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Abstract—The process of gasification of biomasses of plant origin containing the additives of sulfur oil shale
was studied. It was shown that the presence of sulfur oil shale in the mixtures decreased and, in some cases
(at a high sulfur content of oil shale), prevented the appearance of deposits (slagging) on the equipment walls.
It was established that a maximum effect was achieved with the addition of 5% oil shale containing at least

16% sulfur.
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The total world volume of biomass exceeds 1.8 bil-
lion tons, and its annual growth is estimated at 200 bil-
lion tons. In essence, this is an inexhaustible and, most
importantly, renewable resource of raw materials and
energy. It is obvious that, as the reserves of traditional
sources of raw materials and energy—oil, gas, and
coal—decrease, interest in the qualified use of renew-
able plant biomass will increase because the entire
range of hydrocarbon compounds obtained from oil,
gas, or coal can be produced from renewable plant bio-
mass. It is very important that plant biomass is an envi-
ronmentally friendly source of energy.

Gasification is a common process of biomass con-
version.

The target product of biomass conversion pro-
cesses using gasification is synthesis gas, which is a gas
mixture containing large amounts of carbon monox-
ide and hydrogen. Synthesis gas is used for the pro-
duction of methanol and hydrogen and in the
Fischer—Tropsch process to obtain synthetic oil or
feedstock for organic chemistry and petrochemistry.

One of the problems of the biomass gasification
process is the following: As compared to coal, plant
biomass contains much more alkali metals, in particu-
lar, potassium and sodium. The ash content of bio-
mass gasification products is much lower than that of
coal gasification products, and the chemical and min-
eral compositions of ashes are significantly different:
coal ash mainly consists of SiO,, A1,0;, and Fe,0;,
and biomass ash contains SiO,, CaO, Na,0, and K,O.
Biomass gasification ash has a lower softening point
(typically, 750 to 1000°C), as compared to 1000°C or

higher for coal ash. Water vapor formed as a result of
raising the temperature in the gasifier converts alkalis
into highly volatile hydroxides. Sodium and potassium
hydroxides partially penetrate into the pores of the
gasifier lining to cause its destruction. This phenome-
non is known as alkaline destruction (alkaline corro-
sion). A portion of alkalis in a gaseous state formed on
the gasification of biomass also enters the colder part
of the unit after a gasifier, where gas condensation
occurs and the deposition of solid alkali salts (slag-
ging) on the internal surfaces of the equipment, in par-
ticular, heat exchangers and filters, takes place.

The well-known methods used for preventing slag-
ging and alkaline corrosion in the gasification of bio-
mass—the contact with a gas-absorbing ceramic mate-
rial [1], the use of a gasification catalyst (accelerator),
such as clay, which has catalytic functions and/or a
heat carrier function [2], the use of gas-absorbing
ceramics for binding alkali [3], and the preliminary
gasification of biomass in a remote furnace [4]—are
complex and inefficient. We suggested that the intro-
duction of an acidic agent into the gasified mixture can
neutralize and bind alkalis and thereby prevent unde-
sirable effects of slagging and alkaline corrosion
because the biomass components that cause slagging
are mainly alkalis. Obviously, such an agent should
meet the following requirements: it should not com-
plicate the gasification process and not worsen its
results, that is, the characteristics of the resulting syn-
thesis gas, and not lead to an increase in ash forma-
tion. Taking into account previously published data on
the use of oil shale in the processing of hydrocarbon
raw materials [5—7] and the fact that, as a rule, oil

166



PREVENTION OF SLAGGING

167

Table 1. Physicochemical characteristics of biomass (GOST [State Standard] R53357-2013: Solid Mineral Fuel. Proximate

Analysis)

Proximate analysis, wt %
Plant raw material

Ultimate analysis, wt %

Wwe Ad Vdaf Cdaf Hdaf Sdaf Ndaf [0)
Sunflower husks 9.1 2.5 60.8 50.3 6.3 0.15 1.8 41.45
Corn cobs 7.7 8.1 56.8 48.9 6.65 0.22 1.45 42.78

Here, daf refers to a dry ash-free basis.

Table 2. Chemical composition of the ash of biomass (GOST 11722-2017: Method for Determination of the Chemical

Composition of Ash)
Composition of ash of corn cobs/sunflower husks, wt %
SiO, Al,05 Fe, 0, TiO, CaO MgO SO, K,O Na,O P,0s
70.5/74.8 —/2.8 —/1.5 —/— 5.8/— 7.8/— —/— 10.2/20.1 5.7/0.7 —/0.1

shale contains sulfur, which can become an active
acidic neutralizing agent during gasification in the
presence of water vapor, we decided on oil shale as a
neutralizing additive.

The developed variant of gasification of raw mate-
rials in the form of aqueous suspensions requires pre-
liminary preparation of raw materials; however, its
advantage is that this technology makes it possible to
reduce the process temperature and decrease soot for-
mation and the concentration of impurities in the
resulting synthesis gas [§—10].

The results of studies on the selection of conditions
and regimes that provide the effect of binding alkalis
and preventing slag formation in the gasification of
aqueous biomass suspensions of are presented below.

EXPERIMENTAL

Two types of large-tonnage waste of the agro-
industrial complex were used as vegetable raw materi-
als: sunflower seed husks and corn cobs. These are
highly reactive materials with the yields of volatile sub-
stances to 80% upon their processing [11]. Table 1
summarizes the characteristics of representative bio-
mass samples, and Table 2 shows the chemical com-
position of the ash (mineral matter).

The following three samples of oil shale were
selected as additives (neutralizing components), the

physicochemical characteristics of which are pre-
sented in Table 3: oil shale with a high sulfur content
(shale of the Savel’evskoe deposit in the Orenburg
oblast), oil shale with a minimum sulfur content (shale
of the Leningrad deposit), and oil shale with an inter-
mediate sulfur content (shale of the Kashpir deposit in
the Samara oblast). Raw biomass (corn cobs and sun-
flower seed husks) was crushed in a jaw mill. The
obtained samples were stored in hermetically sealed
containers.

The biomass was dispersed in a specially designed
grinder apparatus (Fig. 1). The pre-crushed biomass
samples were weighed and loaded into bunker /. The
material from the bunker was poured onto upper disk
4, where it was crushed to a particle size of no more
than 8 mm, and poured through the holes in the disk
onto the lower disk of the upper pair. The biomass was
intensely ground in the gap between grinding blades 6
of the rotating and fixed discs. Through a hole in the
fixed disk, the biomass particles fell onto lower pair 3,
where additional grinding took place. The crushed
biomass was poured into receiving hopper 7.

To analyze the dispersity of the biomass, a Rotap
device (an AC-200U impact sieve analyzer) was used.
Table 4 summarizes the granulometric composition of
the biomass (a fraction of 0.2 mm) after grinding.

Oil shales were preliminarily crushed in a jaw
crusher to a particle size of 10—100 um.

Table 3. Physicochemical characteristics of oil shale (GOST R 52911-2020 and GOST 33654-2015)

Moisture con- Ash con- Yield of vola-
Oil shal daf daf daf daf
1 shate tent W?, % tent4?, % tiles V%, % CH, % | HY, % | ST, % | N %
Kashpir deposit 2.1 44.25 60.8 73.53 8.74 4.1 1.4
Savel’evskoe deposit 15.7 48.1 56.8 74.9 8.65 16.0 1.45
Leningrad deposit 1.8 47.8 62.8 80.4 9.43 0.91 0.25
Here, daf refers to a dry ash-free basis.
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Fig. 1. General view of the grinder: (/) bunker, (2) cylin-
drical body, (3) shaft with two pairs of upper (4) and lower
(5) grinding disks fixed on it, (6) blades, and (7) receiving
hopper.

When preparing the mixtures of biomass and oil
shale, we used the results of studies reported previ-
ously [12]. The mixtures in which the water content
(taking into account the moisture of biomass) was 27—
30% were prepared; they contained at least 80% of
water particles with a size of 10 um, and the effective
size of dispersed biomass particles was 5—20 pm.

The dispersion of the raw material components was
carried out in an emulsifier apparatus, the design of
which combines two principles of grinding, impact
and abrasion at the same time, which makes it possible
to shorten processing time and reduce energy costs. To
obtain the desired dispersity of biomass particles, two
or three cycles of processing in the emulsifier were car-
ried out. After reaching this value, weighed portions of
oil shale were added to the biomass suspension (1—6%
based on the weight of the suspension), and this mix-
ture was loaded into the emulsifier to ensure its
homogenization and the penetration of oil shale parti-
cles into the biomass.

The gasification of the mixtures of biomass and oil
shale was carried out on a laboratory fluidized-bed
unit (Fig. 2) a under the following conditions: tem-
perature, 1000°C; oxygen content of the blast, 21 vol %;
excess air factor, 0.3—0.5; and suspension capacity, 5—
10 L/h.

The gas generated upon gasification was cooled in
a cooler and purified with the separation of soot and
ash. The resulting ash was collected and accumulated
in a bunker. The composition of the resulting gas was

SHUMOVSKII, GORLOV

Fig. 2. Laboratory gasification unit.

analyzed by gas adsorption chromatography on a
Kiristallyuks chromatograph; the detector was a katha-
rometer, and helium was a carrier gas. Two chromato-
graphic columns were used. A column packed with
molecular sieves CaA (3 m X 3 mm) was used to sepa-
rate CO and N, in an isothermal regime at a tempera-
ture of 90°C. To separate CO, and CH,, a column
packed with HayeSepR (3 m X 3 mm) was used in the
regime of temperature programming (50—220°C) at a
heating rate of 10 K/min.

The effect of oil shale addition to the biomass was
evaluated by the concentrations of sodium and potas-
sium compounds in the resulting gasification ash. It is
obvious that it is very difficult to evaluate this effect
based on a decrease in the slag formation on the equip-
ment surfaces in a laboratory unit: an examination of
the internal surfaces of the gasifier, cooler, and pipe-
lines after two months of operation in a periodic mode
showed only a slight coating on the walls. It is all the
more difficult to evaluate the effect of reducing alka-
line corrosion for a laboratory unit with a small capac-

Table 4. Granulometric composition of crushed biomass, a
fraction of 0.2 mm (GOST 2093-82: Solid Fuel. Size Anal-

ysis)

Biomass Concentration of particles, wt %
Corn cobs 0.2—0.1{0.1-0.063]0.063—0.05 | <0.05
Sunflower husks {0.2—0.1{0.1-0.063|0.063—0.05 | <0.05
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Table 5. Effect of oil shale additives from different deposits on the composition of ash resulting from biomass gasification

. ancentration Concentra- SSS(;H;I: S(;letll’o\fvltoé Alkal_i concen-

Suspended biomass|Oil shale in suspension| 1 bIOMass, Wt % | tion of S in (the rest is water) tration in ash, wt %
oil shale, wt %

Na,O K,0 biomass | oil shale | Na,O K,0
1. Sunflower husks | — (no oil shale added)| 20.1 0.7 — 80 — 4.1 0
2. Corn cobs — (no oil shale added)| 10.2 5.7 — 80 — 2.4 1.3
3. Corn cobs Leningrad deposit 10.2 5.7 0.91 65 5 7.8 4.6
4. Corn cobs Kashpir deposit 10.2 5.7 4.1 80 5 8.8 4.5
5. Corn cobs Savel’evskoe deposit 20.1 0.7 16.0 80 5 18.8 0.6
6. Corn cobs Savel’evskoe deposit 20.1 0.7 16.0 80 1 5.3 0.2
7. Corn cobs Savel’evskoe deposit 20.1 0.7 16.0 80 7.5 4.9 0.1
8. Sunflower husks | Savel’evskoe deposit 20.1 0.7 16.0 80 5 17.8 0.6

‘Water concentration does not include moisture in corn cobs and sunflower husks.

ity in terms of raw materials with a gasifier and a small-
capacity cooler.

Table 5 shows the results of experiments, which
allowed us to draw the following conclusions:

the ash of biomass gasified without the addition of
oil shale contained about 20% of potassium and
sodium compounds on an initial basis in the biomass;
consequently, at least 80% of the alkalis contained in
the biomass were deposited on the walls of the internal
surfaces of the equipment;

the presence of oil shale in the biomass signifi-
cantly affected the concentrations of sodium and
potassium in the gasification ash;

the higher the sulfur content of the added oil shale,
the higher the concentration of sodium and potassium
in the resulting ash: at a 16% sulfur content of oil shale,
t0 90% of sodium and potassium contained in the bio-
mass entered the ash and, therefore, was not deposited
on the walls of the equipment;

the addition of high sulfur oil shale to the biomass
not only decreased slagging but also, probably,
reduced the alkaline corrosion of equipment.

We proposed the following interpretation of the
experimental results:

The presence of organic sulfur in oil shale in the
course of gasification process makes it possible to con-

vert the potassium and sodium compounds in the bio-
mass into salts that are nonvolatile at the gasification
temperature, in particular, sulfite and sulfate salts.
This process starts at temperatures below the gasifica-
tion temperature of mixed suspensions of biomass, oil
shale, and water. Thus, the conversion of oil shale (for
example, from the Kashpir deposit in the Volga
region) during thermal gasification begins at a feed-
stock temperature of 450°C and ends with almost
complete conversion of oil shale into gas at 750°C [13].
At this temperature, the volume of gas produced by oil
shale conversion reaches its maximum. In the process
of thermolysis, the almost complete decomposition of
kerogen occurs, as a result of which this gas contains
mainly hydrogen, carbon monoxide, carbon dioxide,
methane, and hydrogen sulfide, which is formed from
the organic sulfur of oil shale.

When the temperature reached 750—800°C, alka-
lis—the compounds of sodium and potassium con-
tained in biomass—sublimed with the formation of
volatile hydroxides. Volatile alkali hydroxides reacted
with hydrogen sulfide to result in the formation of
solid sodium and potassium sulfates and sulfites,
which are nonvolatile at the gasification temperature.
They were removed from the reaction zone with the
resulting gas before the start of the main gasification
process (to 800—1000°C) and, as a consequence,

Table 6. Component composition of gaseous products of biomass gasification with oil shale additives for experiment nos. 5,

8,1,and 2
Gas composition, vol %
Biomass
H, CcoO CO, N, C
Corn cobs (experiment no. 5) 20.2 18.5 10.1 49.7 1.5
Sunflower husks (experiment no. 8) 19.8 21.0 12.1 45.9 1.2
Corn cobs (experiment no. 1) 20.4 18.2 10.1 49.8 1.6
Sunflower husks (experiment no. 2) 19.9 20.8 12.1 46.1 1.2
SOLID FUEL CHEMISTRY Vol.56 No.3 2022
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potassium and sodium compounds were not deposited
on the walls of the equipment. The sulfates and sulfites
of sodium and potassium were mixed with ash formed
upon the gasification of biomass, which mainly con-
sisted of Si0, (70.0 wt % or higher), CaO (to 6.0 wt %)
and MgO (to 8.0 wt %). In this case, the sulfur-con-
taining additive (oil shale), which contributes to the
binding of alkalis and the prevention of alkaline corro-
sion, should not be disposed because it was almost
completely converted into a gas, which slightly
increased the volume of gasification gases and the
amount of ash formed.

The results of the gasification of biomasses of vari-
ous origins (corn cobs and sunflower seed husks) with
and without oil shale additives presented in Table 6
indicate that the addition of oil shale has a little effect
on the composition of the resulting gas.

Thus, the above studies illustrate the fundamental
possibility and the specific conditions of the method
that makes it possible to significantly prevent the
deposition of alkali metal compounds on the surfaces
of equipment (slagging) in the gasification of plant
biomass (and, probably, prevent the alkaline corrosion
of equipment) by adding sulfur oil shale to the biomass
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