyo coal Yallourn coal oil Athabasca bitumen

ultimate analysis (wt %, daf basis)

carbon 74.3 879 82.9

hydrogen 6.1 9.2 10.6

oxygen 18.8 2.3 0.6

nitrogen 0.9 0.5 0.9

sulfur 0.1 0.1 4.9

218 0.98 1.25 1.52

ash 15.1 0.5
solvent extraction (wt %)

pentane solubles - 945 84.4

saturates 12.2 211
aromatics 82.3 63.3

fa of pentane solubles - 0.58 0.32
distribution of distillates

naphtha (IBP-177 °C) - 31 04

middle (177—-343 °C) - 65.8 164

heavy (343—538 °C) - 21.8 56.5

pitch (538— °C) - 9.3 26.7

Table 2. Results of coprocessing test (wt %, daf feed base)

R4101 R4102 R4104 R4105 R4106 R4110 R4111 R4112 R4113 R4114
additive oil - - - - coal - - - -
concentration (wt %) 0 13 25 50 100 5 10 20 30 40
reaction temp (°C) 450 - - - - 450 - - - -
LHSV (1/h) 1.39 1.39 1.35 1.29 1.35 1.60 1.66 1.72 1.68 1.58
hydrogen consumpn 1.7 1.2 18 1.5 0.8 1.7 15 1.6 2.2 2.5
gas 4.8 4.9 3.7 4.2 0.9 3.9 4.4 4.4 5.5 6.0
oil 60.2 76.2 79.7 72.6 91.2 68.2 739 63.2 52.3 61.3

naphtha 3.7 3.7 3.4 1.8 0.7 3.9 3.5 4.1 54 3.6
middle 25.9 41.7 46.5 61.3 73.8 30.1 26.7 27.2 28.6 28.4
heavy 30.7 30.7 29.8 9.5 16.7 34.1 43.7 319 18.2 29.4
pitch (538 °C-PS) 33.0 13.8 13.8 22.2 7.2 22.3 10.5 20.0 28.1 15.2
asphaltene (PI-TS) 4.3 1.0 1.0 0.1 0.6 4.6 4.8 7.1 8.8 84
org residue (TI) V] 0 0 0 0 1.1 2.2 3.2 54 6.1
. wt loss 0.9 6.7 6.7 5.2 1.3 2.5 5.6 4.8 3.6 7.3
total 103.2 102.6 102.6 103.5 101.2 102.6 101.4 102.7 103.7 104.3
coal convn (wt %) - - - - - 69.2 73.7 785 76.7 78.5
Mske-up H, 2.3 Coal Conversion
The conversion of coal was determined by
Sioand Recycle gas OftGas a calcination method of organic reg,idue (toluene
insolubles). Namely, about 45 g of reaction prod-
Slurry e i ucts was precisely weighed, followed by extrac-
Feest——>| reparation [ 7| Freflester |2} Reactor [ ‘geparer tion with 200 mL of toluene and then decanta-

Coal-derived oit

or
Coal

Products

Fig. 1 A block flow diagram of coprocessing
ture, 400C ; reaction temperature, 430 and
450C ; hydrogen pressure, 19.6 MPa; hydrogen
make-up flow rate, 5.6 Nm®/h; recycle gas flow
rate, 21.0 Nm®/h. The concentration of coal-
derived oil in the feed was in a range of 0-100
wt% and the concentration of coal in the slurry
feed was in a range of 0-40 wt%. The amount
of red mud catalyst added was 3.0 wt% relative
to the weight of feed. The material balance of
the reaction was based on the data of 3 h op-
eration after 5 h operation until the reaction
system was reached to a steady state.

tion. The extraction and decantation were re-
peated twice and finally the mixture was fil-
tered to recover the toluene insolubles. The
toluene insolubles, which was a mixture of
organic residue and mineral matter, were cal-
cined at 850°C for 2h. The coal conversion was
calculated from the decrease in the weight of
toluene insolubles by the following equation:

conversion (wt%) = [1- {(cat + ash)/coal} x
lorganic resid/mineral matter} ]x 100

The formation of coke from bitumen was
negligibly small in the upgrading of bitumen
alone and hence all of the organic residue
(toluene insolubles) in the coprocessing was re-
garded as the residue from coal.
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Fig. 3 Change in composition of bitumen by
upgrading and coprocessing with coal-
derived oil at 430°C and 450C

2.4 Analysis of Products

The procedure for the analysis of reaction
products is shown in Figure 2. A part of the
products was fractionated into naphtha includ-
ing water (IBP-177C ), middle (177-343C ),
heavy (343-538C ) and bottom fractions ( >
538C) by vacuum distillation and each fraction
was weighed. Another part of the products
was separated into pitch (pentane solubles
beyond boiling point 538°C ), asphaltene (pen-
tane insoluble-toluene soluble, PI-TS), and organ-
ic residue (toluene insolubles, TI) by solvent ex-
traction.

3. Results and Discussion

3.1 Upgrading Characteristic of Bitumen
In this work, a relatively high reaction

Pentane
extraction

Solubles Insolubles
PS l PI |
(oil + pitch)
Asphaltenc Organic Mineral
(PI-TS) residuc matter
(TI)

120

100 "/__—O
I pitch .-
o -
2
°
¥
&
B
T
®
E
°
e
>

Naphtha + Middle
201 h
0 1 A 1 L

0 20 40 60 80 100

Coal oil concentration
(wt§, daf feed base)

Fig. 4 Change in composition of products with
concentration of coal-derived oil in copro-
cessing at 430C

temperature of 450C for the upgrading of bitu-
men was used to investigate the retrogressive
reaction of bitumen and the addition effect of
coal-derived oil or coal on the suppression of
the reaction. Figure 3 shows the change in the
composition of bitumen by upgrading and co-
processing with coal-derived oil, respectively, at
430 and 450C . As shown in Table 1, the
amounts of naphtha plus middle fractions (light
oil fraction) and heavy fraction in the raw bitu-
men were 168 wt% and 56.5 wt%, respectively,
and the amount of distillable oil (boiling point
<538T) was 73.3 wt%. When the bitumen was
upgraded at 430C under hydrogen pressure,
the heavy and asphaltene fractions were de-
creased and the light oil fraction was increased
double (33 wt%) although the yield of distillable
oil in the product was almost unchanged. This
shows that the composition of bitumen was
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Fig. 5 Change in composition of products with con-
- centration of coal-derived oil in coprocessing
at 450C

shifted to lighter products by the upgrading.
At 450T, however, the yield of distillable oil in
the upgraded bitumen was reduced from 73.3
wt% to 60 wt% and the pitch fraction was re-
markably increased. This result strongly sug-
gests that the retrogressive reaction which is
very sensitive to reaction temperatures occur-
red considerably in the upgrading of bitumen
at 450C.

The difference in the upgrading behavior
of bitumen between 430 and 450C is probably
related to both thermal decomposition rate of
bitumen and the diffusion rate of hydrogen
from bitumen itself. Rincon et al! have re-
ported that bitumen provides some amounts of
transferable hydrogen from its naphthenic
rings during heat treatment. However, the sup-
ply rate of hydrogen would not be high enough
to stabilize thermal fragments produced more
abundantly at higher temperatures and there-
fore the retrogressive reaction of bitumen was
observed.

3.2 Coprocessing of Bitumen with Coal-Derived 0Oil
Figure 3 shows that, when the bitumen
was coprocessed with a given amount of coal-
derived oil at 450C, the yield of distillable oil in
the product was restored to almost the same
level as that in the raw bitumen and the pitch
fraction was significantly decreased. In order to
investigate the addition effect of hydrogen
donor solvent on the suppression of retrogres-
sive reaction of bitumen quantitatively, the

bitumen was coprocessed with different con-
centrations of coal-derived oil. Also included in
these experiments were the upgrading of bitu-
men and coal-derived oil. The experimental re-
sults of these reactions are summarized in
Table 2. Figures 4 and 5 show the changes in
the composition of products with the concen-
tration of coal-derived oil in the feed when the
bitumen is coprocessed at 430 and 450C, re-
spectively. If there are no interactions between
bitumen and coal-derived oil, an additivity of oil
yield would be observed for the coprocessing.
The data of coprocessing can be calculated
from both the blending ratio of bitumen and
coal-derived oil and the oil yields in their up-
gradings. As discussed in a preceding section,
however, the yield of distillable oil in the up-
grading of bitumen at 450C has already been
underestimated as a result of retrogressive
reaction and hence the upgrading data of bitu-
men can not be used for the calculation of addi-
tivity. In this work, the addition effect of coal-
derived oil on the upgrading of bitumen was
evaluated by the comparison with the broken
line in the figure which showed the sum of dis-
tillable oil fraction from the raw bitumen and
coal-derived oil present in the feed. If the co-
processing data is lower than the broken line, it
means that the retrogressive reaction of bitu-
men still occurs even in the presence of hydro-
gen donor solvent. Figure 4 shows that the
vield of distillable oil in the coprocessing at coal
oil concentration of 30 wt% is slightly higher
than the broken line. The result indicates that
no retrogressive reaction took place in the co-
processing of bitumen with coal-derived oil at
430T. At 450C, on the contrary, the yields of
distillable oil at coal oil concentrations of 13 and
25 wt% were in fair agreement with the broken
line in spite of the considerable decrease in oil
yield observed at coal oil concentration of 0 wt%,
as can be seen in Figure 5. The result shows
that the addition of coal-derived oil which is a
good hydrogen donor solvent is very effective
for the suppression of retrogressive reaction of
bitumen and at least approximately 10 wt% of
coal-derived oil is necessary to avoid the re-
trogressive reaction of bitumen under the pre-
sent coprocessing conditions. The reduced
yield of heavy oil fraction and the increased
yield of pitch fraction at the coal oil concentra-
tion of 50 wt% would be probably due to the
retrogressive reaction of bitumen, because the
coal-derived oil which is more volatile than the
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Fig. 6 Change in composition of products with con-
centration of coal in coprocessing at 450C

bitumen is readily taken away from the reactor
by the flow of recycle gases and hence the resi-
dence time of heavier fractions remaining in
the reactor becomes longer in the presence of
less amount of hydrogen donor solvent®
Another possibility is that the phase split
which might be occurred under certain reac-
tion conditions by low compatibility between

coal-derived oil and bitumen reduces the diffu-

sion rate of hydrogen from coal-derived oil and
results in the formation of heavier fractions.?
The yield of light oil fraction was also en-
hanced in the coprocessing, indicating that the
addition of coal-derived oil promotes the de-
composition of heavy fraction of bitumen to
produce lighter oil fraction.

3.3 Coprocessing of Bitumen with Coal

Figure 6 shows the change in the composi-
tion of products with the concentration of coal
in the slurry feed of bitumen/coal. Here, the
amount of distillable oil in the slurry feed was
calculated from its original amount in the raw
bitumen added and was illustrated by the
broken line in the figure. The yield of distillable
oil in the coprocessed products was increased
by the addition of coal up to 10 wt% and then
decreased with the increase in the concentra-
tion of coal. These values were comparable or
slightly higher than the broken line at any coal
concentration except for 40 wt%. The result
shows that the retrogressive reaction of bitu-
men is effectively suppressed by the addition

of coal and the gap between the yield of distill-
able oil and the broken line corresponds to the
amount of oil formed by the decomposition of
bitumen pitch or coal. However, the production
of oil from coal is considered to be small, be-
cause the gap between the broken line and the
vield of distillable oil would be enlarged with
an increase in the concentration of coal if some
amounts of oil is produced by the decomposi-
tion of coal. Actually, the yield of distillable oil
came close to the broken line with the increase
in the concentration of coal. It is therefore con-
cluded that the apparent enhancement of dis-
tillable oil in the coprocessing is mainly due to
the suppression of retrogressive reaction which
occurred in the upgrading of bitumen alone
and/or to the promotion of decomposition of
bitumen pitch by the addition of coal, not due
to the formation of oil from coal.”® The coal as
well as coal-derived oil probably acts as a hy-
drogen donor or shuttler in the coprocessing.
The reason for higher yield of distillable oil at
the coal concentration of 40 wt% is perhaps
due to the change in the flow pattern of slurry
feed in the reactor, but the details are not clear.

A noteworthy result on the amount of
transferable hydrogen in a mixture of coal and
bitumen has been previously reported by
Miyake et al® The change in the amount of
transferable hydrogen with the concentration
of coal was very similar to the pattern of distill-
able oil yield curve in Figure 6 of the present
work, suggesting that the yield of distillable oil
was closely related to the amount of transfer-
able hydrogen measured in a mixture system.
In their data, the amount of transferable hy-
drogen was virtually equal to the sum of those
from bitumen and coal, respectively, at any
coal concentration except for 10 wt%. The
reason why the amount of transferable hydro-
gen was enhanced at coal concentration of 10
wt% is not clear, but it is considered that the
promotion of transfer of hydrogen from bitu-
men by the addition of aromatic compounds*
and the change in the diffusion rate of hydro-
gen with the variation of slurry viscosity are
associated with the above phenomenon observed.
In summary, the coprocessing of bitumen with
5-30 wt% of coal was superior or comparable
to the upgrading of bitumen alone in terms of
production of distillable oil.

On the other hand, the yield of light oil
(boiling point <343C) should be also decreased
in proportion to the concentration of bitumen
in the slurry feed if there is no interaction be-
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Fig. 7 Change in gas yield and hydrogen consump-
tion with concentration of coal in copro-
cessing at 450C

tween bitumen and coal. Actually, the yield of
light oil was almost unchanged in spite of the
decrease in the concentration of bitumen in the
slurry feed and the ratio of light oil to distill-
able oil was increased at coal concentrations of
more than 10 wt%. As the presence of coal
hardly contributes to the formation of light oil
as described previously, the increase in the
yield of light oil is considered to result from the
decomposition of bitumen. In conclusion, either
coal itself or coal-derived products formed dur-
ing the coprocessing was found to act as hydro-
gen donors or shuttlers in the decomposition of
bitumen to promote the production of light oil.
This consideration is strongly supported
by Hodek’s results.'® He has reported that coal
suppressed the formation of olefin in the co-
processing of polyethylene and enhanced the
formation of styrene monomer and the selectiv-
ity of ethylbenzene in the coprocessing of
polystyrene. We have also observed that the
transferable hydrogen from hydroaromatic
structures in coal was easily abstracted by ox-
ygen atoms such as OH group to form water
and aromatic rings.'! Therefore, if hydrogen
acceptors such as bitumen radicals are present
around coal particles, transferable hydrogen from
coal would be readily transferred to bitumen.
The changes in gas yield and hydrogen
consumption with coal concentration in the
slurry feed are shown in Figure 7. The gas
yield and hydrogen consumption of bitumen
were much higher than those of coal and they,
on the whole, increased with the increase in
the concentration of coal. The drop in the gas
yield at coal concentration of 5 wt% shows
some reduction in gas formation from bitumen

100

> 80 e O — E
5 or O/o o
2 v
= QO
2 /
2]
« 60 B
]
T
Py
£
el 1]l g ]
=
<]
o
IS
3
c 20— b
Q
19

0 L 1 L

0 20 40 60 80

Coal concentration
(wt3, daf feed base)

Fig. 8 Change in coal conversion with concentration
of coal in coprocessing at 450C

60

sol- o J
L / \
> ®
o o p
s [/ ° .
T 18P - 538°C
s
§ W -
&
E o \®
3
O-, . B
= 2007 O\o
) C% \o
3 o
£ N
10} .
18P - 343°C
0 1 l 1
0 20 40 60 80

Coal concentration
(wt%, daf feed base)

Fig. 9 Change in hydrogen utilization efficiency with
concentration of coal in coprocessing at
450C

as a result of the suppression of retrogressive
reaction observed in the upgrading of bitumen
alone. This result agrees with the previous dis-
cussion that the coal or coal-derived oil acts as
hydrogen donors in the coprocessing.

The change in the conversion of coal to
toluene solubles with coal concentration in the
slurry feed is shown in Figure 8. The coal con-
version was gradually increased and went up
to about 80 wt% at coal concentrations of more
than 20 wt%. Curtis et al® have reported that
coal conversion was greatly influenced by the
composition of solvent and was increased with
an increase in the concentration of coal-derived
oil in the bitumen and Nagaishi et al'? have
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also shown that the presence of coal-derived oil
improved coal conversion in the coprocessing.
The behavior of coal conversion observed in
this work agreed with their results. When the
concentration of coal is small, most of the trans-
ferable hydrogen from coal or coal-derived prod-
ucts such as coal pitch and asphaltene which
are also good hydrogen donors or hydrogen
shuttlers would be consumed for the hydro-
cracking of bitumen and hence the transferable
hydrogen is less available for the decomposi-
tion of coal. When the concentration of coal is
higher, more amounts of coal-derived products
are produced in the reaction system. These
products provide more transferable hydrogen
than the amount to secure the hydrocracking
of bitumen and excess transferable hydrogen
would result in higher coal conversion and
higher yield of light oil.

Finally, the hydrogen utilization efficien-
cies for the production of light oil and distill-
able oil are shown in Figure 9. The efficiency
for the light oil fraction was essentially de-
creased with the increase in the concentration
of coal, whereas the efficiency for the distillable
oil fraction was the highest at coal concentra-
tion of 10 wt%. For both fractions, the efficien-
cies at coal concentrations of less than 20 wt%
were comparable or higher than that in the up-
grading of bitumen alone. It is therefore con-
cluded that the coprocessing of bitumen with
less than 20 wt% of coal is more economical
than the upgrading of bitumen alone in terms
of the production of oil.

4. Conclusion

In order to elucidate the mechanism of
synergy in the coprocessing, Athabasca tar
sand bitumen was coprocessed with two kinds
of additive, namely coal-derived oil and coal, in
a 0.1 t/d continuous bench scale test plant.
Considerable retrogressive reaction was
observed in the upgrading of bitumen alone at
450C, but was inhibited by the addition of
either coal-derived oil or coal. Both coal-derived
oil and coal acted as a good hydrogen donor or
shuttler in the coprocessing and therefore sup-
pressed retrogressive reaction of bitumen. The
upgrading of bitumen was improved and high-
er yields of light oil and distillable oil were
obtained in the presence of coal-derived oil or
coal. This is the reason why the so-called
synergy was sometimes observed in the co-

processing. The conversion of coal into toluene
solubles was influenced by the concentration of
coal itself in the slurry feed and the formation
of distillable oil from coal seemed to be negligi-
bly small in the coprocessing. The compatibility

between coal and bitumen, which greatly

affects the reaction performance of the co-
processing, is often reported. The mechanism
of compatibility might be also closely related to
the hydrogen donating abilities of coal itself or
coal-derived products and therefore their deter-
mination will be essential for a comprehensive
understanding of the chemistry of coprocessing.
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Table 1 Analysis of Battle River coal and Cold Lake oil sand bitumen

Coal and Ultimate analysis (wt%) Atomic ratio Proximate analysis (wt%)
vehicle oil c H N o s@f wcCc Nc o oo Miam v e

Battle River

coal 70.09) 479 179 2319 (.59 0.80  0.021 0247 119 10.1 34.7 433

Cold Lake

oil sand 83.7 114 0.3 0.6 4.0 164  0.003  0.005 — — — —

bitumen

@): d.a.f. coal basis, b): Volatile matter, ¢): Fixed carbon

ThHbcLBLEHME, R E LU A VIERITRE -

BRI R Ni-Mo MO FH B WEZRL, &< 100 T ' ' '

I R RBEA00C CIIAIMIE RIS BV T2 DIEATKE ¢, sof 828 -
Ni-Mo Ml I3RTR - BB L ) QBB ICB VT 60 - .
R REHEFIORT CEFWL 2 TH B, KISHEE sl i
450CTIRZFDEND L %25, Cold Lake + A 4 "g 20l l
YFEFa- X YR RBEMNE LTHW RGO T 2 ="
Ni-Mo M A7 76 F 12 513 5 450C, 1214 0 iR K O
97.1%CH Y, BERDOT ¥ k5w R - B 2 sof. A——"s
MRIRAEAE T 1S BV 5450C, 1205 OIRALEI5. 7% % | S sk -/DA/O ]
BloTHBD, ColdLake A A V¥ ¥ FEF a2 —RX Vi § sk /,/ 4
RIS E LTI ThH S 2 L 2B E72, 7 AT 7 e 2 |
V7 VIR - BRE AL HX T Ni-Mo o 5 © Oil+Water
AME L, Ni-Mo A7 2 7 7 V7 ¥ OEERITH LT g 00—
BBARA D B = L 2R LTV 5, g gop Asehaltene 1

avutky VYT RIGERY TH B ANFY U HES f 60} 7
(FANW) OREESIEZ L2 IR L7720 RIBIRE400T § 4ol i
TIPSR OFIE T2 BV TRISKRR05FERE £ T, g Ll )
BREEGRIS L, HEWEOTANVF Y FEF 21— > 3 N =
L UL 7R A R L0\ o SO BEAS0'C T IR - g et ——

BEEE BRI R C Ni-Mo il 2 FH W72 528, A4 v E 80 ﬁ/ .
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RSk 1215 TRREAERSELCRIL, ok < ok ]
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Table 2 Elemental analysis of Cold Lake oil sand bitumen and hexane solubles from Battle River coal
hydrogenated with Coled Lake oil sand bitumen

Ultimate analysis(wt%, d.a.f.)

Atomic ratio

Sample
C H N (6] S(diff) H/C
Cold Lake 83.7 11.4 0.5 1.2 4.0 1.64
0il sand bitumen '
Hexane solubles 84.1 11.8 0.4 1.0 2.7 1.69
Hexane Sigfgg‘ge/ 81.3 8.7 1.0 1.9 7.1 1.28
Red-mud/sulfur catalyst
400°C, 14 min 81.5 10.8 0.8 1.9 5.0 1.6
400 °C, 62 min 82.4 10.8 0.8 1.4 4.6 1.6
400 °C, 119 min | 85.6 11.0 0.8 1.5 11 1.5
450 °C, 13 min 85.4 10.3 1.0 1.5 1.8 1.4
450°C, 62 min 87.0 9.9 1.1 1.5 0.5 1.4
450 °C, 119 min 86.5 9.8 1.1 1.6 1.0 1.4
. Ni—-Mo catalyst
400 °C, 16 min 82.5 10.6 0.9 2.0 4.0 1.5
400 °C, 66 min 83.4 10.5 0.7 1.9 3.5 1.5
400 °C, 121 min 84.8 10.8 1.0 1.3 2.1 1.5
450 °C, 13 min 85.9 10.3 1.0 1.3 1.5 1.4
450°C, 61 min 87.7 10.1 0.8 1.2 0.2 1.4
450 °C, 121 min 87.9 10.4 0.9 1.1 — 1.4
Co-Mo catalyst
400 °C, 60 min 84.3 11.0 0.9 1.7 2.1 1.6
450 °C, 59 min 88.3 10.5 1.0 11 — 1.4
Asphaitene Gas 3‘3 W VC }iﬁ\;iﬁﬁlloonc 0)%% Kl'h"‘f%@ﬁ‘l‘@&ﬂiﬁ Ha
- MFWWWAWWW (FRiB - FREBBEAFAT ¢ 0.116-0.161, Ni-Mo flii7F
, min . & m
- FETF 10.117-0.151) B X UERFHPICED 2 FHEHE
4000, 62min REROUE % TTHEEEE fa GRR - BREMERE
400°C, 119min T 1 0.36-0.43, Ni-Mo BBEFEAET © 0.36-0.41) 2%
450C,  13min MLTBY, FtA vy FEFo— X VYEMOEE
450C, 62min OF A NVERWE O Ha Rk - REMBEEET
0o, 11emin 0.060-0.110, Ni-Mo fl#fF7EF 1 0.032-0.039) B X
' O fa GRIB « BREAEEAEA T © 0.29-0.38, Ni-Mo fili
BT :0.18-0.20) KHRTHEWEEZRLTWAEZ
400C, 16min A06, RIBOETE E D ITHRBEROBETIIREITS
400C, 66min A VEBRYANLERLTWEIDEEZ OIS, FIMS
400, 121min EDPSRD - EHSFRIIHMBEEETICBVTYTR
. b FUBIREE400C X Y FUSIRE4AS0C OB AR EZ R
40T, 13min L, ESFP T LTWDS I EERL TV A,
450°C, 61min
450C, 121min 4 £ & &

400C,

450C,

1 — |
0 20 40 60 80 100
Yield (wt %)

Fig. 2 TLC/FID type analysis of hexane sulubles
from Battle River coal hydrogenated with
Cold Lake oil sand bitumen

71 F % ¥ Battle River & & Cold Lake &+ 4 V¥ ¥ F
VFa—Rxvbkparaty vy FicBid5450T, 121
4y (Ni-Mo fEfEFET) D#R{bEIZI7.1%I1TEL, BE
WD D7 v bk v M/RR - BRERMER TO450T,
1205+095.7%% LE-TH Y, Cold Lake * £ V¥
F¥Fa—A v BREBERHE LTEHNTHLILERL
T3,

% 7> Battle River K ® Cold Lake + A4 V¥ ¥ FEF
2a—Avioparuty ¥y FZIZBWT, Ni-Mo fililE
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Table 3 Hydrogen distribution and structural parameters of Cold Lake oil sand bitumen and hexane
solubles from Battle River coal hydrogenated with Cold Lake oil sand bitumen

Hydrogen distribution

Structural parameter

Sample (I%\{II\‘/]I"S)
Ha Ho Ho fa s Hau/Ca (Ho/Ha) +1

Cold Lake 0.058 0.168 0.755 0.26 0.64 1.17 5.6
oil sand bitumen

Hexane solubles 0.057 0.165 0.778 0.20 0.63 1.27 5.7

Hexane insoluble/ 0.062 0.182 0.756 0.40 0.69 0.64 5.2

toluene solubles

Red-mud/sulfur catalyst
400°C, 14 min 0.070 0.172 0.758 0.26 0.63 1.13 5.4
400 °C, 62 min 0.086 0.186 0.728 0.28 0.58 1.13 4.9
400 °C, 119 min 0.078 0.198 0.724 0.29 0.60 1.02 4.7 324.5
450°C, 13 min 0.116 0.220 0.664 0.36 0.53 1.00 4.0
450 °C, 62 min 0.158 0.250 0.592 0.43 0.48 0.97 34
450 °C, 119 min 0.161 0.252 0.587 0.43 0.48 0.97 3.3 277.8
Ni-Mo catalyst
400 °C, 16 min 0.080 0.173 0.747 0.29 0.59 1.04 5.3
400°C, 66 min 0.085 0.191 0.725 0.31 0.59 1.02 4.8
400 °C, 121 min 0.086 0.195 0.719 0.30 0.58 1.04 4.7 325.5
450 °C, 13 min 0.117 0.215 0.668 0.36 0.67 0.97 4.1
450 °C, 61 min 0.151 0.250 0.599 0.41 0.49 0.99 3.4
450 °C, 121 min 0.145 0.248 0.607 0.40 0.48 1.00 3.4 258.2
Co-Mo catalyst

400 °C, 60 min 0.087 0.181 0.723 0.29 0.56 1.08 5.1
450 °C, 59 min 0.133 0.225 0.642 0.38 0.49 0.97 3.9

OKFEHBEEIRR - REAEE FEETHHICH 20
b5, AR - REAMEIC BB RECB Vv TE
AR T ERIRPKRE L, TRAT7 7 VT v DIERBITE)
RERL, NTULEOBREIIH L THENEEEZE

L,
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(Key Words: Coal ash, Chemical composition, Thermal history)

DL. PUGAL **, AB. HERRERA *?, T.A. QUILAO *2, W.A. BALAIS *2,
FI ABARQUEZ *?, HH. BION *2, C.G. MAGPANTAY *2 FD. VINLUAN *2
Katsutoshi YAMADA *3, Takashi TSURUE *¢, Shohei TAKEDA ™ and Kozo ISHIZAKT *3

1. Introduction

Worldwide awareness for a clean and be-
tter environment is increasing everyday. In the
Philippines, the government is also becoming
aware of keeping its environment free from
hazardous and toxic pollutants, hence, environ-
mental regulations are slowly being imposed.
Among the detrimental pollutants being looked
into, the government is focusing its attention to
the hazardous emissions from coal-fired power
plants, in particular, to the reduction of sulfur
emissions.

The Industrial Technology Development
Insitute (ITDI) of the Department of Science
and Technology (DOST) through its Fuels and
Energy Division (FED) has entered into a joint
collaboration with the Hokkaido National In-
dustrial Research Institute (HNIRI) , Agency of
Industrial Science and Technology (AIST),
Ministry of International Trade and Industry
(MITI), Japan. The joint research project enti-
tled“Reserch on the Preparation of High Qual-
ity Adsorbent for SOx from Coal Ash"is being
implemented within the framework of the Insti-
tute for Transfer of Industial Technology
(ITIT) Program organized by the International
Research and Development Cooperation Divi-
sion of AIST, MITI, Japan.

This 4 -year project, which started in April
1994, aims to develop a technology for the prep-
aration of a high quality adsorbent for SOx us-
ing coal ash to cotrol air pollution caused by
coal-fired thermal power plants in the Philip-
pines.

At present, there are two (2) coalfired
power plants in the Philippines which are sources

% 1 This paper was reproduced from Philippine Technoio-
gy Journal, Vol. 20, No.1 (1995) pp. 14-35 by the per-
mission of Science and Technology Information Insti-
tute, DOST, Philippines.

% 2 Industial Technology Development Institute, DOST,
Philippines

% 3 Bioscience and Chemistry Division.

* 4 Materials Division

of coal ash. These power plant are located in
Naga and in Calaca. The Naga Coal Thermal
Plant, located in Cebu, has a capacity of 55 MW
designed to burn 550 tons of coal a day. For
every ton of coal burned, 0.19 ton of ash is pro-
duced consisting of about 15% bottom ash and
85% fly ash. The Calaca Coal Thermal Plant, lo-
cated in Batangas, is a 300 MW power plant
that requires 3,000 tons of coal per day and
produces about 200,000 tons of ash per year.
Some of these coal ash are being disposed to
cement manufacturers and used as a raw mate-
rial in cement production.

Currently, these coal-fired power plants do
not have a means for controlling its sulfur
emissions. Since coalfired thermal power
plants are the main sources of sulfur emissions,
efforts should be made by the goverment to re-
duce these harmful emissions in the country. In
the Philippine Energy Plan (1993-2000), it has
been projected that an additional 2800 MW of
coalfired thermal power plants will be installed
in the year 2000. Although this would mean an
increase in the utilization of indigenous coal,
this would also increase potential sulfur emis-
sions in the country. Therefore, technoligies on
sulfur reduction should be developed.

Coal ash, which contains some free lime,
can act a sorbent to “fix” sulfur as calcium sul-
fate. The quantity of sulfur that is retained in
coal ash is usually too small to satisfy air pollu-
tion limits. With the use of coal ash to produce
a high quality sorbent for SOx, additional re-
duction in sulfur emissions can be realized.

2. Materials and Methods

2.1 Collection of Coal Ash Samples

Three (3) coal ash samples from the Philip-
pines, three (3) from Japan and a standard ref-
erence sample of coal fly ash were used in the
experiments.

The Philippine coal ash samples were col-
lected from Calaca thermal power plant while
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Table 1 Chemical composition of coal ash samples

Components
Coal Ash Samples
Sid2, ¥ Al2Os. % Fe20s, % Ca0, % Mz0, & Naz0, % K20, % Tilz, % c. % S, % Moisture, %

Calaca Fly Ash 47.07 30.01 4.87 4.50 1.37 1.15 0.79 1.45 5.25 0.18 0.30
Cataca Cinder Ash 48.86 24.83 7.89 5.89 1.81 1.21 0.77 1.20 11.00 0.17 0.37
Calaca Clinker Ash 48.07 26.12 7.92 6.47 1.60 1.28 0.63 1.33 4.02 0.07 0.22
Naie Fly Ash 57.56 23.25 4.06 2.42 1.58 0.96 3.17 1.05 0.85 0.06 0.02
Naie Clinker Ash 60.10 22.78 4.62 2.85 1.61 0.95 2.94 0.78 4.49 0.02 0.14
Tomato Fly Ash 53.31 23.67 6.31 3.62 1.17 0.50 1.0 1.56 1.12 0.186 0.08
Standard Coal Ash 48.78 27.02 13.4 1.55 0.75 0.23 2.26 1.33 0.18

the Japanese coal ash samples were collected
from Naie and Tomato power plant stations.
The standard reference coal ash sample was
obtained from the National Institute of Stan-
dards and Technology, U. S. Department of
Commerce.

2. 2 Chemical Composition

The chemical composition of the coal ash
samples was determined using an atomic
absorption spectrophotometer. In addition, the
moisture content and surface area of the coal
samples were also determined.

2. 3 X-ray Powder Diffraction

To determine the mineral constituents of
the coal ash samples, X-ray powder diffraction
analysis was, carried out. X-ray diffraction pro-
files were determined by the use of a Rigaku
X-ray Diffractometer Model HV21.

2. 4 Scanning Electron Microscope

The microstructure of the coal ash sam-
ples was observed through a JEOL Scanning
Electron Microscope Model JSM-TSO using an
acceleration voltage of 20 kV. Through this
microscope, the surface phenomana of the coal
ash samples was observed.

2. 5 Thermal Analysis

Thermal analysis was carried out for the
seven (7) coal ash samples using a Rigaku
Thermoflex unit with @-Al,O3; as reference
sample. The coal ash sample was heated up to
1500C at a heating rate of 10°K/min under air
atmosphere, TG range of 20 mg full scale and
DTA range of £50 uV.

Both thermorgravimetry (TG) and differen-
tial thermal analysis (DTA) were conducted.
The TG curve shows the weight loss pattern of

the sample as temperature is increased while
DTA shows a series of peaks, the position of
which is determined by the chemical composi-
tion and crystal structure of the substance and
the area of which is related to the energy
involved in the occurring reaction.

From the DTA curves, the sintering,
softening, melting point and fluidization tem-
peratures were read.

2. 6 Melting Point Determination

The melting point was determined accord-
ing, to Japan Industrial Standard (JIS) M-8801
and American Society for Testing Materials
(ASTM) D-271-48. Finely ground coal ash sam-
ples were pressed into a standard mold to form
a slender triangular cone or pyramid, 19 mm in
height with 6.4mm in the edges of base regular
trinagle. The cones were set vertically upon a
ceramic base and inserted into an electric fur-
nace and heated at 10C /min from room
temperature to 900C. After about 90 minutes,
heating rate was changed to 5C/min from 900
to 1600C, the furnace maximum temperature.
Temperatures are measured by a thermocou-
ple.

Using the JIS method, softening, melting
point and fluidization temperatures were
recorded while for the ASTM method, intitial
deformation, softening, hemisphere and fluidiza-
tion temperatures were recorded.

The ASTM method defines the initial de-
formation temperature (IDT) as the tempera-
ture at which a standard pyramid of ash just
begins to fuse or show evidence of deformation
at the top as its is being heated. The softening
temperature, usually called the fusion tempera-
ture of an ash, corresponds to an observed con-
dition between initial deformation and fluidity
where the height of ash cone is equal to the
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Standerd Coal Ash
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Fig.1a X-ray diffraction pattern for standard coal
ash, Calaca fly ash, Calaca cinder ash and
Calaca clinker ash

width of the sample. The hemisphere tempera-
ture is read when the cone has further de-
formed to the point where it assumes a hemi-
spherical shape and its height equals half its
width. Both softening and hemisphere temper-
atures are related to conditions at which the
ash shows a greatly accelerated tendency to
mass together and stick in large quantities to
heat-exchange surfaces. The fluid temperture
is the temperature at which the test cone flat-
tens out to a pancake shape. For the JIS
method, the softening temperature is similar to
that of IDT and melting point to hemisphere
temperature. Fluidization temperature is the
same for both JIS and ASTM methods.

3. Results and Discussion

3. 1 Chemical Composition

The chemical composition of the different
coal ash samples is shown in Table 1. It can be
seen that Japanese coal ash samples contain rel-
atively larger amounts of the oxides of Si, Al
and Fe but smaller amounts of CaO and MgQ
compared to the Philippine coal ash samples.
Minor trace elements such as Nay0O, KO and
TiOg are found in the range of 4.76-4.99% for
Philippine coal ash and 4.24-6.74% for Japanese
coal ash.

It can also be observed that Philippine coal
ash samples contain large amounts of the total

Naie Fly Ash
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Fig.1b X-ray diffraction pattern for Naie fly ash,
Naie clinker ash and Tomato fly ash

Intensily

CFA NKA TFA SCA

Fig. 2 X-ray diffraction intensity of major elements
in coal ash

[]:Quartz, [T :Mullite, &I :Hematite,
:Lime, 1 :Gehlenite

CFA: Calaca Fly Ash NKA: Naie Clinker Ash
CCA: Calaca Clinker Ash TFA: Tomato Fly Aah
CKA: Calaca Clinker Ash SCA: Standard Coal Ash
NFA: Naie Fly Ash.

carborn ranging from 4.02 to 11.00% while total
carbon for Japanese coal ash samples range
from 093 to 1.24% except for Naie clinker. ash
which contains about 449%C. The amount of
sulfur is quite low ranging from 0.02 to 0.17%
for both Philippine and Japanese coal ash samples.
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Table 2 Major, minor and trace elements identified in the coal ash samples

Coal Ash Samples Major Elements

Minor Elements

Trace Elements

Calaca Flty ASh Quartz, Mullite.

flematite, Corundum

Calaca Cinder Ash Quartz, Mullite
Magnetite, Lime,

Vol lastonite

Calaca Clinker Ash Quartz, Mullile,
Plagioclase, Calcite,
Melilite. Hematite,
Barytocalcite,
Metakaolinite.
Cristobalite,
Feldspar

Naie Fly Ash Quartz, Mullite,
flematite

Quartz, Mullite,
Hematite

Naie Clinker Ash

Quartz. Mullite,
llematite. Lime.
Periclase

Tomato Fly Ash

Standard Coal Ash Quartz, Mullite,

llematite, Corundum,

Calcite, Feldspar

Wollaslonite, Portiandite,

Lime, Magnetite, Larnite

Hematite, Calcile.
Plagioclase, Corundum,
Feldspar, Porttamdite,
Anhydri te

Anhydrite, Lime
Magnetite, Gypsum,
Monticellite.
Wollastonile

Calcite. Feldspar,
Gypsum, Portlandite,
Plagioclase, Lime,
Metakaolinite

Calcile, Feldspar,
Gypsum, Portiandite,
Plagioclase, Lime.
Metakaolinite

Vol lastoni te, Larnite,
Tridymi te, Magnetite,
Corundum

Yol lastonite, Lime,
Periclase, Calcite,

Plagioclase. Spinel
Ferrian, Brucite

Melilite, Larnite,
Brucite, Barite,
Spinel, Metakaolinite,
Vitherile, Ferrian,
Periclase

Barite, VWitherite,
Corundum, Larnite,
Ferrian, Tridymite

Wollastonite, Magnetite,
Anhydrite

Wollastonite, Larnite,
Magnetite, Anhydrite

Geothite, Monticellite,
Plagioclase, Rutite,
Anhydrite, Feldspar

Metakaolinite, Larnite

Magneti te Monticellite
Considering the classification estabished O Quartz w Wollastonite
by Voina and Todor (1978), the Philippine coal @ Mullite (@ Lime
ash samples and the standard coal ash sample A Hematite @ Anhydrite

are of the siliccaluminous type while that of the
Japanese coal ash samples are of the aluminosi-
liceous ashes. The classification established by
Voina and Todor (1978) considers the ratio be-
tween SiOs and Al,O3 as well as the quantities
of CaO and SOs.

Aluminosiliceous ashes are those with SiOg
/Al,03 > 2 and Ca0 < 15% while silico alumi-
nous ashes are those with SiO, /Al,03 < 2 and
Ca0 < 15%.

3. 2 X-ray Powder Diffraction

Figure la, 1b shows the x-ray diffraction
pattern for the coal ash samples. The occur-
rence of the major and minor elements are
shown in this figure and are numbered as follows:

A Corundum
[ 1 Magnetite
M Portlandite
< Feldspar

A Plagioclase
A Cristobalite
[[1 Melilite

B Metakaolinite

It has been observed that the common ma-
jor elements found in coal ash samples include
quartz, mullite and hematite. This is confirmed
in Figure 2 where a comparison of the intensi-
ty of five (5) major elements such as quartz,
mullite, hematite, gehlenite (melilite) and lime
found in the coal ash samples is shown.

Table 2 enumerates the major, minor and
trace elements identified in the coal ash samples.

3. 3 Seanning Electron Microscope
The microstructures of the coal ash sam-
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Fig. 3c Surface of the clinker ash in SEM

ples are showm in Figure 3a ~ 3e.

3. 4 Thermal History

Figure 4a, 4b, 4c shows the TG-DTA
curves obtained for the coal ash samples. It de-
picts the weight loss pattern and the different
endothermic and exothermic reactions which
occur during the heating of the coal ash samples.

Fig. 3d Surface of the Naie fly ash in SEM

Seeeet

: ﬂgz » 20D

Fig. 3e Surface of the standard coal ash in SEM

For the Philippine coal ash samples, the
total weight loss is observed to be in the range
of 2 to 21.5% while for the Japanese coal ash
samples, total weight loss ranging from 0 to 2%
is observed. The standard coal ash samples has
a total weight loss of about 2.2%. This shows
that the Philippine coal ash samples contain a
larger amount of organic substances, mainly
unburned carbon, than that of the Japanese
coal ash samples. The DTA curves for both the
Philippine and Japanese coal ash samples ex-
hibit the same pattern. At first, endothermic
effects are observed in the temperature range
between room temperature (24°C ) to about
2007C for all coal ash samples except for Calaca
clinker. This means that the coal ash samples
contain water which is either physically
absorbed or fixd in the tobermorite gels.
Tobermorite gels are calcium silicate hydrates
which are formed by the hydration of dical-
cium or tricalcium silicate at or near ambient
temperatures.

As the temperature is increased, oxidation,
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DTA
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Fig. 4a Thermal analysis of Calaca fly ash, Calaca
cinder ash and Calaca clinker ash

SIT: Sintering Temp.  SOT: Softening Temp.
MT: Melting Temp. FT:Fluid Temp.
Reference Sample: x-Al,O3

Program Rate: 10C /min.

Atmosphere: Air

thermal decomposition, transformation and
reaction between components occurred.

In the temperature region of 300 to 700TC ,
exothermic effects due to the oxidation of organ-
ic substances are observed for all coal ash sam-
ples. Weight loss which corresponds to this
burning of organic substances vary and their
differences are attributed to the varying
amount of noncombustibles that did not burn
completely ~during combusition. Iron com-
pounds such as pyrite and siderite are also oxi-
dized at this temperature region producing
hematite.

Lime (Ca0), a compound significant in the
capture of SOx readily undergoes recarbona-
tion in an atmosphere of carborn dioxide at a
temperature slightly below the decomposition
temperature of calcite (CaCOg). Calcite begins
to decompose thermally at a temperature
greater than 700C while anhydrite (CaSOy),
found in small quantities, thermally decom-
poses to CaO and SOz at a temperature greater

TG Naie Fly Ash
£ Ilo wig L
[
2
e
11 oA
sit SOT
16 Naie Clinker Ash
Iw Wiy "
DTA
sir SO
TG Tomato Fly Ash

Endothermo

600 800 1000 1200 1400
Temperature (°C)

Fig. 4b Thermal analysis of Naie fly ash, Naie clinker
ash and Tomato fly ash
SIT: Sintering Temp. SOT: Softening Temp.
MT:Melting Temp.
Reference Sample: x-Al,0O3
Program Rate: 10°C /min.
Atmosphere: Air

% % Standard Coal Ash
&
I IIO wid
8 DTA ST
o SIT
=
<
=
(5]
1 1 1 1 1 1 L 1 1 1 1
200 100 600 800 1000 1200 1400

Temperature (°C)

Fig. 4c Thermal Analysis of Standard Coal Ash

SIT: Sintering Temp. SOT: Softening Temp.
Reference Sample: x-Al,O3

Program Rate: 10C /min.

Atmosphere: Air



Studies on the Fusibilty of Coal Ash

Table 3 Temperatures resuits from TG-DTA curves

Coal Ash Sintering Softening Melting Fluid
Samples Temp. (°C) Temp. (°C) Temp. (°C) Temp. (°C)
Calaca Fly Ash 1034 1190 >1500 >1500
Calaca Cinder Ash 1104 1160 1320 1365
Calaca Clinker Ash 1105 1155 1340 1373
Naie Fly Ash 1030 1130 1480 >1500
Naie Clinker Ash 980 1105 1430 >1500
Tomato Fly Ash 1168 1215 1455 >1500
Standard Coal Ash 1018 1160 > 1500 >1500
Table 4 Temperatures results from electric furnace
IDT Softening Hemisphere Fluid
Coal Ash
Samples Sintering Melting Fluid
Temp. (°C)* Tewp. (°C) Temp. (°C)* Temp. (C)°
Calaca Fly Ash 1195 1483 1535 1556
Calaca Cinder Ash 1196 1317 1321 1363
Calaca Clinker Ash 1185 1412 1330 1375
Naie Fly Ash 1120 1400 1462 1530
Naie Clinker Ash 1216 1403 1430 1506
Tomato Fly Ash 1163 1489 1423 1463
Standard Coal Ash 1018 1160 1495 1510
%:J1S Method

than 1000C .

The presence of periclase and brucite in
the coal ash samples indicates that the oxide
and hydroxide of magnesium do not readily

carbonate. Likewise, the carbonation of the
hydroxide of calcium (portlandite) does not
readily carbonate. Once the decomposition of
Ca(OH), commences, which at about 600C, the
carbonation of CaO rapidly becomes dominant.
Polymorphic transformations of SiO, and

possibly the loss hydroxyl groups (OH) from
kaolinite [Si»Al,O5] [OH]4, which is an endother-
mic reaction, occurs at a temperature range
greater than 700C.

From the DTA curves, sintering occurs at
a temperature range of 1000 to 1110C for
Philippine coal ash samples and 980 to 1170C
for Japanese coal ash samples. Softening occurs
at a temperature range of 1150 to 1190C for
Philippine coal ash samples and 1105 to 1220C
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Fig. 5 Correlation between an acid-base index and
melting temperature of coal ash

1: Calaca Fly Ash 5: Clinker Ash

2: Calaca Cinder Ash 6: Tomato Fly Ash

3: Calaca Clinker Ash 7: Standard Coal Ash
4: Naie Fly Ash

for Japanese coal ash samples. Melting point
occurs at a temperature range from 1320C to
greater than 15007C . Fluidization temperature
occurs at a temperature greater than 1500C
except for Calaca cinder and Calaca clinker
which occurs at a lower temperature.

Table 3 shows the sintering, softening,
melting and fluidization temperatures read
from the DTA curves for all coal ash samples.

3. 5 Melting Temperatures.

Table 4 shows the results of the melting
point determination according to ASTM and
JIS methods. All coal ash samples have melting
point greater than 1320C. Calaca fly ash has
the highest melting point followed by the stand-
ard coal ash samples while Calaca cinder and
Calaca clinker have the lowest melting point
among the coal ash samples.

The correlation between the melting point
and the chemical composition of the coal ash
samples has been looked into by plotting the
melting point against an acid-base index as
shown in Figure 5. The acid-base index de-
scribes the ratio of the alkaline earth com-
pounds to the acidic compounds and is com-
puted as follows:

9% Ca0 +MgO + % N0 +% K0
% SiO5+ Al,O5

acide-base index =

From Figure 5, it is observed that a coal

ash samples having a low acide-base index will
have a high melting point while high acide-base
index would indicate low melting point.

4. Conclusions

In the preparation of a high quality adsorb-
ent for SOx using coal ash as the starting
material, it is, indeed, important that the
physical, chemical and thermal characteristics
of the coal ash be known. From the foregoing
results and discussion of the experiments con-
ducted on the characterization of coal ash, the
following were the conclusions reached:

a) As compared to the Japanese coal ash
samples, the Philippine coal ash sam-
ples contain  relatively  smaller
amounts of the oxides of Si, Al and Fe
but larger amounts of CaO and MgO.
Minor trace elements of NasO, KO
and TiO, are found in the magnitude
of less than 5%.

b) The Philippine coal ash samples are of
the silicoaluminous type while that of
the Japanese coal ash samples are of
the aluminosiliceous type.

c¢) There are three (3) common major
elements found in all the coal ash sam-
ples and these are quartz, mullite and
hematite.

d) Sintering of all coal ash samples begin
at about 1000C while softening starts
at about 1100C.

e) Melting point and fluid temperatures
are highest for Calaca fly ash while
lowest for Calaca cinder and Calaca
clinker.

f) The correlation between the melting
point and chemical comoposition of the
coal ash samples shows that the coal
ash samples having a low acide-base
index resulted in high melting points.
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