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This paper refers to an experiment of SO, absorption to the particles of sorbent
CaCOj;. Sample mass was 100 g with fractional composition of 500-700 um and
1100-1300 pum. During the experiment the temperature varied from 200 to 400 °C.
The aim of this experiment is to examine the influence of lower reaction tempera-
ture, the size of sorbent particles, and the reaction time to the degree of SO, absorp-
tion and determining the degree of CaCOj; sorbent utilization. The results show that
at the reaction temperature of approximately 200 °C and average diameter of
sorbent particles =600 um, the absorption degree of SO, absorption to the particles
of sorbent is between 42-66%. Reaching temperature of 400 °C and with the same
fractional composition of the sorbent, ~600 um, the absorption degree of SO, is
slightly higher and it is somewhere around 45-78%. With greater diameters sorbent
particle of =1200 um, absorption degree of SO, is a bit lower. The determined de-
gree of utilized sorbent CaCOj is considerably lower and it reaches up to 6.87%.
The acquired results indicate that besides CaO, Ca(OH),, and CaMg(CO3), it is
reasonable to inject the CaCOj sorbent, in the areas of lower temperatures i. e. in
the flue channel of the thermal power plant.

Key words: absorption degree of SO,, sorbent CaCQOs, reaction temperature,
fractional composition, reaction time

Introduction

During dry flue gas desulphation procedures (FGD) the dry particles of the reagent are
injected in the stream of gasses, which absorb SO, through chemical reactions. Most often used
reagents are calcium compounds CaCO;, CaO or Ca(OH),. The place where the reagents were
injected in the stream of flue gasses (burning place of boiler, convective part of the boiler, and
furnace flue of the thermo power plant), the contact time of the gas and hard phase, and the ki-
netic process of FGD still presents the subject of theoretical and experimental examination. The
first extensive industrial examination of injecting the powder of limestone (CaCO,), to the fur-
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nace of the boiler was performed back in 1970-1972 in the thermal power plant Dimitrov in
Leipzig, Germany. The examinations indicated that the separation degree of SO,, from flue gas
is mainly a function of Ca/S molar ratio and it varies from 30-70 % at the stoichiometric relation
Ca/S = 1-5 mol/mol [1]. Further industrial surveys of SO, retention, for sorbent CaCO; con-
firmed practical applicability of dry limestone procedure of purifying the flue gas of SO, [2, 3].

A significant number of both theoretical and experimental studies examines the ki-
netic reaction system CaCO;-SO,-O, on the higher reaction temperature [4-11].

Two kinds of sulphurization mechanization were proposed [7]. The first mechanism
involves the creation of intermediate product CaSO, and the second mechanism is creation of
SO3. For both mechanisms reaction temperatures of about 850 °C are sufficient, but reaction
temperatures which are above 850 °C create CaSO, only for the second mechanism.

Mechanism 1:

CaO + SO, & CaSO;, (D
CaSO, +%O2 2 CaSO, 2)
Mechanism 2:
SO, +lO2 = SO, 3)
and 2
SO, + CaO = CaSO, “4)

During the direct sulphation, researchers [9, 10] regulate the reaction:
CaCO; +S0O, +%02<——’ CasSO, +CO, Q)

Complex interaction of various reactions (resistances) — diffusion over film gas, diffu-
sion in the product layer, and surface reaction of SO, — is the main cause of mechanism inconsis-
tency and the result which were given by various researchers.

Experimental and theoretical research of SO,
separation process from admixture of gasses

The scheme and description of experimental facility for
SO, separation from a mixture of gases

The scheme of laboratory facility for SO, separation from a mixture of gases in dry
procedure with CaCOj; and the list of measuring points (MP) are demonstrated in fig. 1, and
in fig. 2 the scheme of thermal furnace and reactor containers for SO, separation is shown.
The laboratory facility is designed and constructed in the Institute for Energetics, Process
Technique and Protection of Environment at the Faculty of Technical Sciences in Novi Sad.
During the construction of experimental facility, materials resistant to high temperatures
were used as well as materials resistant to corrosion. At the shown measuring points, the fol-
lowing processing variables are measured:

The volume gas flow
MP1 - air flow N, + O,, [Ih™1]
MP2 - SO, flow, [Ih™]
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In stack

MP3
MP4

In stack

Figure 1. The scheme of experimental facility (and metering points) for SO, separation from the gas
mixture (N; + O,) via dry procedure by CaCO;

(1) —valve at the exit of the bottle for SO,, (2) — valve at the exit of the air bottle, (3) — flow meter of SO, (4) —
flow meter of air, (5) — partial stream flow of SO, (6) — partial air stream flow of air, (7) — device for forming the
gas mixture (N, + O, + SO,), (8) — partial gas mixture duct at the chemical reactor entrance, (9) — thermal
furnace, (10) — electrical heaters, (11) — chemical reactor, (12) — mass sample CaCOs, (13) — dispenser of the
CaCOj; mass sample, (14) —vent for measuring the temperature of CaCO; mass sample, (15)—flow meter of gas
mixture at the exit of chemical reactor, (16) — partial gas mixture flow from the chemical reactor, (17) — bottle
Jfor absorption of gas mixture (gas washing), (18) — vacuum pump

550

Figure 2. Sheme of the thermal stove (a) and the reactor vessel (b)
(1) — steal cylinder, (2) — high-approved clay, (3) — electrical heater, (4) — electric probe, (5) — temperature
controller, (6)— electric stove stand, (7) — thermal oven cover, (8) — screws for clamping the cover of the oven,
(9) — cylindrical vessel, (10) — pipe for untreated gas supply (N> + O, + SO,), (11) — floor, (12) — pipe for
unrefined gas flow (N, + O, + SO,), (13) — bell, (14) — layer of sorbent CaCOs, (15) — pipe drain for treated gas
mixture, (16) — pipe routing for sorbent into the reactor (dispenser), (17) — reactor vessel cover, (18) — vessel
clamping screws
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MP10 — flow of the gas mixture N, + O, + SO,, [lh™']
Temperature of the CaCO; sample
MP7 - temperature of the CaCOj; sample surface, [°C]
Analysis of the gas mixture
MP3 — volume ratio of O, at the entrance of the reactor (a unit for SO, separation), [%]
MP4 — concentration of SO, at the entrance of the reactor (a unit for SO, separation), [ppm]
MP8 — volume ratio of O, at the exit of the reactor (unit SO, separation), [%]
MP9 — concentration of SO, at the exit of the reactor (a unit SO, separation), [ppm]
The mass of the sample CaCO;
MP5 — mass of the sorbent CaCO;, [g]
MP6 - dispenser of the sorbent CaCOs, [g].

During the experiment of SO, absorption process, sorbent mass (sample) in the reactor
was 100 g and sorbent particle size was 500-700 um and 1100-1300 pum. The heating process of
the reactor and sorbent inside the reactor is achieved by electrical heaters. For each experiment
the reaction temperature was adjusted to approximately firstly 200 °C and secondly 400 °C.
When the desired temperature was reached (=200 °C that is i. e. =400 °C), sorbent is mechani-
cally injected into the reactor using the dispenser. Then the gas mixture N, + O, + SO, is intro-
duced into a reactor by vacuum pump in order to capture SO,. Gas analyzer is continually used
in measuring the concentration of SO, and O, in the inlet and gas output until the measured con-
centration of SO, is stabilized in the gas output. The experiments last up to 50 minutes. The
speed of the gas which flows through the reactor for SO, separation is between 0.13-0.14 m/s.
The gas velocity provides constant sorbent mass in the reactor. The sorbent mass was measured
before and after the process of SO, separation from the gas mixture. During the experiment the
gas flow rate through the reactor in order to separate SO, is between 1.97-2.03 m?/h.

During the experimental process of SO, separation capturing from the gas mixture, the
following instruments were used.

— Measuring the temperature of the sample surface in the reactor CaCO;
Instrument: Thermoelement Ni-Cr-Ni with digital gauges Fluke 54 -N series

Measurement range: for 200-300 °C
Measuring error: +0,2%

— Measuring the O, volume fraction and SO, volume share at the entrance and exit of
the engine
Instrument: Gas analyzer Testo 350 XL

Measurement range: 0-25% (O,), 0-5000 ppm (SO,)

Measuring error: for SO, is +5% for share range 1000-2000 ppm and £10%
for share range 2001-5000 ppm

Measuring error: for O, is £0,8% for range 0-25%

— Measuring the sample CaSO; mass
Instrument: Plaform scale EMB 500-1

Measurement range: 0-500 g
Measuring error: + 0.001 g

— Measuring the air volume flow
Instrument: Rotametar RAGK

Measurement range: 0.2-6300 1/h
Measuring error: 4%
— Measuring the SO, volume flow
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Instrument:

Rotametar RAGK

Measurement range: 0.2-6300 1/h
Measuring error: +4%
— Measuring the gas mixture volume flow

Instrument:

Rotametar RAGK

Measurement range: 0.2-6300 1/h
Measuring error: +4%

Results and analysis of the experiment

In figs. 3 and 4, a SO, concentration change is presented in the flue gas which flows
through the reactor for capturing SO, in two ways without sorbent CaCO; and with the sorbent
CaCO; depending on the reaction time (time of flue gas flow through the reactor), reaction tem-
peratures, and the sorbent particles size. As it was expected, the concentration of SO, in the out-
let gas is greater for the sorbent particles of greater diameter.

Figure 3. The change of
SO, concentration in the
gas mixture which flows
through the reactor
without adding sorbent
and with adding sorbent
CaCO; depending on the
reaction time and particle
diameter of the sorbent

Figure 4. The change of
SO, concentration in the
gas mixture which flows
through the reactor
without adding sorbent
and with adding sorbent
CaCOj; depending on the
reaction time and particle
diameter of the sorbent
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Being at reaction temperature of approximately 200 °C and mean diameter of sorbent
particles =600 pm degree of the sorbent particles SO, absorption occurs in the interval of
42-66%. Being at reaction temperature of approximately 400 °C and same fraction mixture of
sorbent =600 pum, the absorption degree of SO, is a bit higher and it is in the interval of 45-78%.
When greater diameters of sorbent particles of *1200 pm are used, the absorption degree of SO,
is a bit lower and during the reaction temperature is around 200 °C in the interval of 33-61% and
during the reaction temperature of 400 °C is in the interval of 20-78%. The first 6 minutes of ex-
periment, the SO, absorption process for the sorbent particles for all samples of sorbent quickly
absorbed SO,, throughout the studied temperatures. After 6 minutes the absorption of SO, starts
to stabilize and gains the approximate constant value (figs. 5 and 6).
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Thermodynamic reaction CaCO5; + SO, + 0.50, = CaSO, + SO,

Using thermochemical data from the literature [12], the calculation of the thermody-
namic functions was done: AH, AS, and AG of the taken reaction according to the reaction tem-
perature and the pressure of 1.013-10° Pa. The reaction of the exothermic (AH < 0) with the neg-
ative change of entropy within temperature range of 298-1200 K, it means that the sign of AG is
determined by relative proportion between enthalpy and element shown in Gibbs-Helmholtz
equation AG = AH — TAS. Reaction area of conduction of considered reaction is lower reaction
temperatures (fig. 7).

0 . : . . . .
. 200 400 600 800 1000 1200 K 14p0
2 -50000 g
(G} TAS
Figure 7. Determination ;1»‘1 00000+ ¥
of the reactive area of the ﬁ .
exothermic reaction I~_ i AG
CaS0; + S0, + 0.50, = i
<_—’CaSO4 +CO, 200000
—2500001
AH
—300000 ~
-350000

The equilibrium constant of the reaction is significantly higher than one (K”>1) at
lower reaction temperature. It means that there is more reaction products than reactants i. e. the
purpose of the reaction is to produce reaction products. By increasing the reactive temperatures
equilibrium constant is decreasing as a consequence of equilibrium movement in the direction
of reaction reactants (fig. 8).
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Figure 8. Dependency between
equilibrium constant of the reaction
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During the direct sulphuration:

CaCO, +S0, Jr%o2 —>CaS0, +CO, (6)

the degree of sorbent utilization CaCOj; can be determined with the expression:

Mcoco, mSO
Ncacoy, =— 2 Nso, » [70] (7
Mg, Mcaco,
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where M, is the CaCO; sorbent molar mass, [gmol '], M so, — the SO, molar mass, [gmol ],
mgo, — the SO, mass in the flue gas at the entrance of the reactor, [g], mc,co,— the CaCO;
sorbents (samples) mass, [g], 75, =[(@s0, . — @so,.,)/ 5o, 1-100 —the absorption degree for
particle sorbent of SO,, [%], pgo, — the ga‘§ flue 802 volume ratio in flue gas at the entrance of
the reactor, [ppm], and ¢, - the gas flue SO, volume ratio in flue gas at the outlet of the reac-
tor, [ppm].

The usage of number data gained by measurements (figs. 3-8) and the usage of expres-
sion (7), the achieved values of the degree of utilization of CaCO; sorbent are considerably
lower and are up to 6.87% at the reaction temperature of 400 °C and at the sorbent particle diam-
eter of ~600 pm. Throughout other examined conditions, the degree of sorbent utilization is
considerably lower (figs. 9 and 10). The low degree of sorbent utilization is a consequence of
consumption of greater mass of sorbent than the mass of the SO, in flue gas entering the reactor.
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Conclusions

The aim of the SO, separation experiment from the flue gas with dry procedure and us-
ing reagent CaCO,, which is demonstrated in this paper, was to determine the influence of: the re-
action temperatures, the reaction time in the reactor, the size of sorbent particles, and the degree of
sorbent utilization on the SO, separation degree from the flue gas. The temperatures varied from
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200 to 400 °C and the size of the sorbent particles varied from 600 to 1200 pm. The sample mass
of the sorbent CaCO; within the reactor was 100 g. During the examination the following conclu-
sions were made.

(1) It was acknowledged that the increase of the reaction temperature from 200 to 400 °C has
higher degree on SO, retention to the sorbent particles. When the reaction temperature is
somewhere around 200 °C and the mean diameter of sorbent particles is *600 um, the degree
of SO, retention is in the interval of 42-66%. When the reaction temperature is somewhere
around 400 °C and it has the same fractional sorbent content (600 um) the degree of SO,
retention is somewhat lower and it is in the interval of 45-78%.

(2) When the sorbent particle diameter is 1200 um, the degree of SO, retention is somewhat
lower and during the reaction temperature it is around 200 °C in the interval of 33-61% and
when the reaction temperature is somewhere around 400 °C in the interval of 20-78%. These
results were expected.

(3) The first 6 minutes of examination of SO, absorption process for the sorbent particles, all the
sorbent particles quickly absorbed SO, during the given reaction temperatures. This leads to
a conclusion that the first 6 minutes of the process is completely controlled by the chemical
reaction on the pore surface of the sorbent. After 6 minutes, the SO, retention decreases and
starts to stabilize, SO, takes approximate constant value (figs. 7 and 8) and leads us to a
conclusion that the diffusion resistance becomes significant due the layer creation which is
in accordance with the given results in [8-10].

(4) Low CaCOj sorbent degree of utilization is determined of only 6.87% during the reaction
temperature of 400 °C and where the sorbent particle diameter is 600 pm. Under the different
examination conditions the utilization degree of sorbent is lower.

The attained results of the experiment described in this paper indicate the capability of
injecting limestone CaCOj in the areas with lower temperatures as it is the convective part of the
furnace and the flue canal of thermal power plant and whose aim was to reduce the SO, emission
in flue gas. The achieved results can also represent the starting point in the phase of equipment
designing for FGD as well as the equipment for separation the solid particle, whose practical uti-
lization would improve the energetic and ecological efficiency of thermal-energetic power
plants.

Nomenclature
AG - reaction Gibbs free enthalpy, [kJ] Greek letters
9 — particle sorbent diameter, [um] ©so,. — gas flue SO, volume ratio in flue gas at
AH  — reaction enthalpy, [kJ] 2in
. 1a Py the entrance of the reactor, [ppm]
K, — reaction equilibrium constant, [Pa], for 950, — gas flue SO, volume ratio in fluc gas at

the reaction CaCOs + SO, +

+ 0502 —> CaSO4 + C02
K’ — reaction equilibrium constant reduction
to the referent pressure, po=1.013-10° Pa

the outlet of the reactor, [ppm]
fso, — retention degree of SO, for particle
sorbent, [%]
Nicaco, — exploitation degree, [%]

M — molar mass, [gmol™']

m — sorbent mass, [g] Simbols

P — pressure, [Pa] CaCOs, — calcium carbonate
AS — reaction entropy, [kJK™'] CaMg(COs;), — dolomite

T — absolute temperature, [K] CaO — calcium oxide

t — reaction temperature, [°C] Ca(OH), — calcium hydroxide
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CaS  — calcium sufide SO,  — sulphur dioxide

CaSO; — calcium sulphite SO;  — sulfphur trioxide

CaSO, — calcium sulfate A

CO, — carbon dioxide cronyms

N, — nitrogen FGD — flue gas desulphation

0, — oxigen MP - measuring point

The values of SO, separation from

fuel gas attained in these experimental examinations correspond to the degree of SO, separation
taken from the listed literature.

References

(3]
(6]
(7]
(8]

(9]

(10]
(1]
[12]

Kluge, W., Lipoold, D., Aditive Method of Desulphurization, Zastita atmosfere, 10 (1982), 2, pp. 64-66
Muzio, L. J., Offen, G. R., Assessment of Dry Sorbent Emission Control Technologies, Part I: Fundamen-
tal Processes, Japca, 37 (1987), S, pp. 642-654

Klingspor, J., Cope, D. R., FDG Handbook, IAE Coal Research, London, 1987

Chan, R. K., Murthi, K. S., Harrison, D., Thermogravimetric Analysis of Ontario Limestones and
Dolomites II., Reactivity of Sulfur Dioxide with Calcined Samples, Department of Chemistry, University
of Western Ontario, London 72, Ontario, Canada, 1970

Roy, G. K., Weisweiler, W., Absorption of Sulfur Dioxide by Limestone in a High Temperature Fluidized
Bed, Reprinted From the Journal of the Institution of Engineers (India), 62 (1982), CH, pp. 33-36
Manovi¢, V., Anthony, J. E., Sequential SO,/CO, Capture Enhanced by Steam Reactivation of a CaO —
Based sorbent, Fuel, 87 (2008), 8-9, pp. 1564-1573

Moss, G., In “Fluidized Combustion”, Symposium Series NO1, Institute of Fuel, London, 1975, pp.
D2-1-D2-9

Sima, A., Rouein, H., Manouchehr, N., Study and Kinetic Modeling of the Direct Sulfation of Ranian
Limestones by Sulfur Dioxide at High CO, Partial Pressures, lranian Journal of Chemistry and Chemical
Engineering, 27 (2008), 3, pp. 45-50

Hallaj, R., Nikazar, M., Dabir, B., Thermo Gravimetric Study and Modeling of Direct Sulfation of Iranian
Limestones by Sulfur Dioxide, Afinidad, 63 (2006), 512, pp. 50-60

Fuertes, A. B., et al., Study of the Direct Sulfation of Limestone Particles at high CO, Partial Pressures,
Fuel Processing Technology, 38 (1994), 3, pp. 181-192

Kuburovié, M., et al., Effect of Temperature on a Free Energy and Equilibrium Constants During Dry Flue
Gas Desulphurisation Chemical Reactions, Thermal Science, 6 (2002), 2, pp. 71-79

Barin, 1., Knacke, O., Kubarschewski, O., Thermochemical Properties of Inorganic Substances, Springer-
-Verlag Berlin, Heidelberg, New York, 1973

Paper submitted: August 9, 2010
Paper revised: November 25, 2010
Paper accepted: December 24, 2010



